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ABSTRACT - This paper presents a CAD framework
that allows exploration of high-level designs within a
multi-objective  framework. The  designs  are
manipulated with high-level transformations in a
sequence determined by an external stochastic process.
The effectiveness of the framework is evaluated with
DSP systems, illustrating the ability for pointing the
designer to a set of designs with ‘good’ power-arca
tradeofTs.

Index terms—high-level synthesis, low-power, VLSI

[. INTRODUCTION

Fast time to market is increasingly becoming important
in today’s electronic industry [1,2]. This is especially true
in the portable electronics market where complex System-
On-Chip (§OC) based systems are designed under multiple
design constraints that specify power as well as throughput
and area constrainis. Complex SOC based design is
centered around high level synthesis tools [3,4,5], where
strategical decisions effecting cost and performance are
made. In addition, such high-level synthesis tools provide
the user with the ability to analyze high-level design
alternatives before time consuming synthesis steps are
performed, thus significantly compressing the design time.
For optimal and rapid design there is a continuos demand
for effective CAD tools which allow manipulation of the
high level designs in order to map onto physical designs
{post logic synthesis) that best satisfy design constraints
[6].

A technique for high-level manipulation of power,
speed and area was presented in [7]. This technique uses
high-levei transformations lo manipulate Digital Signal
Processing (DSP) algorithms represented as behavioral
Data Flow Graphs (DFGs). The transformations are
applied to the DFG specification prior to synthesis,
manipulaling the DFG to optimize the resulis of the
synthesis process. As illustraled in figure 1, a key
disadvantage of this technique is that pursuit of minimum
power consumption leads to considerable area increase.
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The technique increases the speed of the DSP
algorithms (enabling reduced voltage operation) by
increasing the amount of operations that can be processed
in parallel, hence increasing the area requircments for the
processing units. Therefore, power and arca are conflicting
objective parameters for VL.SI devices. Improvement in
one objective is achieved at the expense of degradation in
the other. The desigh process must trade-oft between these
conflicting parameters io determine the best solution that
meets specified requirements. Such a  design process
requires the consideration of multiple design objectives; it
requires a multi-objective optimization framework.

A typical technique for multi-objective optimization is
to explore the solution space and present a range of
alternative non-dominated solutions (NDS) that arc each
optimal for a single paramcter [8,9]. The alternative
solutions can then be analysed by the designer to sclect the
solution that satisfies the specified requirements. This
removes the need to prioritisc parameters during the
optimisation process, which can lead to sub-optimal
designs. The presentation of a suite of alternative designs
cnables the designer to use his cxpert knowledge in
sclecting the best solution,

This paper describes a new approach to high level
synthesis of complex DSP systems under multiple design
constraints. The technique allows manipulation of a high
level design, represented as a DFG, through the application
of various high level transformations which effect
performance parameters such as arca, power, speed. Due to
the complexity of the high-level design space, the sequence
of transformations applicd by a stochastic process [10],
which uses a class of search algorithms called Genetic
Algorithms (GAs})

Previous CAD  tools based on  high-level
transformations and stochastic search techniques have
shown success in solving the low-power synthesis
problem. Examples of such stochastic CAD tools are the
HYPER [7] and GALOPS [10] systems. GALOPS, which
uses a GA to solve the complex problem of high-level low
power design, has been uscd as the basis of the mulii-
objective scarch tool described in this paper.
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Figure 1. Power Reduction and Area Increase for VLSI-Based DSP
Algorithms. Results collated from HYPER]7) and GALOPS[L0)

A GA performs a parallel scarch of the solution space
to determine the optimum design. During the optimisation
process the GA cvaluates many alternative solutions. The
information obtained from these evaluations can be used to
illusirate the trade-offs between different parameters in the
optimisation problem. The trade-off between competing
parameters is typically presented as a Pareto-surface [11].

The paper describes the design approach and its
cmbodiment within the stochastic search technique for
multi-objective  design  synthesis/exploration.  The

effectiveness of the framework is evaluated with a range of

DSP systems, illustrating the ahility for puiding the
designer, through a set of Parcto-surfaces, to an effective
set of designs with ‘good’ area-power tradeoffs.

