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Abstract—Currently, the Internet of Things (I0T) solutions are
playing an important role in numerous areas, especially in smart
homes and buildings, health-care, vehicles, and energy. It will
continue to expand in various fields in the future. However, some
issues limit the further development of IoT technologies. First,
the battery-powered feature increases the maintenance cost of
replacing batteries for IoT devices. Second, existing Cloud-IoT
frameworks are not able to cope with emerging delay-constrained
applications in the IoT system due to its centralized mode of
operation and the considerable communication delay. Existing
studies neither satisfy the demand for the quick response in time-
constraint IoT applications nor fundamentally solving the problem
of energy sustainability. Therefore, this paper studies the problem
of energy sustainability and timeliness in IoT system. Based on
Energy Harvesting Technologies (EHT), the Green and Sustainable
Mobile Edge Computing (GS-MEC) framework is proposed to
make IoT devices self-powered by utilizing the green energy in the
IoT environment. In this framework, we formulate the problem
of minimizing response time and packet losses of tasks under the
limitation of energy queue stability to improve the timeliness and
reliability of task processing. Additionally, the dynamic parallel
computing offloading and energy management (DPCOEM) algo-
rithm is designed to solve the problem based on the Lyapunov opti-
mization technology. Finally, theoretical analysis demonstrates the
effectiveness of the proposed algorithm, and the numerical result
of simulation shows that the average performance of the proposed
algorithm is an order of magnitude better than state-of-the-art
algorithms.

Index Terms—Mobile edge computing, internet of things
(IoT), partial computation offloading, energy harvesting, resource
allocation, lyapunov optimization.

I. INTRODUCTION

NTERNET of Things (IoT) solutions are playing an im-
portant role in numerous areas, especially in smart homes,
smart buildings, healthcare, vehicles, and energy. These areas are
defined as the sectors that are currently utilizing the IoT to the
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fullest by the US Government Accountability Office (GAO) [1].
The IoT systems have been prospered by explosive growth in
mobile devices whenever ubiquitous availability of wireless
connectivity and the fast-falling cost of IoT sensors [2], [3]. It
is forecasted that there will be 75 billion IoT devices around the
world by 2025 [2]. Also, from 2004 to 2014, the average price
of IoT sensors dropped by more than half, and it is projected
to shrink another 37% to 0.38 USD by 2020 [3]. According to
International Data Corporation (IDC), the IoT is going to stay
hot. The investment in the [oT is forecasted to increase by 15.4%
in 2019 and consequently 1 trillion USD mark in 2022.
However, some issues limit the further development of IoT
technologies. First, the battery-powered feature increases the
maintenance cost of IoT devices and reduces the service life
of them. The cost of replacing batteries often higher than the
cost of the [oT device itself. There would be 274 million battery
replacements in IoT devices a day in a 10-year lifespan scenario
and the number would be 913 million (globally) per day in case
of three-year lifespan [4]. Recent work [5] shows that there is
much potential to utilize Energy Harvesting Technologies (EHT)
to reduce the need for, or even eliminate, the batteries used in
IoT devices. Second, the latest research [6] presents that existing
Cloud-IoT frameworks are not able to cope with emerging delay-
constrained applications in the IoT system due to its centralized
mode of operation and the large communication delay. For in-
stance, the biomedical application allows for a delay of no more
than a few milliseconds. Fortunately, the rapid development of
Mobile Edge Computing (MEC) in recent years has provided an
opportunity for the rise of these delay-constrained applications.
Although the aforementioned problems of battery sustain-
ability and real-time task processing are important, they have
been under-investigated. In previous years, many studies have
focused on reducing the energy consumption of IoT devices.
Unfortunately, with the proliferation of data in IoT systems,
these methods are gradually failing. On the other hand, the
scheme of using EHT to extend the lifetime of IoT devices has
an obvious drawback: dynamics of the harvested energy. That
is, the energy input and output may be inconsistent. Moreover,
as pointed out by the recent work [7], existing frameworks on
IoT communications must be re-engineered in order to meet
stringent delay deadlines and be robust to packet losses. MEC
can play a vital role in the task processing for [oT, however, this
research is new and most of the existing studies just put forward
such a concept instead of designing an effective algorithm to
guarantee the above two aspects: delay and packet losses.
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In this paper, we propose the Green and Sustainable Mobile
Edge Computing (GS-MEC) framework for delay-constrained
IoT systems. The idea of GS-MEC framework is fundamentally
different from the traditional communication framework (i.g.
Cloud-IoT communication framework) in the IoT system. To
ensure the timeliness of task processing, we adopt the parallel
offloading strategy in MEC. To ensure the reliability of task
processing, we consider packet losses in this framework. In
order to make full use of the green energy in the [oT system, we
apply EHT to the IoT system and use Lyapunov optimization
technology to achieve energy stability and sustainability.

