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Abstract

This paper describes the architectural exploration of the
system-level parameters for a MicroSPARC2-based embed-
ded system. The overall goal of the exploration task is to
quickly identify the best architecture of the embedded sys-
tem in terms of both energy and delay parameters, avoiding
the comprehensive analysis of the architectural design space.
The Energy-Delay Product (EDP) has been adopted as the
evaluation metric to compare the alternative architectures
in terms of different cache memory and bus subsystems.
The exploration phase adopts an iterative local-searc h algo-
rithm based on the sensitivity analysis of the cost function
with respect to the tuning parameters of system architec-
ture. The exploration targets the architectural optimisation
of the parameters related to the cache memory and the bus
sub-systems of an embedded architecture based on the Mi-
croSPARC2 architecture executing the set of Mediabench
benchmarks for multimedia applications. The experimental
results ha e shown a reduction up to nine orders of magni-
tude ofthe n umber of design alternatives analyzed during
the exploration phase.

Keywords: Design Space Exploration, Embedded
Systems, Low-Pow er

1 Introduction

Decreasing energy consumption without loosing perfor-
mance is a ’'must’ during the design of a broad range of
embedded systems. The evaluation of energy-delay metrics
at the system-level is of fundamental importance during the
design of embedded applications characterized by low-power
and high-performance requirements. The capability to early
provide a direct feed-back on the impact of different design
architectures at the system level pro vides the possibility to
early re-target the architectural design choices, thus avoid-
ing a shorter development time and costly re-design cycles.

Once the system-level specification expressing the func-
tionality of the embedded system has been defined and val-
idated, the next design phase consists of the design explo-
ration phase to define the best system architecture, mainly

in terms of core processor, number of levels in the memory
hierarc hy cache-related parameters, system-level bus topol-
ogy, width of address and data busses, etc.. T operform
the design exploration phase of a target embedded architec-
ture, an approach based on the full search of the optimal
architectural parameters at the system-level with respect to
the energy-delay cost function can be computationally very
costly, due to the long simulation time required to explore
the wide space of design parameters.

Aim of our work is to describe the system-level explo-
ration of the architectural design space of a MicroSPARC2
embedded system from an energy/delay comprehensive
standpoint. For each point of the design space, we dynami-
cally estimate the value of the corresponding Energy-Delay
Product (EDP), taking into consideration both performance
and energy constraints. The goal is to find the optimal or
near-optimal system configuration without performing the
exhaustive analysis of the space of the chosen parameters.

The adopted methodology aims at reducing the complex-
ity of the design exploration phase by grouping the design
space parameters into clusters. The basic idea is that the
optimal value of the parameters in a single cluster has a very
little dependence on the value of the parameters of the other
clusters, with respect to the energy-delay cost-function.

In our target architecture, the parameters related to
cache memories and system buses have been considered in-
dependent during the design exploration phase to deter-
mine the optimal system configuration from the energy-
delay standpoint. Under this assumption, the design param-
eters related to the cache memories and the system buses
have been divided into tw oclusters to be optimized sepa-
rately.

In spite of the application of clustering to reduce the du-
ration of the design exploration phase, the design space is
still too large to apply the exhaustive approach to find the
best system configuration from the energy-delay joint per-
spective. T o further reduce the similation time required by
the design exploration phase, we apply the heuristic method-
ology we proposed in [1, 2], that is based on sensitivity-based
analysis.

In our exploration framework, the simulation phase is
based on an accurate profiling of the processor-to-memory
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communication based on the dynamic analysis of the mem-
ory accesses and the transition activity of the system-level
buses. Bus traces, derived from the execution of several
application programs by an Instruction Set Simulator and
filtered by a behavioral model of the system modules, are
then analyzed in terms of the energy-delay metric (EDP) to
evaluate the cost associated with different system configura-
tions. In the computation of the EDP function, the energy
consumption has been expressed in Joule Per Instruction
(JPI), while the execution delay has been expressed in Clock
cycle P er Instruction (CPI).

The experimental results ha ve shown that the proposed
methodology can speed-up the design exploration phase of
up to nine orders of magnitude with respect to the exhaus-
tive analysis.

