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Low-Power Scheduling with Resources Operating
at Multiple Voltages
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Abstract—This paper presents a resource-constrained sched-
uling scheme and a latency-constrained scheduling scheme that
minimize power consumption for the case when the resources op-
erate at multiple voltages. The resource-constrained scheduling re-
duces the power consumption by maximally utilizing resources op-
erating at reduced voltages and, at the same time, reducing the
latency. The latency-constrained scheduling scheme reduces the
power consumption by assigning as many nodes (of the data flow
graph) as possible to the resources operating at reduced voltages.
Both schemes consider the effect of switching activity on the power
consumption of the functional units. In addition, both schemes use
heuristics to reduce the power consumed by the level shifters. Ex-
periments with HLS benchmark examples show that the proposed
schemes achieve significant power reduction when the operating
voltages are 5 and 3.3 V or 5, 3.3, and 2.4 V.

Index Terms—Behavioral synthesis, latency-constrained
scheduling, low-power design, multiple voltage scheduling, re-
source-constrained scheduling.

I. INTRODUCTION

I N THE PAST, the primary considerations in very large-scale
integration (VLSI) design were performance, cost, relia-

bility, and area. In recent years, the demand on portability has
compelled the growth of personal computing devices such as
portable desktops, audio- and video-based multimedia prod-
ucts, and wireless communication systems. All these devices
require not only high-speed computation and complex func-
tionality, but demand low-power consumption. Consequently,
power considerations have become an increasingly dominant
factor in VLSI design today.

It has been well established that to design a low-power
system, power has to be optimized at all levels of the design
process: system, algorithm (behavior), architecture, logic,
circuit, and processing technology [1]. The work presented
in this paper focuses on behavioral level power optimization.
Research in power optimization at the behavioral level has not
been as intensive as in optimization at the logic synthesis or
circuit levels. Algorithmic level transformations have been used
to optimize power in [2]. Procedures for minimizing the ac-
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tivity of a functional unit have been proposed in [3]–[5]. Other
behavioral approaches to reducing power include reducing
the number of registers, reducing the switching in registers,
and efficient register allocation [4]. The most effective way of
reducing power, however, is by reducing the supply voltage.
The resulting increase in the circuit delay (and reduction in
the throughput) has to be compensated by parallelism and
pipelining [1]. Another way of maintaining the throughput
is to use resources operating at multiple voltages [6]–[12].
Nodes on the critical paths can be assigned to the high-voltage
resources (thus meeting the required timing constraints) while
nodes on the non-critical paths can be assigned to low-voltage
resources (thus reducing the power consumption). However,
a number of practical problems must be overcome before
use of multiple voltage becomes prevalent [6]. These include
routing of multiple supply voltage lines, area/delay overhead of
level shifters, and lack of design tools and methodologies for
multiple voltage system design.

In this paper, we address the problem of scheduling a
data-flow graph under resource constraints and under latency
constraints, for the case when the resources operate at multiple
voltages. The proposed resource-constrained algorithm tries to
achieve a balance between reducing the number of control cy-
cles and maximally utilizing the resources operating at reduced
voltages. The algorithm is list based. In each control cycle, the
ready nodes are assigned based on their priorities, where the
priority of a node is a function of its: 1) depth; 2) mobility;
3) switched capacitance; 4) interconnection complexity; and
5) need for a level shifter. The algorithm has polynomial
time complexity, while the other existing algorithms based
on dynamic programming [9] or integer linear programming
[8], [12] have pseudo-polynomial or even exponential time
complexity. The integer linear programming (ILP)-based
algorithms and the heuristic algorithms of [12], as well as the
dynamic programming-based algorithm of [9], do not consider
the effect of switching activity and the power consumed by the
level shifters. In addition, the power models used in [9] are
simplistic since they assume that the power consumption is
only a function of the supply voltage. The ILP-based algorithm
in [8] assumes a user-specified number of supply voltage levels
(the actual values are not specified) and considers the power
consumed by both the level shifters and the interconnection
(MUX’s). A comparison of all these algorithms reveals that our
list-based algorithm which considers the effect of switching
activity, interconnect complexity, and power consumption by
level shifters is computationally less complex.

