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Abstract—Modern micro-architecture simulators are many
orders of magnitude slower than the hardware theyimulate.
The use of multiprocessor architectures for supporhg future
mobile and embedded applications will exacerbate ib
slowness. In this paper, we focus on the usage betsampling
technique for simulation acceleration, in the casef design
space exploration (DSE), considering MPSoC. Amongh¢
addressed issue is the formation of sampling inteals that are
executed simultaneously by the different processarsWe
propose a technique that dynamically adjusts the se for
simulation samples for multiprocessor activities oerlaps.
Experimental results show that with our method, the
simulation can be speedup by a factor of up to 80@ith a
relatively small estimation error.
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[.  INTRODUCTION

Simulation plays an important role in the compstgstem

design process. In embedded and mobile system areg

where the time-to-market factor has a great impoea
simulation technique has a vital position. In th&per, we
focus on embedded system simulation, to exploresplaee

of the possible system configurations at the micro-

architectural level. This process is usually call@esign

Space Exploration (DSE). DSE involves evaluating
performances (execution times) and power consumpatfo
a large set of possible system configurations. Dhet

configurations are then selected for
implementation in an ultimate design.

instruction count and represent the behavior ofwhele
application on a given hardware platform.
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Figure 1, presents the advantage to use sampling fo
embedded application. In these experiments, we ased
MPSoC configuration of 4 processors all running ftfie
benchmark. The interval length was set to a totab(GK

a possible instructions and we measured thestruction Per Cycle

(IPC) for each interval. That is, when the total numbgkr o

Nevertheless, the use of conventional cycle-aceurat instructions executed by all processors reaches, So&

simulation tools in the case dlultiprocessor System-on-

IPC for this interval is measured. Taeerage IPCfrom the

Chip (MPSoC) risk becoming problematic because of the beginning of application till the corresponding micénd the

increase in simulation time. Using our experimeM&SoC
platform, we measured that even for embarrassipaptgllel
applications the simulation time can be multiplieg a
factor of ten when the number of processors grows f1
to 16. This increase is due to the architecturthefsystem
which becomes more complex.

To tackle this problem, several techniques aimingha
reduction of simulation time have been proposednhduhe
recent few years [2, 3, 4, 7, 8, 9, 10, 11, 12]plkgation
sampling is one of these techniques. In this aptrasae or
several representative samples (or intervals) of th
application are chosen. These samples are a sobglet

real total IPC are also given. This figure shows that:
Firstly, the IPC per interval varies greatly ancasaly
simulating only one set of consecutive intervals tioé
application cannot produce an accurate estimatkeor.
instance, to have an estimation error under 10%e &gt
37% of the application needs to be simulated, givirerely

a speedup of 1/0.37 = 2.7.

While in the case of uniprocessor architectureg th
application of sampling have been studied extehgives
use for multi-processor architectures spawns nialtip
problems. Among these problems, there is the
determination of parallel phases executed simuitaslg by



the different processors. In other words, while for . RELATED WORK
uniprocessor architecture, phases to simulate can b
determined a priori; this is no longer valid for
multiprocessor architecture. The phase schedulinghé
different processors can completely change from one
configuration to another. Figure 2 illustrates thi®blem

for two processors. In this figure, each applicatis
decomposed into repetitive and similar phases xddfi
length (c.f. section 4) [11]. The first applicatistarts by
alternating between two phasasandb, while the second
application starts with a phase sequercey y y x z t,
where phases of the same symbol letter have similar
behavior. While running each application individugbnly

one processor is active), intervals belonging ® same
phase approximately require the same number ofesycl
(Figure 2.a). When these two applications coexistveo
parallel processors (Fig. 2.b), phases affect ezblers.
This leads to the deformation of phases.

