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Abstract. In this paper, we present a power-aware scheduling scheme for hard 
real-time embedded systems design. Our new approach can enhance the effi-
ciency of both dynamic voltage scaling (DVS) and dynamic Vth scaling 
(DVTS). While optimizing the schedule in the time domain, the priorities of the 
tasks are modified dynamically based on their contribution to the overall 
power/energy reduction. The scheduling scheme leads to better �distribution� 
and �utilization� of slack intervals in the system which in return improves the 
efficiency of voltage scaling techniques. The voltage schedule is generated 
based on a global view of the components� energy profile when executing dif-
ferent tasks. The experimental results prove the applicability of our approach. 

1   Introduction 

Reducing power/energy consumption is a major design interest for mobile as well as 
for stationary digital systems. The constraint on the consumed power/energy override 
now other design constraints such as performance, especially in mobile environments. 
Hard real-time systems in mobile communication as well as in other application areas 
bring this topic to a real challenge: Delay constraints must be satisfied to guarantee 
correct operation while the consumed power/energy must be kept below a certain 
level for safety and reliability reasons.  

To address this challenge, the design is optimized at different abstraction levels. 
Low-level approaches and tools can not deal with future chip complexity. Based on 
the fact that at high abstraction levels design tradeoffs are better understood, design 
decisions made at these levels cause drastic reduction in the consumed power and can 
also shorten the design cycle. Algorithm optimization, components� selection as well 
as application partitioning are critical issues in low power/energy design.  

A widely used technique which can reduce the consumed power/energy is dynamic 
voltage scaling (DVS). It trades performance for power during system operation 
when peak performance is not essentially required [1], [2]: The supply voltage and 
the operational frequency are adapted under the control of the operating system based 
on the required performance. For applications with a pre-defined performance limits, 
we suggest to plan the required voltage levels to execute different tasks during system 
synthesis. As a result, the overhead of calculating or predicting the required voltage 
level(s) at run-time is reduced to a minimum.  

Basically, more energy reduction can be achieved when longer slack intervals are 
utilized by DVS. Additionally, the way in which the available slack intervals are 
exploited directly influences the efficiency of DVS. The higher the energy profile the 
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more energy reduction a task can achieve when applying DVS. Therefore, adapting 
the time schedule of the tasks such that tasks which are major energy consumers are 
enabled to utilize longer slack intervals can remarkably maximizes the saved energy 
when applying DVS.  

In future technologies (70 nm and less), the leakage power becomes more domi-
nant and will account for about 50% of the total consumed power or even more. Dy-
namic Vth scaling (DVTH) is suggested to reduce the leakage power by adaptively 
changing the body bias voltage [3]. The availability and the distribution of slack in-
tervals are key issue also for this technique. Additionally, the amount of saved leak-
age power depends on the time duration the system spends in each operation mode 
(active, inactive). Modifying the time schedule of the tasks to take these issues into 
consideration can be a source of extra power reduction.  

This paper is organized as follows: The next section presents a summary of se-
lected related work. Section 3 overviews our low power/energy system-level co-
synthesis approach. In section 4, the power-aware scheduling scheme is explained. 
Experimental results are presented and analyzed in section 5. Section 6 concludes this 
paper. 

2   Related Work 

Dynamic voltage scaling is used to trade performance for power without impacting 
the peak performance of the system. In [4], algorithms were presented to determine 
the needed operating speed of a processor at run-time under software control. The 
operating voltage was adjusted based on the expected needed performance.  

A task scheduling heuristic based on list-scheduling was introduced in [5]. The ob-
jective was reducing the consumed energy in systems by applying DVS. The scheme 
dynamically calculated the tasks� priorities and chose the supply voltage levels that 
could minimize the consumed energy. The presented priority function was aware of 
energy but might fail under tight deadline. A priority function tuning mechanism was 
used to compensate for this drawback  

A hybrid global/local search optimization approach in a multi-processor system for 
dynamic voltage scaling was presented in [6]. Although this approach could yield the 
voltage levels that could minimize energy, the optimization itself was time consum-
ing. Also, the authors assumed that the schedule was computed and the order of tasks� 
execution was known in advance. Hence, the influence of scheduling on power re-
duction was not tackled.  

