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Abstract—The key issue of renewable generations such as solar
and wind in energy harvesting system is the uncertainty of energy
availability. The characteristic of imprecise computation that
accepts an approximate result when energy is limited and exe-
cutes more computations yielding better results if more energy is
available, can be exploited to intelligently handle the uncertainty.
In this paper, we first propose a task allocation scheme that
adaptively assigns real-time imprecise computation tasks to indi-
vidual processors considering uncertainties in renewable energy
sources. The proposed task allocation scheme enhances energy
efficiency by minimizing system energy consumption followed
by adapting the execution of imprecise computation tasks to the
energy availability. We then present a QoS-aware task scheduling
scheme that determines the optional execution cycles of tasks
allocated to processors. The proposed task scheduling scheme
maximizes system QoS under the energy budget constraint.

I. INTRODUCTION

With the proliferation of cyber physical applications in harsh
environments where access is rather limited, it is desirable for
a real-time embedded system deployed in such an environ-
ment to scavenge energy from renewable sources to sustain
its perpetual operation. The key issue of renewable energy
sources is the uncertainty of output. A system with intermittent
renewable energy may fail to complete a task by its deadline
due to lack of energy, resulting in a timing fault. Since a timely
approximate result is preferable to a precise result delayed
[1], imprecise computation can be used to avoid timing faults
due to power fluctuation in energy harvesting systems. This
is achieved by producing an approximate result of acceptable
quality by the deadline when the system cannot produce an
exact result in time due to lack of energy.

Extensive investigations have been made into the design
of energy harvesting real-time systems. They mainly focus
on improving the efficiency of exploiting renewable energy,
reducing the capacity of energy storage, and minimizing the
deadline miss rate of real-time tasks. For example, Severini
et al. [2] presented an improved lazy scheduling algorithm.
Abdeddaim et al. [3] designed an optimal fixed-priority so-
lution to the problem of real-time scheduling that handles
energy and timing constraints. An efficient global control
algorithm was presented in [4] for real-time energy harvesting
systems. However, task execution precision is not considered.
Stavrinides et al. [5] combined imprecise computation and bin
packing to evaluate the impact of input error on the perfor-
mance of a heterogeneous distributed real-time system. Task
graphs with end-to-end deadlines are dynamically scheduled,
however, the energy design constraint is not taken into account.
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Fig. 1: The diagram of the system architecture.

Few works have investigated the energy management for
imprecise computation-based real-time systems. Cortes et al.
[6] proposed a two-phase approach to maximize rewards for
real-time imprecise computation systems, and Yu et al. [7]
presented a runtime scheduling algorithm to maximize system
QoS under energy constraints. These two approaches, however,
are not well suited for energy harvesting systems since the
energy constraint for reward optimization is fixed. Considering
the uncertainty of energy availability in harvesting systems,
Kooti et al. [8] designed a two-step energy management
scheme to maximize QoS. However, the presented scheme
specifically targets applications in which dropouts of some
of real-time tasks are allowed, thus doesnot comply with the
stringent timing requirements of general real-time systems. In
addition, all the above works only consider single-processor
platforms, thus are not applicable to multiprocessor platforms.

In this paper, we propose an imprecise computation based
task allocation and scheduling scheme for multiprocessor real-
time systems that harvest energy from environments. The
characteristic of imprecise computation can be exploited to
intelligently handle the uncertainty of energy availability by
trading off task execution precision for timeliness. Specifically,
we introduce an energy-adaptive task allocation scheme which
not only minimizes system energy consumption but also adapts
to the execution of imprecise computation tasks to energy
availability. We further propose a novel scheduling scheme
to determine the number of optional cycles that each task
can execute such that system QoS is maximized under the
harvested energy constraint. We have conducted extensive
simulations to verify the effectiveness of our schemes in
reducing energy consumption and improving QoS. Results
demonstrate that our schemes reduce energy consumption
by up to 47.5% and improve system QoS by up to 147.8%

compared to existing schemes.

