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ABSTRACT

The increasing demand for “portable” computing and com-
maunication, has elevated power consumption to be the most
critical design parameter. An automated high-level synthesis
system, HYPER-LP, is presented for minimizing power con-
sumption in application specific datapath intensive CMOS cir-
cuits using a variety of architectural and computational
transformations. The sources of power consumption are
reviewed and the effects of architectural transformations on
the various power components are presented. The synthesis
environment consists of high-level estimation of power con-
sumption, a library of transformation primitives (local and glo-
bal), and heuristic/probabilistic optimization search
mechanisms for fast and efficient scanning of the design space.
Examples with varying degree of computational complexity
and structures are optimized and synthesized using the
HYPER-LP system. The results indicate that an order of mag-
nitude reduction in power can be achieved over current-day
design methodologies while maintaining the system through-
put; in some cases this can be accomplished while preserving
or reducing the implementation area.

1. Introduction

The major VLSI design and research efforts until now have
been focused on optimizing speed to realize computationally
intensive real-time tasks such as video compression and speech
recognition. As a result, many systems have successfully inte-
grated various complex signal processing modules meeting users
computation and entertainment demands. While these solutions
have provided answers to the real-time problem, they have not
addressed the rapidly increasing demand for portable operation.
This strict limitation on power dissipation which portability
imposes, must be met by the designer while still meeting ever
higher computational requirements.

An example of a system requiring portability, moving beyond
today’s portable computers, is a future personal communications
terminal described in [1] that will support speech communication
and recognition, data transfer, computing services, and high-qual-
ity, full-motion video. The intense computational nature of the ter-
minal functions coupled with the requirement of portability will
place severe constraints on the total power being consumed. For
example, a basic terminal with speech recognition and video
decompression units implemented using current day technology
will require about 201bs of battery for 10hrs of operation [1].
Clearly, more power efficient means for implementing these func-
tions need to be developed. One major degree of freedom available
in optimizing design for such applications is that once real-time
operation is achieved, there is no advantage in making the compu-
tation any faster. The goal then becomes one of reducing the power
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consumption while maintaining the system throughput.

Fortunately, the increasing density of VLSI systems, due to
sub-micron feature size scaling and high-density packaging such
as multichip modules, has enabled the development of an architec-
tural strategy which can be used to trade-off area and power for a
fixed throughput [2].

In this work, we attack the problem of automatically finding
computational structures that results in the lowest power consump-
tion for a specified throughput given a high-level algorithmic spec-
ification. The basic approach is to scan the design space by
utilizing various flowgraph transformations, high-level power esti-
mation, and efficient heuristic/probabilistic search mechanisms.
While transformations have been successfully applied recently in
high-level synthesis with the goal of optimizing speed and/or area,
the problem of power optimization has not been addressed. It will
be shown that optimizing for power using transformations requires
a different strategy than those used for speed or area optimization.

2. Sources of Power Consumption

In CMOS technology, there are three sources of power dissipa-
tion arising from: switching (dynamic) currents, short-circuit cur-
rents, and leakage currents. The switching component, however, is
the only one which cannot be made negligible if proper design
techniques are followed. The power consumption due to the
switching of a CMOS gate with a load capacitor, Cy, is given by
the following formula [3):

Pswib:hing =Dt (CL* Vg 2 *N (EQ1)

where fis the clock frequency, V, is the supply voltage, and p,
is the probability of a power consuming transition (or the activity
factor). Probabilistic approaches have been proposed to estimate
the internal node activities of a network given the distribution of
the input signals (i.e. the probability the value is a “1” or “0”)
[4,5].

In our analysis and optimizations, we will refer to the energy
per computation of a gate or module (e.g. an adder), which is
given by:

(EQ2)

where C,,, is the average capacitance being switched per clock
cycle (ie Cpyg=pe * Criotad-

The energy consumed by a logic block per computation is
therefore a quadratic function of the operating voltage, as verified
experimentally for a number of logic functions and logic styles in
[2]. It is clear that operating at the lowest possible voltage is most
desirable, however, this comes at the cost of increased delays and
thus reduced throughput. This is seen from Figure 1 which shows
an experimentally derived plot of normalized delay vs. V4q for a
typical CMOS gate. Once again, the delay dependence on supply
voltage was verified to be relatively independent of various logic

Energy = Pyosat / fore= Cavg Vad



functions and logic styles [2].
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Figure 1: Plot of normalized delay vs. V4.