The latency-constrained scheduling algorithm proposed in
this paper also has polynomial time complexity and minimizes
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power consumption for the case when the resources operate
at multiple voltages (5, 3.3, and 2.4 V). Since there is no
restriction on the number of available resources, the bias is
towards operating resources at low voltages without violating
the timing constraint. The minimum cost assignment takes into
account the switched capacitance and the power consumed by
the level shifters. Experiments with some benchmark examples
show that for tight timing constraint (i.e., when the latency
is equal to the critical path length), the average reduction is

39% for a two-voltage system (5 V, 3.3 V) and 58%
for a three-voltage system (5 V, 3.3 V, 2.4 V). The problem
of latency-constrained scheduling with multiple voltage units
has been addressed in [10]. The algorithm in [10] iteratively
computes the voltage assignment of each node and is compu-
tationally more complex compared to the one-pass algorithm
presented here. In addition, it does not consider the effect of
switching activity and the power consumed by level shifters.
The ILP-based technique of [12] also does not consider the
effect of switching activity and the power consumed by level
shifters. The dynamic programming technique proposed in
[6] has pseudo-polynomial complexity and produces optimal
results for trees (and not for general directed acyclic graphs).
This algorithm takes into account both the switched capacitance
and the power consumed by the level shifters.

The rest of the paper is organized as follows. Section II
deals with the preliminaries. Section III defines the problems
formally. Section IV presents the algorithm and illustrative
examples for resource-constrained scheduling, while Section V
presents the algorithm and examples for latency-constrained
scheduling. Section VI concludes the paper.

II. PRELIMINARIES

A. Definitions

A data flow graph(DFG) is a directed acyclic graph whose
nodes represent operations and edges represent dependencies
between the operations. For instance, an edge from nodeto
node means that nodehas to be executed before node. Each
node has a delay associated with it, where the delay is a function
of the operating voltage.

Thedepth of a nodeis defined as the length of the path from
the node to the sink in the data flow graph. We assume that the
sink has a depth equal to 1. In Fig. 1, node 5 has depth 1, node
4 has depth 2, node 3 has depth 3, and so on.

The mobility of a node is the difference between
its as-late-as-possible (ALAP) schedule time and its
as-soon-as-possible (ASAP) schedule time. For resource-con-
strained scheduling, the ASAP and the ALAP times are
computed assuming that the latency is equal to the length of
the critical path. For latency-constrained scheduling, they are
computed using the specified latency.

In a list-based schedule, there is aready setassociated with
every control cycle, where a ready set is defined as the set of
nodes that could all be assigned at that particular control cycle
if there were no resource constraints. The ready sets for control
cycle 1 in the DFG of Fig. 2 are [1, 2, 6, 8] for multipliers
and [10] for adders.

Fig. 1. Algorithm for resource-constrained scheduling.

B. Power Model

There are three major sources of power consumption: 1)
switching; 2) short-circuit current; and 3) leakage current.
Among these, switching is the most dominant factor. The
power consumed due to switching in a digital circuit is given
by , where is the probability
of a 0–1 transition, i.e., the average number of times a node
makes a power consuming transition (0–1) in one clock period

is the load capacitance, is the supply voltage swing,
and is the clock frequency.

The power consumption of the different functional units
(multipliers, adders, and level shifters) have been borrowed
from [6]. In [6], the power consumption values for the mul-
tipliers and adders are described in terms of the switched
capacitance , where
and are the transition probabilities of the inputs, and(V),

(V)and (V) are the regression coefficients that are used to
model the power consumption of the functional units operating
at V volts.

III. PROBLEM DEFINITION

The input to the resource and latency-constrained algorithms
is a data flow graph, input data stream, and resources that op-
erate at multiple voltages. We assume that: 1) the functional unit
can be operated at three voltages: 5 V, 3.3 V, and 2.4 V and 2) if
the delay of the functional unit at 5 V is, then the delay of the
unit at 3.3 V is and that at 2.4 V is . We choose a max-
imum of three operating voltages, since increasing the number
of operating voltages to more than three does not cause a signif-
icant reduction in the power consumption.

We assume that multiple power lines are available. Thus
there is no need for on-chip level shifters for the power lines.
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On-chip level shifters are, however, required in the data path,
since data is transferred between resources operating at dif-
ferent voltages. We assume that level shifters are only required
between a low-voltage resource and a high-voltage resource
(i.e., step-up level shifter). Our scheme assigns lower voltage
to the nodes with larger ASAP values such that the number of
step-up level shifters is minimized.

A. Resource-Constrained Scheduling

In resource-constrained scheduling, the problem is to
schedule the data flow graph, given the resource constraints,
such that the number of control cycles is minimum. The
resource constraint is specified as follows.

1) The number of computational units for each type is given.
2) The delay of each type of computational unit is also given.

The delay is directly related to the operating voltage.

