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Operating at Multiple Voltages
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Abstract—This paper presents resourceand latency constrained
scheduling algorithms to minimize power/energy consumption
when the resources operate at multiple voltages (5 V, 3.3 V,
2.4 V, and 1.5 V). The proposed algorithms are based on efficient
distribution of slack among the nodes in the data-flow graph. The
distribution procedure tries to implement the minimum energy
relation derived using the Lagrange multiplier method in an
iterative fashion. Two algorithms are proposed, 1) a low com-
plexity ( 2) algorithm and 2) a high complexity ( 2 log( ))
algorithm, where is the number of nodes and is the latency.
Experiments with some HLS benchmark examples show that the
proposed algorithms achieve significant power/energy reduction.
For instance, when the latency constraint is 1.5 times the critical
path delay, the average reduction is 39%.

Index Terms—Allocation, data-flow graph, Lagrange multiplier
method, low power, multiple voltages, resource and latency con-
straint, scheduling.

I. INTRODUCTION

POWER considerations have become an increasingly dom-
inant factor in the design of both portable and desk-top

systems. An effective way to reduce power consumption is to
lower the supply voltage level of a circuit. Reducing the supply
voltage, however, increases the circuit delay and reduces the
throughput. To maintain the throughput, parallelism and/or
pipelining has to be incorporated [1]. The resulting circuit
consumes lower average power while meeting the global
throughput constraint at the cost of increased circuit area.
Another way of maintaining the throughput is to use resources
operating at multiple voltages [2]–[7]. This has the advantage
of allowing modules on the critical paths to be assigned to
the highest voltage levels (thus meeting the required timing
constraints) while allowing modules on noncritical paths to be
assigned to the lower voltages (thus reducing the power con-
sumption). Supporting multiple voltages on chip poses many
challenges, i.e., incorporation of multiple-power-distribution
grids, efficient-level converters, etc. However, the viability of
this method has been successfully demonstrated in the design
of a MPEG-4 video codec in [8].

In this paper, we address the problem of scheduling a
data-flow graph (DFG) under resourceand latency constraint
for the case when the resources operate at multiple voltages.
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We assume that the resources respect different voltage-delay
curves. The scheduling algorithm minimizes power/energy
consumption for the case when the resources operate at multiple
voltages (5 V, 3.3 V, 2.4 V, and 1.5 V). It is worth mentioning
that the operating voltages do not have to be restricted to 5 V,
3.3 V, 2.4 V, and 1.5 V. In fact, the resources can operate on
any voltage for which the corresponding delay is known.

The proposed algorithm operates in two passes. In the first
pass, minimum-time, resource-constrained scheduling is done.
In the second pass, the difference between the given latency and
the time needed by the resource-constrained schedule (obtained
in the first pass) is distributed among the nodes in a way that
minimizes the total power/energy consumption. The distribution
procedure (derived using the Lagrange multiplier method) uses
the energy/delay (E/D) ratio of the nodes to distribute the slack.
The procedure is implemented by an iterative algorithm, where
in each iteration, increasing number of resources with high E/D
ratio are disabled. The iterations continue till there is a timing vi-
olation. Two algorithms are proposed, 1) algorithm and 2)
a more complex algorithm, where is the number
of nodes and is the latency. The algorithm gives
a schedule with lower energy compared to the algorithm.
Experiments with some HLS benchmarks (DIFFEQ, AR lattice,
EW filter, FIR Filter, FFT4 and DCT) show the effectiveness of
these approaches in reducing power/energy. When the latency
constraint is tight,1 the average reduction is 17.5%, when the la-
tency constraint is 1.5 times the critical path delay, the average
reduction is 39% and when the latency constraint is two times
the critical path delay, the average reduction is 58.5%.

