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ABSTRACT

Battery lifetime is a critical parameter in the operation of
mobile computing devices. The lifetime of such devices
is directly dependent on the battery discharge profile. In
this paper we address the problem of task scheduling in sin-
gle processor and multiprocessor systems such that the bat-
tery lifetime is maximized. We propose a procedure that
achieves this by shaping the current load profile. The shap-
ing algorithm makes extensive use of voltage/clock scaling
and is guided by heuristics that are derived from the prop-
erties of the battery model. Simulations show that the pro-
posed algorithm improves the battery lifetime significantly.

1. INTRODUCTION

Battery operated portable devices are widely used in many
mobile computing and wireless communication applications.
Battery lifetime maximization is the most important design
metric for such systems. Battery behavior is non-linear:
the amount of energy delivered by a battery depends on the
discharge current profile. Thus battery lifetime can be ex-
tended by controlling the discharge current level and shape.
In this paper, we address the problem of task scheduling on
battery operated single processor and multiprocessor sys-
tems. Our procedure is based on shaping the current profile
so that the battery lifetime is maximized.

The areas of research most closely related to this paper
are non-ideal battery behavior [1, 2, 3, 4, 5] and dynamic
voltage scheduling for low power [6, 7, 8, 9]. In dynamic
voltage task scheduling, the operating voltage of the proces-
sor is dynamically lowered whenever a slack is identified.
The objective is to minimize the energy consumption of the
processor core and the capacity of the power source is not
taken into account. However since battery capacity is finite
and is a function of both the load and the discharge time,
the existing dynamic voltage task scheduling approaches are
not applicable for a battery powered device.

The non-linearity of the battery behavior and its effect

on the CPU speed setting were first demonstrated by Mar-
tin and Sewiorek [2]. The non-linearity of the battery has
been utilized for modulation scaling in designing energy
aware communication systems in [4] and for traffic shaping
in [5]. Benini et.al [10, 11]studied battery-aware time out
and threshold based dynamic power management policies.
Luo and Jha [12] considered static scheduling of tasks in a
battery operated multiprocessor environment. The proposed
method was evaluated based on the battery model combin-
ing Peukert’s law and the ideas of Pedram and Wu [3]. The
battery-optimized schedule was achieved by reducing the
variance and the peak power of a generated discharge cur-
rent profile. Our work is closest to the [12]; however we
use Li-Ion based battery model of [13] to guide the schedul-
ing process. While the model in [12] is purely empirical,
the model from [13] is based on simplified physical analy-
sis of the battery behavior and accurately accounts for many
non-linear effects such as charge recovery.

In this paper we treat the problem of task scheduling of
battery operated devices as that of shaping the current load
profile so that the residual charge after the successful com-
pletion of a task set is as large as possible. The scheduling
algorithm is guided by heuristics that are derived from the
properties of the battery model. The algorithm operates in
two phases: In the first phase, a feasible schedule (without
battery failure) is generated. In the second phase, voltage
scaling is used to utilize the available slack. Since voltage
scaling by a factor of � translates to battery current scaling
by a factor of ��� , this procedure helps in improving the bat-
tery lifetime significantly.

The rest of the paper is organized as follows. Section
2 is a brief discussion of the battery model, cost function
and other preliminaries for a better understanding of the
scheduling technique. The proposed task scheduling tech-
nique for a single processor and multi-processor systems are
described in Section 3 and 4 respectively. Section 5 con-
cludes the paper.



2. BACKGROUND

2.1. Battery Model

The battery model used in this paper has been described in
detail in [13]. In this section we briefly outline the key as-
sumptions, derivations and results. There are two battery
specific parameters: � and

�
. These parameters are esti-

mated statistically from the battery profiling data. The bat-
tery model can be described as:��� ����	��
������������������� � �! � �#"%$'&)(!*'+�,.-�+ (1)

where (!*'/0, is the discharge current and 1 is the battery time
to failure or lifetime. Thus the parameter � can be loosely
termed as the battery charge capacity before the battery started
to discharge and

�
is the measure of the battery non-linearity.

