A new proposal to evaluate multithreaded processors
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Abstract

Most of current processor designs include mul-
tithreaded features. It is a fact that multi-
threaded architectures are becoming more and
more popular. Regardless of this increased
popularity, still today there is not a clear pro-
cedure that defines how to measure the behav-
ior of a multithreaded processor.

This paper presents FAME, a new evalu-
ation methodology aimed to fairly measure
the average performance of multithreaded pro-
cessors. FAME can be used in conjunc-
tion with any of the metrics proposed for
multithreaded processors like IPC through-
put, weighted speedup, etc. The idea behind
FAME is to achieve the convergence by re-
executing all threads in a multiprogrammed
workload until all of them are fairly repre-
sented. Then the measurements will be com-
bined with the corresponding metric to obtain
a final value that quantifies the performance
of the processor under consideration.

1 Introduction

Thread-level parallelism has become a com-
mon strategy for improving processor perfor-
mance. Since it is difficult to extract more
instruction-level parallelism from a single pro-
gram, multithreaded processors rely on us-
ing the additional transistors to obtain more
parallelism by simultaneously executing sev-
eral programs. This strategy has led to a
wide range of multithreaded processor archi-
tectures like SMT [4][8], CMP, or combina-

tions of both. Currently, many of the main
processor vendors have some multithreaded
processor. Some examples are the Intel Pen-
tium 4 [3] that is a dual-threaded SMT, the
IBM Power5 [5] that is a dual core processor
where each core is a 2-context SMT, and the
Sun Niagara T1 [11] that has eight 4-context
fine-grain multithreaded cores.

1.1 The problem of evaluating multi-
threaded processors

In spite of the increasing trend to wuse
truly parallel applications, they are still less
common in current multithreaded machines
than single-threaded applications like SPEC
CPU [12]. Therefore, computer architecture
researchers frequently evaluate their propos-
als for multithreaded architectures using work-
loads composed by single-threaded applica-
tions, i.e. SPECrate consists on executing si-
multaneously several copies of the same bench-
mark. Furthermore, it is interesting to notice
that for fully evaluating a wide range of scenar-
ios, workloads composed by benchmarks with
different behaviors should be used.

Working with several different programs
running simultaneously involves an important
decision, that is, to determine when the exe-
cution of the multi-program workload will fin-
ish. In a single-threaded processor, the full
program is ran until completion. However,
it is not so easy in a multithreaded proces-
sor running a workload composed by several
programs. Applications in a workload can ex-
ecute at different speeds due to the different



features of each one, as well as the availabil-
ity of the shared resources in the processor.
Therefore, the usual case is that they do not
complete execution at the same time.

We will explain this fact with an example.
Let us assume an M-context multithreaded
processor executing a 2-program workload (be-
ing M greater than or equal to 2). The exe-
cution of this workload occurs as depicted in
Figure 1. Both applications execute at dif-
ferent speeds and thus they do not have to
finish at the same time. Therefore, we can di-
vide the execution of the workload into two
phases. Firstly, there is a multithreaded period
in which both applications are being executed.
Secondly, after the first application finishes
(Application 0 in Figure 1), there is a single-
threaded period in which the remaining appli-
cation executes alone until completion. If the
multithreaded period is too short, then the po-
tential of the multithreaded processor is only
exploited during a small interval of time. As a
consequence, the total erecution time may be-
come an inaccurate metric for multithreaded
processors. For instance, in an Intel Pentium
4 processor running all 2-thread combinations
from SPEC2000 (see details in Section 4), the
single-threaded periods represent, on average,
40% of the total execution time.
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Figure 1: Example of the execution of a 2-program
workload in a M-context MT processor (M > 2).

In general, the execution of an N-program
workload involves N periods of N, N-1, N-
2,...and 1 program respectively. A common
characteristic of all the evaluation methodolo-
gies we have analyzed is that only measure-
ments obtained from the period with N run-
ning applications are representative. Periods
having less running applications than the max-
imum available should not be taken into ac-
count since the results could be inaccurate and

misleading.