By modifying the architecture through a variety of transforma-
tions, however, the throughput can be regained, and thus a power
savings can be accomplished while retaining the required function-
ality. It is also possible to reduce the power by choosing an archi-
tecture that minimizes the effective capacitance; through
reductions in the number of operations, the average transition
activity, the interconnect capacitance, and internal bit widths and
using operations that require less energy per computation. It is
these two strategies which will be pursued to minimize the power
dissipation. There is, however, a strong interaction between opti-
mizing capacitance and voltage for a fixed throughput. A lot of
transformations will have conflicting effects on these parameters
making the optimization a non-trivial task.

3. Transformations for Optimizing Power

Transformations are changes to the computational structure in a
manner that the input/output behavior is preserved. The use of
transformations makes it possible to explore a number of alterna-
tive architectures and to choose those which result in the lowest
power. A brief summary of transformations for optimizing power
is presented in this section. A detailed discussion of the effects of
transformations on power is presented in [6].

3.1 Critical Path Reduction

This is probably the single most important type of transforma-
tions for power reduction. It is not only the most common type of
transformation, but also often has the strongest impact on power.
The basic idea is to reduce the critical path, so that supply voltage
can be lowered while keeping the throughput fixed. The reduction
of critical path is most often possible due to the exploitation of
concurrency. Many transformations profoundly affect the amount
of concurrency in the computation including pipelining and loop
unrolling.

To illustrate the reduction of power using speedup techniques,
consider a module with capacitance C running at a maximum fre-
quency of f@ 5V (= P,¢= C (5) 2f). By transforming this struc-
ture to a parallel architecture with two identical units (unrolling),
the clock frequency can be dropped to half the original rate while
maintaining the original throughput. Since the modules have twice
the available time as the original case, the voltage can be dropped
to 2.9V(where the delays increase by a factor of 2, Figure 1). The
power of the transformed solution is Pye, = 2C (2.9)*f /2 and a fac-
tor of (5 /2.9)2 reduction in power is achieved without sacrificing
performance. The above analysis assumed that there is no over-
head for parallelizing. In reality, the overhead due to routing and
control must be taken into account. Even so, the quadratic depen-
dence of voltage on power usually more than compensates for the
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increase in capacitance resulting in an overall reduction of power.
However at very low voltages (< 1.5V), the delays (and hence the
overhead circuitry) increase very rapidly, causing the power to
increase with further reduction of the supply voltage [2].

3.2 Reducing the Number of Operations

The most obvious approach to capacitance reduction, is to
reduce the number of operations (and hence the number of switch-
ing events) in the data control flow graph. While this almost -
always has the effect of reducing the effective capacitance, the
effect on critical path is case dependent. Transformations which
directly reduce the number of operations in a data control flow
graph include: common subexpression elimination, manifest
expression calculation, loop merging, and distributivity.

3.3 Reducing the Transition Activity

Designs using static CMOS logic can exhibit spurious transi-
tions due to finite propagation delays from one logic block to the
next (called critical races or dynamic hazards). i.e. a node can have
multiple transitions in a single clock cycle before settling to the
correct logic value. The amount of extra transitions is a complex
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Figure 2: Reducing the glitching activity.

function of logic depth, input patterns, and skew. To minimize the
“extra” transitions and power in a design, it is important to balance
all signal paths and reduce the logic depth. For example, consider
the two implementations for adding four numbers shown in Figure
2 (assuming a non-pipelined implementation). Assume that all pri-
mary inputs arrive at the same time. Since there is a finite propaga-
tion delay through the first adder for the chained case, the second
adder is computing with the new C input and the previous output
of A + B. When the correct value of A + B finally propagates, the
second adder recomputes the sum. Similarly, the third adder com-
putes three times per cycle. In the tree implementation, however,
the signal paths are more balanced and the amount of extra transi-
tions is reduced. The capacitance switched for a chained imple-
mentation is a factor of 1.5 larger than the tree implementation for
a four input addition and 2.5 larger for an eight input addition. The
above simulations were done on layouts generated by the LagerIV
silicon compiler [7] using the IRSIM [8] switch-level simulator
over 1000 random input patterns.

3.4 Reducing the Interconnect Capacitance

1t is often possible to reduce the required amount of hardware,
while preserving the critical path (or number of control steps) [9].
This is possible because after certain transformations, operations
are more uniformly distributed over the available time, and thus a
denser scheduling (effective utilization of the hardware) can be
achieved. These transformations include retiming for resource uti-
lization, associativity, distributivity and commutativity. Smaller
capacitance is achieved because there are fewer interconnects and/
or fewer functional elements and registers, which are obstacles
during floorplanning and routing, which indirectly influence inter-
connect area and capacitance.