While on the one hand, it is important to minimize the number
of control cycles needed to finish a computation because it de-
termines the sample period of the system (and is thus related
to power consumption), on the other hand, operating resources
with reduced supply voltage reduces the power at the expense of
an increase in the number of control cycles. The algorithm pre-
sented in this paper tries to balance the conflicting requirements
of reducing the number of control cycles and utilizing resources
operating at reduced voltage.

B. Latency-Constrained Scheduling

In latency-constrained scheduling, the problem is to assign
voltages to the nodes of the DFG, given the timing constraint,
such that the power consumption is minimum. Thus, the more
nodes that can be assigned to lower voltages, the greater is the
power reduction. The statement of assigning “voltage to a node”
is equivalent to assigning voltage to the functional unit onto
which the node is mapped.

IV. RESOURCE-CONSTRAINED SCHEDULING

A. Algorithm

In this section, we present a list-based algorithm for resource-
constrained scheduling. The input to this algorithm in the DFG,
resource constraints, input data streams, and the output is the
voltage assignment of each node. The algorithm is list based
and operates in the following way.

In each control cycle, nodes are first assigned to the 2.4-V
resources, then to the 3.3-V resources, and finally to the 5-V re-
sources. The procedure is as follows. Nodes with mobility2
are considered first. Priorities are determined for this subset of
nodes, and the high-priority nodes are assigned to the 2.4-V re-
sources. Next, priorities are determined for nodes with mobility

1, and the high-priority nodes are assigned to the 3.3-V
resources. Then, priorities are determined for nodes with mo-
bility 0 and the high-priority nodes are assigned to the 5-V
resources. Finally, the remaining nodes (if any) are assigned to
the available low-voltage resources. An assignment in this step
results in an increase in the latency. The priority of a node is

a function of its depth, mobility, switched capacitance, inter-
connection complexity, and the possibility of requiring a level
shifter.

1) Depth is the most important parameter, since it is directly
linked to the latency, and reducing latency is an important
goal.

2) Mobility is the second most important parameter. Nodes
with high mobility are given high priority during assign-
ment of low-voltage resources, while nodes with low mo-
bility are given high priority during assignment of high-
voltage resources (this is because assigning a node with
high mobility to a high-voltage resource may result in an
increase in the latency).

3) Switched capacitance is the third most important param-
eter. The switching at the inputs of the functional units are
determined and the switched capacitance calculated. As-
signments which result in lower switched capacitance are
given higher priority. Details of this scheme are described
later in this section.

4) Interconnection complexity is the fourth most important
parameter. The scheme involves identifying templates
and trying to assign nodes of different instances of the
same template to the same resources. Details of this
scheme are described later in this section.

5) Level shifter introduction is the fifth most important pa-
rameter. By assigning a voltage that is the same or lower
than the voltages that have been assigned to its parents,
level shifters can be avoided.

1) Switched Capacitance:In resource-constrained sched-
uling, multiple nodes get assigned to the same functional unit,
and thus, the data stream that is finally input to a functional
unit is obtained by interleaving the input data streams of
the individual nodes. However, the switching activity at the
inputs of the functional unit (which is related to the power
consumption of the functional unit) in cycleis the average
number of bit level switches between the data streams of the
nodes that have been assigned in cyclesand . In each
control cycle, the transition activity for each possible mapping
(of ready node to functional unit) is calculated and this activity
is used to calculate the switched capacitance using the model
in [6]. Since there are two inputs to each functional unit, there
are two ways in which the input data streams can be inter-
leaved. Both ways are investigated, and the one with the lower
switched capacitance is considered. If the number of nodes in
the ready set is , and the number of functional units that it
could be assigned to is , then a total of
assignments have to be checked, and the assignments with
smaller switched capacitance are given higher priority.

2) Interconnection Complexity:It has been established that
the interconnection complexity can be reduced by identifying
repetitive patterns or templates and assigning nodes of different
instances of the same template to the same resources [13]. Thus,
once one instance of a template is mapped to a set of hardware
units, the procedure tries to map other instances of the template
to the same set of units. In the list-based scheduling algorithm,
if a “ready” node belongs to a template that has already been
mapped, a high priority is given to assigning the ready node
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(a) (b)

(c) (d)

(e)

Fig. 2. Resource-constrained scheduling. Example DIFFEQ for the case when there are one 3.3-V multiplier, one 5-V multiplier, one 3.3-V adder, and one 5-V
adder. (a) DFG of differential equation example—each node is labeled with the tuple (depth, mobility). (b) ASAP, ALAP, mobility, and depth value of each node.
(c) Initial ready set. (d) Scheduling in cycle 1. (e) Final scheduling.

to the same unit as its corresponding node in the template. For
instance, if ( ) and ( ) are multiple instances of template
E, and if ( ) has already been mapped to (Unit1, Unit2), and
if is a ready node, then a high priority is given to assigning
to Unit1.