II. SYSTEM ARCHITECTURE & MODELS

The system mainly consists of three modules: energy source,
storage, and dissipation module. As shown in Fig. 1, the energy
source module automatically scavenges renewable energy at
the rate of Pharv(t), and converts the scavenged energy into
electrical energy. The energy storage module, typically in the
form of a battery or supercapacitor, serves as a buffer against
the uncertainty in harvested energy. A multiprocessor system-
on-chip (MPSoC) is considered as the energy dissipation
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module, which drains energy from either the energy source
or storage module at the rate of Pcons(t). The MPSoC system
Θ consists of M processors θ1, θ2, · · · , θM , where processor
θr (1 ≤ r ≤ M) is characterized by a given supply volt-
age/frequency pair (vr, fr) [9], [10].

A. Task Model
Consider a frame-based task set Γ consisting of N in-

dependent real-time tasks τ1, τ2, · · · , τN , in which all tasks
share a common deadline D that is also the frame size [11].
The whole frame is repeated until all task executions are
finished. Tasks are assumed to be heterogeneous in the sense
that different tasks exhibit different power consumptions on
the same processor, even when executing at the same speed
and temperature. This is due to that power consumptions of
tasks strongly rely on circuit activities and usage patterns of
different functional units [12]. Thus, the activity factor of
a task, denoted by μ ∈ (0, 1], is introduced to capture how
intensively functional units are being utilized by the task [13].

Every imprecise computation task τi (1 ≤ i ≤ N) is logically
decomposed into a mandatory part with execution cycles Mi

and an optional part with execution cycles Oi. The mandatory
part must execute to completion before the deadline and
generate an acceptable result, while the optional part refines
and improves the result produced by the mandatory part. The
characteristic of an imprecise computation task τi is described
by a quadruple τi : {μi, D,Mi, Oi}, where μi is the task activity
factor and D is the common deadline. Mi is mandatory cycles
of τi that must be completed before the deadline while Oi

is the maximum optional cycles of τi. Since optional cycles
are partially executed, we introduce a variable to represent the
executed optional cycles of task τi, which is denoted as oi and
holds for 0 ≤ oi ≤ Oi. Then, the actual length of τi, measured
by the total execution cycles, is expressed as

li = Mi + oi. (1)

B. Energy Model
The energy of the concerned system is modeled from the

perspective of both supply and demand. We first describe the
model for energy supply. Let Pharv(t) be the harvesting power
and Eharv(t1, t2) be the energy scavenged from environments
during time interval [t1, t2], then Eharv(t1, t2) is calculated as

Eharv(t1, t2) =

∫ t2

t1

Pharv(t)dt. (2)

As illustrated in Fig. 1, a part of the harvested energy is
consumed by the MPSoC system and the residuals are stored
in the energy storage module. Both of the energy source
and storage module can provide the energy to the energy
dissipation module. Let Esup(t1, t2) be the supply energy
available with the system during time interval [t1, t2], and E(t1)

be the energy stored in the battery at t1, then we have

Esup(t1, t2) = Eharv(t1, t2) + E(t1). (3)

We then describe the model for energy demand. The power
consumption of a CMOS device can be modeled as the sum
of static power Psta and dynamic power Pdyn, that is,

Pcons = Psta + Pdyn. (4)

Psta is independent of switching activity and maintains the
system basic state. It can only be eliminated by turning off the
system. Pdyn is related to processor switching activity and can
be formulated as a function of supply voltage v and operating
frequency f , i.e., Pdyn ∝ v2f . Therefore, based on the system-
level power model in [14], the overall power consumption of
processor θr when executing task τi at (vr, fr) is

Pcons(τi, θr) = Psta,r + Ceff
r μiv

2
rfr, (5)

where Psta,r is the static power of θr, Ceff
r is the effective

switching capacitance of θr, and μi is the activity factor of τi.

The static power is always consumed to maintain basic
circuits, and the dynamic power is only consumed when
executing tasks. Thus, based on (5), the total energy consumed
(or demanded) by the system during the scheduling horizon
(i.e., the frame size D), denoted by Edem, is calculated as

Edem =
∑M

r=1
(Psta,rD +

∑
τi∈Γr

Ceff
r μiv

2
rfr · li

fr
), (6)

where Γr is the subset of tasks allocated to processor θr, and
li
fr

is the execution time of task τi at frequency fr.