A static voltage scheduling problem was proposed and formulated as an integer 
linear programming (ILP) problem in [7]. It was assumed that the tasks have different 
average switching capacitance per cycle to consider energy profiles of processing 
elements. The study showed that considering energy profiles when scaling the voltage 
is a source of extra power reductions. Other studies also reached a similar conclusion 
[8]. However, these studies were done for single processor systems.  

Grajcar suggested a genetic list scheduling algorithm without tackling the power 
problem [9]. Schmitz et al. used this scheduling approach to achieve energy�efficient 
scheduling when using DVS-enabled architectures [10]. The authors suggested the 
genetic list-based scheduling algorithm inside a mapping optimization loop. The latter 
optimization loop was based on genetic algorithms.  
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A low power co-synthesis tool (LOPOCOS) was presented in [11]. The objective 
was to help the designer in identifying energy-efficient application partitioning for 
distributed embedded systems. This approach assumed heterogeneous and DVS-
enabled architectures. Although it performs better than previously suggested ap-
proaches, for applications with stringent delay constraints, the amount of saved 
power/energy could be moderate. 

Our approach for low power/energy co-design is comprehensive and targets real-
time systems. Starting at the FDT level (formal description techniques), the design 
space is explored to find low power/energy implementation alternatives that satisfy 
the constraints. The core issue which is handled in this paper is the scheduling prob-
lem. When applying voltage scaling mechanisms, the scheduling problem becomes 
even more involved, because the voltage scaling mechanism performs well only if the 
time schedule is optimized for this purpose. 

Due to this correlation, the time schedule is iteratively adapted in order to enhance 
the efficiency of voltage scaling mechanisms: Tasks� priorities are calculated dy-
namically based on their contribution to power/energy reduction. Tasks that cause 
higher power/energy reductions are given higher priority to execute in an attempt to 
increase the available slack intervals for these tasks. DVS and DVTS can benefit 
from this approach. Available slack intervals are efficiently exploited by optimizing 
the voltage schedule based on a global view of energy profiles of all tasks and their 
mappings.  

3   System Co-synthesis and Voltage Scaling Aspects 
System-level synthesis can be seen as mapping a behavioural description onto a struc-
tural specification. Functional objects have the granularity of algorithms, tasks, pro-
cedures, etc, while structural objects are processors, ASICs, buses, etc. This section 
briefly presents our system-level low power/energy co-synthesis approach. Then, 
some basic issues in voltage scaling are introduced. 

3.1   System Co-synthesis 

In our approach, system-level synthesis is considered as a multiobjective optimization 
problem: Performance, power, and cost are considered while optimizing allocation, 
binding, and scheduling. Further refinement steps are proposed in our approach to 
optimize the design under stringent performance constraints. The optimization proc-
ess searches the design space to find implementations that satisfy the design con-
straints and performs a rating on them with respect to the optimization goal(s). Evolu-
tionary-based design space exploration is adopted in our approach. For this purpose, 
we have integrated to our automated co-synthesis tool the well-known evolutionary 
multi-objective optimizer SPEA2 [12]. SPEA2 is responsible for assigning fitness 
values to individuals. Each individual encodes a possible implementation alternative. 
Fittest individuals are selected to the mating process.  

