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Abstract

Energy constrained complex real-time systems are be-
coming increasingly important in defense, space, and con-
sumer applications. In this paper, we present a sensible
heuristic to address the problem of energy-efficient voltage
scheduling of a hard real-time task graph with precedence
constraints for a multi-processor environment. e show
that consideration of inter-relationships among the tasksin
a holisitic way can lead to an effective heuristic for reducing
energy expenditure. We developed this algorithm for sys-
tems running with two voltage levels since this is currently
supported by a majority of modern processors. We then ex-
tend the algorithm for processors that can support multiple
voltage levels. Theresults show that substantial energy sav-
ings can be achieved by using our scheme. The algorithm
is then compared with other relevant algorithms derived for
hypothetical systems which can run on infinite voltage lev-
elsinagivenrange. Our two voltage systems, using the task
dependencies effectively, can provide a comparable perfor-
mance with those algorithmsin the cases where continuous
voltage switching is not allowed.

1. Introduction

In CMOS devices, energy consumption per cycle is pro-
portional to the square of the voltage, while circuit delay
decreases roughly linearly with the voltage. As a result,
controlling the supply voltage allows the user to trade off
workload execution time for energy consumption.

Over the past few years, many researchers have studied
this tradeoff. For hard real-time systems — so-called be-
cause the workload is associated with a hard deadline —
the tradeoff is particularly challenging. In such applica-

tions, the workload is characterized by analysis or profil-
ing, so that its worst-case execution time can be bounded
with reasonable certainty. In most cases, the workload is
run periodically, with the period and deadlines known in
advance. Furthermore, many real-time applications (e.g.,
spaceborne platforms) have constraints on their power or
energy consumption. There is thus an increased need for
power-management techniques for such systems; the a pri-
ori knowledge about the workload provides an added op-
portunity to use such techniques.

Most of the power-aware voltage-scheduling work for
real-time systems has concentrated on independent tasks.
By contrast, in this paper, we consider voltage scheduling
while executing a task graph, which defines the precedence
constraints between tasks.

The problem can be informally described as follows: we
are given a task graph, the worst-case execution time of each
task and the period at which the task graph is to be executed.
This workload is to execute on a multiple-processor system,
each processor of which has its own private memory. The
task assignment in the processors and the order of the al-
gorithm is also determined apriori and serves as an input
parameter. The problem is to schedule the voltage of each
processor in such a way that the energy consumption is kept
low. Assuming the deadline of the task graph equals its pe-
riod, there will be no more than one task iteration alive in
the system at any time.

Our algorithm has both an offline and an online compo-
nent. The offline component performs voltage scheduling
based on the worst-case execution requirements. The online
component adjusts the voltage schedule as tasks complete:
in most cases, tasks consume less than their worst-case time,
and this time can be reclaimed to run the processors slower
than might otherwise be required.

The remainder of this paper is organized as follows. In



Section 2 we provide a brief survey of the relevant litera-
ture. In Section 3 we outline our algorithm and in Section 4
we provide some numerical results which serve to show its
effectiveness. The paper concludes with a brief discussion
in Section 5.

2. Literature Survey

A good survey of system-level power optimization tech-
niques, including voltage scheduling, can be found in [5].
Initial work on dynamic voltage scheduling (DVS) [8, 23]
was in the context of non-real-time systems where the aver-
age throughput is the performance metric. A static voltage-
control heuristic is presented in [26], and an integer pro-
gramming approach is taken in [14]. In [14], the authors
point out that two voltage levels are usually sufficient as
long as these levels are properly chosen; not much is gained
by having a larger number of levels. Researchers have
also proposed the concept of compiler directed DVS [17]
where the compiler sets the processor frequency and volt-
age with the aim of minimizing energy under real-time con-
straints. There have been several other techniques proposed
for energy efficient real-time task scheduling. Most papers
in this area deal with independent tasks (see, for example,
[6, 11, 12, 15, 18, 19, 22]).