3.5 Operation Substitution

Certain operations inherently require less energy per computa-
tion than other operations. A prime example of this is strength
reduction, often used in software compilers, in which multiplica-
tions are substituted for additions.

Another powerful transformation in this category is converting
multiplications with constants into shift-add operations. Since
multiplications with fixed coefficients are quite common in many
signal processing applications (DCT, FFT, various types of filters,
etc.), this transformation can prove to be beneficial.

3.6 Bit-width Optimization

The number of bits used can strongly affects all the key param-
eters of a design, including speed, area and power. A smaller bit-
width typically results in fewer switching events (and hence lower
capacitance), faster circuits (and hence lower supply voltage), and
smaller area (and hence lower average interconnect length). Cer-
tain transformations (e.g. associativity and distributivity) can have
a profound impact on the bit-width.

4. Power Estimation

The goal is to develop an objective function that is highly cor-
related to the final (and unknown) power dissipation of the circuit.
The objective function should be very easy to compute since it has
to be evaluated many times during the optimization process. Elab-
orate power estimation, while being much more accurate, will
require the hardware mapping and compilation steps to convert a
flowgraph to layout, making it impractical during the optimization
process. Hence a model correlated to the power must be developed
strictly from the flowgraph level.

The goal of power optimization in this work is to keep the
throughput constant by allowing the supply voltage to vary. Given
that the sample period is fixed, power optimization is equivalent to
minimizing the total energy switched, Cyo,; V2, where V is appro-
priate voltage required to meet the initial throughput rate.

4.1 Capacitance estimate

Estimating the total capacitance being switched involves con-
sidering four components:

Cuotat= Cexu + Cregisters +Ceontrol + Cinteromest ~ (EQ 3)

The capacitance estimation is built on top of an existing esti-
mation routine in HYPER that determines the bounds and activity
of various execution, register and interconnect components as well
as the active implementations area [10]. A brief description of the
estimation routines is presented below.

4.1.1 Execution Units and Registers

The capacitance contributed due to the execution units is deter-
mined by multiplying (over all types of units utilized) the number
of times the operation was performed per sample period with the
average capacitance of the unit type. The total capacitance is hence
given by:

numtypes
Coxu= 'Zl N;-C;
l=

where numtypes is the total number of operation types, N; the
number the times the operation of type i is performed per sample
period, and C; is the average capacitance being switched per oper-
ation of type i. The average capacitance for the various modules
has been characterized as a function of bit-width (through SPICE
and IRSIM simulations) for a uniformly distributed set of inputs.

(e )]

302

In general the probabilities are not uniform, however, this assump-
tion is made to simplify the cost evaluation. The effect of inter-
module capacitance (between modules inside a datapath) is taken
into account by incorporating an average loading capacitance dur-
ing the characterization of the leaf-cells. It is important to note that
the contribution due to the execution units is relatively indepen-
dent of resource utilization (or the degree of time-sharing) since
the required number of operations must be performed within the
sample period. However, the amount of parallelism will affect the
interconnect capacitance.

Registers are treated the same way as the execution units. The
number of register accesses per sample period (read/write) is mul-
tiplied with the capacitance per register access to yield a register
contribution given by Neegisters * Cregister Once again, while the
total number of registers is not important in calculating the register
switching capacitance, it will affect floorplanning and therefore the
interconnect capacitance.

4.1.2 Interconnect

A relatively accurate model for interconnect capacitance is
important when performing power trade-offs since often the inter-
connects starts to dominate over the logic capacitance and restricts
improvement in power that can be achieved. Determining the
interconnect capacitance is a difficult task since we have to in
essence emulate the partitioning, place, and route.

The goal of interconnect estimation is to estimate the inter-
block (between macro blocks, such as between datapaths) routing
capacitance. A statistical model based approach is used to predict
the inter-block capacitance from high level parameters such as the
number of global interconnects, active area and bit-width. This
model for estimating the average interconnect capacitance
switched requires the number of interconnects, N, the average
activity, o, and the average interconnect length, L. The average
interconnect length is obtained from statistical estimates of the
final routed chip area and typical interconnect length distributions
as a function of area [11]. The interconnect capacitance is then
estimated as:

Cinmmmt=a*N*L*B*CL (EQS)

where C,, is the capacitance per unit length and B is the bit-
width. A more extensive model for the interconnect is currently
being developed.