In this paper we have used the Li-Ion battery in the Compaq
Itsy Pocket Computer whose � and

�
values are 35220 and

0.637 respectively [14]. For a given load profile of duration
T, let 2 � ��3� � 
��� ���4�5� ������� � �6 3 �#"%$ & (!*'+�,0-7+ (2)

If the discharge current (!*8/0, is expressed by a set of step
functions, then

2
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(3)
The battery model has been experimentally validated against
realistic data, details of which can be found in [15, 16]. It
was tested using constant, interrupted, periodic and non-
periodic discharge profiles derived from standard applica-
tions run on a pocket computer. The quality of the model
was evaluated with respect to the results produced from the
low-level simulator DUALFOIL [17, 18]. For the constant
loads, the predictions were within 10%, and for the variable
loads, the maximum error was less than 5%.The Peukert’s
model though pretty accurate for a constant load, had an er-
ror margin of more than 100% for variable load cases [16].

2.2. Cost Function

Our objective is to maximize the charge slack ( � -

2
) referred

to as a profile quality metric J . Intuitively, J is the instan-
taneous charge slack (the amount of charge less than the
capacity � ). Battery failure can be estimated from the sign
of J ; J negative implies that the battery has failed while
executing some load and a J positive means a successful
completion of a task set.

2.3. Voltage Scaling

The system configuration for a battery-operated device in a
single processor system is described in figure 1. The battery
voltage and current are denoted by KMLON @P@ and < LON @P@ while the
operating voltage of the processor and the current drawn
by the processor are denoted by KRQES�TVU and < QESWTWU respec-
tively. The conversion efficiency of the DC-DC converter
is XY�[Z]\V^`_baVc!\W^O_OaZ`d'e.fgf.chd8e.fgf . For a ikjmlkn gate with threshold volt-
age K @ , supply voltage KMo!o and velocity saturation index p ,
the delay is proportional to KMo!o%qRr K#o!o D K @Osut . In our calcu-
lations, we assume p to be 2. Assuming that the efficiencyX is considered to be a constant in the region of operation,
since < QES�TVU is proportional to * KvQES�TVU , F , < QES�TVU scales by � F as
a result of voltage/clock scaling. Further since KwLbN @P@ is con-
sidered constant , the battery current < LON @P@ scales by � � . Thus
voltage scaling by a factor of � at the processor level leads to
battery current scaling by a factor of ��� . Thus slack utiliza-
tion by voltage scaling leads to significant battery lifetime
improvement.

Vbatt

battI procI

VprocBattery DC−DC Converter Processor

Fig. 1. System Level Configuration for a Single Processor Sys-
tem.

3. SCHEDULING ON A SINGLE PROCESSOR
SYSTEM

3.1. Scheduling Algorithm

A given task is associated with three parameters: the aver-
age current < ; , the average duration x ; and the start time/ ; . Task scheduling with voltage scaling affects not only / ;but also < ; and x ; . Given the battery parameters � and

�
,

the task profile and the set of discrete voltages that the pro-
cessor can operate on, the scheduling algorithm provides a
feasible schedule that maximizes the quality metric J . The
constraints are as follows: (1) The task deadlines are not
violated, and (2) at any time the battery is alive. The as-
sumption here is that the system can operate at any of the
discrete voltages K?y from the set n c �{z|K ��} K � }h~�~g~g} K � � �%�as supported by the DC-DC converter.

The heuristic scheduling algorithms are based on the
following three theorems derived from the properties of the
battery model. The proofs of the theorems have been omit-
ted due to lack of space.

Theorem 1: For a fixed voltage assignment (only task
start times can be changed), sequencing tasks in the non-



increasing order of their currents is optimal.[15]
Theorem 2: If a battery fails during some task � , it is

always cheaper to repair it by down-scaling its voltage than
by inserting an off-line period before � .

Theorem 3: Given a pair of two identical tasks in the
profile and a delay slack to be utilized by voltage down-
scaling, it is always better to use the slack on the later task
than on earlier task.

The proposed scheduling algorithm operates in two phases.
In the first phase, a feasible schedule is obtained by (i) us-
ing the earliest deadline first EDF algorithm, (ii) trying to
generate a non-increasing order of loads, and (iii) ensuring
that there is no failure during the battery discharge. In the
second phase, the algorithm continues voltage down-scaling
in order to fully utilize the available delay slack. Figure 2
describes the proposed algorithm .

Start
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Failing YesNo
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and scale it as low as 

possible

Identify failing load and 
scale it just enough  
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Slack Left? Yes Yes

No
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Any other 

survives the profile
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Fig. 2. Top level view of the algorithm for single processor sys-
tem.