In[10], the scheduling problem of independent hard real-
time tasks with fixed priorities assigned in a rate monotonic
or deadline monotonic manner is addressed. This method
employs stochastic data to derive energy-efficient schedules
taking the actual behavior of the real time systems into ac-
count. Several papers have also recognized the need for
both offline and online approaches to address the issue of
energy efficient scheduling of independent real-time tasks
(see for example, [4, 20]).

Variable voltage scheduling as a low power design tech-
nique at the behavioral synthesis stage is discussed in [21].
Given as input an unscheduled data flow graph with a tim-
ing constraint, the goal of this paper is to establish a volt-
age value at which each of the operations of the data flow
graph would be performed while meeting its timing con-
straint. The authors have used a iterative graph-theoretic
approach to identify critical paths and assign nodes to a spe-
cific voltage level.

An interesting approach to power-conscious joint
scheduling of periodic task graphs and aperiodic tasks in a
distributed real-time embedded system has been proposed
in [16]. Here the authors focus on the problem of effective
scheduling of a mix of task graphs and independent tasks
and an effective dynamic energy reduction heuristic for
them. They use a slack-based list scheduling approach
to perform static resource allocation, assignment and
scheduling of the periodic task graphs. The emphasis of
this work is to meet all hard real-time constraints, minimize

the response time of all soft aperiodic tasks and also to
engage in dynamic voltage scaling and power management
to reduce energy consumption. It is assumed in [16] that
tasks always run to their worst-case execution times.

An initial study of tasks with precedence constraints has
been made in [27]. In this paper, a static evaluation is car-
ried out that defines the order in which the tasks are to be
executed. This order is kept unchanged, even if the task exe-
cution times are much less than the worst-case. When tasks
are completed ahead of their worst-case time, the slack that
is thus released can be used by running the processor(s) at a
lower voltage than would otherwise be required.

By contrast, in this paper, we recognize that consider-
ing precedence relationships among the tasks and the entire
shape of the task graph might help us in deriving an algo-
rithm that would achieve significant energy savings. We
also believe that an effective technique should comprise
both online and offline components and hence we design
our offline heuristics with the online component in mind.
We focus entirely on the computation aspect of this prob-
lem in a multiprocessor system and try to come up with a
comprehensive solution using static scheduling and runtime
strategies to achieve energy efficient scheduling of hard
real-time task graphs.

3. The Algorithm

The given task graph, henceforth referred to as the task
precedence graph (TPG), is assumed to have a hard dead-
line associated with it. Therefore, our algorithm tries to re-
duce energy expenditure by voltage scheduling in such a
way that the deadline is always met.

In CMOS devices, the power consumption is propor-
tional to the square of the voltage [7, 14]:

Pcmos = CLNswvhpf 1)

where Cp is the circuit output load capacitance, Nsy, is
the number of switches per clock cycle, f is the clock fre-
quency and vpp is the supply voltage. However, reduction
of power supply voltage causes increase of the circuit delay
denoted by & [7, 14]:

VDD — VT)
where K is a constant depending on the process and gate
size, vt is the threshold voltage, and « varies between 1
and 2; o« = 2 for long channel devices which have no ve-
locity saturation. In this paper, we assume « = 2 for all our
numerical experiments.

5 —

3.1 System Model

Our model consists of a multi-processor system where
each of the processors is independent and is connected by



a low cost fast interconnection network. The processors
can operate in three voltage levels: vy, vio, and vipLg
(vir > vio > vipLe)- vur and vy o are voltages at which
the processors can do useful computation whereas vip g is
the voltage necessary to sustain the system in idle state.

The factor by which the processor is slower at voltage v
relative to when at the highest voltage vy is

®3)

2
slow(v) — M)

VHI V—vT
where vt is the threshold v&tage.