System synthesis is performed automatically using an internal system model which 
consists of two graphs: A task graph (TG), and an architecture graph (AG). Both are 
automatically generated from the specification. The TG is a directed acyclic graph 
Fp(Ψ,Ω), where Ψ represents the set of vertices in the graph (ψi∈Ψ) and Ω is the set 
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of directed edges representing the precedence constraints and data dependencies 
(ωi∈Ω). The AG is FA(Θ,ℜ), where Θ  represents the available architectures (θi∈Θ) 
and (ρi∈ℜ) represents the available connections between the hardware components. 
For each hardware component (θi∈Θ), a finite set of resource types (S) is defined. For 
each resource type (si∈ S) there is a set of associated ratios (Rs) that specify the scal-
ing of power, delay, and cost when using this type for the selected component. Hard 
real-time constraint(s) Ti are forced on a node or on a set of nodes as well as an abso-
lute time constraint TT.  

3.2   Applying Voltage Scaling 

DVS and DVTS are efficient techniques which can reduce the overall consumed 
power/energy. But some factors such as the availability of enough slack intervals, 
their distribution among tasks, and the way in which these intervals are exploited 
have crucial influence on the efficiency of these techniques.  

In systems which employ DVS technology, the supply voltage and the operational 
frequency can be adapted based on the required performance when executing a task. 
Reducing the supply voltage by a factor of two reduces the consumed energy by a 
factor of four. The dynamic energy ( )( iE ψ′ ) consumed by task ψi when executed at 
the reduced voltage level Vlevel 

1 can be related to its nominal energy consumption, 
E(ψi), as given below:  
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In this equation, it is seen that the larger the consumed energy by a task the larger the 
achieved energy reduction when scaling the supply voltage. So, the time schedule has 
to be modified to increase the available slack for tasks that have major influence on 
power/energy.  

Reducing the body bias voltage yields an exponential leakage current/power reduc-
tion. This can be inferred from the leakage power equation given below:  

jbs
VKVK

ddstatic IVeeKVP bsdd += 54
3  (2) 

where Vdd is the supply voltage, Vbs is the body bias voltage, K3, K4, K5, K6, are con-
stant fitting parameters which are technology dependent, and Ij is the current due to 
junction leakage [3]. 

As demonstrated above, voltage scaling causes significant power reduction, but 
scaling the voltage increases the circuit delay. The relation between path delay and 
voltage can be modeled similar to the alpha-model of an inverter as [3]: 
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In the above equation, α is a measure of the velocity saturation with typical value 
between 1 and 2. Ld is the logic depth of the path. Reducing the supply voltage Vdd or 
                                                           
1  Vlevel is less than (or equal to) the maximum voltage level Vsupply 
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increasing the threshold voltage Vth increases the circuit delay. Therefore, available 
slack intervals directly influence the level to which the voltage can be reduced. With-
out any loss of generality, only DVS is applied here. Applying DVTS requires slight 
modifications, but the proposed algorithms are valid for both schemes.  

4   Solving the Scheduling Problem 

Scheduling in our case can be defined as optimizing the start time and the required 
voltage level(s) needed to execute each task. Therefore, the problem can be seen as a 
two dimensional (2-D) optimization problem: The start time τi(t) of each task ψi, and 
the voltage level(s) V(τi) = {v1, v2, �, vn} should be optimized to achieve maximum 
power/energy reduction. The time schedule is optimized in our approach with an eye 
on energy. Based on the time schedule the voltage schedule is optimized. 

4.1   Time Scheduling 

The time schedule in our approach has not only to guarantee time feasibility, but also 
to improve the availability and the distribution of the slack. A list based scheduler 
determines the start time of each task such that the time constraints are fulfilled and 
maximum possible energy reduction is achieved when applying voltage scaling. The 
fitness of each individual is evaluated after the 2-D scheduling process. The general 
time scheduling algorithm is depicted in Fig. (1).  