Phase One: Generating a Feasible Schedule
At the start of this phase, all the tasks are assigned to the
highest voltage. First the tasks are arranged according to the
EDF policy and then a greedy approach is used to resched-
ule them so that a non-increasing order of task currents is
obtained if possible. This step is justified by Theorem 1.
The algorithm then checks the J value of the new schedule.
If J���� the failure recovery procedure is called to repair
the battery failure. Once the J value is positive, the slack
utilization procedure is called.
Failure Recovery: This procedure reshapes the profile so
that the battery survives the task set. In each call, the pro-

cedure repairs the earliest failing load as follows. It down-
scales the task voltage by the minimum amount such that the
following conditions are met: (1) the task no longer fails,
and (2) the deadlines are met (voltage task scaling increases
the task delay). If condition (2) is violated the program con-
trol shifts to the previous task in the sequence and the same
procedure is repeated. Minimum scaling is justified by The-
orem 3 as it leads to delay slack being maximal for the later
tasks. The above-mentioned process is repeated until all
the failing loads are identified and the final J at the end of
the whole profile is positive. At this stage, the battery has
survived the profile and now the slack utilization algorithm
can be used to further increase the charge slack J . Note
that recovery insertion is not considered as an alternative to
voltage scaling in keeping with Theorem 2.
Phase Two:Slack Utilization
This procedure is based on Theorem 3 which states that the
greatest improvement in battery lifetime is obtained if the
slack can be used as much as possible by the later tasks.
The tasks are considered one by one, starting from the last
tasks in the sequence. The last task is scaled to the lowest
possible voltage in the set n�� subject to deadline constraints.
The process is repeated until there is no slack available or
none of the tasks can be assigned to a lower voltage.

3.2. Examples

Example 1: To illustrate the execution of the algorithm in
its entirety, we use the example shown in Figure 3. We as-
sume that the operating voltages are selected from the setn c � z�� ~ � } � ~ � } � ~
	�} � ~��v} � ~ � � and the threshold voltage is
assumed to be 0.4V. The battery parameters are � �� � ��� �
and

� ��� ~ � � 	 (the parameters for a battery used in the
Compaq Itsy Pocket Computer[12]). The initial task spec-
ification is described in Figure 3(a). Figure 3(b) displays
the load profile after initial sequencing. The task loads are
chosen (unusually) high to demonstrate the failure recovery
mechanism. The battery fails during task III, and the qual-
ity factor J is negative. Figure 3(c) displays the load profile
after repairing task III. Note that its voltage has been down
scaled from 3.3V to 3.0V. The length of the profile now is
38.3 minutes. Since the last task is not due until / ��� � min-
utes, the available slack can be utilized. The profile length
increases to 44.92 minutes and the profile quality metric J
increases from 336mA-min to 4392mA-min(i.e more than
10X improvement) as shown in figure 3(d).
Example 2: Figure 4 describes an example illustrating the
advantage of our approach. Figure 4(a) describes the initial
task specification. Assuming a uniprocessor system, our al-
gorithm generates the profile as given in figure 4(d). For
comparison purposes, we also present two alternative pro-
files. The first alternative, shown in figure 4(b) levels out
the voltages, a strategy used for minimizing energy con-
sumption in ideal power sources [9]. The second alternative,
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   (b) Load Profile after greedy sequencing (c) Load profile after failure recovery

         

Fig. 3. Example of task scheduling for single processor sys-
tem.

shown in figure 4(c) is generated with the goal of flattening
out the discharge current profile(minimizing the peak cur-
rent) [12]. It can be observed that our algorithm gives a
higher value of the residual charge J .

4. SCHEDULING ON A MULTIPROCESSOR
SYSTEM

The system configuration for the SoC under consideration
is described in figure 5. A single battery drives multiple
processors and each processor has a dedicated DC-DC con-
verter.

The charge that the battery has to deliver is proportional
to the sum of the current loads of the processors. The cost
function properties (Theorems 1,2,3) for single processor
systems are applicable to the multi-processor configuration
too. In addition, the following property also holds for a
multi-processor set up:
The assignment of loads among the processors should be
such that the resulting load profile is the steepest.
This is because the steepest load profile leads to the highest
value of the quality factor J .We illustrate this with the help
of the following example.
Example: Consider a two processor system that has to ex-
ecute 6 tasks with current values 100mA, 90mA, 80mA,
70mA, 60mA and 50mA. The possible assignments are:

t
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   (b) Load profile after leveling out voltages (c) Load profile after flatenning current load

       

Fig. 4. Different approaches to slack utilization.
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Fig. 5. System level configuration for a multiprocessor system.