III. OVERALL FRAMEWORK

Due to the intermittent nature of renewable energy sources,
the energy available to support system operation varies in
a predefined time domain. To analyze the system at a fine
granularity, the system operation with respect to energy is
divided into three states: low, medium, and high energy state.
The system is deemed to be in low energy state when the
energy available during the scheduling horizon is insufficient
to finish the execution of all the mandatory parts of tasks.
The system is considered in high energy state if the energy
available during the scheduling horizon is sufficient for all
tasks to finish their mandatory and optional parts. The system
is in medium energy state if it is neither in low nor high energy
state. In medium energy state, the mandatory parts of all tasks
are ensured to finish in time while not all the optional parts
of tasks have enough energy to complete their executions.

We concentrate on systems in medium energy state, and
design a task allocation and scheduling scheme to maximize
the QoS. It has been shown in [1] and [6] that the QoS of a
task in the imprecise computation system highly depends on
task optional part and can be represented as a linear or concave
function of task optional cycles. In addition, the more optional
cycles the task executes, the higher QoS the task generates.
Thus, similar to [6], we quantitatively define a simple yet
effective QoS function for a system, which is the sum of the
executed CPU cycles of optional parts of all the real-time tasks
in the system. It is denoted by Q and is expressed as

Q =
∑N

i=1
oi, (7)

where oi is the executed optional cycles of task τi.

Problem Definition: Given a set Γ of N imprecise computa-
tion real-time tasks and a set Θ of M processors, design an
energy-efficient task assignment that adapts to the uncertainty
of system available energy, and a QoS-aware task schedul-
ing scheme that determines the cycles of assigned tasks on
individual processors to maximize system QoS. The system
energy consumption cannot exceed the energy supply, and
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the mandatory parts of all tasks must be finished before the
deadline. In other words, the problem is formulated as

Maximize: Q =
∑N

i=1
oi

Subject to: 0 ≤ oi ≤ Oi

Edem ≤ Esup∑
τi∈Γr

Mi

f(τi)
≤ D,

where f(τi) is the operating frequency of task τi.

IV. ENERGY-ADAPTIVE TASK ALLOCATION

Our scheme first assumes deterministic energy sources and
minimizes the energy consumption by intelligently assigning
tasks to individual processors, then iteratively adapts the task
allocation to the uncertainty in energy availability.

A. Deterministic Task Allocation (DTA)
We designed a task allocation heuristics for deterministic

energy powered systems in [10] to minimize the energy
consumption by utilizing heterogeneities of both processors
and tasks, as briefly summarized in the following. The system
energy consumption given in (6) can be written as

Edem =
∑M

r=1
Psta,rD +

∑M

r=1
Ceff

r v2r
∑

τi∈Γr

μili, (8)

where the first item is the static energy consumption and the
second item is the dynamic energy consumption. The static
energy consumption is independent of task allocation. As a
result, the system energy consumption Edem is minimal if
the dynamic energy consumption given by the second item
of (8) is optimized via task allocation. Let Edyn represent the
dynamic energy consumption, which can be formulated into
the product of two vectors, that is,

Edyn(A,B) = A× B = A1b1 + · · ·+Arbr + · · ·+AMbM , (9)

where A = [A1,A2, · · · ,AM ] captures hardware dependent
parameters and is constant for a given MPSoC system. Ar =

Ceff
r v2r ∈ A is referred to as the power dissipation factor of

processor θr. B = [b1, b2, · · · , bM ]T captures task related pa-
rameters, where br =

∑
τi∈Γr

κi =
∑

τi∈Γr
μili ∈ B is referred

to as the power dissipation factor of subset Γr and κi = μili is
referred to as the power dissipation factor of task τi. It is clear
that B is not constant since it depends on the task assignment
strategy. For a given set Γ of real-time tasks, the sum of power
dissipation factors of all tasks in the set is a constant and can
be calculated as