The paper is organized as follows. The next section
presen ts the most releant approades for system-level ex-
ploration appeared in literature so far, while Section 3 pro-
poses our design space exploration framework. The results
derived from the application of the proposed methodology to
the Micro-SPARC2 case study have been reported in Section
4. Finally, Section 5 summarizes the main contributions of
this work and outlines the future directions of our research.

2 Background

Several system-level estimation and exploration methods
have been recently proposed in literature targeting pow er-
performance trade-offs from the system-level standpoint.
Among these w orks, the most significant methods related
to our approach can be divided into tw omain categories:
(i) system-level pow er estimation and exploration in gen-
eral, and (7i) pow er estimation and exploration focusing on
cache memories.

In the first category, the SimplePow er approah [3] can
be considered one of the first efforts to evaluate the different
contributions to the energy budget at the system-level. The
A valancheframework presented in [4] evaluates simultane-
ously the energy-performance traddoffssoft ware, mem-
ory and hardware for embedded systems. The work in [5]
proposes a system-level technique to find low-power high-
performance superscalar processors tailored to specific user
applications. More recently, the Wattch arc hitectural-lewel
framework has been proposed in [6] to analyze power vs.
performance tradeoffs with a good level of accuracy with
respect to low er-levelestimation approaches. Lo w-paver
design optimization techniques for high-performance pro-
cessors have been investigated in [7] from the architec-
tural and compiler standpoints. A trade-off analysis of
pow er/performance effects of SOC (System-On-Chip) ardi-
tectures has been recently presen tedn [8], where the au-
thors propose a simulation-based approach to configure the
parameters related to the caches and the buses.

In the second category of approaches dealing with power
estimation and exploration for the memory hierarc hy,the
authors of [9] propose to sacrifice some performance to save
power by filtering memory references through a small cache
placed close to the processor (namely filter cache). A sim-
ilar idea has been exploited in [10], where memory loca-
tions withthe highest access frequencies are mapped onto
a small, low-energy, and application-specific memory that
is placed close to the core processor. P over and perfor-
mance tradeoffs in cache arc hitectures have been also inves-
tigated in [11]. A model to evaluate the pow er/performance

tradeoffs in cache design has been proposied[12], where
the authors discuss also the effectiveness of novel cache de-
sign techniques targeted for low-power (such as vertical and
horizontal cache partitioning). An analytical power model
for sev eral cache structures has been proposed in [13]. The
model accounts for technological parameters (such as capac-
itances and pow er supplies) as vell as architectural factors
(such as bloc k size, set associativig and capacity). The pro-
cess models are based on measurements reported in [14] for a
0.8 p m process technology. The analytical model of energy
consumption for the memory hierarchy has been extended
in [15] and [16], where the cache energy model is included
in a more general approach for the exploration of memory
parameters for low-pow er enbedded systems.

3 Design Space Exploration of the Mi-
croSPARC II processor

In this paper, we presen t the results of a pov er/performance
analysis for a MicroSPARC II processor. The main goal is
to quickly evaluate the cost of a given number of system
alternativ es, driving the designer tovards an optimal system
configuration with respect to a given cost metric.

The current framework receiv es as input the description
of the design space and the target application for which a
MicroSPARC II optimal configuration (with respect to the
exploration metric) must be found. The framework is mainly
composed of an iterative optimization procedure (see figure
1) and it is based on the following modules:

o The system level executable model represents the sim-
ulatable/emulatable description of the target system.
Based on the profiling of the application, the module
enables the estimation of the actual values of the cost
function used for the exploration. The system level ex-
ecutable model that we considered is shown in figure
2. It is mainly composed of tw o parts: the simulation
tool, called MEX (Memory EXplorer), and the energy
and delay models. The MEX module is based on the
Sun’s Shade library, that allows a fast instruction set
simulation of the target application [17].

o The optimizer is the module that chooses the most suit-
able configuration to be explored and when the search
m ust be stopped. To evaluate the next point to visit
during the exploration, the optimizer uses the past val-
ues obtained by previous searches.

e The exploration metric or cost function is used to
compare the qualit yof different configurations. The
Energy-Delay Product (EDP) has been selected to
compare the alternative system configurations in terms
of the best trade-off between the energy dissipated by
the system and the performances. In the computation
of the EDP function, the energy consumption has been
expressed in Joule Per Instruction (JPI), while the ex-
ecution delay has been expressed in Clock cycle Per
Instruction (CPI).