Thus, it becomes impossible to determineriri with
which phase, in the other processor, a given phébkde
executed. Due to shared resources (such as thedshas
and the shared memory), performances of the phralle
applications are interdependent. This paper adelsedse
problem ofcycle-accurate bit-accurattCABA) simulation
acceleration for MPSoC systems. It contributes he t
existing work in the field by introducing a samgjin
technique that adaptively adjusts the size of Hrepde and
the amount of instructia@simulated in detail for the sake of
maintaining low error in estimating the performance
without tedious intervention of system designer.

Exploration of large design space using simulation
motivated many research proposals to address regltioe
cost of simulation using sampling [2, 3, 4, 7, &].1
Repetitive application phases are detected andmpeahce
is estimated based on sampling from different phase
SimPoint proposed by Sherwood et. al [11] provides
versatile tool to analyze applications. Applicat@xecution
is divided intointervalseither fixed [10] or variable number
[6] of instructions. These intervals are examineddentify
similarity in terms of the distribution of basicogks. A
group of similar intervals constitute a phase. Zation
acceleration is based on exploiting the fact tindrivals
from the same phase have almost identical behanadr
simulating only one sample from each phase is@efft for
the whole application performance estimation. R#gen
several works have been devoted to applying thepksagn
technigue to simultaneous multi-threaded (SMT)
architectures.

In [2] co-phase matrix has been used to sample all
combination of phases (Figure 3.a). Phases pavtylap
with different joint scenarios. Because phases roé
generally homogeneous, overlapping the same cooble
phases results in multiple performance estimatadtiple
samples of co-phase overlap must be simulated hi@ze
accurate performance prediction. The accuracypeuident

on the number of samples taken for each co-phasdapv
entry. For a given simulation accuracy, it is diffit to
determine the number of samples needpdai.
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Figure 2. Simulation phases on a dual processord@P§) Individual
execution: b seems to be in parallel with y anl) Simultaneous
execution with possible contention (processordeigayed in case of
contention): b is in parallel with t.

Figure 3. Simulation phases on a dual processord@P&) Co-phase
approach with multiple performance estimate pespl{h) Dynamic
sampling with one performance estimate for eacls@letuster.

The rest of this paper is organized as follows:tiBec2
discusses related work and overviews phase clogteri
techniques for multiprocessor systems and contthsts
with our work. Section 3 details the sampling teghe
proposed in this study. Section 4 outlines the erpantal
setup. We conclude this paper in Section 5.

MPSoC architectures differ from SMT at several Isve
First, in their DSE, MPSoC involve a greater numbér
parameters to explore. Consequently, the DSE feseth
platforms requires a higher simulation accelerafictor.
Second, the resource sharing degree in MPSoCaitvedly
lower in MPSoC than in SMT. These features allow to
design different simulation acceleration methods.



Our proposal in contrast, dynamically forms stringfs priori. This dynamic adaptation of sampling is a key
phases from each processor such that these stfipigases  simplification in design space exploration thatniseded
overlap sharply (figure 3.b). In this way, we ohtai good most in  enhancing time-to-market of embedded
phase string boundary alignment. The string length  applications. In the next section, we detail ouopmsed
dynamically adapted to achieve overlap that hapaating technique to accelerate simulations.

performance thus alleviating the need for multiple
sampling. A.  First step: program tracing and phase

identification

In this stage, we generate a phase-ID trace foh eac
application individually. The obtained traces areither
dependent on the execution of the other processbish
execute on parallel nor on a specific MPSoC archital
configuration. It depends solely on the applicataond its
input data. Thus, this step in accomplished oncelicthe
evaluated configurations in the DSE. Moreover, aapd
functional simulation is used here, its executianet is
relatively short. In a few minutes, a processorsghtaace is
obtained. Table 1 gives an example of two tracesfil
generated in this step for an MPSoC of 2 proces@eds
and P1). In this table, the interval size has lssrto 50K
instructions.

Kanaujia et al. [7] propose a multi-core simulation
methodology for homogeneous applications that duss
share data. Simulation speedup is achieved by
implementing detailed simulation of only one coneda
approximating the traffic from the remaining cofeg a
traffic analysis using a transactional module.

