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Abstract—Architectures based on Very Long Instruction
Word (VLIW) have found fertile ground in multimedia electronic
appliances thanks to their ability to exploit high degrees of In-
struction Level Parallelism (ILP) with a reasonable trade-off in
complexity and silicon costs. In this case Application Specific
Instruction-set Processor (ASIP) specialization may require not
only manipulation of the instruction-set but also tuning of the
architectural parameters of the processor (e.g. the number and
type of functional units, register files, etc.) and the memory sub-
system (cache size, associativity, etc.). Setting the parameters so
as to optimize certain metrics requires the use of efficient De-
sign Space Exploration (DSE) strategies and also simulation tools
(retargetable compilers and simulators) and accurate estimation
models operating at a high level of abstraction. In this paper we
present a framework for evaluation, in terms of performance,
cost and power consumption, of a system based on a parame-
terized VLIW microprocessor together with the memory hierar-
chy subsystem following execution of a specific application. The
framework, which can be freely downloaded from the Internet,
implements a number of multi-objective DSE strategies to obtain
Pareto-optimal configurations for the system.

L. INTRODUCTICN

It is widely accepted nowadays that the use of Application
Specific Instruction-s=t Processors (ASIP) in embedded sys-
tems provides much more flexible solutions than an approach
based on ASICs and is much more efficient than using stan-
dard processors in terms of both performance and power con-
sumption [8]. With ASIPs it is possible to modify some of the
hardware parameters of the processor to generate a customized
instance for a specific application domain. To guarantee high
performance levels, an ASIP has to exploit the instruction level
parallelism (ILP) available in the specific application. Archi-
tectures based on VLIW processor, in particular, are currently
seen as answering the demand for modern, increastngly com-
plex embedded multimedia applications, given their capacity
to exploit high levels of ILP while maintaining a reasonable
trade-off between hardware complexity and cost.

In this paper we will focus on the optimization of the ar-
chitectural parameters of a VLIW processor, together with the
memory subsystem, with a view to optimizing area, perfor-
mance and power consumption for a specific application. This
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requires two tools: 1) an environment to measure the variables
to be optimized following any variation in the architecture be-
ing examined, and 2) A Design Space Exploration (DSE) strat-
egy. The contribution we intend to make with this paper cov-
ers both these points. We propose a framework (that can be
freely downloaded from the Internet [11]) which combines a
retargetable ILP compiler and simulators and exploits the state
of the art in estimation models with a high level of abstrac-
tion, making it possible to evaluate, in terms of area, perfor-
mance and power consumption, any configuration of a sys-
tem comprising a parameterized VLIW architecture and a pa-
rameterized 2-level memory hierarchy. Using the framework
we conduct an extensive exploration of the low-power/high-
performanceflow-cost design space for a set of typical media
and communication applications. .
The rest of the paper is organized as follows: Sec-
tion II presents EPIC-Explorer, the simulation and explo-
ration framework used in the experiments and the models
used 1o estimate the performance indexes considered. Sec-
tion III gives the experimental results and discusses the
area/performance/power trade-off for a set of specific applica-
tions representative of multimedia embedded systems. Finally,
Section IV summarizes our contribution and outlines some di-
rections for future work. ’

-

II. EXPERIMENTATION FRAMEWORK

To evaluate and compare the performance indexes of dif-
ferent architectures for a specific application, cne needs to
simulate the architecture running the code of the application.
In addition, to make architectural exploration possible both
the compiler and the simulator have to be retargetable. Tri-
maran [1] provides these tools and thus represents the pillar
around which we have constructed EPIG-Explorer [3]. EPIC-
Explorer is a framework that ot only allows us to evaluate any
instance of a platform in terms of area, performance and power,
exploiting the state of the art in estimation approaches at a high
level of abstraction, but also implements various techniques for
exploration of the design space.

The tunable parameters of the framework can be classified in
two categories: compilation parameters and architectural pa-
rameters, Compilation parameters refer to the possibility of
enabling or disenabling speculative execution and hyperblock
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formation. The tunable parameters of the architecture can be
classified in three main categories: register files, functional
units and memory sub-system. Each of these parameters can
be assigned a value from a finite set of values. A complete as-
signment of values to all the parameters is a configuration. A
complete collection of all possible configurations is the config-
uration space.