There are several scheduling algorithms for multiple-voltage
resources in the literature today [2]–[7]. These algorithms can
be classified into i)only latency-constrained (i.e., latency is a
hard constraint and resources are minimized) [3], [4], ii)only
resource-constrained (i.e., resource is a hard constraint) [5],
and iii) latencyand resource constrained (i.e., both latency
and resource are hard constraints) [6], [7]. While the (only)
latency-constrained and (only) resource-constrained algorithms
have polynomial or pseudopolynomial time complexity, the
latency and resource-constrained algorithms are based on
integer linear programming and have (worst case) exponential
time complexity. In this paper, we propose a heuristic algorithm
for latencyand resource-constrained scheduling that produces
comparable results with only polynomial time complexity.

The rest of the paper is organized as follows. Section II
presents the definitions and the Lagrange formulation.
Section III describes the algorithms and illustrates them with

1Tight latency constraint corresponds to the minimum time required to
schedule all the nodes of the DFG.
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examples. Section IV includes the results on some HLS
benchmark examples. Section V concludes the paper.

II. PRELIMINARIES

A. Definitions

The input to our algorithm is a data flow graph, a timing con-
straint, and a resource constraint.

Timing Constraint: This is the time available to execute the
operations in the data flow graph. It is also referred to as the
latency constraint.

Resource Constraint:This is specified by the number of
resources for each type, where each type of resource can only
be operated at a specific voltage. The corresponding energy
and delay values are also given. Examples of resources include
adder/subtractor (denoted by), multiplier (denoted by ), etc.

In addition, we assume that a level shifter is needed between
resource A and resource B only if resource A operates at a lower
voltage compared to resource B. The number of level shifters is
not user defined. In fact, the proposed algorithm tries to reduce
the number of level shifters.

B. Slack Distribution Using the Lagrange Multiplier Method

In the proposed algorithm, the Lagrange multiplier method is
used to distribute the slack among the nodes in the critical path.
The relation between the voltages of the nodes in the critical
path is derived in the following way.

The delay of a resource is determined by the delay of the gates
on the critical path. Let be the delay of gate operating at
voltage and let be the load capacitance of gate

(1)

Then the delay of the resourceoperating at voltage is equal
to sum of the delay of the gates on the critical path

(2)

where is the sum of the capacitances of the gates on the
critical path of resource.

The energy of resourceoperating at volts is given by

(3)

where is the average switching activity of the resource, and
is the total load capacitance of the resource. Note thatis

typically much larger than .
Our aim is to minimize subject to the time constraint

. We use the Lagrange multiplier method to determine the
supply voltage of each node

...

We find that is minimum when the following condition
is satisfied among the nodes in the critical path

Since computing the supply voltage for the above equation
can be a computational burden, we simplified the equation. For

, this is approximated to

(4)

The error as a result of approximation is0.1% [10].
Since ratio is a constant for each resource, from

(2) and (3) we have

Let be the reference voltage. Then

(5)

To satisfy (5), nodes with high (such as wide multi-
pliers) have to be assigned to lower-voltage resources. This is
the basis of our slack distribution algorithm.

III. RESOURCE ANDLATENCY-CONSTRAINED SCHEDULING:
ALGORITHM AND EXAMPLES

Algorithm Overview: In a nutshell, the proposed resource
and latency-constrained algorithm operates in two passes. In the
first pass, resource-constrained scheduling is done in a way that
minimizes the computation time. In the second pass, the slack
between the given latency and the computation time obtained
by the scheduling algorithm in the first pass is distributed
to the nodes such that the total power/energy consumption
is minimum. The Lagrange multiplier method described in
Section II-B, is used to find the optimal distribution of slack
between the nodes.

A. First Pass: Minimum-Time Resource-Constrained
Algorithm

The minimum-time resource-constrained algorithm sched-
ules the nodes such that the computation time is minimum. To
ensure that a feasible schedule is obtained, it calculates the
number of ready nodes in each cycle in a special way. Define:

• : the minimum number of control cycles required to
schedule all the nodes of typein the ready set corre-
sponding to theth control cycle

• : the number of ready nodes of typethat will be
scheduled in control cycleto the resources operating at
volts.