Namkung et al. [9] experienced the application @pbase

for multi-processor architectures with a large nembf
processors. They noticed that simulation speedup
diminishes due to a rapid increase in the numbgrhase
combinations. To reduce the number of simulationas,
they proposed synthesizing samples from similarspha
combinations. Del Valle et al. [4] propose to speed
simulation by using FPGA-based emulation framework.
Their approach enables a rapid extraction of aelaegnge

of statistics for three MPSoC components, i.e. @ssing

TABLE 1
PHASE'S TRACE EXAMPLE FOR TWO PROCESSORS GENERATED BY
PROFILING THE APPLICATIONS

cores, memory and interconnection. This approach Interval (in K Instructions) | PO phases P1 phases
demonstrated high accuracy and simulation speedup b 050 2 ”
requires expensive specific platforms (FPGA). 50-100 b y
100-150 © z

Ill. DYNAMIC ADAPTIVE SAMPLING FOR MPSOC 150-200 d w

In this study, we target design space exploration f zzz:zzz z ‘;v
MPSoC, where multiple configurations are examined 350900 - S
through simulation. We propose to use a sequenpbasfes
(called phasestring) for each application such that they z
overlap perfectly, as shown in Figure 3.b. Thesagd are
separated bysimulation barriers The performance is
estimated through simulation of Over|aps of phasmgs B. Second Step: generation and utilization of clusters
(called clusters of strings QSthat did not show up in The second step uses all the phase traces thatbleave
simulation earlier. The proposed scheme comprites t generated in the first step. For each processoisemuitive
following advantages: phases are combined together to formphase string The

number of phases within the string is determined
dynamically as will be detailed in the next subged. A
cluster of strings (CS) is generated dynamically and
consists ofP parallel phase strings, whelreis the number
+ The overlap of phase stringshas a repetitive of processor cores in the MPSoC. Each new CSasaithd
performance which alleviates the need for multiple an entry in thecluster of strings tabl¢CST). The key idea
sampling for the same overlap of our approach is that, clusters containing theesparallel
The dynamic adaptation technique for formiphase phase strings will have the same behavio'r andwlibgive
strings as detailed in the following section, has the the same performance. Table 2 summarizes the @mofi
potential for achieving reasonable accuracy acdiffasrent each of the above steps. The second step is fulttailed
design space configurations without the need cjuest N the following subsections.
tuning of simulation sampling percentages. Effesiythe
sampling percentage is determined dynamically based
the number of phase strings that arise during sitimd and
not based on static sampling percentage that ésrmdated a

* Formation of strings of phases is done dynamically.
The system designer merely specifies a maximum
acceptable wait time at the simulation barrier.

B.1. Using simulation barriers for CS generation

At the end of every simulation interval, each psswe

estimates the maximum remaining cycles such thatlaér
processors finish their intervals in progress.



As shown in Figure 4, the estimated remaining cycdg

B.2. Generating clusters of strings

each processor depends on its IPC at this point of As shown in figure 4, CSs are created dynamically

simulation and the total number of cycles (C) sitice
beginning of the CS. Due to the difference in tR€$, the
estimated remaining cycles (denoted\&sin Figure 4) will
be different from one processor to the other. Thiuthe
remaining cycles over the cycles of executionesslthan a
given threshold for all processors, the procesdopss
simulation and waits at the simulation barrier. sThi
threshold is denoted by TWSB fdihreshold Waiting at
Simulation Barrier Otherwise, it proceeds with executing
the following interval. If a processor decides taitwthis
corresponds to a simulation-barrier and all theeoth
processors will be obliged to stop simulation & &md of
their current intervals. Pseudo-code for the predos
synchronization technique is shown in Figure 4.

TABLE 2
ADAPTIVE PHASE SAMPLING

1. First step: generate application individual phase-ID trace file using the
SimPaint profiler.

2. Second Step: For each already simulated CS in CST, determine if it
corresponds to the next set of strings in the phase’s trace generated offline.
Once a match is found the search is stopped.