1.2 Proposed Solutions

In order to quantify the behavior of mul-
tithreaded processors, several methodologies
and metrics have been proposed. Metrics
for measuring the performance of a pro-
cessor compute a value (result) for each
workload that quantifies the performance
of that processor when running the work-
load. This value is based on two in-
puts. On the one hand, the IPC achieved
by each program in the workload, which
we call (IPCMTI,IPCMTz,...IPC]MTN) fOI'
a workload of N applications. On the
other hand, the IPC of each program
when it is run in isolation, which we call
(IPCuaioner, IPCaiones, - - - IPCaioney ). Thus,
a metric is a function f (IPCunr;, IPCaone;)
where 0 < ¢ < N. For exam-
ple, the IPC throughput is defined as
Zj\il IPCyry, the weighted speedup [6]
is defined as vazl (IPCuy; /IPClaione,; ),
and the harmonic mean [2] as N x

(XN, IPCutone, /IPCuiz,)

A methodology defines when the measure-
ments for a given workload execution are
taken. In this paper, we analyze several
methodologies that have been used during the
last years to measure the performance of both
real multithreaded processors and simulated
multithreaded processors. The main task of
a methodology is to determine when the pro-
grams in a workload have to finish. We will
show that previous methodologies cannot en-
sure that every benchmark is fully represented,
and thus it is not possible to assure that the
measurements obtained are representative of
the whole program.

To face this problem, we present FAME, a
new methodology for the evaluation of multi-
threaded processors. Our methodology aims
to ensure that every program in a workload
is executed, allowing to do fair comparisons
between different techniques and processor se-
tups. As a case study, we have selected to
apply FAME to a real SMT processor (Intel
Pentium 4). However, FAME can be applied



also to simulation environments and any other
multithreaded processors. Our results show
that FAME provides more accurate measure-
ments than previously used methodologies.

2 Current Methodologies

In order to fairly evaluate the performance of
an SMT processor, measurements should be
obtained while all programs in a given work-
load are running. However, the programs can
be executed at different speeds, and thus they
do not have to finish at the same time. Con-
sequently, the evaluation methodology should
determine what to do whenever any program
finalizes its execution. Current simulation
methodologies can be classified as follows:

The First methodology finalizes the simula-
tion of a workload when any program of the
workload ends its execution [1]. The main
drawback of this methodology is that only
one program in the workload is executed until
completion, and thus it cannot be ensured that
the remaining programs execute completely,
losing representativity in the final result.

The Last methodology finalizes workload
simulation when all the programs have been
run until completion. When any program
ends, excluding the last one, it is reexe-
cuted [10] while the other programs are still ex-
ecuting. The main drawback of this methodol-
ogy is that the instruction mix can vary from
an evaluation to another one. Since the execu-
tion speed of the different programs depends
on the processor parameters, any variation can
cause all programs to be executed at different
speeds. As a consequence, it cannot be en-
sured that the amount of executed instructions
is the same for different simulations with dif-
ferent parameter values, and thus comparisons
between them may be inaccurate.

The Fized Instructions methodology is
based on the idea of executing the same
amount of instructions in every simulation.
The simulation finalizes whenever the to-
tal number of executed instructions reaches
a fixed threshold. The Fixed Instructions
methodology is also unable to ensure that a
representative part of every benchmark is be-

ing executed, since workload simulation ends
in an arbitrary point (whenever the total num-
ber of executed instructions is reached). Even
worse, despite the total number of instructions
is the same, the mix of executed instructions
may change.

To show the behavior of current evalua-
tion methodologies, we analyze these three
methodologies. Without lost of generality, we
have used a multithreaded simulator to col-
lect information about these methodologies.
Our simulator is a fairly parametrized 2-thread
SMT processor. We implemented the method-
ologies First (F), Last (L), and Fixed Instruc-
tions (I). We analyze three versions of the lat-
ter: 200-million fixed instructions (I2), 400-
million fixed instructions (I4), and 800-million
fixed instructions (I8).

Figure 2 shows the obtained results for these
methodologies using our SMT simulator setup
and a 2-thread workload composed by the
benchmarks perlbmk and gap. The simula-
tion ends when both programs have executed
at least twice. We provide data for two well-
known fetch policies: icount [8] in Figure 2(a)
and stall [9] in Figure 2(b).