In this scheme, is first calculated and then is used to
calculate . Use of results in the ready nodes being
scheduled in a way that takes minimum time, thereby increasing
the feasibility of the algorithm. Power consumption reduction is
not considered in this step of the algorithm.

The proposed algorithm is list based [9]. The nodes in a ready
set are prioritized based on the freedom: nodes with the
lowest freedom are chosen among the ready nodes. Then the
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nodes are scheduled such that if the freedom of a node is low,
it is assigned to a high-voltage resource and if the freedom of
a node is high, it is assigned to a low-voltage resource. This is
implemented in two different ways. Let be the number
of available resources of typeoperating at volts in cycle .
Then in the first scheme, nodes with higher freedom
are scheduled to the resources with lower voltage,
while in the second scheme nodes with lower freedom
are scheduled to the resources with higher voltage. The
first scheme has the advantage of lower-power consumption
since more low-voltage resources are utilized. However, it can
result in an infeasible solution when the given latency is tight.
The second scheme has higher feasibility of scheduling but
possibly higher-power consumption. In our procedure, both the
schemes are implemented, and the schedule which is feasible
and takes lower time is chosen for the minimum-time algorithm
(first pass) and the schedule which is feasible and consumes
lower power is chosen for the low power algorithm (second
pass).

Finally, if the freedom of a node is higher than the delay of
the resource to which it is assigned, the node can be scheduled
to a lower voltage resource, if available. While this improves the
power consumption, it can result in increased number of level
shifters, since the extra freedom allows the node to be scheduled
to a lower voltage than its children.

The computation time obtained by application of the min-
imum-time resource-constrained algorithm is referred to as

. Thus if the latency constraint , a feasible
solution cannot be obtained.

Algorithm Schedule
1. Make/update the ready table.
2. Calculate .
3. Schedule nodes to resources.

(a) Choose nodes with the lowest freedom.
i) Start scheduling from the highest-freedom node to the re-

sources with the lowest voltage.
ii) Start scheduling from the lowest-freedom node to the re-

sources with the highest voltage.
iii) For the minimum time algorithm, choose the schedule

[among i) and ii)] that is feasible and results in lower time. For
the low-power algorithm, choose the schedule [among i) and ii)]
that is feasible and results in lower power.

b) If the delay of the scheduled node is less than the freedom
of the node, reschedule the node to the lower available voltage
resource.

Calculation of Parameter : Recall that is
the number of ready nodes of typethat will be scheduled in
control cycle to the resources operating atvolts. Define

as the number of nodes of typethat can be sched-
uled to the resource of typeoperating at volts during the
period cycle to cycle . To calculate ,
we need to calculate and . Since is the
number of available resources of typein control cycle ,

.

Calculation of and : Let be the delay of
a resource of typeoperating at volts. Let if the
th resources of typeoperating at volts is available in control

cycle , otherwise . Let be the number of
ready nodes of typein cycle . Then , and
are linked as follows

(6)

(7)

So, given , , and can be calculated. Note
that these parameters have to be calculated for each resource.
This will be explained with the following example.

Example 1: Let the resources consist of a 5 V mul-
tiplier, a 3.3 V multiplier, and a 2.4 V multiplier. Thus,

. Assume that all the
resources are available ( for all ). The
delays are related by , , and

, where is the delay of a multiplier relative
to an adder operating at 5 V. In control cycles,
three nodes can be assigned to a 5 V multiplier, one node to
a 3.3 V multiplier and one node to a 2.4 V multiplier. Thus

.
Thus, in three control cycles, a maximum of five multiplication
nodes can be scheduled under the given resource constraint.
So, given , we can easily calculate .

Now consider calculating given . Let
. Then under the same resource constraint,

can be calculated using (1) and (2)

satisfies the above equation, resulting in
, and .