Specifically, we use IoT devices along with the edge server
for parallel processing tasks in a collaborative fashion instead
of uploading tasks to the remote Cloud centers. Despite this
combination in GS-MEC supported delay-constrained IoT sys-
tem, the problem of minimizing response time and packet losses
with the limitation of energy queue stability is formulated. To
solve this problem, we design the DPCOEM algorithm based
on the Lyapunov optimization technology. In this algorithm, we
can get the following important variables of a single time slot:
the energy harvested by IoT devices, the transmission power
set for IoT devices, the CPU frequency set for IoT devices, as
well as offloading decision vectors. Finally, theoretical analysis
demonstrates the effectiveness of the proposed DPCOEM algo-
rithm and simulation results show that the average performance
of the proposed DPCOEM algorithm is an order of magnitude
better than state-of-the-art algorithms.

Our main contributions are summarized as follows:

® We propose the GS-MEC framework for delay-constrained
IoT systems. This framework enables the IoT system en-
ergy sustainable by incorporating the EHT into IoT de-
vices. Additionally, it processes tasks in parallel both in [oT
edge devices and the edge server to reduce task completion
time and the ratio of dropping tasks.

e We formulate a minimization problem of response time
and dropping tasks with the constraint of energy stability
of Energy Harvest (EH) IoT devices. This problem involves
coupled variables and continuous variables.

® Weuse the Lyapunov optimization technique to decompose
the formulated problem and use the variable substitution
optimization technique decouples variables in the sub-
problem. Then, the DPCOEM algorithm is developed to
get the optimal parameters at every time slot.

e We perform the theoretical analysis and it demonstrates
that the proposed DPCOEM algorithm can achieve approx-
imately optimal performance. Results show the proposed
DPCOEM algorithm outperforms other methods.

Section II gives related works. System model and problem
formulation are presented in Section III. In Section IV, we
propose an algorithm to solve the task cost minimization prob-
lem. The performance of the proposed algorithm is analyzed in
Section V. Finally, extensive simulation’s results and conclu-
sions are provided in Sections VI and VII, respectively.

II. RELATED WORK

Existing works on MEC-enabled IoT generally concentrate
on energy efficiency and binary offloading. However, energy
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harvesting and parallel offloading among delay-constrained IoT
systems have not been thoroughly investigated. Next, we will
elaborate on them from three perspectives.

A. Energy Harvesting

Current researches on the energy of IoT systems is mainly
focused on the research of battery-powered equipment, and
its primary goal is to save energy [8]-[13]. Ning et al. [8]
put forward an energy-efficient task scheduling framework for
MEC-assisted Internet of Vehicles to minimize the energy con-
sumption of roadside units. Chen ez al. [9] propose a device-to-
device Crowd framework for IoT systems in the fifth-generation
era with the help of MEC and develop a graph-matching-based
optimal task assignment algorithm to achieve energy efficiency.
Lyu et al. [10] present an integration architecture of the cloud,
MEQC, and 10T, and design a selective offloading scheme to min-
imize the energy consumption of devices and satisfy the latency
requirements of different services. Dong et al. [11] developed a
joint offloading and resource management framework and pro-
pose two algorithms to minimize the energy consumption of the
embedded system. Xu et al. [12] studied the joint task offloading
and caching algorithm on edge-cloud computing to reduce the
cost of energy consumption. Wang et al. [13] incorporated
the DVFES technology into task offloading methods in MEC,
for the sake of reducing energy consumption and application
execution time.