A configuration of the system generates an instance that is
simulated and evaluated for a specific application as follows.
The application written in C is first compiled. Trimaran uses
the IMPACT compiler system as its front-end. The code pro-
duced, together with the High Level Machine Description Fa-
cility (HMDES) machine specification, represents the Elcor in-
put. The HMDES is the machine description language used in
Trimaran. Elcor is Trimaran’s back-end for the HPL-PD archi-
tecture. It performs three tasks: code selection and scheduling,
register allocation, and machine dependent code optimizations,
The Trimaran framework also consists of a simulator which is
used to generate various statistics such as compute cycles, to-
tal number of operations, etc. Together with the configuration
of the system, the statistics produced by simulation contain

- all the informaticn needed to apply the area, performance and
power consumption estimation models, The results obtained

by these models are the input for the exploration block. This

block implements an optimization algorithm, the aim of which

is to modify the parameters of the configuration so as to mini--
mize the three cost functions (area, execution time and power

dissipation).

A. Estimation Models

The amount of power consumed by the processor was es-
timated using an adaptation of the Cai-Lim model [4] to the
VLIW processor. The contribution to power consumption
made by the memory cache was estimated using the analyti-
cal model presented in [7] based on the characterisation per-
formed by Wilton and Jouppi in [13]. A fundamental aspect
of the model being considered is that it is based on estimation
of the number of transitions for the various circuit elements
involved in the activity of the cache. These transitions are es-
timated using the dynamic statistics from the simulations and
the equations described in [7]. The main memory energy is
based on the model in [12] and assumes a per main memory
access energy of 4.95 x 1077 based on the data for the Cy-
press CY7C1326-133 memory chip. The energy consumption
of the buses depends on the switching activity on the bus lines
and the interconnect capacitance of the bus lines (with off-
chip buses having much larger capacitive loads than on-chip
buses). The contribution towards power consumption made
by the interconnection system was calculated by counting the
number of transitions on the bus lines and applying the for-
mula Py = 1/2V2,0fC; where Vg is the supply voltage, &
is the switching activity, f is the clock frequency and C is the
capacity of a bus line.

The area occupied by the processor with varying architec-
tural and micro-architectural parameters was estimated using
the analytical model proposed by Miyaoka ef al. in [10]. To

estimate the area occupied by the caches we used the model
described in [13).

The performance statistics produced by the simulator are ex-
pressed in clock cycles. To evaluate the execution time it is
sufficient to.multiply the number of clock cycles by the clock
period. This was set to 200MHz, which is long enough to ac-
cess cache memory in one single clock cycle.

A more detailed analysis, which discusses adaptation of the
models to the system and interfacing with the Trimaran infras-

‘tructure can be found in (3].

" B. Exploration Strategies

EPIC-Explorer implements various multi-criteria explo-
ration algorithms which provide an approximation of the
Pareto-optimal set. The current distribution implements four

-exploration techniques. The first (DEP) is the one proposed

by Givargis ef al. in [6] and consists of clustering dependent
parameters and then carrying out an exhaustive exploration
within these clusters. The second technique (GA), proposed -
by Ascia et al. in [2], uses genetic algorithms as optimization
tools. The third (SA), proposed by Fornaciari ef al. in {5] uses
sensitivity analysis to reduce the space of exploration from the
product of the cardinalities of the sets of variation of the pa-
rameters to their sum. Finally, the fourth technique (PBSA), is
a multi-objective extension of SA.

Each of these approaches features a different ratio between
the accuracy of the solutions found (distance between the ap-
proximated Pareto-front and the Pareto-optimal front) and ef-
ficiency (the simulation time required to complete the explo-
ration).

III. EXPERIMENTS

In the following subsections we will analyze the impact of
architectural and compilation parameters on the performance
indexes considered. The class of applications being considered
belongs to the MediaBench suite and represents quite a broad
spectrum of the possibilities of using a VLIW architecture in
an embedded multimedia environment.

A. Impact of the Functional Units on Parallelism

Given the principle on which an architecture based on a
VLIW processor works, the number and type of functional
units affects the way in which the compiler can schedule the
operations in each long instruction. The presence of several
instance of a certain functional unit, for example, makes it pos-
sible to schedule several operations using the unit at the same
clock cycle. The experiments carried out, however, show that
even when the number of functional units increases there is an
inherent limit to the degree of parallelism that can be achieved,
which is specific to each of the applications investigated. The
presence of conditional branches, for instance, is one of the
factors that most limit the possibility of parallelizing instruc-
tions by the scheduler. An essential technique to overcome this
limit is hyperblock formation [9].
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Fig. 1. Instructions per cycle for different number of integer units. Without hyperblock formation (a) and with hyperblock formation (b).

