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Abstract

Energy considerations are at the heart of important paradigm
shifts in next-generation designs, especially in systems-on-a-
chip era. Voltage might very well become a variable design
parameter. Hybrid architectures mixing a variety of computa-
tional models are bound to be integrated on a single die.
Exploiting the opportunities offered by these architectural
innovations requires a well-thought out design methodology,
combining high-level prediction and analysis tools with parti-
tioning, optimization and mapping techniques. The paper pre-
sents a plausible composition of such a design environment.

1. Introduction

Systems-on-a-chip are becoming a reality even today, com-
bining a wide range of complex functionalities on a single die.
Integrated circuits that merge core processors, DSPs, embed-
ded memory, and custom modules have been reported by a
number of companies. It is by no means a wild projection to
assume that a future generation design will combine all the
functionality of a mobile multimedia terminal, including the
traditional computational functions and operating system, the
extensions for full multimedia support including graphics,
video and high quality audio, and wired and wireless commu-
nication support. In short, such a design will mix a wide vari-
ety of architecture and circuit styles, ranging from RF and
analog to high-performance and custom digital.

Such an integration complexity may seem daunting to a
designer and might make all our nightmares regarding perfor-
mance, timing and power come true. On the other hand, the
high level of integration combined with its myriad of design
choices might be a blessing as well and can effectively help us
to address some of the most compelling energy or power-dis-
sipation problems facing us today. Exploiting these opportu-
nities requires a system-oriented design methodology, which
is certainly not in place today.

The purpose of this paper is to highlight some of the opportu-
nities and challenges offered by system-on-a-chip integration
levels, and to outline a design methodology that takes energy
into account from the early phases of the design process.
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2. Opportunities for energy minimization

Most of the literature of the last decade has focused on
power dissipation, it is really minimization of the energy
dissipation in the presence of performance constraints that
we are interested in. For real-time fixed-rate applications
such as DSP, energy and power metrics are freely
interchangeable as the rate is a fixed design constraint. In
multi-task computation, on the other hand, both energy and
energy-delay metrics are meaningful depending upon the
prime constraints of the intended design. In the remainder of
the text, we wiil focus mainly on the energy metric, although
energy-delay minimization is often considered as well.

Assuming that energy consumption will be dominated by
capacitive switching for some time to come, the parameters
the designer can work to reduce the energy budget include
switching capacitance and supply and signal voltages. While
traditionally the latter were fixed over a complete design, it
is fair to state that in future systems-on-a-chip voltage can be
considered as a parameter that can vary depending upon the
location on the die and dynamically over time. This has been
explored by a number of researchers over recent years and
the potential benefits of varying supply voltages are too
large to be ignored. This is illustrated in Fig. 1., which plots
the normalized energy consumption of a computational task

energy

Fig. 1. Energy dissipation as a function of workload and ratio
between threshold voltage and maximum supply voltage.
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as a function of the workload ratio and of V{/Vpp,ar A
process is defined to have a workload of 1 if it consumes
all the computational power of a processor running at its
maximum supply voltage. Under-utilizing a hardware
resource without scaling the supply voltage yields only a
linear improvement in energy consumption, provided that
the resource does not consume any energy when not in
use. On the other hand, scaling the supply voltage in con-
cert with the required workload (i.e. performance) pro-
duces a cubic reduction in dissipation! The graph further
indicates that this cubic effect is only achieved if the
design process maintains a reasonable ratio between
VbDmax and Vg, as voltage scaling becomes rather ineffec-
tive for small ratios.

Matching the desired supply voltage to a task can be
accomplished in different ways. For a hardware module
with a fixed functionality and performance requirement,
the preferred voltage can be set statically (e.g. by choosing
from a number of discrete voltages available on the die).
Computational resources that are subject to varying com-
putational requirements have to be enclosed in a dynamic
voltage loop that regulates the voltage (and the clock)
based on the dialed performance level [Chand96].

Based on the above discussion, we may assume that an
energy minimization flow treats supply voltage as an open
variable, to be fixed in concert with architectural optimiza-
tions for switching capacitance.

Reducing the latter typically comes down to a single, rela-
tively obvious task: avoid waste. When analyzing many
integrated circuit implementations, it becomes rapidly
obvious that this is not that trivial: only a small fraction of
the energy is typically spend on the real purpose of the
design, i.e. computation. The rest is wasted in “overhead”
functions such as clock distribution, instruction fetching
and decoding, busing, caching, etc. Energy-efficient
design should strive to make this overhead as small as pos-
sible. This is most easily achievable in ASIC implementa-
tions, where the hardware architecture can be directly
matched to the application at hand. Yet, a large majority of
the applications require programmability, which automati-
cally translates in a lower energy efficiency. The goal of
the architecture optimization process is then to keep this
overhead to a minimum, which can be accomplished by
sticking to a number of guidelines:

m Match architecture and computation to a maximum extent
B Preserve locality and regularity inherent in the algorithm

B Exploit signal statistics and data correlations
]

Energy (and performance) should only be delivered on
demand, i.e. an unused hardware module should consume no
energy whatsoever.