∑N
i=1 κi =

∑M
r=1

∑
τi∈Γr

μili =
∑M

r=1 br = Y.
According to the above formulation, the power dissipa-

tion of processor set Θ can be characterized by A =

[A1,A2, · · · ,AM ]. For the sake of easy presentation, it is
assumed that A1 ≤ A2 ≤ · · · ≤ AM holds. Similarly, the
optimum power dissipation of subsets assigned to processors
can be characterized by B = [B1,B2, · · · ,BM ]T , indicating the
optimum task allocation solution can minimize the dynamic
energy consumption by correlating the task assignment with
processor power dissipation factors. Given these, we presented
and proved the theorem below [10], which shows that the
dynamic energy consumption is minimized when the processor
with smaller power dissipation factor ends up with the subset
of its allocated tasks having a larger power dissipation factor.

Theorem 1: If A1 ≤ A2 ≤ · · · ≤ AM holds for A =

[A1,A2, · · · ,AM ], and B1 + B2 + · · · + BM is fixed for B =

[B1,B2, · · · ,BM ]T , then dynamic energy consumption Edyn(A,B)
is minimized if B1 ≥ B2 ≥ · · · ≥ BM holds.

The DTA [10] is developed based on the above theorem. It
first sorts the processors in ascending order of processor power
dissipation factors and sorts the tasks in descending order
of task power dissipation factors. It then iteratively assigns
tasks with larger power dissipation factors to processors with
smaller power dissipation factors under the processor capacity
limitation and timing constraint, and constructs task subsets
assigned to individual processors in a first-fit manner.

B. Adaptive Task Allocation (ATA)

The DTA is designing for the systems of deterministic
power supply. However, for the systems of intermittent power
supply, it is imperative to tackle the uncertainty in energy
sources. In this work, based on the aforementioned DTA, we
handle the uncertainty by adapting the execution of imprecise
computation tasks to the energy availability. Specifically, we
introduce a variable α to denote the ratio of the number of
executed optional cycles to the maximum optional cycles of
a task, which is named as task optional execution factor and
falls within the range of [0, 1]. Using the α, the total execution
cycles li of task τi given in (1) can also be written as

li = Mi + α ·Oi. (10)

The key issue in dealing with the energy uncertainty is
to derive the relationship between task optional execution
factors and energy demand of the system. In other words,
the optional execution factor of a task is expected to serve
as a coarse adjustment knob to control the degree of match
between system energy demand and supply. To this end, we
first show that the energy demand of a system increases
when the optional execution factor of a task in the given set
increases, as described in Theorem 2. The proof of the theorem
by construction is omitted due to page limit.

Theorem 2: Given a task τi ∈ Γ, its two different optional
execution factors α and α′, and the task allocation scheme in DTA,
Edem > E′

dem holds if α > α′, where Edem and E′
dem are the

energy demand of the generated task schedule corresponding to α

and α′ of task τi, respectively.
Since the optional execution factor of a task is positively

related to system energy demand, we can decide the task
optional execution factor for given energy demand using a
simple yet effective binary search-based approach. We assume
the optional execution factor of every task is the same such
that the adaptive task allocation is conducted at a coarse
granularity. We then decide the own optional execution cycles
of every task in the task scheduling at a fine granularity. To
handle the uncertainty in energy availability, we adapt system
energy demand to renewable energy supply using the task
optional execution factor as a coarse-grain control knob to
adjust the system energy consumption. The energy-adaptive
task allocation algorithm is described in Alg. 1. It takes as
input task set Γ, processor set Θ, a sufficiently small positive
number ε, and outputs M subsets. It first forecasts the energy
Esup available to support system operation, then compares
Esup with Elow and Ehigh to demarcate system energy state.
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Elow represents energy consumption of the schedule that is
generated by DTA only for mandatory parts of all tasks in set
Γ, while Ehigh denotes energy consumption of the schedule
that is generated by DTA for both mandatory and complete
optional parts of all tasks in Γ. The system is deemed in
low energy state if Esup ≤ Elow, and in high energy state
if Esup ≥ Ehigh holds. The task optional execution factors are
reset to 0 for low energy state and set to 1 for high energy state.