3. If amatch of cluster of strings (i.e. CS) is found in the CST, the simulation is
fast forwarded and the performance is estimated based on the found match.

4. Else the simulation is performed with dynamic termination of cluster.

a. During the simulation, at the end of each interval, we check if itis
possible to combine the strings of phases executed in parallel till that
point in order to generate a new CS using simulation barrier criteria.

h. Upon termination, a new entry is allocated in the CST and
performance is recorded.

5. Repeat the second step until end of phase-ID traces

In this figure Interval corresponds to interval length in
instructions,lpoc andIPCqc correspond respectively to the
number of executed instructions and IPC for thec@ssor
procfor the current interval. These statistics arelatée in
the simulator at run time.

At the simulation barrier, we combine the strings o
phases executed in parallel. Due to the waitinge std
some processors at barriers, phase scheduling reay
slightly different from the real situation (withobfarriers).
This shift in scheduling can cause an estimatiororer
additional to that due to phase classificationtapsl. As
the IPCs for each application executing in paraea not

depending on the way each processor interacts thigh
shared resources. CSs are separated by simulaioers
and each string of phases corresponds to phasesirtha
executed by the corresponding processor.

AC=0

for proc =1toP
ift proc != my_proc)
AC=max(AC,( I nterval -1, ,.) 1 PC,,))
Endif

Endfor

If ACI/IC<TWSB
Start barrier synchronization for all proc’s

Endif
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a
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Figure 4. Simulation barrier for CS generationteps4.a of TABLE 2.

The combination of phase’s identifiers, which are
executed in parallel, represents a unique CS iikmti
Table 3 shows possible CSs for the application ghas
given in Table 1. The first generated CS is denai®a,b
X,¥,z and contains two strings of phasasb (for PO) and
x,y,z (for P1). Two clusters of strings which cantahe
same phase strings will have the same performance.

As soon as a new CS is simulated, a new entrydedtb
the CST and its performance metrics (such as thiauof

bcyclesand the total consumeszhergy are recorded in this
table.

B.3. Using CST for simulation acceleration
As shown in table 2 (step 2), if a match is fourthWeen
a CS in the CST and the next phases in the trifte€S is

the same, the number of intervals executed by eachskipped and the corresponding entry in CST is wgutiakhe

processor in a cluster can be different.

Figure 4 shows that the processors test at theoErech
interval the constraint of the threshold. For ins& at the
end of the interval b, PO decides to wait, whil¢hatend of

number of instructions that each processor musfabe
forwarded is also taken form the CST (see tablér3)his
case a rapid functional simulation is used to méwve
program context to the end of the CS. Otherwisenaif

interval a, X, and y the system decides to Continuematch is found, then detailed CABA simulation is

simulation.

performed until a termination of the new CS using
simulation barrier.



“Cold Start Hit” is used as warmup technique to start processor execute the same application, for theeroth
detailed simulation. Avarmup bitis added to each cache benchmarks half of the processors execute the encod
block to signify the first time an entry is addregsWhen
starting the simulation of a CS, the first access tcache
block is assumed to be a hit. Since the miss ratesur

benchmarks are generally very low, this simple meth

provides interesting performance.
In table 1 and table 3, after simulating the firgd CSs,

the clustera,b-x,y,zrecurs. This cluster already exists in the

CST so it is fast-forwarded by a rapid functioreddation.
Thus PO will be fast forwarded 100K instruction35@K)
and P1 will be fast forwarded 150K (3*50K). We pgsite

the performance of the whole application based @& C

information and their relative contribution to thehole

program.
TABLE 3
CSTCONTENT FOR THE EXAMPLE INTABLE 1
Cluster Inst. Inst. Cycles Energy Repetition
count | count
PO P1lin
in Kinst.
Kinst.
a,b-x,y,z 100 150 200 100 2
c,d-w,w 100 100 300 150 1

conducted. For this purpose, five different benatksia

IV. EXPERIMENTAL RESULTS

To evaluate the usefulness of our adaptive phasplsay
method for MPSoC DSE, several experiments have been During the experiments, we used 50K instructions as

taken from the MiBench suite [5] and the H264 hheen
ported to our MPSoC platform.
Table 4, gives for each benchmark, the number of influence of the interval size on the method peri@nces is

instructions per application and the number of pedeund
in the profiling (step 1 of table 2).