Assignment 1: 100+90,80+70,60+50

Assignment 2: 100+80,90+70,60+50

Assignment 3: 100+70,90+80,60+50

Assignment 4: 100+60,80+70,90+50

Assignment 5: 100+50,90+60,80+70

This is illustrated in figure 6.

Distributing the load such that PE1 (processor1) is as-
signed tasks with loads 90, 70, 50 (mA) and PE2 (proces-
sor2) is assigned with loads 100, 80, 60 (mA), result in the
largest residual battery charge J . Such an assignment re-
sults in the current drawn from the battery being 190, 150
and 110 mA.
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4.1. Scheduling Algorithm

Problem Definition: Given the battery parameters � and
�

,
the task graph describing the task profile and the available
processing elements (PEs), allocate the tasks among the
PEs such that all the deadline and precedence constraints
are met and the residual charge slack J at the end of the
successful completion of a task set is maximized.

Each task is specified by the same parameters as in the
uniprocessor system. The output is the set n @ of the start
time of each task after the scheduling has taken place, the
new current values (if the voltage is scaled for that task), the
assignment of the tasks to the different PEs and the profile
quality metric J = � -

2 ~
Top Level View: The scheduling algorithm for the multi
processor system is an extension of the algorithm for the
single processor system. A list based scheduling technique
with a battery-aware priority function is used to assign the
tasks among the processing elements. The priority function
ensures that the load profile has the steepest slope and that
the deadline and precedence constraints are not violated.
Initially all the tasks are assigned to the highest voltage level
of the PE. Successful completion of all the tasks without use
of voltage scaling marks the end of the first phase of the al-
gorithm. In the second phase the algorithm applies voltage
downscaling to completely utilize the available slack.
Algorithm Description
Phase one: Permissible schedule assuming no battery
failure
At the start of this phase the task voltages are assigned to
the highest voltage value. The proposed scheduling tech-
nique is list based, where the ready nodes are assigned to
the processing elements according to a battery-aware prior-
ity function. The tasks are arranged in the ready set accord-

ing to the deadline(first priority) and non-increasing order of
currents(second priority). The list-based scheduler assigns
the nodes from the ready set. The assignment is such that in
each processor the tasks are arranged in a non-increasing or-
der of load currents. Since the current load that the battery
sees is the summation of the loads assigned to each pro-
cessor and since each processor also has the current loads
arranged in non-increasing order, this assignment results in
the slope of the battery load current being the sharpest, thus
conforming to the steepest slope heuristic. After all the
tasks have been assigned, if there is slack available in the
task set, the slack utilization procedure is called to enhance
the J value. It must be noted that in the processor assign-
ment, inter processor communication is avoided as far as
possible. This might lead to some processors being active
most of the time and some others being relatively idle.
Phase two:Slack Utilization
This phase is based on Theorem 3 which suggests that the
greatest improvement in the profile cost is obtained when
the slack is used as much as possible by the later tasks. The
tasks are considered one by one starting with the tasks with
the latest finish time and scaled to the lowest possible volt-
age in the set n�� subject to deadline constraints. The pro-
cess is repeated until there is no slack available or none of
the tasks can be assigned to a lower voltage. This is essen-
tially the same technique that is used for slack utilization in
a single processor system and described in section 3.

4.2. Example

Figure 7 illustrates the algorithm in its entirety. Figure 7(a)
describes the initial task specification. The task graph in fig-
ure 7(b) defines the precedence relation amongst the tasks.
Figure 7(c) is the feasible schedule generated after phase
one of the algorithm. Since the last task completes at / �� 	v~ � 
 and its deadline is / � � � the slack utilization algo-
rithm can be applied. Figure 7(d) shows the new schedule
after slack utilization. E1 and E2 in 7(c) and (d) refer to
the inter-processor communication delay and cost which are
assumed to be 0.01 minutes and 1mA respectively. The J
value for figure 7(c) is 26508 and is 28439 for figure 7(d) af-
ter slack adjustment. The final battery load profile is shown
in 7(e).

5. CONCLUSION

In this paper we addressed the problem of aperiodic task
scheduling for battery-operated single processor and multi-
processor systems. The objective throughout the paper has
been to maximize the charge slack at the end of the task
sequence by controlling the discharge current profile. The
proposed heuristic based scheduling algorithm utilizes the
battery properties to guide scheduling and task assignment.
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Fig. 7. Example of task scheduling in a multiprocessor sys-
tem.

The next step is to implement these algorithms on a Strong
Arm platform.
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