The system is deemed to be in medium energy state when
it is neither in high energy state nor in low energy state. A
binary search-based approach is used to derive a common
task optional execution factor α for all tasks. Based on α,
Alg. 1 calculates task execution cycles using (10), calls DTA
to allocate tasks, and computes energy demand Edem using
(6). Once energy demand Edem of the task allocation is
derived, Alg. 1 iteratively adapts the energy demand to the
fluctuating supply of renewable energy Esup according to
|Esup−Edem| > ε. The binary search-based method is also used
in each iteration. The algorithm stops when energy demand of
the generated schedule closely matches to the energy supply.

V. QOS-DRIVEN TASK SCHEDULING

We focus on a system the available energy of which varies
in the range from Elow to Ehigh. In such a system, the energy
available is enough to finish all mandatory parts but not
sufficient to finish both mandatory and optional parts of all
tasks. Thus, after tasks are assigned to processors, the goal
becomes to maximize system QoS under the energy constraint
by selecting tasks whose optional parts should be executed.

A. Task Selection (TS) for QoS Optimization

As given in (7), the QoS of a system is defined as the sum of
executed CPU cycles of optional parts of all tasks in the given
set. To maximize the system QoS under the energy constraint,
we propose to develop a task selection scheme that chooses
certain tasks and executes the optional parts of these tasks. Let
Er denote the energy consumed by tasks in subset Γr allocated
to processor θr, then Er is given by

Er =
∑

τi∈Γr

[Pcons(τi, θr) · oi +Mi

fr
] (11)

where Pcons(τi, θr) is the power consumption of task τi on
processor θr. The energy demand or consumption of the
system can be expressed as the sum of energy consumed by
individual processors. It approximates closely to the system
energy supply by a parameter ε > 0 since tasks are assigned
to individual processors using Alg. 1. Thus, we have

Esup ≈ Edem =
∑M

r=1
Er =

∑M

r=1

∑
τi∈Γr

[
Pcons(τi, θr)

fr
· oi]

+
∑M

r=1

∑
τi∈Γr

[
Pcons(τi, θr)

fr
·Mi], (12)

where the first item denoted by Eoptl, is the energy con-
sumption of optional parts while the second item denoted by
Emand, is the energy consumption of mandatory parts. When
a scheduling decision is made at the start of the scheduling
horizon, the estimated energy supply Esup is a fixed value.
In addition, the second item Emand shows that the energy
consumed by all allocated mandatory parts during the horizon

Algorithm 1: Energy-Adaptive Task Allocation

Input: Task set Γ, processor set Θ, sufficiently small positive number ε
Output: Task-to-processor assignment Γ1,Γ2, · · · ,ΓM

1 estimate the energy Esup available during the scheduling horizon
[t, t+D] by (3);

2 if Esup ≤ Elow then
3 α = 0, call DTA to allocate tasks; // In low energy state
4 end
5 else if Esup ≥ Ehigh then
6 α = 1, call DTA to allocate tasks; // In high energy state
7 end
8 else // In medium energy state
9 min = 0,max = 1, α = (min+max)/2;

10 compute execution cycles for all tasks by (10) based on α, call
DTA to allocate tasks, and compute energy demand Edem by (6);

11 while |Esup − Edem| > ε do
12 if Edem > Esup then
13 max = α, α = (min+max)/2;
14 end
15 else
16 min = α, α = (min+max)/2;
17 end
18 update li using (10) based on α, allocate tasks using DTA

based on li, and update Edem of the task schedule using (6);
19 end
20 end

is invariable. As a result, the total energy consumption of
optional parts given by the first item Eoptl is fixed.