TABLE 4
BENCHMARK DETAILS

Category

Benchmark

Version

Number of
instructions
per application

Number of phases

Telecommunication

FFT

168 008 964

10

FFT

Inverse

184626 007

10

Gsm

Encode

1251462 740

Gsm

Decode

536 235 207

Adpem

Encode

949890 274

Adpcm

Decode

607 441 786

H264

129 204031

Security

Riindael

Encode

332082 997

Rijndael

Decode

349339 153

Blowfish

Encode

311616 420

Blowfish

Decode

314 864 383

For each of these benchmarks, both the “encode’ttamnd

version while the other half execute the decodsiwarof
the application. It is worth noting here that, séingp for
independent applications is more difficult than for
dependent (or communicating) applications, as ie th
former case communications and synchronizationp el
determining the parallel phases and make sampéisige

The simulation framework for these experimentsaseul
on MPARM [1]. This framework consists of ARM7 cores
connected to shared RAM modules via a standardedhar
AMBA bus. All these components are described atezyc
accurate and bit-accurate (CABA) level using System
The processor configuration is shown in Table 5.

We definesimulation speedups the ratio between the
total number of instructions executed by all thegessors
over the number of instructions simulated in theaiked
mode (or CABA mode).

TABLE 5
MPARM PROCESSOR CONFIGURATION

I-cache 8KB direct mapped, 1 cycle latency
D-cache 4KB 4-way set-associative, 1 cycle latency
Memory 64-cycle latency

Core Arm version 7

interval size. With such small size interval th&sea high
probability of detecting the phase behavior of the
applications, leading to improved acceleration. The

left as a possible future extension.

When the total detailed CABA simulation is applied a
benchmark each run requires several hours of stionja
depending on the MPSoC configuration. For instarece,
total detailed simulation with 8 processors neelisua
three days to finish on a 3GHz Pentium4 platform.

A.  Effect of TWSB on simulation acceleration

Decreasing the value of TWSB decreases the pratyabil
for a given processor to generate a simulationidrarAs a
consequence, the size of clusters in terms of nurobe
phases increases. As a result, clusters beconer kang the
occurrences of the same CS decreases. Accordingly,
simulation speedup decreases and estimation error
decreases, as less waiting cycles are injectedottier
words, TWSB controls the tradeoffs between estonati
accuracy and simulation acceleration.

Figure 5 shows the simulation speedup and the astim
error for the six applications as a function of TBV/&hen
the number of processor varies between 2 and
processors. For each application, the accelergtaaotor

12

“decode” version of the benchmarks have been used.consistently increases with the value of TWSB. Tihee
During the experiments, the number of processcesbas
been varied from 2 to 12. Except for H264, wheletted

applications blowfish, rijndael and H264 have thestb
acceleration factor. Blowfish and rijndael exhiéry high



speedup factors (respectively 783 and 280) as thesewumber of phases and the aperiodicity of gsm deewuke
benchmarks generate small number of phases (2 foruncode. Consequently, the average size of clugersry

blowfish and 3 for rijndael).

In the case of H264, the same application is dat#it so
processor workloads are almost similar. The geadr&tS
for this application contains one phase per prawess
During simulation, we observed 8 different CS which
corresponds to the number of phases in H264. Aauglsd
the acceleration factor is constant for the entire
configurations.

Simulation Speedup
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Figure 5. Experimental results with 6 benchmarkee mumber of
processor varies from 2 to 12 and TWSB varies f&8mto 20%. Upper
part gives the speed up. Lower part gives theesponding estimation

error.