To give a practical example of this effect, we will refer to
Figure 1 which gives the IPC for varying numbers of integer
vnits with and without hyperblock formaticn. As can be seen,
a variation in the number of units for integer operations affects
the average number of instructions executed per cycle (IPC).
As we are focusing on the effect of the functional units, we are
momentarily neglecting the impact of a variation in the mem-
ory hierarchy on the actual degree of parallelism achieved.

We have confined this example to a variation in the integer
units because this type of operaticn is widely used in each of
the benchmarks being investigated. This simple example al-
ready shows that the impact on the number of operations exe-
cuied per cycle is not uniform in the various applications. This
and other similar tests have shown that the degree of paral-
lelism that can be achieved strictly depends on the applicaticn
source code and has to be analyzed on a case-by-case basis.
Of course, when we search for optimal configurations for the
architecture as a whole, we will also have to take into account
variations in the number of units of other types, and the effect
of this variation, as we shall see, will be much more complex
and less predictable.

B. Design Space Exploration

As said previously, a key issue to be taken into consideration
in embedded multimecdia applications is that performance op-
timization is often not the only aim. In the last few years, for
example, it has become clear that minimization of power con-
sumption is a critical factor in evaluating the correctness of a
design decision. Maximnization of performance and minimiza-
tion of power consumption are two requisites that often clash
with each other. There is thus no single optimal configuration:
it is necessary to identify a set of Pareto-optimal configura-
tions that will represent the best trade-offs the architecture can
offer. The design space considered, as seen previously, is of
a totally prohibitive size, which precludes any attempt at ex-
haustive evalnation of all the possible design alternatives. It is
therefore necessary to have techniques that will permit “intel-
ligent” exploration of the space of possible configurations so

as to obtain, in the initial design stages, the configurations that
are more likely to meet the requirements of the system. As the
number of alternatives thus obtained is lower, the designer can
then assess them individually using more accurate tools ‘and
estimation models at a lower level.
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Fig. 2. Exploration of the design space described in Table L Pareto-fronts
obtained with the various exploration approaches.

Figure 2 shows the approximated Pareto-optimal front
(power vs. execution time), obtained by application of the
various exploration strategies implemented in EPIC-Explorer,
relating to the design space described in Table 1 and the bench-

mark adpcm-encode which implement an Adaptive Dif-

ferential Pulse Code Modulation algorithm!. The figure also
shows the points obtained by evaluation of 10,000 configu-
rations obtained from random sampling of the design space.
As can be seen, with a limited number of simulations, the
solutions obtained by the exploration techniques achieve an
excellent approximation of the Pareto-front. Finally, Fig-
ure 3 shows the Pareto-surface (area/power/execution-time) for
mpeg2-decode benchmark, :

'For reasons of space we cannot show all the results. Please refer to [11]
for a complete list of the tests performed.
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TABLE|
SPACE OF VARIATION OF THE PARAMETERS,

[ Parameter Parameter space |
GPR 32,40,64
PR 32,40,64,128
CR 32,40,64,128
BTR 8,12,16,32
Integer Units 1,2,3,4
Memory Units 1,23 \
Branch Units 1,2,3
L1D/1 cache size 2k,...,064KB
L 1D/ cache block size 16B,32B,64B,128B
L1D/1 cache associativity | 4.8,16
L2U cache size 128k,...,.512KB
L2U cache block size 8B.16B,32B,648,128B
L2U cache associativity 1,2,4.8,16
[ Space size 3.627 x 10° |

Fig. 3. Exploration of the whole configuration space. Trade-off
, area/powerfexecion-time.

IV. CONCLUSIONS

In this paper we have presented EPIC-Explorer, a frame-
work o evaluate a system comprising a parameterized VLIW
microprocessor and a parameterized memory hierarchy, in
terms of area, performance and power consumption. Since
the architecture is parametric as regards both the units of the
VLIW processor and the memory hierarchy, it provides a broad
spectrum of design alternatives. The price of this is a difficult,
if not impossible, search for the optimal configurations based
solely on empirical suppositicns. For this reason the frame-
work implements a number of design space exploration strate-
gies, each featuring a different trade-off between the computa-
tional complexity of completing the exploration and the quality
of the solytions obtained. Tests carried out on a set of specific
embedded multimedia applications confirmed the flexibility of
the platform. Its field of application is considerable: it can be
used to evaluate the Impact of a VLIW system’s architectural
parameters on area, power and performance, to test new design

space exploration strategies and to investigate the several com-
pilation options offered by retargetabie compilers, etc. EPIC-
Explorer can be freely downloaded from the internet [11].
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