B. Second Pass: Low-Power Algorithm

At the end of the first pass, if , each node has a
nonzero slack. The objective of the low-power algorithm is to
distribute the available slack between the nodes (i.e., determine
the voltage assignment of the nodes) such that the latency con-
straint is satisfied and the minimum energy condition (5) is sat-
isfied as much as possible. Recall that the voltage assignment
is directly related to the operating voltage of the corresponding
hardware resource. The procedure is iterative; in each iteration,
increasing number of resources with high values are dis-
abled and the nodes are scheduled. The order in which the re-
sources are disabled is determined using (5). After each itera-
tion, the minimum energy condition (5) is better satisfied. The
iterations continue till there is a timing violation. We motivate
our procedure with the help of the following example.

Example 2: Consider a DFG with an addition node being
fed to a multiplication node. The resource constraint consists
of multipliers and adders operating at 5 V, 3.3 V, 2.4 V, and
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1.5 V, and the latency is 17 control cycles. The energy-delay
ratio of the multiplier at V is , and
that of the adder is . For other values of ,

is still . From (5), the condition
for minimum energy is or

(8)

where is the voltage that is assigned to the multiplica-
tion (addition) node. Our aim is to schedule the nodes without
violating the timing constraint such that the minimum energy
equation is satisfied as much as possible.

Assume that multipliers and adders operating at 5 V, 3.3 V,
and 2.4 V are available. In the beginning, let both the multipli-
cation and the addition node be assigned to the 5 V resources.
For this assignment, the computation time is 6, which is less than
the latency . Furthermore, for , the left-hand side of (8)
is 8, which is larger than the right-hand side of (8) which is 4.
In order to satisfy (4) better, we choose to assign the multiplica-
tion node to the 3.3 V multiplier. Choosing the 3.3 V multiplier
is equivalent to disabling the 5 V multiplier from the set of re-
sources. For this assignment, the left-hand side is 4.6 which is
closer to 4 but still higher. The corresponding computation time
of 10 is still less than and so we assign the multiplication node
to the 2.4 multiplier. Choosing the 2.4 multiplier is equivalent
to disabling the 5 V and the 3.3 V multiplier from the set of re-
sources. The computation time is now 16 and the left-hand side
is 2.8, which is less than the right-hand side. So it is now the ad-
dition node that has to be assigned to a lower-voltage resource,
namely, a 3.3 V adder. With this assignment, the latency is 17
and the right-hand side is 2.3 which is closer to the left-hand
side. Note that while the minimum energy condition is not sat-
isfied (the left-hand side and right-hand side of (8) are close but
not equal), this assignment is the closest to the minimum-en-
ergy solution. We cannot lower the voltages any further since
that would cause a latency violation. From this example, we see
how (8) helps us to determine the order in which the resources
should be disabled so that the minimum energy condition is sat-
isfied as much as possible.

1) Priority Assignment:The priority of which resources to
disable first is determined using (5) and the energy values of [4]
that are quoted in Table I. The priorities are given in Table II.
According to this table, the multipliers operating at 5 V have
the highest chance of being disabled followed by multipliers
operating at 3.3 V, followed by adders operating at 5 V, followed
by adders operating at 3.3 V, etc.

The proposed algorithm disables resources in the order of
their priority. For each configuration, it schedules the nodes and
checks if its computation time . If it is true, then it dis-
ables the resources with the next highest priority and resched-
ules the nodes. If it is not true ( ), then the specific
resource cannot be disabled for all the control cycles. We next
describe two algorithms which differ in determining until what
control cycle the specific resource can be disabled.

2) Description of Algorithms 1 and 2:Assume that a fea-
sible solution exists when resources with priorities 1 through
are disabled and that there is a timing violation when resources
with priorities 1 through are disabled. For the feasible
schedule, let be the computation time and let the finish time

TABLE I
ENERGY E (IN pJ) AND NORMALIZED DELAY, D (FOR t = 20 ns)

FOR THEMODULES IN [4]

TABLE II
ORDER IN WHICH THE RESOURCES AREDISABLED

of node be . Then the slack of each node is
and node can finish as late as . Algorithms 1 and
2 are used to determine until what control cycle the resource
with priority can be disabled without violating the timing
constraint.