Proliferating data and high maintenance costs of the battery in
IoT systems make these energy-efficient or energy-saving meth-
ods insufficient to keep the IoT system running sustainably. On
the other hand, some companion technologies of IoT have gotten
large innovations in recent years, like ultra-low-power wireless
sensor networks, IoT-specific network protocols and standards,
low-power integrated circuits, and EHT for IoT devices [14]-
[18]. The development of these new technologies make green
and sustainable IoT systems possible, e.g., incorporating EHT
into IoT edge devices [18].

Researches on EHT involve many fields, especially wireless
networks [5], [18]-[21]. The research team at Central South
University found that the Y6-based solar cell delivers a high-
power conversion efficiency of 15.7% [19]. The company of
E-peas developed the radio frequency (RF) energy harvesting
IC solution-E-peas AEM40904 PMIC, which can harvest RF
input currents up to 125 mA with a tiny footprint of 55 mm [5].
Zhang et al. [20] studied energy harvesting cognitive radio
sensor networks on resource management and allocation, which
supplies the sensor nodes with continuous energy by energy
harvesting technology to extend network lifetime. Guo et al. [21]
proposed a joint energy and channel transmission management
algorithm for body area networks with energy harvesting de-
vices. Unlii et al. [18] showed that there are abundant energy
sources for devices in the IoT environment, such as solar power,
thermal energy, wind energy, and kinetic energy, and these EH
IoT devices can harvest enough energy to support the operation
of these devices. These studies do not incorporate EHT into
MEC-enabled IoT systems to achieve energy sustainability.
Even the latest report just illustrated the feasibility of applying
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EHT to IoT edge devices from a quantitative perspective and it
did not propose a framework or solutions [18].

B. Parallel Offloading

Task offloading in wireless networks is an effective approach
to save energy for devices and reduce the delay of processing
tasks, and it has been extensively studied [22]-[25].

Rodrigues et al. [22] proposed a Cloudlets activation scheme
that lowers the delay and raises the number of served users based
on transmission power control and virtual machine migration
in scalable MEC. In [23], the authors presented a method for
minimizing the service delay in Edge-Cloud system through
virtual machine migration and transmission power control to
reduce the processing delay and transmission delay, respectively.
Ndikumana et al. [24] proposed a collaborative cache alloca-
tion and computation offloading method to maximize resource
utilization in MEC. Salmani er al. [25] solved the problem
of minimizing the completion time of several camera sensors
that share the transmission and the processing resources for
computation offloading. Nevertheless, these methods belong to
binary offloading, that is, they either totally process tasks on
the mobile device or migrating tasks to the other server (e.g.,
the edge server and the cloud). These schemes cannot take full
advantage of resources in both the mobile device and the server,
and still cause a significant delay, which is still far below than
the user’s expectation.

C. MEC-Enabled IoT

The rapid development of IoT applications in recent years has
brought enormous challenges to the transmission and processing
of data, especially in delay-constrained applications. Therefore,
many kinds of researches have been done in this aspect [26]—
[30]. Tang et al. [26] proposed a deep learning (DL)-based
algorithm to intelligently allocate channels to each link in the
software-defined networking (SDN)-based IoT system for im-
proving the transmission quality of it. In [27], the authors pre-
sented the DL-based intelligent POC assignment for the highly
dynamic large-scale SDN-IoT to avoid network congestion. To
overcome the scalability problem of the traditional IoT archi-
tecture, Sun et al. [28] proposed the edge-IoT architecture for
handling the data generated from distributed IoT edge devices.
Chen et al. [29] developed a resource-efficient edge computing
scheme for the emerging intelligent IoT applications to support
its computationally intensive task. Guo et al. [30] devised a
mobile-edge computation offloading strategy for ultradense IoT
networks to handle the conflict between the resource-hungry
IoT applications and the resource-constrained devices. However,
even the MEC-enabled IoT systems are advanced, none of
these systems consider reducing computational and transmission
delays simultaneously for the delay-constrained IoT system