4.1.3 Control Logic

From several circuits, it was observed that there is a strong
correlation between the control capacitance switched and the total
relevant capacitance (muxes, tri-states, registers, and any other
module that requires control signals). Based on this information, a
simple model is used to predict the total control capacitance as a
function of high-level parameters. Notice that control contribution
will be a function of the architecture style used.

4.2 Supply Voltage Estimation

We are interested in computing the power supply voltage at
which the transformed flowgraph will meet the timing constraints.
The initial flowgraph which meets the timing constraints is typi-
cally assumed to be operating at a supply voltage of 5V with a crit-
ical path of T, (the initial voltage will be lower if T4, <
Tsampling)- After each move, the critical path is re-estimated, and
the new supply voltage at which the transformed flowgraph still
meets the time constraint, Toympin, is determined. For example, if
the initial solution requires 10 control steps running at a supply
voltage of 5V, then a transformed solution that requires only 5 con-



trol steps can run at a supply voltage of 2.9V while meeting the
throughput constraint. This relationship (of delay-Vdd) was mod-

eled using Nevilie’s aigorithm for rational function interpoiation
and extrapolation [12].
5. Optiinization Algorithm

The transformation mechanism is based on two types of
moves, global and local. While global moves optimize the whole
DCEFG simultaneously, local moves involve applying a transfor-

1 na arvy £ nadan in tha NORG Th +
mation only on one or very few nodes in the DCFG. The most

important advantage of global moves is, of course, a higher opti-
mization effect; the advantages of local moves is their simplicity
and small computational cost. We used the following global trans-
formations (i) retiming and pipelining for critical path reduction
{ii) associativity (iii) constant elimination and (iv) ioop unroiiing.
In the library of local moves we have implemented three algebraic

trancformations: acsociativity distribntivity and commutativitu
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The computational complexity analysis of the power minimiza-
tion problem showed that even highly simplified versions of the
optimization tasks are NP-complete. Two widely used alternatives
for the design of high quality suboptimal optimization algorithms
are probabilistic and heuristic algorithms. Both heuristic and prob-
abilistic algorithms have several distinctive advantages over each

other While the most important advantage of heuristic nlmrifhmq

is a shorter run time, probabrhsuc algonthms are more robust and
have stronger mechanisms for escaping local minimas.

The algorithm for power minimization using transformations
has both heuristic and probabilistic components While the heuris-
U.L pan uses glonm Lransml"r“nauons me pr()baumsuc COlTlpOﬂCHE
uses local moves. The heuristic part applies global transformations
one at the time in order to provide good starting points for the
application of the probabilistic algorithm. The probabilistic algo-
rithm conducts a probabilistic search in a broad vicinity of the
solution provided by the heuristic part. The underlying search

mechanism of the probabilistic part is simulated annealing,
6. Results

A summary of power improvement after applying transfor-
mations relative to an initial solution that met the required
throughput constraint at 5V for several representative examples
is shown in Table 1. The resuits indicate that a large reduction in
power consumption is possible (at the expense of area) compared
to present-day methodologies. Also interesting was the fact that
the “optimal” final supply voltage for all the examples was much
lower than existing and emerging standards and was around
15V,

Example Power Area
Reduction Increase
RGB -> YUV 8 5
FIR Filter 11 11
DCT (8 point) 8 5
Speech Filter 8 64
Elliptical Filter 9 27
Wavelet Fiiter 10 2

Table 1: Summary of results.
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Power Area
Example Reduction Increase
Volterra Filter 8.6 1

Table 1: Summary of results.

7. Conclusions

The problem of power minimization is becoming a very impor-

tant problem with the i increasing demand for “portable” computing
and communication and we have presented a high-level synthesis
system, HYPER-LP, for optimizing power consumption in appli-
cation speciﬁc datapath intensive circuits using a variety of archi-
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approach consisted of applying transformation primitives (from a
library of local and global moves) in a well defined manner in con-
junction with efficient high-level estimation of power consump-
tion. The results indicate that an order of magnitude reduction in
power is possible over current-day design methodologies while
maintaining the system throughput and it was found that the opti-

mal aninnly valtaoa far minimining nawar waa mush lawrae thon
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existing standards (present-day 5V and emerging 3.3V) and was
around 1.5V for most of the examples investigated. While this
work has addressed some key problems in the automated design of
low-power systems, there are still many open research problems
like detailed power estimation, module selection, partitioning, and
scheduling for power optimization.
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