We define one unit of execution as the computation per-
formed by the processor at vyy1 in unit time. Thus, one unit
of execution will take slow(v) units of time at voltage v.
The ratio of energy consumed per cycle by a processor at
voltage v relative to that at voltage vy is

2
energy — ratio_per_cycle(v) = (\%) 4

For the task-sets we study, inter-task communication
only happens after each task has finished its computation.
Such communication consists of transfer of small amounts
of data; the communication cost can be safely ignored as in-
significant in the types of application under consideration.
Since idle(sleep) power consumption is considerably lower
than operational power [1], the energy cost when the proces-
sors are idle is also ignored. We should also note that our
algorithm actually decreases the idle time in the processors
compared with the single voltage algorithm. Hence this is
a conservative assumption since the relative gain using our
algorithm would be even higher if we had considered the
energy cost associated with the idle processors.

We have also considered the voltage switching cost as
negligible both with respect to the time needed and the en-
ergy expended. This is justified by the fact that our algo-
rithm has at most one voltage switch within the runtime of
the task and at most one switch at the time of context switch-
ing of the tasks. We have accounted for this cost by merging
this effect into the worst case profile information.

3.2. The Details of the Algorithm

Given the tasks we can apply any static task assignment
and ordering heuristic. Any generic multiprocessor static
task assignment algorithm can be followed. The task graph
under this assignment should be able to meet the deadline
if running to their worst case under the highest available
voltage. Any assignment that satisfies the above criterion
can act as a valid input to our algorithm. Once we are
given the assignment and task schedule order in the multi-
processor environment, we can apply our voltage schedul-
ing heuristic to minimize the energy expenditure. We follow

a two-pronged approach to achieve our objective. The ap-
proach includes an offline component - the voltage schedul-
ing of the TPG based on the static worst-case execution
profile. We use the pessimistic worst case execution pro-
file approach because the system has hard real-time require-
ments and a deadline miss under any circumstances would
be catastrophic. We follow with an online, the dynamic
slack reclamation, phase.

We will use the following terms for describing our algo-
rithm. The critical path is a set of tasks from a source to
a sink of the TPG that misses the deadline under the cur-
rent voltage configuration. The reverse slack or rdlack of a
critical path is the difference between the deadline and the
worst case execution time of that path with the current volt-
age configuration. We define the amount of computation
done in vy in unit time as one execution unit. The start-
time of a task is the latest time, relative to the beginning of
the execution of the task graph, at which the particular task
must be invoked, and commit-time is the time by which the
task must complete its execution.

3.2.1. Static Voltage Scheduling

We apply any static assignment heuristic, such as the
one described in Section 3.2.3, to the TPG. In the cases
where there are not enough processors available to exploit
the parallelism inherent in the TPG, this assignment and
task ordering may lead to new dependency relationships.
We would, therefore, need to modify the original TPG by
adding new edges to accommodate these dependencies. Af-
ter the assignments and modifications are done, we apply
our static voltage scheduling heuristics to the TPG. In order
to better understand this scheduling heuristic let us rephrase
the issue as the following optimization problem. Let S;
denote the speedup in time associated with each task 1.
Speedup can be explained as the difference in execution
time of a task when running under our voltage schedule and
running it entirely in vio. For each path Py, we have to
satisfy the constraint

> S5 >t —Dx
JEPK

where task j belongs to path Py, ty is the worst case exe-
cution time of the path Py without any speedups and Dy is
the deadline associated with the path P. Our objective is to
minimize ;" ; S; where n is the total number of tasks in
the task set. This objective function implies that we are try-
ing to minimize the amount of time needed for the tasks to
run in vy which in turn means minimizing overall energy
expenditure.