To fill the research gap, this paper proposes the green and
sustainable MEC framework and parallel offloading method to
achieve energy sustainability and delay minimization in delay-
constrained [oT systems in this framework. These researches are
based on EHT and divisible load theory [31]. Moreover, com-
putational and transmission delays are reduced simultaneously
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TABLE I
MAIN SYMBOLS AND THEIR MEANINGS

Meanings

A A computing task
H The size of a task
€

0

X

The deadline of a task
The probability of task arrival
The offloading decision vector

z(t) Percentage of tasks on IoT device or edge

x¢(t) server

x4 (t) The decision of dropping tasks

¢ The CPU size required for processing a unit
task

M The CPU cycles needed to process a task

f(t) The CPU frequency scheduled

TH®), Time of processing task on IoT device or edge

TE(¢) server

PL(t), Energy consumed on IoT device or edge server

Pe(t)

T The transmission rate from the IoT device to
edge server

p(t) The transmission power scheduled for the IoT
device
ptotal The total energy consumption of processing
all tasks
E(t) The energy queue of IoT device
e(t) The energy harvested by the IoT device
w The task cost
D(t) Time caused by processing task
B The cost of dropping tasks
¢ The auxiliary constant
E(t) The virtual energy queue
Pmazs The maximum transmission power and CPU
fmaz frequency
© | .
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Fig. 1. Energy sustainable smart home scenario.

in this paper based on the transmission power control and CPU
frequency control.

III. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, the computing model, the energy model, the
task cost and problem formulation are given. The main symbols
used in this paper and their specific meanings are summarized
in Table I.

A. Overview

As we can see from Fig. 1, we consider the scenario of a
smart home that consists of numerous IoT edge devices (e.g.,
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retrun results .

EH IoT devices
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Fig. 2. Parallel task processing for IoT applications under GS-MEC
framework.

smartwatch, smart thermostat, smart charging, smart backpack,
smart plant pot, smart key card switch, and smart camera.)
and applications (e.g., smart gardening, smart anti-theft alarm,
smart wearable, and smart environment.) on mobile phone or
tablet. IoT edge devices are equipped with energy-harvesting
components (e.g., energy harvester) and thus they can convert the
captured ambient energy (e.g., solar energy, thermal, vibrational,
and RF energy) into electrical energy to power these devices.
Furthermore, since energy harvesting and energy consumption
may be inconsistent in a time dimension, every EH IoT edge
device is furnished with a temporary energy buffer (e.g., super-
capacitor) to effectively deliver the energy from the harvester
to the IoT edge device. Note that the generated energy of EH
IoT devices can cover multiple orders of magnitude, ranging
from 0.1 W to 1 W, that is sufficient for the average power
consumption of the device (i.e., 100 W/cm?) [18].

Moreover, the EH IoT edge devices produce the computing
task A(H, ¢), where H and ¢ denote the size and deadline of
the task A, respectively. The probability of task arriving is 6,
otherwise 1 — 6. Besides, denote R(t) = 1 when a task arrives,
otherwise R(t) = 0. We have P(R(t) =1) =1-P(R(t) =
0) = 6. Similar to many researches (e.g., [13], [32], [33]), tasks
in this paper are separable, as well as they can be partially of-
floaded to the edge server through the dynamic wireless channel.
The wireless channel is independent and identically distributed
at every time slot ¢ and V¢ € 7. Note that the edge server is
usually powered by the conventional power grid; thus, just the
energy consumption of the IoT device is considered in this

paper.