 

Fig. 1. Time scheduling algorithm 
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The time scheduling algorithm computes the time priority for ready tasks, set KC, 
by calling the function Get_PT(). The priority is determined initially based on ALAP 
and ASAP. The function Get_PP() ranks ready tasks according to their potential in-
fluence on energy reduction when applying voltage scaling. Step is the used time step 
as shown in Fig. 2. N is the number of allocated hardware components. Get(STC,i) 
determines the set of ready tasks, STC,i ⊆ KC,i, which has the maximum priority. 
Get(SPC,i) determines the set of ready tasks, SPC,i ⊆ KC,i, which has the highest power 
reduction effects when scheduled earlier in time. If the set STC,i is different from the 
set SPC,i, the priority of tasks with higher power rank is changed to be scheduled 
earlier if higher priority tasks can be delayed. The chosen tasks are scheduled at the 
given scheduling step using the function Schedule_task(). Subsequently, the set of 
ready tasks is updated for each hardware component by Update(KC,i).  

The power rank (priority) is assigned to a tasks based on its potential influence on 
energy reduction. A task is scheduled in the scheduling step that leads to higher en-
ergy reduction according to equation 4. This in return increases the opportunity of 
tasks with high power ranks to utilize longer slack(s). Since scheduling tasks based 
on information related to the �critical path� only may cause other tasks to be sched-
uled near their deadlines. This may prevent additional energy saving when scaling the 
voltage. For instance, consider the case when tasks on the non-critical path have 
higher energy reduction effects. Delaying the execution of these tasks may lead to 
small or even no slack intervals available for these tasks.  

We have experimentally observed that permitting ready tasks born at the kth sched-
uling step to compete with tasks delayed from previous scheduling steps when rank-
ing the tasks according to their energy reduction abilities causes inefficiency prob-
lems in some of the studied cases. To handle this deficiency, tasks can be delayed 
only n scheduling steps based on their power rank. This means that tasks with low 
power rank are scheduled after n scheduling steps depending on their time priority 
even if they can be delayed and their power rank is low. This is relatively significant 
to compensate for the lack of a lock-ahead mechanism in our fast heuristic in an at-
tempt to avoid time-consuming methodologies. Due to this fast heuristics which 
avoids time-consuming look-ahead schemes, the resulting algorithm may not be op-
timal. But these cases where it may fail to yield remarkable improvements compared 
to general list scheduling are automatically eliminated by the general genetic optimi-
zation loop. 

We further improved the efficiency of the proposed scheduling algorithm by exe-
cuting it iteratively and one task is rescheduled at a time. The approach is based on 
the paradigm originally presented by Kernighan and Lin for graph partitioning [14]. 
According to ASAP and ALAP, a task is scheduled earlier or later as long as no data 
dependency or design constraint is violated. Each move leads to a new schedule. A 
task that is moved is then locked and is not allowed to move later unless all tasks are 
locked. The new (temporal) schedule is evaluated after scaling the voltage. After a set 
of m such moves, a subsequence of q ≤ m that maximizes the total power reduction 
can be reached. The schedule is then changed to include these q moves. The process 
is repeated until no further improvement is achieved. 

A basic advantage in our algorithm is that it does not fail when the performance 
constraints are tight such as the one in [5]. The reason is that power and time aspects 
are considered at the same time in our scheduling approach.  
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4.2   Voltage Scheduling 

The time schedule is adapted to increase the efficiency of voltage scaling techniques. 
The voltage levels required to execute the tasks should then be planned carefully in 
order to exploit the available slack intervals efficiently. This can achieve additional 
energy reduction when applying voltage scaling. Therefore, planning the voltage 
levels in our approach is based on a global view of all tasks and their energy profiles. 
The voltage scheduling algorithm is depicted in Fig. 2.  

In this algorithm, y refers to the number of tasks. ∆ENi refers to the energy saving 
for task (ψi) when extending its execution time (by one time step (Step, n=1)) by 
scaling its operating voltage: 

1)()( =′−=∆ niEiEiEN ψψ  (4) 

The achieved energy reduction is related to ∆ENi, according to equation (1). So, 
tasks with larger energy profiles are given more preference for extending their execu-
tion and reducing their energy. The power priority (Ppriority) for task ψi is proportional 
to the calculated ∆ENi multiplied by sli which is defined as: 
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The voltage scheduling algorithm terminates when one of two conditions is satis-
fied: 1) when the list LS is empty. This occurs if the voltage level is reduced to a 
value around 2Vth for all tasks. Actually, this voltage limit is chosen to avoid drastic 
increase in delay when voltage is reduced below this limit. 2) when Ppriority = 0 for all 
tasks which means that there is no available slack to be exploited by any of the tasks. 