There is a trivial solution for this problem if the dead-
line is met when all the tasks are run at v o. However, the
problem becomes more interesting when some of the paths



become critical paths and a decision has to be made about
which task to speed up. Analyzing the expressions above,

Algorithm 1 Static Voltage Scheduling
while list of critical paths not empty do
Assign weights to the tasks
taskld = choose task with maximum weight and if
more than one task has the same maximum weight
choose the one with minimum bottom_level value.
pathld = choose the path with minimum rslack among
all the critical paths having taskld as a member task.
Speed up taskld using the following scheme:
if rdack can be covered by changing units from v o
tovyr then
Change the appropriate units of taskld to run them
at vy instead of vi o
else
Run the entire taskld at vy ; and mark the task so that
its weight is never considered during subsequent it-
erations.
end if
Update the path execution times and remove any path
which now meets the deadline from the list of critical
paths.
end while

it appears that if we speed up a task that is part of a large
number of critical paths, we affect many paths while pay-
ing the energy price only once. Based on this intuition we
formulated the following iterative algorithm to determine
which task needs to run at vy and for how many execution
units. We start the procedure by assigning all the tasks to
run at vi o and then speed them up iteratively until there
are no more critical paths left. The weight associated with
each task is dependent on the membership of the task in the
set of critical paths, every time we encounter a task in the
critical path we increment its weight by 1. When we have
to break a tie between tasks of equal weight we choose the
task nearest to the leaf of the TPG. The rationale behind this
is that we would like to schedule a task to run at v as late
as we can because during dynamic resource reclamation,
we could potentially re-acquire enough slack to avoid hav-
ing to run it entirely at vy;1. Note that we could formulate
our problem as a linear programming optimization. This,
however, would yield an optimal static scheduling which
would not attempt to increase the opportunity for dynamic
adjustments. We still have experimented with linear pro-
gramming techniques and the overall results tend to match
closely those of our static heuristic. Our static heuristic ap-
pears to give us near-optimal performance in most cases as
well as facilitating the dynamic resource reclamation in the
subsequent step.

3.2.2. Dynamic Resour ce Reclamation

Once we have completed the static scheduling of the
paths, we can assign start time and commit time to the in-
dividual tasks. Since the static analysis was based on the
worst case execution profile, each task will finish before or
at its commit time during actual runtime. Thus, its successor
can begin execution earlier if it has no other pending depen-
dencies and we can use this extra slack between start time
and the current time to slow down the processor further un-
der the constraint that this task still finishes at its commit
time even if it runs to its worst-case execution profile. The
following equation calculates the amount of units of execu-
tion to be transferred from running at vt to running at vy o
(given that it takes unit time to execute one unit in vy1):

. start_time — current_time
units_to_Lo = (5)
slow(v) — 1

where units_to_Lo is the additional number of units of the
task that should be transferred to the portion executed in
vLo, current_time is the current time and start_time is
the start time predicted during the static voltage schedul-
ing based on the worst case execution profile of the tasks.
This transfer of certain units of execution from v to vy o
results in further energy savings.

The next subsection first explains the algorithm, and then
illustrates it through an example TPG on which the whole
procedure is performed. For this example, we used a list
scheduling heuristic as our static assignment algorithm.

3.2.3. An Example Static Assignment Scheme

The assignment problem of a task graph to a finite num-
ber of processors is, in general, an NP-complete problem
[13] and many heuristics have been proposed to address it.
Any of these assignments can be used in conjunction with
our algorithm as long as the assignment makes the real time
task graph feasible under the worst case profile. However,
the task assignment heuristic that is followed would have
an impact on the effectiveness of our voltage scheduling
heuristic. The faster the entire task graph can be completed,
the higher will be the effectiveness of our algorithm. We
employ a list scheduling heuristic adapted from [25] as an
example of how task assignment can be done. We should
emphasize here that other assignment heuristics would also
work with our algorithm. For example, assignments using
genetic algorithms , such as [9], or assignment using sim-
ulated annealing, such as [24], can be combined with our
algorithm.

The list scheduling heuristic we consider gives the high-
est priority to the tasks in the longest paths during the task
assignment [25]. For a particular fixed voltage, this heuris-
tic allows us to finish the execution of the entire task set in



the least amount of time for most cases. Hence, the scope
for exploiting the slack is likely to be high if we use this
assignment. If this algorithm does not meet the deadline
criteria of the task graph under worst case, we have to use
another task assignment heuristic.