B. Computing Model

Define X as the offloading decision vector and X consists of
three elements: z'(t), x¢(t) and z%(t). 2!(¢t) and x¢(t) denote
the percentage of tasks processed locally (on the IoT device) and
tasks processed on the edge server, respectively. 2% (t) represents
the dropping decision. In particular, dropping tasks means that
the entire task will be dropped at one time; thus, the value of
x4(t) is 0 or 1. However, dropping tasks will increase the cost,
which will be described in the problem formulation in detail.
In short, the three variables are constrained by the following
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equations.
al(t) +ao(t) +2%(t) =1, Vt € T. 1)
2 (t),z°(t) € [0, 1], 2%(t) € {0,1}, Vt € T. )

Only Local Processing Model: At this time, z!(t) =
1, 2¢(t) = 0, z%(¢) = 0. The CPU size required for processing
aunit task is (; thus, M = H - ( cycles are needed to process the
task A(H, €). The frequency scheduled for the M CPU cycles
of the IoT device is denoted as f™(t), m = 1,2,..., M. The
frequency schedule can be achieved by the dynamic voltage and
frequency scaling technique. When the task is processed only
on the ToT device, we can get the task delay T7(t) as follows.

Tl(t):f:; Vte T 3)
= fm(t)’ '

Let P! (t) represent the energy consumed by processing tasks
locally. Accordingly, the energy consumed for only local pro-
cessing can be expressed as

M

Pty =k (fm(1)* ¥teT. “

m=1

where k is the effective switched capacitance and depends on
the chip architecture.

As documented in [34], the optimal CPU frequency of M
CPU cycles is the same when a task is processed locally.

Therefore, we have T (t) = M];fi)(t) andP'(t) = k- M- z!(t) -
(f(t))*. In addition, the frequency f is constrained by the
maximum available CPU frequency fiax, thatis, f < fiax, Vm.

Only Edge Server Processing Model: At this time, () =
0, 2¢(t) = 1, 2%(t) = 0. According to Shannon-Hartley for-
mula, the transmission rate from the IoT device to the edge
server is r = wlogy (1 + “;ﬁ), where w and o are the system
bandwidth and the noise power at the server, respectively. A
denotes the channel power gain from the device to the server. We
assume that the edge server has adequate computational resource
especially in multi-core CPU based extremely high speed, there-
fore, the processing time at the edge server is negligible [35].
Additionally, we suppose that the time of downlink transmis-
sion can be ignored since the output of tasks is significantly
small [36]. When the task is processed only on the edge server,
we can get the task delay 7°(t) as follows

Te(t) = % VieT. )

Let P¢(t) represent the energy consumed by processing tasks
on the edge server. Accordingly, the energy consumed for only
the edge server process can be expressed as

£)-H

Pe(t) =p(t) - T(t) = p(T’ vteT. (6)

C. Energy Model

Since dropping task does not consume energy, we can get the
total energy consumption P*°*@(¢) of processing all task in the
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time slot ¢ as the following.
protalpy = gl (t) - PL(t) + x¢(t) - PE(t), YVt € T.  (7)

Let E,(t) denote the energy queue length of the IoT device,
which is the energy available in the energy buffer of the IoT de-
vice. Let e(t) represent the specific number of energy harvested
by the IoT device from the surrounding environment in the time
slot ¢, so the energy queue dynamic of the IoT device can be
expressed as follows:

E(t+1)=E(t)— Pl t) +et), VteT.  (8)

In time slot ¢, the energy consumption of the IoT device cannot
exceed the energy remaining in its energy queue. Therefore,

0 < Petal(t) < E(t), Vt € T. )

Moreover, the total number of energy existing in the environ-
ment at the time slot ¢ is expressed as ¢(¢) and its maximum
value is max. Note that () is dynamic due to the variable
environment and ).« is a fixed value that denotes the maximum
existing energy in the environment at any time. Assume that ¢ ()
is independent and identical distributed in different time slot
t [20]. Note that the algorithm designed in this paper does not
need to know the specific probability distribution of (¢). The
energy acquired by the IoT device in time slot ¢ cannot exceed
the energy supply in the environment, that is,

0<e(t) <w(t), VteT.

Because of physical size limitations, the IoT device has lim-
ited energy buffer capacity. The sum of remaining energy and
the harvested energy in time slot ¢ cannot exceed the energy
buffer capacity of the IoT device €2. That is,

E(t)+e(t)<Q, VteT.