The task selection problem for QoS optimization is hence
refined into finding the optimal optional cycles for all allocated
tasks under the constraint of a fixed energy budget Eoptl. Let

ECr,i =
Pcons(τi, θr)

fr
(13)

be an energy metric that gives the energy consumption of task
τi on processor θr per execution cycle. Since every task is only
allowed to bind with one processor, ECi can be used to instead
of ECr,i after task assignment is determined. In addition, we
sort all tasks allocated to processors in the ascending order
of ECi for the sake of easy presentation. Thus, the energy
consumed by optional parts of all tasks can be written as

Eoptl = EC1 · o1 + EC2 · o2 + · · ·+ ECN · oN , (14)

where EC1 < EC2 < · · · < ECN holds. In (14), the metric ECi

and task executed optional cycles oi = α ·Oi are determined
once tasks are bound to individual processors. However, the
α is derived in the task allocation for maximizing energy
efficiency. Now we aim to maximize system QoS in the
task scheduling under the energy budget by re-determining
the executed optional cycles oi of tasks using an individual
optional execution factor αi.

As mentioned above, ECi is determined once tasks are
bound to individual processors. Moreover, the LHS of (14) is
determined after task allocation. Thus, our goal of optimizing
system QoS, which is given in (7) as the sum of executed
optional cycles of all tasks, becomes maximizing the sum of
oi for 1 ≤ i ≤ N under the constraint of (14). This can be
achieved by developing a task selection scheme that wisely
chooses certain tasks and executes their optional cycles. Given
these, we present and prove a theorem below, which shows that
system QoS is maximized if the tasks having smaller energy
metric are selected to execute optional parts. The theorem can
be proved by construction. We omit the proof due to page limit.

Theorem 3: Given the energy budget Eoptl of optional parts of
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Algorithm 2: Determine Task Optional Execution Cycles

Input: Subsets Γ1,Γ2, · · · ,ΓM produced by Alg. 1
Output: Tasks with updated optional execution cycles

1 for r = 1 to M do
2 for i = 1 to size(Γr) do
3 calculate the energy metric ECr,i;
4 end
5 sort the tasks allocated to θr in ascending order of ECr,i;
6 end
7 Eoptl = Esup − Emand;
8 for r = 1 to M do
9 for i = 1 to size(Γr) do

10 if Eoptl > 0 then
11 if ECr,i × Oi ≤ Eoptl then
12 oi = Oi, αi = 1;
13 end
14 else
15 oi =

Eoptl

ECr,i
, αi =

Eoptl

ECr,i×Oi
;

16 end
17 Eoptl− = ECr,i × oi;
18 end
19 else
20 oi = 0, αi = 0;
21 end
22 i ← i+ 1;
23 end
24 end

task set Γ as defined in (14), the system QoS as defined in (7) is
maximized if the tasks having smaller energy metric EC are selected
to execute optional parts.

Based on Theorem 3, we conclude that executing optional
parts of tasks with smaller energy metric can improve system
QoS. A heuristic is thus designed to determine the execution
cycles of optional parts of all the tasks, as shown in Alg. 2.
The algorithm first calculates EC, the energy metric that gives
the energy consumption per execution cycle of a task and sorts
the tasks allocated to individual processors in the ascending
order of the metric, then calculates the energy budget Eoptl for
optional parts of all tasks. It derives optional execution cycles
for each task based on the analysis that executing optional
parts of tasks with smaller energy metric can improve the
system QoS. If energy budget Eoptl for optional parts is large
enough, maximum optional cycles of task τi can be executed
by oi = Oi; otherwise, only oi = Eoptl/ECr,i optional cycles
can be executed. No optional execution cycles will be executed
if the energy budget is exhausted. After task τi is examined, the
energy budget is updated accordingly and the process moves
to the next task. The algorithm outputs all the tasks once their
optional execution cycles oi are updated.