The assignment heuristic is based on the concept of
assigning priorities to tasks by using the concept of the
top_level and bottom_evel for the tasks. We define top Jevel
as the maximum of the sum of the worst case execution
units from any connected source of the TPG to the given
task (excluding the execution units of the given task) and
bottom_level as the maximum of the sum of the worst case
execution units from the given task (including the execu-
tion units of the given task) to any connected leaf of the
TPG. The priority of the task is the sum of bottom.level
and top_level. Once we assign the priority we do an offline
analysis using a greedy list-scheduling algorithm to assign
tasks to each of the processors and to determine the order
of their execution. The heuristic we follow is that when-
ever we find a free slot in a processor and tasks are ready
to run, we assign the ready task with the highest priority to
that processor.

3.2.4. An Example Taskgraph

We now provide an example to illustrate our algorithm.
The example graph is shown in Figure 1. The number inside
the circle represents the task number while the two numbers
on the side are the worst case execution units (in bold) and
the actual execution units at runtime for some execution in-
stance, respectively. For this example vy is chosen at 3.3V
and vio at 2V. The deadline of the execution of the task
graph is chosen as 99.

28
22.88

28
26.1

Figure 1. An example task graph with execution times in
terms of vy 1.

We execute this task graph in a system with three pro-
cessors. The processor assignment following our heuristic
keeps the graph unchanged in this case. The priority calcu-
lation is demonstrated in Table 1 which shows the calculated
values of the top_Level and bottom_Level of each task. The
priority is determined as the sum of these two parameters.
The task assignment and ordering are shown in Figure 2.

PROCESSOR 3 ‘ TASK 3 ‘ WAIT FOR3 & 4 TASK 7
PROCESSOR 2 ‘ TASK 2 ‘ TASK 4 ‘ TASK 6
PROCESSOR 1 TASK 1 ‘ WAIT FOR 1& 4 TASK 5

Figure 2. Static Task Assignment and Ordering.

Deadline
Processor 3| 3 \ 7 |7
Processor 2| 2 | 4 | 4] 6
P 1 1 ’?
rocessor 1] 5 \ TIME
0 20 40 60 80 100

Figure 3. The Gantt chart showing static scheduling.

Deadline
Processor 3| 3 i 7]
Processor 2| 2] 4 | 4 6 |
Processor 1| 1 | 5 |
TIME
0 20 40 60 80 100

Figure 4. The Gantt chart showing actual behavior of
tasks at run time.

We then apply the static voltage heuristic to the graph.
During the first iteration, both tasks 2 and 4 have the max-
imum weight of 3. We choose task 4 since it is nearer to
the leaf of the TPG and speed it up appropriately to make
the path (with minimum rslack) consisting of tasks 2, 4 and
6 meet its deadline. We remove this path from the list of



task ID | top_Level | bottom_Level || task ID | top_Level | bottom Level
1 0 48 2 0 54
3 0 46 4 4 50
5 34 20 6 34 16
7 34 18
Table 1. The priority parameters for the example TPG.
Step Path cho- || weight | weight | weight | weight | weight | weight | weight || task
No. sen of of of of of of of chosen
taskl task?2 task3 task4 task5 task6 task?
1 2-4-6 1 3 1 3 2 1 2 4
2 3-7 1 2 1 2 2 0 2 7
3 1-5 1 2 0 2 2 0 1 5
4 2-4-7 0 2 0 2 1 0 1 4
5 2-4-5 0 1 0 1 1 0 0 5
0 0 0 0 0 0 0

Table 2. The iterative steps of algorithm for the example TPG

critical paths and proceed with our algorithm. In the next
iteration, the weights of tasks 2,4,5 and 7 are all 2. We then
choose task 7 and speed it up such that the path consisting
of tasks 3 and 7 meets its deadline. Table 2 describes the
individual iterations in detail. The second column depicts
the path chosen for speeding up, the middle columns show
the weights of the individual tasks in this step of the algo-
rithm, and the last column shows the task that was selected
for speeding up. We continue this iterative procedure until
finally we obtain the static schedule shown in Figure 3. vt
is represented by a greater height in this Gantt chart.