The proposed list-based algorithm is shown in Fig. 1.

B. Examples

We explain this algorithm for the case when the number of
voltage levels is two with the help of the DIFFEQ example
(Fig. 2). The data flow graph consists of both addition and mul-
tiplication, as shown in Fig. 2(a). Our objective is to schedule
the nodes among two multipliers (one 3.3-V and one 5-V mul-
tiplier) and two adders (one 3.3-V and one 5-V adder). Here,
the delay of a multiplier is the same as the delay of an adder.
Also, the input data streams are uncorrelated and thus the tran-
sition activities at the inputs of the functional units are 0.5. The
ASAP, ALAP, depth, and mobility values have been listed in
Fig. 2(b). The initial ready set is shown as Fig. 2(c). There are
four multiplication nodes in the ready set of cycle 1. Nodes 6 and

8 have mobility and can be assigned to 3.3-V multipliers.
Since there is only one 3.3-V multiplier, and node 6 has a higher
priority due to its higher depth value, node 6 is assigned to the
3.3-V multiplier. Since there is only one 5-V multiplier, priority
has to be determined for the three remaining nodes, i.e., nodes
1, 2, and 8. Of these nodes, nodes 1 and 2 have high priority,
and either can be assigned to the 5-V multiplier. If node 1 is as-
signed to the 5-V multiplier, then the remaining nodes, node 2
and node 8, are moved the ready set of cycle 2. The ASAP and
ALAP values are updated and the procedure repeated for the
next control cycle. The scheduling after cycles 1 and 2 are given
in Fig. 2(d) and the final scheduling result is given in Fig. 2(e).
From the results, we see that since five nodes have been assigned
to 3.3-V resources, power consumption has been significantly
reduced. One (3.3 V 5 V) level shifter is used since node 6 is
assigned to a 3.3-V multiplier and node 7 is assigned to a 5-V
multiplier.

We use the same DIFFEQ example to illustrate the algorithm
for three voltage levels in Fig. 3. The resource constraint con-
sists of three multipliers (5 V, 3.3 V, 2.4 V) and three adders (5 V,
3.3 V, 2.4 V). The delay of a multiplier is the same as the delay of
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(a) (b)

(c)

Fig. 3. Resource-constrained scheduling. Example DIFFEQ for the case when there are one 2.4-V multiplier, one 3.3-V multiplier, one 5-V multiplier,one 2.4-V
adder, one 3.3-V adder, and one 5-V adder. (a) Initial ready set. (b) Scheduling in cycle 1. (c) Final scheduling.

an adder and the input data streams are uncorrelated. The ASAP,
ALAP, depth, and mobility values are the same as before. The
initial ready set is given in Fig. 3(a). Of the four multiplication
nodes in the ready set of cycle 1, only node 8 has mobility2,
and thus, is assigned to the 2.4-V multiplier. Node 6 has mobility

and is assigned to the 3.3-V multiplier. Nodes 1 and 2 have
the same depth, mobility, and switched-capacitance values, and
either can be assigned to the 5-V multiplier. We assign node 1
to the 5-V multiplier. The ready set of cycle 2 consists of only
node 2, which is assigned to the 5-V multiplier. The ready set
of cycle 3 consists of nodes 3 and 7. Since node 7 has mobility

1, it is assigned to the 3.3-V multiplier and node 3 is as-
signed to the 5-V multiplier.

The scheduling after cycle 1 is given in Fig. 3(b) and the
final scheduling result is given in Fig. 3(c). In this schedule, two
level-shifters are required: a 3.35-V shifter and a 2.4 3.3-V
shifter.

C. Benchmarks

We present the results obtained by running our algorithm
on some high-level synthesis benchmarks. The algorithms
were implemented in MATLAB. Fig. 4 describes the power
savings results when exact values of power consumption of
the resources (multipliers, adders and level shifters) are used.
The power models of [6] that consider the capacitance, and
the switching activity have been used. Note that, while for the
DIFFEQ and AR filter example, the percentage reductions with
the level shifter are comparable to that without the level shifter,
for the EW filter, the difference in the percentage reduction is
not significant. Thus, the area/delay/power overhead of level
shifters is relatively small.