3.1 Exploration Methodology

One of the most challenging tasks of the design flow of em-
bedded systems is the exploration phase, that aims at find-
ing the optimal configuration of the design parameters for an
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Figure 1: Proposed design space exploration flow
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Figure 2: System-level executable model

embedded system. The main problem is that even a simple
microprocessor-based architecture has a very large n unber
of possible implementations, making the exhaustive analysis
of each configuration practically impossible.

The design space of an architecture takes into account all
the possible combinations of the configurable parameters:

A=8p x...x 85, x...x5p,

where A is the design space, Sp, is the set of the possi-
ble configurations for parameter p; and ” x” is the cartesian
product. As an example, if we consider a simple architecture
with four configurable parameters and only five possible dif-
ferent values for eac h one, the resulting mmber of possible
configurations to be simulated and analyzed is over 500 for
each target application to be considered for the system.

The application of an exhaustive approach to this prob-
lem implies the exploration of pow er and performance walues
for all the configurations in the space. This solution implies
a very large sim ulationtime, due to the large number of
configurations to be visited, making this approach imprac-
tical. Therefore some heuristic methods must be applied to
the problem to obtain an acceptable solution in terms of
simulation time while preserving accuracy.

For a simple microprocessor-based enbedded system (as
those sho wn in Figure 3), the design space can be considered
as composed of the parameters related to the cache and bus
sub-systems.

The memory sub-system of the target architecture con-
sists of a multi-lev el memory hierardiy: L1 On- and L2 Off-
chip caches and the main memory. Each cache can be orga-
nized in several configurations in terms of cache and block

Instruction
Cache

< Sistem Bus >

Off-Chip
Cache

Figure 3: T arget system arditecture

size, degree of set-associativity, write strategy and replace-
ment policy. Other degrees of freedom for the memory hi-
erarchy configuration are related to the width of data and
address buses and their encoding strategy.

The methodology used for the Micro-SPARCII architec-
ture based on the assumption of the parameters indepen-
dence, as previously noted in [18]. The methodology reduces
the complexity of the exploration by grouping the design pa-
rameters into clusters. The basic idea is that the optimal
value of the parameters in one cluster has a very little depen-
dence on the value of the parameters of the other clusters,
when considering the energy-delay cost-function. In part,
w e assume that cahe parameters are independent with re-
spect to the system bus parameters in determining the opti-
mal configuration from the energy-delay standpoint. Thus,
cache parameters and system bus parameters has been di-
vided into tw o clusters to be optimized separately

In spite of the application of clustering to reduce the
duration of the desigexploration phase, the design space
is still too large to apply the exhaustive approach to find
the best system configuration from the energy-delay joint
perspective. To further reduce the simulation time required
by the design exploration phase, in our exploration we ap-
plied the heuristic methodology we proposed in [1, 2], that
is based on sensitivity-based analysis.

The sensitivity analysis is an exploration methodology
based on the idea that the EDP exploration metric is not
equally sensitive to the v ariation of all the design parame-
ters. In fact, after a specific tuning phase, the parameters
of the system can be characterized by a degree of influence
(or senmsitivit y) on the cost function and consequently the
search can be prioritized on the most sensitiv e ones. In
fact, during the exploration phase, the sensitivity optimizer
evaluates the next configuration to visit, changing only one
parameter at time, in order of sensitivity.

In this work, we propose a unique analysis for instruction
and data caches parameters in order to find a sub-optimal
first level configuration in the memory hierarchy, follow ed
by a separated analysis of bus encodings.
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4 Case Study

In this section, we presen t the experimeital results obtained
by applying our methodology on a real microprocessor-based
embedded system, running a set of multimedia applications
selected from the Mediabench suite [19].