We then do dynamic resource reclamation to reclaim any
slack that occurs in runtime. Let us now look at task 4 and
see how runtime variations affect the scheduling. After the
static scheduling, the start time of task 4 is 9 and the com-
mit time is 63 and it has been scheduled to execute 19.2
units in v o and 10.8 units in vy;. However, its preced-
ing task, task 2, did not take its worst case time to execute
and finished instead at time 5.625. So now task 4 could be
started at 5.625 instead of at 9 and we can use this extra
time to slow it down further such that its worst-case commit
time still remains at 63. Thus, at the time of invocation it
is scheduled to execute 21.9 units in v o and 8.1 units in
vi1. Figure 4 shows the effect of dynamic resource recla-
mation on our static algorithm. In addition, we have used
the simplex method to solve the corresponding linear pro-
gramming optimization problem and found the speedups re-
quired by different tasks under their worst case profile. The
simplex method yielded the same sum of speedups as our
algorithm. However, the distribution of the speedups was
quite different. For example, if we did static scheduling fol-
lowing the simplex method’s solution we would schedule
the entire task 2 at the highest voltage, vy;. This would

have led to inefficient use of the slack resulting from actual
execution time being less than the worst case.

Even though we have shown an example with a single
task graph, the algorithm can be used for multiple task
graphs as long as they have the same period. After their
assignment, the multiple task graphs can be cast as a single
task graph and the same algorithm can be applied to achieve
our objective.

3.3. Extension to a Multi-Voltage System

The algorithm described above has been created keep-
ing in mind processors supporting just 2 voltage algorithms.
This can be easily extended to processors running under
multiple voltage levels. The extension can be described as
follows: We can use the same scheduling algorithm and
assign start time and commit time to the individual tasks.
Once we fix the interval, we can find an unique voltage level
which can finish the task in that interval without any volt-
age switching. Once the voltage level is calculated, we can
choose the two voltage levels that the processor supports be-
tween which the calculated voltage level lies. We then run
the task in the two chosen voltage levels such that the task
finishes exactly at commit time when running under worst
case.

4. Numerical Results

We have performed extensive simulation experiments of
the algorithm described in the previous section. We present
results from one real-life application and from some random
task graphs. The application is a task graph for a random



\oltage (V)

Frequency (MHz)

1.75

1000

1.40

800

1.20

600

BlWIN| -

1.00

466

Table 3. The Voltages and corresponding Frequencies Intel xScale supports.

sparse matrix solver of electronic circuit simulation using
the symbolic generation technique, henceforth referred to
as sparse matrix. The sparse matrix has 96 tasks. These
task graphs have been published by the Kasahara Lab [3],
and the timings are based on actual profiling done on the
OSCAR multiprocessor system. The processors have been
modeled based on technology used for Intel xScale proces-
sors [2].

The parameters used in the simulationsare vy = 1.75V,
vio = 1.0V, and v = 0.2V unless specified otherwise.
Using these values in (3) and (4), the maximum energy sav-
ings possible is about 67.34% if everything can be run at
vio. The execution units of the individual tasks are uni-
formly distributed in the range [A, 100]% of their worst case
profile. We have varied A in the simulations and the re-
sults are presented below. We first compare the energy sav-
ings that we get when our scheduling method is followed,
with a system where there is no voltage scheduling: that is,
all tasks have to run in a predefined viy;. The results are
shown in Figure 5: our algorithm yields considerable en-
ergy savings. As the variance of the tasks’ execution times
increases, we see that we can get increasing savings from
the algorithm due to the increasing slack that we can ex-
ploit at runtime. Yet, even in the case of worst-case exe-
cution (A=100), the plots demonstrate that significant en-
ergy savings can be achieved because of our static algo-
rithm. Similarly, when we vary the number of processors,
we can exploit the parallelism more and hence have better
performance with an increasing number of processors (see
Figure 6).