V. LATENCY-CONSTRAINED SCHEDULING

In this section, we first describe the proposed latency-con-
strained scheduling algorithm and then present the results for

Fig. 4. Resource-constrained scheduling results for DIFFEQ, AR, and EW
filter when exact values of power consumption from [8] are used. Switching
activity is 0.5 for all the input nodes.

some HLS benchmark examples. Since the timing constraint is
a hard constraint, low voltages can only be assigned to nodes
with non-zero mobility. The proposed algorithms try to assign
low voltages to as many nodes of the DFG as possible. The av-
erage switching activity and the capacitance for each node is in-
cluded in the power-consumption calculations, and thus, nodes
with high capacitance or high switching activity are assigned
to lower voltages. In addition, the algorithm tries to reduce the
number of step-up level shifters. The algorithm is significantly
different from those based on integer linear programming, and
also computationally less complex. We present the algorithm
when the operating voltages are 5 and 3.3 V, or when the oper-
ating voltages are 5, 3.3, and 2.4 V.

A. Algorithm

The input to this algorithm is the DFG, the timing constraint,
the number of voltage levels and the input data stream, and the
output is the voltage assignment of each node. A voltage assign-
ment of 5 V is represented by , a voltage assignment of 3.3
V is represented by , and a voltage assignment of 2.4 V
is represented by . First, we compute the as-soon-as-pos-
sible (ASAP) value and the as-late-as-possible (ALAP) value
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Fig. 5. Algorithm for latency-constrained scheduling.

for each node. This is done using a modified version of the
breadth first search (BFS) algorithm. Then we compute the mo-
bility of each node. We form groups with nodes which have the
same ASAP and ALAP values. Thus, the nodes in a group have
the same mobility. Then we form sets with groups which have
the same mobility. Specifically, SETconsists of groups with
mobility 0, SET consists of groups with mobility 1, etc. Next,
we compute the cost of each member of each set (i.e., group)
where the cost is a function of the number of nodes, the capaci-
tance of each node, and the switching activity of each node. The
cost value is used to determine the priority of a member (high
cost implies high priority). A group with a high priority is as-
signed to a low voltage. In case of conflict, the group with a
higher ASAP value is given higher priority. This feature results
in fewer level shifters being required. The proposed algorithm
is shown in Fig. 5.

Note that steps 1–5 are the same for the two-voltage
level assignment and the three-voltage assignment. For the
three-voltage level assignment, finding the f assignments in

Fig. 6. Example DIFFEQ. ASAP, ALAP, mobility of each node, group, and
set formation, and the priority of each group.

step 6 is clearly move complex. Since , it is
not obvious whether should be assigned to a small
number of groups or whether should be assigned to
a large number of groups. In fact, if is the mobility, then
the number of possible assignments that need to be checked
is . However, it is sufficient to consider only the as-
signments for which . This is because any other
assignment would either result in an increase in the number
of level shifters or an increase in the power consumed by the
level shifter. For instance, if and SET , then
assignments such as ,
would result in two 3.3 V 5 V level shifters, and an as-
signment with , ,
would result in one 3.3-V 5 V level shifter, while an as-
signment with , or

, would result in no level
shifters.

B. Examples

We explain Algorithm_Latency for the two-voltage level as-
signment problem with the help of the DIFFEQ example. The
DFG is given in Fig. 2(a). Assume that the computation time of
each node is the same and that the latency is constrained to 4
(length of the critical path). In Step 2, the ASAP time, ALAP
time, and the value of mobility is computed for each node. The
results are listed in Fig. 6. In step 3, groups Gthrough G are
formed. Note that groups G, G and G have a cardinality of 2,
while the other groups have a cardinality of 1. In step 4, sets are
formed and the elements in a set are ordered according to their
priority. SET G G G G , SET , SET
G G , SET , SET G G , SET . In

step 5, we calculate the cost of each group. For instance, the
cost of group 1 is ,
assuming that the switching activity for the inputs of each node
are 0.5. Since Ghas a higher ASAP value than G, we as-
sign G a higher priority value. Thus the priority of the groups
in SET is G G G G . Similarly, the priority of
the groups in SETis G G and the priority of the groups
in SET is G G . In step 6, assign to elements of
SET , (G G G ). For , since SET and

, assign to G since it has a higher priority
than G . Finally, for , since SET , assign to
all the groups in SET. Thus nodes 1, 2, 3, 4, 5, 6 are assigned
to 5 V and nodes 7, 8, 9, 10, 11 are assigned to 3.3 V. The total
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Fig. 7. Differential equation example. Power consumption results for (a) two
voltage levels and (b) three voltage levels.

power due to this assignment (including level shifter power) is
82,425 pJ. This is a 18.8% reduction compared to the case when
all the nodes are operated at 5 V.