Taking these considerations into account can lead to pro-
grammable architectures that consume dramatically less
power than the traditional load-store engines. Reconfig-
urable architectures that program by restructuring the
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Fig. 2. Granularity of reconfiguration

interconnections between modules are especially attractive
as they adhere to many of the above guidelines, although
this is only true under the condition that the an adequate
match is obtained between computational and architectural
granularity. Fig. 2. enumerates a number of reconfigura-
tion (or programming) approaches at different granularity
levels, each of which tends to excel at one particular class
of applications.

The impact of choosing the correct architecture for a given
computational structure can be quite extreme and can
change the energy consumption by orders of magnitude as
illustrated in the examples of Table 1.

Table 1. Impact of architectural choice on energy dissipation
for two important DSP functions.

Superscalar Reconfig-
Dot-vector ARM6 pI%SP urable Arithm.
product
17 MIPS/W | 266 MIPS/W | 6 GIPS/W
CDMA correlator| ARM 6 | Xylinx 4003 | ASIC
(per symbol) 2765 nJ 394 nJ 120l

It is rare that a complete application matches perfectly to a
single computational paradigm. It is therefore to be
expected that future systems-on-a-chip will combine vari-
ous models on the same die in a hybrid configuration.
While this multi-processor approach helps to boost perfor-
mance, it is most probably energy minimization that will
be the major trust behind this paradigm shift.

Hybrid architectures — while attractive — have the disad-
vantage to be more complex and harder to program than
traditional general purpose processors. Overcoming this
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Fig. 3. Multi-granularity architecture template.

important disadvantage requires a structured approach that
allows for maximum reuse of both hardware and software
components. The Pleiades project [Pleiades97], currently
under way at UC Berkeley, is an attempt to present such an
approach. The reusable template of Fig. 3. can be used to
implement a domain-specific processor instance, that can
then be programmed to implement a variety of algorithms
within a given domain of interest. All instances of the
architecture template share a common set of control and
communication primitives. The type and the number of
processing elements may vary; they depend upon the prop-
erties and the computational requirements of the particular
domain of interest.

The architecture is centered around a reconfigurable communica-
tion network. Connected to the network are an array of heteroge-
neous, autonomous processing elements, called satellite
processors. These could fall into any of the reconfigurable
classes: a general microprocessor core (most of the time only one
of these is sufficient), a dedicated functional module such as a
multiply-accumulator or a DCT unit, an embedded memory, a
reconfigurable datapath, or an embedded PGA.

3. Power analysis and optimization
methodology

Exploiting the opportunities offered by the architecture
optimizations presented above requires a well-though out
design methodology and its accompanying tools. Fig. 4.
plots the design flow to be followed when mapping a
given application onto a hybrid architecture of the style of
Fig. 3. Although the presented flow was developed for this
particular architectural template, it is rather general in
nature and is in fact applicable to a variety of hybrid hard-
ware-software co-designs. The following phases can be
discerned:

®m classification of the various components of an application
along computational properties and requirements

m trade-off analysis for the dominant kernels based on perfor-
mance, energy and area estimates over implementation alter-
natives. Observe that it requires improvements in the range of
orders of magnitude before it makes sense to move a kemel
from the general purpose architectures to a more dedicated

accelerator.
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Fig. 4. Proposed design flow for low-power hybrid architec-
tures

design partitioning

mapping the kernels onto the chosen architecture model and
generation of the communication and reconfiguration inter-
faces.

The enabling of such a design methodology requires a
clear understanding of the underlying concepts and seman-
tics of the various architectural choices, and the interrela-
tionship between the architectural and algorithmic
properties. Only when such is achieved will we be able to
produce modeling techniques that will help to produce the
fast and accurate estimations of performance, energy con-
sumption and cost that are a crucial element to the success
of any design environment for hybrid architectures. The
conference presentation will present an overview of the
existing modeling approaches, addressing both their
strengths and their weaknesses.

4. Summary

Systems-on-a-chip will likely be composed of a collection
of hybrid architectural elements ranging from micropro-
cessors, DSPs, vector processors, specialized accelerators,
ASIC components and programmable logic. The correct
partitioning of the applications over these components can
have a dramatic impact on the energy dissipation of the
design. Design methodologies that enable an intelligent
trade-off analysis are essential in that perspective.
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