I IMPLEMENTATION

The design  procedure commences with a DFG
representation of the DSP algorithm. This is obtained after
translation of design specification to the appropriate
algorithmic description. The DFG forms a design seed that
initializes the GALOPS stochastic process. GALOPS uses
the seed to create a number of designs, with different
performance specifications, through the application of one
or more transformations from a fransformation set which
includes the following {7]:

Retiming

Pipelining

Loop Unfolding
Automatic Pipelining

L b —

The above transformation sct forms the input for an
cvolutionary process in which designs are selected based
on satisfying area, speed, and power constraints. These
designs are manipulated through
transformations with high probability of producing better
designs.
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Figure 2. Identification of Parcto-Poiats in GALQPS

The GALOPS tool, in addition to containing power-
optimizing transformations, also contains a high-level
power estimation strategy discussed in [10]. This power
estimation strategy extrapolates area, capacitance and
speed data from the high-level DFG to estimate the VLSI
implementation parameters. This cnables the stochastic
process to select designs based on their performance.

A key featurc of GALOPS is its parallel search
technique, evaluating many designs throughout the search
process. Modification of the standard GA search technique
enables collection of a set of NDS or Pareto-points {rom
this parallei search, rather than the production of a single
low-power solution as those iltustrated in figure |

The search process is illustrated in figure 2. The
original specification is translated (T) into a DFG
representation before submission to the stochastic search
lechnique. The stochastic scarch applies the high-level
exploration techniques to generate a set of Pareto-optimal
designs. These designs are generated through a 2-stage
process:

= The first stage uses the GA ramework established
in GALOPS to produce a set of minimal-power
designs for a range of solutions over the area axis.

*  The second stage then pracesses cach low-power
design in turn, pruning all designs that have a
larger arca than that found for previous designs.



Exccuting both of these steps produces a design
database. This database comprises the NDS (the areca-
power Pareto-optimal points) and the set of related high-
level designs (one for each NDS).

The design data is presented to the VLSI designer as a
set of NDS on a Pareto-optimal surface, showing the
power-area tradeoffs for the original high-leve! design.
Through analysis of the Pareto-surface information the
designer selects the design that best meets the
implementation requirements. The associated design from
the design database can then be fed through the subsequent
stages of the VLSI synthesis process.

As this technique contains attributes of the GALOPS
tool it embodies the main advantages of that tool,
specifically the ability to perform this optimisation process
on a wide range of DSP algorithms of varying function and
complexity.

I, RESULTS

This section illustrates the arca and power trade-otfs
for a range of common DSP benchmark designs often used
in evaluation of synthesis tools. The designs cover a range
of recursive and non-recursive signal processing
algorithms, AVENSDI is an 8" order direct
implementation of an Avenhaus fiiter [7]. BIQAUD3 is the
3" Order Bigaudratic filter presented in [12]. GMLATA4 is
a 4-stage Gray-Markel filter [13] and LMSS is a 5" order
least mean square algorithm [13].

Figure 3 depicts the Pareto-surface for each of the
benchmark designs on a single chart. The power
consumption for each design is expressed as a percentage
of the power consumption of the original design, to
illustrate the power savings that can be obtained with the
corresponding area. A solid line denotes the pareto-surface.

The pareto-surface is presented as a straight line rather
than a curve joining the pareto-points. This is due to the
nature of the VI.SI synthesis problem. Solutions exist at
discrete points in the solution space; a curve may imply
that there is a range of solutions between two points when
no feasible solutions actually exist between those points.

Each Pareto-surface follows the trend of increased area
enabling larger power reductions {due to increased speed
allowing a reduction in supply voltage). The advantages of
the Parcto-surface information can be demonstrated with
the cxample of the AVENSD! benchmark in selecting a
solution that balances power and area reductions. The
single-point, lowest-power solution that would be
generated by a greedy low-power optimizer specifies a
design with a power consumption of 19.64% and an area of
23mm’ (an increase of approx. 450% compared to the
initial solution), The pareto-surface data illustrates that a
power consumption of 20% is achievable with an area of
13mun? (an arca increase of approx. 260%). Using the
pareto-chart the VLSI designer can decide whether the
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further increase in area is worth the small further reduction
in power. The graph presents information for a family of
solutions to the VLSI designer; the required solution can
be selected based upon the particular implementation
criteria. A similar analysis could be applied to the other
benchmark design Pareto-surfaces.

IV. CONCLUSIONS

The paper has presented an effective multi-objective
framework within which different design topologies could
be selected for fast synthesis turnaround time. The
effectiveness of the approach has been demonstrated in a
low-power design environment demonstrating a high
degree of flexibility. The results obtained with a number of
DSP systems indicate that overall power savings of up to
80% are achievable while maintaining area increases
significantly below that indicated with single-point
solutions.
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Figure 3. Pareto-surface charts for benchmark DFG algorituns
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