The speedup factor of gsm using 8 processors dexsea
to 1.5. The reason of this weak performance is higé

important with small number of repetition. A TWSB o
60% for gsm on 8 processors (not shown in the éghas
allowed to reduce the average CS size and to iserd@
speedup to 97.7 without sacrificing the precisistineated
(error is almost 4.5%). An automatic setting of TBYS
according to the application behavior, is propoaeduture
extension of the work.

B. Effect of TWSB on performance estimation

The error in IPC estimation is actually related tieo
sources of error. The first source is due to assing the
IPC of each repeated cluster with the IPC of that Giluster
that have been already simulated. Intervals idedtifas
belonging to the same phase (using SimPoint) mag ha
different performances.

The second source of error is the utilization afidation
barriers. As explained in section lll, during simtitn our
method injects waiting cycles in the different prssors
before synchronization barriers. These wait cyadaesse
two problems: first, the estimated IPC is lowerextduse
no workload instructions are committed during thaitw
second, the overlap between the applications ghtdli
different from the overlap without simulation bans.

Figure 5 (lower part) shows the error in estimatir§ as
a function of the four TWSB values for our six dapted
applications using up to 12 processors. We obsatefor
each architectural configuration, the estimatiorrorer
increases with the TWSB. In fact, when TWSB incesas
the number of simulation barriers and the number of
injected waiting cycles increase.

In the case ofH264, the error is constant with the
variation of TWSB on all the configurations becaubke
total number of observed CS does not change wittSBW
variation, as explained in the previous subsectida.have
the same situation fdft, the error stabilizes when the value
of TWSB is greater than 10%. When the TWSB increase
from 5% to 25% thdft error increases from 4% up to 9%
on 4 processors, from 4% up to 18% on 8 procesauils
from 5% up to 26% on 12 processors.

For rijndael, the error varies slightly from 0% tg 1%
when the TWSB increases. As previously stated, this
benchmark has a high regularity degree betweemvaite
and thus generates a small number of phases. Wavebs
that CSs have almost very close IPCs values. Disckoof
space, power consumption estimation errors aresimoivn
here. Nevertheless, these errors are much smdlber t
errors for the IPC.

Our experiments indicate that using simulation ieesy
the amount of detailed simulation needed is adjuste
adaptively based on application’s dynamic. For exanon
a 12 core configuration and a TWSB of 5% (figurethg
error percentage in estimating the IPC is less th#
while the detailed simulation ranges from 0.36% 1((280)



for H264 to 55% (or 1/1.8) for adpcm. In contrasther
sampling techniques suffer either from lost oppuities for
saving if they set the sampling percentage to edfikigh
value, or less estimation accuracy if they setdapling
percentage to a fixed low value.

V. CONCLUSION

In this work, we introduce a technique to adapyivadjust
sampling intervals and sampling amount in order to
maintain a low estimation error. We tackle the peob of
variability in estimating performance due to thdfetent
scenarios of phase overlaps. In this proposal, oven f
strings of phases such that overlaps from the ngnni
applications superimpose with small differenceligrenent
boundaries. We simulate only new overlap scenarios.

We conducted simulations that show that our proghose
technique adapts the amount of sampling as wedbas of
the application to simulate based on the applio&tio
dynamic nature. In almost all the cases, the greotentage
in estimating the IPC is kept low. For applicatiomigh a
large number of phases and/or large difference$P@f
between running applications, our scheme enlargpes t
amount of detailed simulation, and vice versa, fideo to
achieve an accurate estimate of performance. Hxpetal
results show that the proposed method is ableddyme a
high simulation speedup making it highly applicalfte
large DSE in embedded systems. Future researchioeils
on several areas. First, we propose an automatiogef
TWSB. Using this technique, TWSB value will be eari
function of the desired speedup, to provide thellssta
possible estimation error. Second, more complergssor
and network architectures will be integrated intee t
platform.
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