In Figure 2, the y-axis shows processor per-
formance (IPC) and the x-axis represents exe-
cution time. The light-gray bars show the in-
stant IPC of gap. Likewise, the dark-gray bars
show the instant IPC of perlbmk (To obtain
the instant IPC we use a sampling period of
15K cycles). In every sample, the sum of both
bars represents the instant throughput, i.e, the
sum of the instant IPC of both programs. The
black horizontal line represents the average in-
stant throughput until a time instant, that is,
the average value of the instant throughput for
every cycle from the beginning of the work-
load execution until the current time instant.
The white circles over the black line show the
final throughput reported by every methodol-
ogy and the vertical solid lines show the cycle
in which the workload simulation ends accord-
ing to each experimental methodology. Fi-
nally, the vertical dashed lines show the time
instant at which every instance of a program
finishes. Above each line we add a legend in
the form Tx — y, where z indicates the pro-
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Figure 2: IPC of gap and perlbmk when executed together on the SMT simulator.

gram and y the number of times a program z
has been executed.

The main observation that can be drawn
from Figure 2 is that every methodology pro-
vides different throughput values. It should be
taken into account that researchers use simu-
lation to evaluate the performance of a design
enhancement relative to a baseline design. In
the experiment of Figure 2, we measure the
performance improvement of stall with icount
as baseline. Although stall improves the per-
formance of icount for all methodologies, the
speedup varies depending on the methodol-
ogy used. If the I2 methodology is used,
stall only achieves 13% performance improve-
ment. But if measurements are taken using
the I8 methodology, the performance improve-
ment arises to 53%. That is, depending on the
evaluation methodology the stall improvement
over icount varies up to 40%. Such a wide
range of variation makes difficult to estimate
the impact of any proposal and may cause mis-
leading conclusions when a multithreaded pro-
cessor enhancement is evaluated.

As discussed in previous sections, this prob-
lem is due to the fact that current methodolo-
gies cannot ensure fully representativity of ev-
ery program of the workload, which can lead to
unfair comparisons between different setups.
For example, if we want to compare the ef-
fect of the L2 cache, which can be deactivated
through the BIOS, in a Pentium 4 or if we
want to determine the real performance im-
provement of its SMT capability.

Table 1 summarizes these drawbacks by
showing the number of times every program

Table 1: Behavior of current methodologies.

Th. Methodology ]
[T [ [ F [ L I8
# of full TO 0 0 0 1 1
executions T1 0 0 1 1 1
% current T0 26 61 82 0 60
execution T1 36 75 0 63 7

is completely executed and the percentage of
instructions executed in the last repetition for
each methodology when using the stall fetch
policy (results for icount are similar). The
number of executed instructions varies from
one evaluation methodology to another one.
For example, in the case of the I8 method-
ology, TO executes once completely and then
executes 60% instructions from a second repe-
tition. The same happens with T1, but in this
case the percentage of instructions in the sec-
ond repetition is 77%. Another example is the
L methodology: T0 executes once and T1 ex-
ecute once and 63% of the second repetition.
This data clearly shows that the mix of in-
structions in every case is different, and thus,
any comparison done may be misleading.

We made a similar experiment on our real
processor environment, obtaining the same
trends.  Figure 3 shows the performance
throughput of the gecc and gap benchmarks
when they are executed together on a Pen-
tium 4 processor. The light-grey bars show
instant throughput, that is, the sum of the
instant IPCs of both benchmarks. The real
throughput value varies depending on the used
methodology. The lowest value is 0.8 (L and
14 methodologies) and the highest value is 0.85
(12 methodology), which shows that using dif-
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Figure 3: IPC of gap and gcc when run together
on an Intel Pentium 4

Table 2: Current methodologies on a Intel P4

Program Methodology

number 12 [ F [ L [ 14
# of full TO 0 1 1 1
executions T1 0 0 1 1
% of current TO 56 0 19 24
execution T1 48 84 0 4

ferent methodologies involves obtaining differ-
ent results. Table 2 summarizes the draw-
backs of current evaluation methodologies for
the Pentium 4 environment. It shows the num-
ber of times each program has been completely
executed and the percentage of instructions
executed in the current repetition. As in the
previous case the total amount of executed in-
structions varies from one evaluation method-
ology to a different one and the mix of instruc-
tions is different.

3 The FAME Methodology

Current 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 new
methodology called FAME. The main objec-
tive of our methodology is to obtain represen-
tative measurements of the actual processor
behavior. In doing so, FAME determines how
many times a program in a workload should
be reexecuted for being faithfully represented.
In order to determine it, FAME analyzes the
behavior of every program in isolation. In this
paper we assume that the behavior of each pro-
gram in a workload executed in multithread
mode remains similar to the behavior in single-

thread mode because the code signatures do
not change. Notice, that if this assumption
does not hold incurred errors will be high.