VI. EVALUATION

To evaluate the effectiveness of our proposed scheme in
reducing energy consumption and improving QoS, we have
performed extensive simulation-based studies. To be specific,
we first compare the energy consumption of our adaptive task
allocation (ATA) with that of HWGA [15] to validate the
efficiency of our scheme in reducing energy consumption. We
then compare the QoS of our ATA with that of DTA [10] under
varying energy supply to validate the efficiency of our scheme
in improving QoS at the task allocation stage. We finally
compare our task selection (TS) strategy with baseline method
Rand and Reve, and benchmarking algorithm critical-task-first
(CTF) [8] to validate the efficiency of our scheme in improving
QoS at the task scheduling stage. The algorithms used in the
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Fig. 2: Energy consumption of 30 task sets using our ATA scheme
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comparison are described as follows. HWGA [15] integrates
a worst-fit based partition heuristic with the genetic algorithm
to generate a task allocation that reduces energy consumption
while satisfying all system constraints. DTA [10] is a task
allocation that reduces the dynamic energy consumption by
assigning the subset having a larger power dissipation factor to
the processor having a smaller power dissipation factor. Rand
is a baseline method that randomly selects tasks to complete
their optional cycles under the energy budget. Contrary to our
TS, Reve chooses tasks having larger metric EC to execute
their optional parts. CTF [8] assigns QoS-critical jobs higher
priorities to complete their optional cycles, where QoS-critical
jobs are defined as tasks with larger maximum optional cycles.

We perform our simulations based on a 2×3 MPSoC system
(M = 6). Our processor model is built on 65nm technology
[16]. The task activity factors μ are uniformly distributed in
[0.4, 1], which demonstrates the heterogeneous nature of tasks
[13]. The size N of task set Γ is set to 100. The worst case
execution cycles (WCEC) of tasks are assumed to be in the
range [4 × 107, 6 × 108] [17]. Each task τi is instantiated by
randomly picking two WCECs from the range, one is for
the mandatory part Mi and the other is for the maximum
optional part Oi. The common deadline D is assumed to
be 1.5

∑N
i=1Mi/fmax, where fmax is the maximum processor

frequency. 30 task sets are constructed in the simulation.
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Fig. 4: Normalized QoS of 30 task sets using TS, Reve, Rand, and CTF under varying energy supply. (a) Esup = 0.75Ehigh, (b)
Esup = 0.8Ehigh, (c) Esup = 0.85Ehigh, (d) Esup = 0.9Ehigh.

The energy consumption of 30 task sets using our ATA
scheme and benchmarking algorithm HWGA [15] are shown
in Fig. 2. It has been demonstrated in the figure that our ATA
scheme consumes less energy (33.7% on average) than that of
HWGA. Furthermore, the improvement of energy savings by
our scheme over HWGA can be up to 47.5%. For instance,
the energy consumed by executing task set 4 using ATA and
HWGA are 101.5J and 193.2J, respectively.

Fig. 3 presents the normalized QoS achieved by the system
when executing the optional cycles of tasks in 30 sets using the
proposed DTA and ATA scheme under varying energy supply.
The results given in the figure show that better performance in
improving QoS can be achieved by ATA as compared to DTA,
especially when the energy supply is low. To be specific, the
QoS of ATA is 9.1%, 8.2%, 6.1%, and 4.2% higher than that
of DTA on average when Esup = 0.75, 0.8, 0.85, and 0.9Ehigh,
respectively. The highest improvement achieved by ATA over
DTA is 16.3%. For example, in the case of Esup = 0.75Ehigh

and task set 15, the normalized QoS achieved by ATA and
DTA are 0.749 and 0.644, respectively.

Fig. 4 shows the normalized QoS achieved by the system
when executing the optional cycles of tasks in 30 sets using
the proposed TS, and benchmarking methods Reve, Rand, and
CTF [8] under varying energy supply. The results in Fig. 4
show that our TS has the best performance in improving QoS
among the four methods. Specifically, when Esup = 0.75Ehigh,
the QoS of TS is 100.3%, 97.1%, and 65.7% higher than that
of Reve, Rand, and CTF [8] on average, respectively; when
Esup = 0.8Ehigh, the QoS of TS is 71.7%, 61.7%, and 36.3%

higher than that of Reve, Rand, and CTF [8] on average,
respectively; when Esup = 0.85Ehigh, the QoS of TS is 68.8%,
40.3%, and 15.2% higher than that of Reve, Rand, and CTF
[8] on average, respectively; when Esup = 0.9Ehigh, the QoS
of TS is 71.8%, 24.3%, and 3% higher than that of Reve, Rand,
and CTF [8] on average, respectively. Moreover, the highest
improvement achieved by TS is up to 147.8%. For instance, in
the case of Esup = 0.75Ehigh and task set 22, the normalized
QoS of TS and Reve are 0.741 and 0.299, respectively.