(10)

QY

D. Task Cost and Problem Formulation

Let W(t), D(t) and § (in second) indicate the task cost, the
delay caused by the processing task and cost of dropping task,
respectively. We have:

W(t) = a-D(t) + B-Z(t), Vt € T (12)

where « is the weight of delay and we set it as 1 in this paper,
and Z(t) is an indicator function indicating that there are task
arrivals and all of them are dropped at time slot ¢. That is,

i =1,2%t) =
- {y 100

Delay D(t) consists of two parts. One part is the computation
delay processed locally, and the other part is the transmission
delay of the IoT device of transmitting tasks to the edge server.
Delay D(t) is given by

D(t) = I{R(t):l} -max(acl(t) . Tl(t),l‘c

13)

(t)-T(t)), vt T.

(14)

Recall that € denote the deadline of the task A; thus, the
following inequality should be met:

D(t)<e WeT. (15)
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In summary, the parallel offloading (PO) problem can be
formulated as follows

T—1
TlféoTE ZW

p(1), e(t)
(1), (2
a'(t)
s.t. Ptota (
0 < p(t)
0< f(t)

To deal with the coupling problem in formula (9), we intro-
duce a lower bound F,;;, and an upper bound FE,, . as follows

€ OU[EminvEmax]» Vn € N

where 0 < Fin < Fhax-
To this end, we get a new tightened problem based on the
problem (16) as

T—1
X,f(tglzivg)&(t THOCT l;w ]
( ) (2) ( 0), (15)~
fPtotal(t

maxs Vt eT.
ng(t 1{$c t)=1}> VteT.
0<f(t * Ay y=1y, VEET.
Pptotal(¢ U[Ewmin, Pmax), Vt € T.

Lemma 1: Let W' and W* represent the optimal average
task cost achieved by (16) and (18), respectively. Their re-
lationships are given by W! < W* < W' + p(Ewyin), where
(Emin) = 0[B(1 —A) +1 (Bmin>EC, ) (B —7g,,, )] Here,

m
X, f(#),

(10), (15).

), (3),
+a(t) < R(t), Vte T.
) < Eax, Yt T. (16)
< Pmax * Laze)=13, VEET.
<f

max l{zl( =1} VteT.

Protel(t) (17)

9

—~
~—

i

G
ml/\V\I/\/«“
O\’B Dj\/

s.t. (18)

\_/\/

o (26—1)06 _ kM VEVM3 .
A= F—"— Ef, = = and E7;, = 75— Let Emin

infinity close to 0, that is, 11mEm“ﬁ0 1(Emin) = 0, W* is arbi-
trarily close to W'.
Proof: Please refer to Appendix A in [36]. |

IV. DYNAMIC PARALLEL COMPUTING OFFLOADING AND
ENERGY MANAGEMENT ALGORITHM

In this section, we propose the DPCOEM algorithm to solve
the problem in formula (16).

A. The Problem Analysis

Denote the virtual energy queue as £(t) and E(t) = E(t) —
¢. Here, ¢ is an auxiliary constant and it is bounded by the
following inequality

Vg
Emln
where P.x 1s the maximum energy consumption and

Pmax - min{max{"{ : M : (fmax)zvpmax : 6}7 Emax}- Visa
non-negative weight and it indicates how important the task cost

¢ 2 Pmax + 75— 19)
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is in the overall goal. By adjusting the value of }V, we can achieve
the tradeoff between energy queue length and task cost.
Next, define the Lyapunov function as £(t) and we have

£(t) 2 5(B() = 3(B(t) ~ )"

Then, define the Lyapunov drift function A(t) as follows
At) 2 E[L(E+1) — L(t) | E(t).

(20)

2L

If the Lyapunov drift function A(t) is minimized at every
time slot ¢, the virtual energy queue E (t) will stay stable. Thus,
the mobile device does not stop working because of energy
exhaustion.