Depending on the particular methodology
features, the execution of each program in a
workload may be stopped at any point and
the IPC value provided by the methodology
will be the average IPC value until that point.
This average IPC would be fully representa-
tive of the program execution if it is similar to
the final IPC value, that is, the average IPC
value at the end of the whole program execu-
tion. Hence, FAME forces each program to be
executed enough times so that the difference
between the obtained average IPC and the fi-
nal IPC is below a particular threshold.

The basis of FAME can be better explained
using a synthetic example. Light-grey bars in
Figure 4(a) show the instant IPC of our syn-
thetic application, that is, the IPC on each
particular cycle of its entire execution when
run in isolation. The black line shows the evo-
lution of the average IPC of the application
along its execution. The average IPC value
for a given execution cycle is calculated as the
average value of the instant IPC from the be-
ginning of the program execution until that
particular cycle. Thus, the final IPC would be
equal to the average IPC value at the end of
program execution. It is clear that the average
IPC converges towards the final IPC value.

Figure 4(b) shows the instant IPC and the
average IPC during three reexecutions of the
application. In addition, Figure 4(c) shows the
difference between the average IPC and the fi-
nal IPC during the three reexecutions. It is
clear that the average IPC converges towards
the final IPC value. Even if that difference is
a decreasing function, it is important to note
that it is not monotone. This means that the
difference would be very small in a given cycle,
but it may increase again in the subsequent
cycles. Therefore, if the goal is to obtain rep-
resentative measurements, program execution
cannot be stopped at any point.

One could think that the solution is to final-
ize program execution when a full application
repetition has been executed, since the average
IPC is always equal to the final IPC at the end
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Figure 4: Instant IPC, average IPC, and difference between both of a synthetic program during 3 repetitions.

of any repetition. However, a multithreaded
processor is able to execute more than one ap-
plication at once. Although execution can be
stopped at the end of a repetition for one of the
programs, it is likely that this point is not the
end of a repetition for the other programs, and
thus the other programs could be not accu-
rately represented. The actual solution comes
from the observation that, although the dif-
ference between the average and the final IPC
does not decreases monotonically, the maxi-
mum difference in a reexecution is lower for
each new executed repetition. That is, it is
a decreasing monotone function. Thus, if we
execute enough repetitions of a program, the
maximum difference will reach a value small
enough to consider that the average IPC is
representative of the full benchmark behavior.
For this reason, our methodology reexecutes
all programs several times, until the difference
is upper-bounded by a given threshold.

Figure 4(c) shows the difference between the
average and the final IPC as our synthetic pro-
gram is reexecuted. The highest difference val-
ues are obtained in the first repetition due to
the cold-start IPC calculation of the program.
The difference decreases along with the pro-
gram execution, reaching zero when the first
repetition finishes. The difference is always
zero at the end of every program repetition,
since the average IPC is always equal to the fi-
nal IPC at those points. It can be observed in
Figure 4(c) that the IPC behavior of the first
repetition is not representative of the IPC be-
havior in following repetitions due to the cold-
start effect. For this reason, this repetition
is discarted. It can also be observed that the

difference between the average and the final
IPC presents similar behavior for all repeti-
tions excluding the first one. Indeed, the cy-
cle in which the difference achieves its higher
value is always the same for all repetitions.

The first step to apply FAME is to run two
repetitions of every program in isolation. Pe-
riodically, we sample the IPC of the appli-
cation obtaining the IPC during execution.
From this information we obtain CycleMax2
and InstMazrz, and compute the number of
re-executions (i) required to satisfy a given
MAIV (Mazimum Allowable IPC Variance).
With these data, it can be made a table corre-
lating MAIV and its required executions. Due
to space constraints we do not show the MAIV
table.

Workload simulation will not finalize until
every program in the workload has been ex-
ecuted, at least, as many times as the mini-
mal number of repetitions required for accu-
rate representativity. If any program reaches
this minimal number of repetitions before the
rest of the programs, it will reexecute once
and again until all programs fulfill their re-
quirements. This is not a problem for repre-
sentativity, since the maximum difference be-
tween the average and the final IPC can only
decrease. When all programs have been re-
executed at least the corresponding minimal
number of times, workload execution can be
stopped at any point, since we can ensure that
the results are representative.