VII. CONCLUSION

In this paper, we proposed to utilize the characteristic of
imprecise computation to intelligently handle the uncertainty
in renewable energy powered real-time embedded systems.
We designed an energy-adaptive task allocation scheme and a
QoS-driven task scheduling scheme that can not only reduce
the energy consumption but also improve the QoS of the
system. We conducted extensive simulations to validate the
effectiveness of our schemes. Our algorithms were shown
to reduce energy consumption by up to 47.5% and improve
system QoS by up to 147.8% compared to existing schemes.

REFERENCES

[1] J. Liu et al. Algorithms for scheduling imprecise computations, Springer US, 1991.
[2] M. Severini et al. Energy-aware lazy scheduling algorithm for energy-harvesting

sensor nodes, NCA, vol. 23, no. 7-8, pp.1899-1908, 2013.
[3] Y. Abdeddaim, et al. The optimality of PFPasap algorithm for fixed-priority energy-

harvesting real-time systems, ECRTS, pp. 47-56, 2013.
[4] X. Lin et al. A framework of concurrent task scheduling and dynamic voltage and

frequency scaling in real-time embedded systems with energy harvesting, ISLPED,
pp. 70-75, 2013.

[5] G. Stavrinides et al. Scheduling real-time DAGs in heterogeneous clusters by
combining imprecise computations and bin packing techniques for the exploitation
of schedule holes, FGCS, vol. 28, no. 7, pp. 977-988, 2012.

[6] L. Cortes et al. Quasi-static assignment of voltages and optional cycles in imprecise-
computation systems with energy considerations, IEEE TVLSI, vol. 14, no. 10, pp.
1117-1129, 2006.

[7] H. Yu et al. Dynamic scheduling of imprecise-computation tasks in maximizing
QoS under energy constraints for embedded systems, ASPDAC, pp. 452-455, 2008.

[8] H. Kooti et al. Energy budget management for energy harvesting embedded systems,
RTCSA, pp. 320-329, 2012.

[9] M. Awan et al. Energy aware partitioning of tasks onto a heterogeneous multi-core
platform, RTAS, pp. 205-214, 2013.

[10] J. Zhou et al. Thermal-aware task scheduling for energy minimization in heteroge-
neous real-time MPSoC systems, IEEE TCAD, vol. 35, no. 8, pp. 1269-1282, 2016.

[11] J. Zhou et al. Stochastic thermal-aware real-time task scheduling with considera-
tions of soft errors, Elsevier JSS, vol. 102, pp. 123-133, 2015.

[12] Y. Liu, et al. Thermal vs energy optimization for DVFS-enabled processors in
embedded systems, ISQED, pp. 204-209, 2007.

[13] H. Huang et al. Throughput maximization for periodic real-time systems under the
maximal temperature constraint, ACM TECS, vol. 13, no. 2s, 2014.

[14] B. Zhao et al. On maximizing reliability of real-time embedded applications under
hard energy constraint, IEEE TII, vol. 6, no. 3, pp. 316-328, 2010.

[15] S. Saha et al. Thermal-constrained energy-aware partitioning for heterogeneous
multi-core multiprocessor real-time systems, RTCSA, pp. 41-50, 2012.

[16] G. Quan et al. Feasibility analysis for temperature constraint hard real-time periodic
tasks, IEEE TII, vol. 6, no. 3, pp. 329-339, 2010.

[17] R. Jayaseelan et al. Temperature aware task sequencing and voltage scaling,
ICCAD, pp. 618-623, 2008.

2017 Design, Automation and Test in Europe (DATE) 1407



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