Algorithm 1: This is a one-pass algorithm. Here we start
scheduling the nodes with the resource with priority dis-
abled, and after an assignment check if theis greater than

. If it is greater, a conflict has occurred, and node
and the remaining unassigned nodes are scheduled assuming

that the resource with priority has not been disabled.
Algorithm 2: This is an iterative algorithm, and consequently

more complex compared to Algorithm 1. The procedure consists
of first disabling the resource with priority from control
cycle 1 to and checking for timing violations. If ,
then the resource is disabled from control cycle 1 to

. If the new , then the resource is
disabled from control cycle 1 to , and
so on. After steps, where is the number of voltage
levels, is the number of resources andis the latency, the
algorithm determines which resources to disable such that the
computation time is less than but as close to as possible.
Thus, Algorithm 2 iteratively schedules the nodes until unused
slack is minimum. As a result, its complexity is times
larger than that of Algorithm 1. We explain the operation of
Algorithm 2 with the help of the following example.

Example 3: Let the latency . Let the computation
time when only the 5 V multiplier is disabled is 16, and when
both the 5 V and 3.3 V multipliers are disabled is 35. Thus, while
the 5 V multiplier can be disabled for the whole time, the 3.3 V
multiplier can only be disabled for part of the time. Algorithm
2 determines until what control cycle the 3.3 V multiplier can
be disabled in the following way: in the first iteration, the al-
gorithm disables the 3.3 V multiplier from 1 to 8 (16/2) cy-
cles and completes the schedule in 24 cycles. Since there is a
positive slack, the algorithm disables the 3.3 V multiplier from
1 to 12 ( 8 16/4) cycles. The latency is now 31 which is
greater than . So the algorithm disables the multiplier from 1
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to 10 ( 12 16/8) cycles and completes the scheduling in 28
cycles. Finally, the algorithm disables the multiplier from 1 to
11 ( 10 16/16) cycles and completes in 29 cycles, which is
as close as to as possible.

The low-power algorithm is summarized as follows.

Algorithm Low Power
1. Make the priority table for resource disabling.
2. Disable resources with the highest priority.
3 Schedule all the nodes usingAlgorithm Schedule.
4. If

invoke Algorithm 1 or Algorithm 2
else

disable the resources with the next highest priority.
Go to Step 3.

Summary: The proposed resourceand latency constrained
scheduling algorithm operates in two passes in the following
way.

First Pass: AlgorithmSchedule(minimum-time version)
SecondPass:AlgorithmLowPower(invokesAlgorithm1or2)
We refer to the version when Algorithm 1 is invoked in

Algorithm Low Poweras AlgorithmLC (or the low-complexity
algorithm), and the version when Algorithm 2 is invoked as
Algorithm HC (or the high-complexity algorithm).

C. Complexity Analysis

In this section, we show that the worst case complexity of Al-
gorithmLC is and of AlgorithmHC is ,
where is the latency and is the number of nodes. The
complexity of the AlgorithmScheduleis dominated by the step
where the nodes are ordered with respect to their freedom.
Specifically, in this step, nodes are chosen among
ready nodes in control cycle. In the worst case, all the nodes
are ready in each control cycle and the complexity
for that control cycle is . Note that .
Thus, in the worst case, the complexity of AlgorithmSchedule
is .

In Algorithm Low Power,the priority table can be searched in
passes, where is the number of voltage levels and

is the number of resources. Since the number of voltage levels
and number of resources are limited, the term can be
ignored for asymptotic analysis.

AlgorithmLC consists of AlgorithmScheduleand Algorithm
Low Powerwith Algorithm 1 invoked and thus, has a complexity
of . AlgorithmHC, on the other hand, includes Algorithm
Low Powerwith Algorithm 2 invoked. Since Algorithm 2 re-
quires additional passes to find the exact control cycle
where disabling priority changes, the complexity of Algorithm
HC is .

D. Illustrative Example

Example 4: The resource constraint is ,
, , , and for the

Fig. 1. Data-flow graph ofExample 4.

Fig. 2. Schedule for example 4. (a) After the first pass. (b) Final assignment.