4 Analysis of Evaluation Method-
ologies

To evaluate FAME in a real processor we
use a 3GHz Intel Pentium 4 processor (model
531) with Hyperthreading Technology and 512
MBytes of DDRAM at 400 Mhz. The operat-
ing system is a Fedora Core 3 with gnu Linux
kernel 2.6.11 patched with perfctr-2.6.18 to al-
low the access to the performance monitoring
counters from any privilege level of execution.
The operating system is booted at runlevel 1
to reduce as much as possible the interferences
generated by multiuser-multitasking process-
ing. Video, audio and communication hard-
ware capabilities are disabled. Gcc 3.4.2 and
the Intel Fortran Compiler 9.0 were used to
compile the whole SPEC2000 benchmark suite
with all optimizations enabled. Benchmarks
are executed until completion with the stan-
dard reference input set. The SMT workloads
were generated with all the possible combina-
tions of 2 applications from SPEC2K, leading
to 351 2-thread combinations.

In order to correctly measure the perfor-
mance of a multithreaded processor, it would
be desirable that the baseline performance is
obtained with the measurements taken when
the processor reaches a steady state because,
in this state, the variation of performance is
negligible. We measured that the steady state
is reached when every program is reexecuted,
at least, 20 times in a workload. Following
reexecutions do not affect the results.

We measure per-thread IPC. If per-thread
IPC is accurate, our FAME methodology can
be used to study any metric, like throughput,
weighted speedup or harmonic mean, since
per-thread IPC is the only variable parame-
ter used to compute these metrics. We calcu-
late the error of every thread in a workload
by comparing each per-thread IPC obtained
with each methodology against the per-thread
IPC obtained with the baseline. FAME is the
methodology with the lowest error as shown in
Figure 5. The worst results come from the 200-
billion instruction methodology (errors range
from 95% to -39%). There is a clear trade-off
between the number of instructions a method-
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Figure 5: Error of the different methodologies for
the Pentium 4 processor

ology executes and the error it obtains. Ide-
ally, we would like to have a methodology that
requires executing few iterations, while leading
to a reduced error. Regarding this topic, low-
est MAIV errors are achieved by an affordable
execution time increase. For instance, the ex-
ecution time for MAIV 20% and 10% is the
same that in the Last methodology. MAIV
5%, 2% and 1% increase the execution time
by 5.3%, 9.6% and 15,2% respectively.

Finally, note that the error of a methodol-
ogy is independent of the metric used. Even if
some metrics, like weighted speedup, are used
to provide fairness, the results of these metrics
depend on the accuracy of measurements. If
measurements are wrong the results obtained
by a metric are likely wrong.

5 Related Work and Conclusions

Choosing an accurate evaluation methodolo-
gies is crucial for measuring the performance of
multithreaded processors. For instance, The
IBM Power5 (2 cores and 2-threads per core)
was evaluated using 4-thread workloads con-
taining the same application replicated four
times [5]. Since all the threads in the work-
load are the same program, they finalize execu-
tion almost simultaneously, which means that
the error is negligible regardless the evalua-
tion methodology used. We have found that,
when we execute workloads containing a sin-
gle program replicated 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 can be done. FAME could al-
low evaluating the Powerb processor using any
arbitrary workload, since it is a more general
methodology.

Another evaluation of a real SMT processor
is presented in [7], where heterogeneous work-
loads are executed 12 times to guarantee, at
least, 3 complete executions of a thread of ev-
ery job. It is not explained how the number of
repetitions are obtained and, since this num-
ber depends on both the simulator setup and
the number and mix of threads in every work-
load, this methodology cannot be extrapolated
to other environments. The point of FAME is
that we can fix a priori the minimal number
of repetitions per benchmark in a workload to
ensure the correctness of measurements.

FAME achieves better accuracy than previ-
ously proposed evaluation methodologies, such
as First, Last, and Fixed Instructions. In ad-
dition, any metric can use the measurements
obtained with FAME, since a methodology
just dictates how to take measurements and
not how to use them. Even more, since the
main difference among multithreaded designs
is the amount of shared resources, all of them
present the same evaluation problems, making
FAME directly applicable to SMT processors,
CMP processors, and even CMP/SMT proces-
sors in both real scenarios (as presented in this
paper) and simulation scenarios (an architec-
tural simulator is used instead of a real pro-
cessor).
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