The plots in Figure 7 show the savings achieved by dy-
namic resource reclamation over the static scheduling. As
predicted, we can see that the greater the variance in execu-
tion time, the better the performance. Since our adjustment
is fast and happens only during context switch, we achieve
substantial savings with relatively little overhead.

We now present results for random graphs to show the ef-
fectiveness of our algorithms. We chose 60 randomly gen-
erated graphs, each consisting of 50 tasks. For each task
graph we calculated the deadline necessary to schedule the
task graph under vii1 and Dain and to schedule it under
vio and Dmax. We varied the deadlines D from 0 to 10
suchthat D = 2means D = D pqpn+2x 2Max-Duix For
each deadline D we calculated the average relative gain and
presented the results in Figure 8. The graph shows that the

70
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0
100 150 200 250 300 350 400 450 500 550
Deadline

Figure 5. Energy savings after runtime adjustments for
the sparse matrix with differing variance in execution time
(for 12 processor system).

algorithm performs well for a large variety of task graphs.

Next we compared our algorithm with a dynamic volt-
age adjustment algorithm, referred to as LSSR-N [27], that
chooses from an infinite number of voltage levels (see Fig-
ure 9). For this infinite level algorithm, voltage adjustments
have been considered only at the time of context switches.
Here we relaxed the constraint that the v has to be fixed at
a particular value and instead allowed it to have any value in
the voltage range specified. v for the subsequent experi-
ments was chosen as the minimum uniform voltage at which
the tasks can execute so that the longest path meets the
deadline under the worst case scenario. Our two-voltage-
level algorithm actually outperformed this infinite-voltage
algorithm in most cases. This shows that considering the
overall structure of the task graph at the time of voltage
scheduling does provide substantial benefits over dynamic
slack sharing heuristics.

Finally, we measured the energy savings if we had used
multiple voltage levels for our algorithm instead of two volt-
age levels (see Figure 10). The system supporting mul-
tiple voltage levels, as expected, exhibited higher energy
savings than the two-voltage level system. The processors
were modeled after Intel xScale technology. The multiple
voltage algorithm chose voltage from any voltage level sup-
ported, see Table 3, while the dual-voltage scheme used

6(



70
65 - :
60 |20 procéssorg B
55 - :
g 50 = _
=
& 45 |
3 a0 8 processors |
(<5}
o 351 g
X 30F _
25 :
20 - 12 processors 7
15 | | | | | | | | |
100 150 200 250 300 350 400 450 500 550 6(
Deadline
Figure 6. Energy savings after runtime adjustments for
the sparse matrix with varying number of processors.
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Figure 7. Energy savings due to dynamic resource recla-
mation for sparse matrix (12 processor system).

vur = 1.75V and vio = 1.0V. The results demonstrate
that our algorithm can be easily incorporated to satisfy more
complicated system configurations to achieve superior per-
formance. They also show that when deadlines are more
relaxed, the effect of the multiple voltage levels diminishes
significantly.

5. Discussion

In this paper we have considered the problem of an en-
ergy efficient voltage scheduling heuristic for task graphs
with precedence constraints. We have described a two-
pronged approach to solve this problem and have demon-
strated that substantial energy savings can be achieved by
considering the relationships among the tasks in the graph.
The focus of this paper has been on exploiting the structure
of task graphs for energy minimization purposes. The volt-

% Energy Saving

% Energy Saving
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45 -
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0 2 4 6 8 10 1

D+1

Figure 8. Average Energy savings after runtime adjust-
ments for the random graphs with differing variance in ex-
ecution time (for 12 processor system).

20
18 -

200 250 300

Deadline

350 400 4t

Figure 9. Comparison with Infinite Voltage Algorithm
[27] for sparse matrix (12 processor system).

age scheduling proposed needs at most one voltage switch-
ing, and is therefore a relatively low overhead algorithm.
We have presented a simple, low overhead voltage schedul-
ing heuristic for executing task graphs in an energy efficient
way.
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