4.1 T argetSystem Architecture

The target system architecture is composed of the 32-bit
MicroSPARC-II [20] high-performance RISC processor core,
without D- and I- caches, operating at low voltage to opti-
mize the pow er consumption. The base architecture has a
separate on-chip L1 instruction and data caches, the exter-
nal memory and the bus encoders/decoders. The L1 in-
struction and data caches, implemented in CMOS technol-
ogy with a 1 CPU clock cycle hit-time, are configurable in
terms of cache size, block size and degree of associativit y,
with fixed replacement policy (random) and write strategy
(write-back write-allocate). The pow er model for this cades
has been derived from [13].

The external memory is a 32MByte DRAM characterized
by a 7 CPU cycle latency with pow er model deried from
[21]. Further details on the selected memory are provided
in [22].

4.2 T argetDesign Space

In our work w ereduce the design space to L1 data and
instruction caches parameters and bus encodings as follows:

® Sics, Sics = {2KB, 4KB, 8KB, 16KB, 32KB, 64KB}
e Sivs, Sabs = {4B, 8B, 16B, 32B}
e Siv, Sav = {1, 2, 4, 8}

® Sive, Save, Smbe = {Binary, Gray, Ga y4, Offset, Off-
setXor, T0, T0OXor}

where ics and dcs are the I- and D-cache size, ibs and dbs
are the I- and D-block size, v and dv are the I- and D-
associativit y andibe, dbe and mb eare the encodings on the
instruction, data and off-chip address busses [23, 24, 25].

As can be noted, the total size of the exploration param-
eters is of over tw en ty-billion configurations, a design space
practically impossible to simulate and to explore compre-
hensively.

4.3 Exploration of Cache Parameters

The first step of our analysis consists of considering the cache
parameters independently from the bus encodings and thus
by optimizing them separately.

We chose the sensitivity analysis to find the sub-optimal
configuration of the target system because this exploration
algorithm enables a fast search convergence. In Figure 4 are
shown the results of the tuning phase. We noticed how the
exploration metric EDP, for this target arc hitecture, is more
sensible to the variation of instruction cache parameters, size
and associativity. We can see a minor sensitivity value for
the data cache size and associativit y,and I- and D-cac he
block size.

The sensitivity values ha ve been used within a sensitivig
optimizer algorithm to optimize a sub-set of the Mediabench

Proceedings of the Design,Automation and Test in Europe Conference and Exhibition (DATE’03)

1530-1591/03 $17.00 © 2003 IEEE

100 4
9
> 80 -
2
@ 60 +
)
n

40 4

20 4

0 T T T T
o3 v; Cy Vy b, by
Parameters
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Figure 5: Exploration path of the cache design space for the
Mesa benchmark

benchmarks that we use as validation benchmarks for our
methodology. In Figure 5 we can see the fast convergence
of the algorithm in the cache design space (bold line).

The small number of simulations in the exploration phase
is confirmed by Table 2, where we can notice a reduction of
over tw oorder in magnitude with respect to the exhaus-
tive search (characterized by Ngin, = 9216) with only a very
small average error on the Energy-Delay optimal configura-
tion.

4.4 Exploration of Bus Encoding T ec h-
niques

The second step of our methodology consists of the explo-
ration of the bus encoding techniques. The best technique
has been found by simulating all the selected bus encoding
techniques for each benchmark with the cache configurations
found in the previous step. This has been done for each sin-
gle on-chip and off-chip bus, since we assume that also the
system buses are independent among each other in terms of
energy and delay. In Table 3 we report the best encoding
technique found for each benchmark and the correspond-
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I[ Instruction Cache i Data Cache [[ Off-Chip Bus | Vs uS-IT Standard 1

Benc hmark‘ Size[B] ‘ Block Way H Size[B] ‘ Block ‘ Way H Optimal ‘ AEnergy | ADelay | AEDP H
Size[B] Size[B] Encoding [%] [%] [%]