 

Fig. 2. Planning the voltage levels planning 
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5   Experimental Results 

A set of publicly available benchmarks was used to justify the applicability of our 
approach. The benchmarks include a set of 15 hypothetical examples generated origi-
nally by using the �Task Graphs For Free� TGFF [13]. Our 2-D scheduling method-
ology has been integrated to our automated co-synthesis tool. As a preliminary step, 
the general mapping and optimization approach presented in [11] have been imple-
mented. In this preliminary step, we concentrated on optimizing the time schedule to 
satisfy performance constraints without tackling issues related to power. We call this 
step the 1-D scheduling.  

The obtained energy reductions in percentage are presented in columns 2 and 3 of 
Table (1) for the 1- and 2-D scheduling, respectively. The last column presents the 
additional energy reductions achieved by the suggested 2-D scheduling algorithm 
over 1-D scheduling. The presented results show that all benchmarks made benefit of 
our 2-D scheduling algorithm, but in varying amounts. 

The results can be categorized into two groups: The first group includes these 
benchmarks which made high benefit from the 2-D scheduling algorithm. This group 
of benchmarks indicates that for some applications the 1-D schedule might prevent 
the voltage scaling from achieving effective energy reductions. This reduces the effi-
ciency of voltage scaling algorithms. The second group appears to make less benefit 
from our approach. This might partially be related to the performance constraints as 
well as to the mapping itself. At the same time, the lack of optimality in the algorithm 
might have an additional influence. But, in both cases, the 2-D scheduling algorithm 
is able to achieve additional energy reductions. Up to about 18% additional energy 
reduction was achieved by the 2-D scheduling algorithm over the 1-D. Additionally, 
the voltage planning algorithm which optimizes the voltage schedule partially hides 
the influence of time scheduling. Since the voltage scaling algorithm operates based 
on a global view of all tasks and their mappings. 

Table 1. Achieved energy reductions by 1-D and 2-D scheduling 

Benchmark 1-D Scheduling 2-D Scheduling Extra Improvement 
tgff1 68.1 83.5 15.4 
tgff2 36.4 49.1 12.7 
tgff3 64.6 75.9 11.3 
tgff4 82.6 90.9 8.3 
tgff5 60.1 61.1 1.0 
tgff6 83.5 90.1 6.6 
tgff7 30.2 45.0 14.8 
tgff8 76.6 77.0 0.4 
tgff9 37.3 44.9 7.6 

tgff10 19.6 33.7 14.1 
tgff11 24.3 33.6 9.3 
tgff12 62.6 76.0 13.4 
tgff13 60.9 73.2 12.3 
tgff14 10.0 27.6 17.6 
tgff15 14.1 27.9 13.8 
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6   Conclusions 
An integrated methodology for low power/energy co-synthesis of real-time embedded 
systems is presented. The emphasis is on tasks� scheduling in time domain and 
scheduling the voltage level(s) required to execute each task. In this 2-D scheduling 
approach, the time schedule is prepared to increase the efficiency of voltage scaling 
algorithms while satisfying all performance constraints.  

The presented results are encouraging and demonstrate that optimizing the time 
schedule increases the efficiency of voltage scaling algorithms. Additional energy 
reduction factor of up to about 18% is achieved when applying our 2-D scheduling 
methodology. The work also indicates the need to consider both power/energy con-
sumption and performance constraints at the same time. This avoids time schedules 
which perform well in the time domain but causes low power/energy reductions when 
applying voltage scaling. It also avoids schedules that have high power/energy reduc-
tion effects but fail to satisfy performance constraints.  
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