DFG in Fig. 1. The timing constraint is . Switching ac-
tivities at all nodes are assumed to be 0.5. Algorithm 1 is invoked
in case of timing violation.

First Pass: In control cycle , the ready sets area, e
and b . For nodes a and e, , ,

. Node a is assigned to the 5 V multiplier since
it has lower freedom, and node e is assigned to the 3.3 V multi-
plier [Step 3a ofSchedule].

, , and node b is assigned to the
5 V adder. However, since the children of node b (node c) will
be available at control cycle 6, we assign node b to the lower-
voltage resource (2.4 V).

In control cycle , the ready set isc . ,
, and node c is assigned to the 5 V adder.In control

cycle , the ready set isd . , ,
and node d is assigned to the 5 V multiplier.In control cycle

, the ready set isf . , .
But since 5 V multiplier is not available in control cycle 10, no
scheduling is done. Node f is assigned to the 5 V multiplier in
control cycle 12.

The schedule at the end of the first pass is shown in Fig. 2(a).
. Since , the multipliers operating at

5 V are disabled first (according to the priority table).
.

Second Pass: In control cycle , the ready sets are
a, e and b . For multiplication nodes a and e, ,

, . So, node a is assigned to
the 3.3 V multiplier since it has lower freedom and node e is
assigned to the 2.4 V multiplier.
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, , and node b should be assigned to
the 5 V adder. However the children of node b (node c), will be
available at control cycle 10. So we assign node b to the lower
voltage resource (2.4 V) [Step 3b ofSchedule].

In control cycle , the ready set isc . ,
, and node c is assigned to the 5 V adder.In

control cycle , the ready set is d . ,
, and node d is assigned to the

3.3 V multiplier. In control cycle , the ready set isf .
, . Scheduling node f to 3.3 V

violates its finish time . Thus,
the algorithm shift backs to the previous schedule (no resources
are disabled) and node f is assigned to the 5 V multiplier.

The final schedule is given in Fig. 2(b). Note that the compu-
tation finishes in 20 cycles, which is less than.

E. Other Issues

1) Switching Activity Consideration:Switching activity of
the resources depends on the switching probability of the input
data and the circuit structure. The energy values of the resources
and the priority table for disabling resources, assumed that the
input switching activity is the same for all the resources

. However, when the correlation of the multiplexed input
data streams is high, the input switching activity is low and the
energy consumption of the resource is low. Our analysis in [10]
shows that if the switching activity of the resources vary by a
factor of 2, then using average switching activity value results
in a 3% error if the voltages are assigned according the min-
imum energy equation (derived using the Lagrange multiplier
method). Thus, assuming that the switching activity of the re-
sources varies by a factor less than 2, using introduces
an error of at most 3% into our results.

2) Feasibility of the Algorithm:Let be the optimum-
minimum-computation time (critical-path delay) under the
given resource constraint. Finding a feasible solution for

is equivalent to finding the optimal solution. The
proposed algorithm is a list-based algorithm and does not
guarantee an optimal solution. However, the proposed algo-
rithm guarantees a feasible solution if , where

or for the benchmarks that we have considered.
The results are shown in Table III. Here implies
1 multiplier and 1 adder operating at each of the following
voltages: 5 V, 3.3 V, 2.4 V, 1.5 V, and implies
two multipliers and two adders operating at the same set
of voltages. For this set of benchmarks, the average error
is 3.9%. Thus, our list-based algorithm generates a feasible
solution almost all the time.

IV. RESULTS

In this section, we present the results obtained by running our
algorithm on some high-level synthesis benchmarks (DIFFEQ,
AR lattice, EW filter, FIR Filter, FFT4, and DCT). We present
the results when actual energy consumption values in [4] are
used. The switching activity of the nodes is assumed to be 0.5.
The results for (i.e., 1 multiplier and 1 adder operating

TABLE III
FEASIBILITY ANALYSIS

at 5 V, 3.3 V, 2.4 V, and 1.5 V) have been tabulated in Table IV.
In this table, is the energy dissipation corresponding to the
supply voltage of 5 V. is the average energy obtained by
our algorithm. Timing constraints are given for three different
values: , , and , where is the critical path
delay. If , then the average energy reduction is 17.5%
compared to for Algorithm HC. Similarly, if ,
then the average energy reduction is 39% and for ,
the average energy reduction is 58.5% for AlgorithmHC.