Next, we explain Algorithm_Latency for the three-voltage
level assignment problem with the help of the same DIFFEQ
example for the case when the latency is 4. Steps 1–5 are iden-
tical to the two-voltage level assignment and we will not repeat
it here. In step 6, first assign to elements of SET, i.e.,
G , G , G , G . When , SET , and the ’s have
to be determined such that . Since the two groups in
SET have the same cost, we consider the power consumed by a
level shifter. We assign to G and to G , since this
assignment has lower power consumption (24,154 pJ compared
to 24,258 pJ). When , SET , and the s have to be
determined such that . There are three possible as-
signments: 1) assign to both G and G ; 2) assign
to G and to G ; and 3) assign to G and
to G . Since the priority of G is higher than G (due to node

being a multiplier), assignment 3) will always result in higher
power compared to assignment 2). Next we computefor 1)
and 2). Since ,492 pJ for assignment 1) and ,155
pJ for assignment 2), we choose assignment 2). Thus, nodes 1,
2, 3, 4, 5, 6, 9,11 are assigned to 5 V, node 7 is assigned to 3.3
V, and nodes 8 and 10 are assigned to 2.4 V.

C. Benchmarks

In this section, we present the results obtained by running our
algorithms on some high-level synthesis benchmarks. The algo-
rithms have been implemented in MATLAB. In all the exam-
ples, we assume that the switching activity at the inputs of each

Fig. 8. AR lattice filter example. Power consumption results (including the
power consumption due to level shifters) for two and three voltage levels.

Fig. 9. EW filter example. Power consumption results (including the power
consumption due to level shifters) for two and three voltage levels.

node is 0.5, and that the delay of a multiplier is five times the
delay of an adder. The delay figures are consistent with those de-
scribed in [6]. We obtain the power consumption values of the
multipliers, adders, and level shifters from [6]. The results for
the differential equationbenchmark are listed in Fig. 7, those
for AR lattice filterare listed in Fig. 8, and those forelliptic
wave (EW) filterare listed in Fig. 9. In each case, we tabulate
the results for different timing constraints. The timing constraint
marked with a “*” corresponds to the critical path delay. In all
three examples, our procedure yielded a very high reduction in
power. For instance, for the differential equation three-voltage
assignment example, we achieved a 50.44% average reduction.
It is to be noted that for large timing constraints, the power re-
duction is even greater. This is to be expected since for large
constraints all the nodes can be operated on at a reduced supply
voltage. Also note that the difference in the percentage power
reduction with and without the level shifter power being con-
sidered is 0.2%–0.4%. The summary of power reduction results
for the differential equation, AR lattice filter, and EW filter are
presented in Fig. 10.

VI. CONCLUSION

In this paper, we present polynomial time algorithms for 1)
resource-constrained scheduling and 2) latency-constrained
scheduling for the case when the resources operate at multiple
voltages. Both scheduling schemes try to reduce the overall
power consumption of the datapath components (including



SHIUE AND CHAKRABARTI: LOW-POWER SCHEDULING WITH RESOURCES OPERATING AT MULTIPLE VOLTAGES 543

Fig. 10. Summary of power reduction results for two and three voltage levels.
Values for the minimum timing constraint (marked with a “*”) and 1.5 times the
timing constraint have been listed.

power consumed by the level shifters). The resource-con-
strained scheduling scheme tries to balance the conflicting
requirements of reducing the latency and maximally utilizing
resources operating at reduced voltages. The latency-con-
strained scheduling scheme assigns as many nodes as possible
to the resources operating at low voltages without violating
the timing constraint. In addition, both schemes consider the
effect of switching activity on the power consumption of the
functional units, the interconnect complexity, and the power
consumed by the level shifters. Experiments with HLS bench-
marks show that the proposed schemes achieve significant
power reduction when the number of voltage levels is two (5 V,
3.3 V) or three (5 V, 3.3 V, 3.4 V).

Another voltage-scaling method that results in significant
power savings in the variable-supply voltage method in which
the supply voltage of the entire processors core (and not
isolated functional units) is controlled adaptively. We are
currently trying to integrate the proposed method with the
variable-supply voltage method, as in [7].
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