Adpcm Dec 4096 4 4 8192 4 2 Gray4 -14.36 -13.20 -25.66
Adpcm Enc 4096 4 2 8192 4 2 Gray4 -12.74 -11.40 -22.69
Epic 2048 8 2 32768 4 4 T0Xor -11.82 -19.17 -28.73
Gsm Dec 8192 8 8 16384 32 2 Gray4 -11.71 -13.67 -23.79
Gsm Enc 16384 16 2 8192 16 1 T0Xor -0.53 -2.02 -2.54
Jpeg Dec 4096 4 4 32768 16 4 Gray4 -25.14 -50.93 -63.27
Jpeg Enc 4096 8 2 65536 8 1 T0Xor -17.51 -50.37 -59.06
Mesa 16384 16 4 16384 4 4 TO -8.41 -23.24 -29.70
Mpeg Enc 2048 4 4 4096 4 4 Gray4 -27.23 -47.98 -62.15
P egwit 8192 16 2 65536 4 1 TO -33.75 -73.19 -82.24
Unepic 2048 8 2 65536 8 4 T0Xor -7.53 -17.95 -24.13

T able 1: Results of the proposed methodology to explore the cache and bus encoding parameters

Benc hmark” Error[%] || Nsim |

global optimal configuration. We summarize the results ob-
tained in Table 1, showing at the same time the cache op-
timal configurations and the optimal encodings for the sys-
tem bus. The table shows also the average energy and delay
savings with respect to the reference configuration of the
MicroSPARC-II that is characterized by the following val-

e Instruction cache: 16KB total size, direct mapped, 32B

Adpcm Dec 0 28

Adpcm Enc 0 30

Epic 0,02 27

Gsm Dec 1,83 29

Gsm Enc 0 26

Jpeg Dec 0 36

Jpeg Enc 0 29 .

Mesa 0,45 36 ues:

Mpeg Enc 0,62 26

P egwit 0 21 A

Unepic 0,11 25 block size.
[ Mean I 0,28 [ 285 ]

T able 2: Results of the cache parameters exploration phase
obtained by applying the sensitivity analysis for the selected
benc hmarks.

ing energy reduction of the off-chip bus subsystem since, for
what concerns the on-chip buses, the results have shown that
they do not impact significantly the o erall power budget.

Benc hmark[[ Encoding | Ebusgavea[%] |

e Data cache: 8KB total size, direct mapped, 16B block
size.

As can be seen, we reach always a system configuration
that is better with respect to the reference configuration in
terms of both energy and delay. We notice also that the
optimal configuration found depends strongly on the data
and instruction access pattern of the specific program. F or
example, the Unepic benchmark shows a high instruction lo-
cality with poor data locality, thus requiring a small I-cache
and a very big D-cache. On the contrary, other programs
(such as the Mpeg Encoder) show a high data locality that is
exploitable both in terms of energy by minimizing the size
of the caches. Finally, by comparing the total number of
simulations that we would have needed for the full search
(over twenty-billion) with the sum of the simulations per-
formed by our methodology, we reached a speed-up of up to

Adpcm Dec Gra y4 30,4
Adpcm Enc Gra y4 34,1
Epic TO0Xor 49,9
Gsm Dec Gra y4 34,1
Gsm Enc To0Xor 54,1
Jpeg Dec Gra y4 35,5 X
Jpeg Bnc ToXor 17,7 9 orders of magnitude.
Mesa TO 52,0
Mpeg Enc Gray4 39,2 .
P egwit TO 55,6 5 Conclusions
Unepic To0Xor 48,5
| Mean || | 46,3 |

T able 3: Results of the bus encoding exploratiphase in
terms of energy savings with respect to the binary encoding
for the selected benchmarks.

As can be seen from the table, bus encoding techniques
enable an energy reduction of up to 50% on the bus subsys-
tem, with an average energy saving of 46%.

4.5 Final results of the exploration phase

Once the tw oclusters of parameters havebeen optimized
independently, the estimated optimal system configurations
of each cluster are joinedtogether to define the estimated
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In this paper the design space exploration methodology for
the cac he and bus subsystems of an enbedded system based
on the Micro-Sparcll processor has been presented. The ex-
perimental results have shown that the proposed methodol-
ogy applied to the selected architecture is able to speed-up
the design exploration phase of up to 9 orders of magni-
tude. As a future direction of our work, we can envision the
possibilit y to further reduce the dimension of the spaceof
parameters based on the results of the sensitivity analysis.
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