Table IV also demonstrates how the level-shifter-power con-
sumption varies with the latency. If the given latency is tight, the
majority of the nodes are assigned to the high-voltage resources
to satisfy the timing constraint and consequently, the number of
level shifters is low. When the given latency is high, the number
of nodes assigned to the lower-voltage resources increases and
the number of level shifters increases. The ratio of level-shifter
energy to the total energy is 10.1% when the latency is
and 11.4% when the latency is for Algorithm HC.

Fig. 3 graphically illustrates the energy reduction when Algo-
rithm LC is used on the benchmarks for the case when
and when . Note, that since the values of and
are different for the two cases, the energy reductions for the two
cases should not be directly compared.

Fig. 4 plots the reduction in energy when the latency varies
from to for the EW filter in Fig. 4(a), and the average
case (the average of DIFFEQ, AR lattice, EW filter, FIR filter,
FFT4 and DCT reductions) in Fig. 4(b). Here is the ratio
of the energy of the assignment using AlgorithmHC to the case
when all the resources are assigned to 5 V, and is the ratio
of the assignment using AlgorithmLC to the case when all the
resources are assigned to 5 V. We assume that and that
the latency is varied from to , where is 3.9%
higher than the critical path length (see Table III). The changes
in the energy reduction for the EW filter graph [Fig. 4(a)] occur
in steps. This is very typical of all the benchmarks that occur
because increasing the latency can enable an extra addition or
multiplication node to be scheduled to a lower-voltage resource.
Similar step changes are not visible in Fig. 4(b) since this is
an average energy-reduction plot, where the step changes have
been smoothened.

From the plots, we see that the energy reduction increases
with increase in latency. This is to be expected since an increase
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TABLE IV
ENERGY REDUCTION FOR THESET OF BENCHMARKS WHEN res = 1

Fig. 3. Energy reduction for the set of benchmarks. (a)res = 1. (b) res = 2.

in latency facilitates more nodes being assigned to lower volt-
ages. Second, the energy reduction occurs in steps. This is be-
cause a reduction occurs only when an additional node can be
assigned to a lower-voltage resource as a result of the increase
in latency. So, if the increase in the delay of a node (as a result

of the lower-voltage assignment) is less than the increase in la-
tency, there is no energy reduction. Third, for the same latency,
the energy reduction obtained using AlgorithmHC, is larger
compared to AlgorithmLC . Thus, the use of a more complex
algorithm results in higher-energy savings. Fourth, for small
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Fig. 4. Energy reduction withres = 1. (a) Elliptic wave filter. (b) Average over all benchmarks.

values of , where , is very close to . This is
expected too, since when the latency is tight, most of the nodes
are assigned to high-voltage resources.

V. CONCLUSION

In this paper, we present a new scheduling scheme under
resourceand latency constraint that minimizes power/energy
consumption for the case when the resources operate at
multiple voltages. The proposed scheme minimizes the
power/energy consumption by distributing the slack among the
nodes according to the condition derived using the Lagrange
multiplier method. The scheme is implemented using an
iterative algorithm, where in each iteration, increasing number
of resources with high-energy-delay ratio are disabled and
the nodes scheduled using a list-based algorithm. We propose
two algorithms: 1) a simpler algorithm and 2) a more
complex algorithm, where is the latency and

is the number of nodes. The average reduction obtained
by the more complex algorithm is 17.5% when the latency
constraint is tight and is 39% when the latency constraint is
1.5 times the critical-path delay. The results obtained by the
simpler algorithm are on the average 9% less compared to
those obtained by the more complex algorithm. This is the
expected tradeoff between the complexity of the algorithm and
power/energy savings.
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