The objective of this paper is reducing task cost while extend-
ing the life of the IoT device. Therefore, we can construct the
drift-plus-cost function Ay (¢) as follows

Ap(t) 2 A®) + V- [D(t) + B-lir@y=1pi=1) | EE)].
(22)
Lemma 2: For any time slot ¢, the upper bound of Ay () is

Ap(t) < [(E@®)e(t) — P +V

D) + Blirpy=1wiy=1y | E@®)]] +B.  (23)

where B is determined by system parameters, regardless of vari-
ables and V, and it can be expressed as B = w

Proof: Please refer to Appendix A. |

In addition to the constant 53, formula (23) mainly consists
of two parts: one part concerning the harvesting energy and the
other regarding the offloading decision. Therefore, the problem
of minimizing Ay, () can be decomposed into two sub-problems:
energy management and parallel computing offloading.

B. The Proposed DPCOEM Algorithm

Energy management: Considering terms with respect to e(¢)
in (23), we can construct an energy management (EM) problem
as follows

Iergl)a E(t)e(t)

The energy management problem in formula (24) is a linear
programming problem and it is easy to be solved. If the energy
buffer of the IoT device can accommodate more power at the
beginning of the time slot ¢, i.g., the IoT device continues to
acquire energy; otherwise, the IoT device no longer acquires
energy. In general, with energy management, the IoT device
will harvest as much energy as possible to fill the energy buffer.
The optimal energy acquisition e*(¢) is as follows

e’(t) = {min(Q — E(t),y(t), ifE({) <0

B 0, else.

0 < e(t) < o(t).

(24)
E(t) +e(t) < Q.

(25)

Parallel computing offloading: After separating e(¢) from
formula (23), we can construct a dynamic parallel computing
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offloading (DPCO) problem related to X, f(t), p(¢).
min  — E(t) - PPE) + VID(t) + B+1ir)—1 w(t)—
o fun (t) (t) + V[D(t) + B-Lirt)=1,0¢(t)=1}]

s.t. (1),(2),(5)

Plotl(t) € [Bin, Puax), Yt € T. (26)

Parallel computing offloading problem contains three sub-
problems: task allocation X, transmission power p(t) and CPU
frequency f(t). It is difficult to solve these three sub-problems
directly because these problems affect each other and have
higher coupling [37].

When the task is dropped, thatis, z%(t) = 1, 2!(t) = 2¢(t) =
0, the mobile device does not need to process tasks or transmit
tasks to the edge server. To this end, we have f(t) = p(t) = 0.

Next, we consider the case of no task dropping. In order to deal
with the high coupling of these three subproblems, we utilize
the alternative optimization techniques and convert them to
the following three equivalent subproblems: (i) Task offloading
problem: when the transmission power and CPU frequency are
given, e.g., p(t) = p°, f(t) = f°, we can obtain the optimal
solution A'*. (ii) Transmission power problem: when the task
allocation and CPU frequency are fixed, e.g., X = X°, f(t) =
f°, we can get the optimal solution p*(t). (iii) CPU frequency
problem: when the Task allocation and transmission power are
given, e.g., X = X%, p(t) = p°, the optimal solution f*(¢) can
be obtained. First, we discuss the task offloading (TO) problem
as the following

—En () (t) - Py () +a°(t) - PO + V- {Liriny=1

m)}n
-max(z! () - T'(), 2(t) - T°(t) + B+ Lrwy=1y}

st. (1),(2),(15)

PPt (t) € [Ewmin, Emax], Yt € T. Q27)
The formula (27) is a convex optimization problem with
respect to the variable X" since it is composed of several convex
functions added together. To this end, the optimal offloading
decision X" can be obtained with already mature convex opti-
mization techniques, such as the interior point method.
Second, the transmission power (TP) problem is discussed

o p(t) - H

wloga(1 + 224

g

. H - x(t)
wloga(1 + —A'i(t))

2l (t) - PH(t) + x°(t) - +V

min
p(t)

. {1{R(t)—l} +max (xl(t) . Tl(t), .Z‘C(t)

+8- 1{R(t)_1}}

st. D(t)<e, VteT
0 < p(t) < pmax, LET

Plotl(t) € [Emin, Puax), Yt € T. (28)
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Solve the problem in formula (28), we can get the optimal

transmission power p*(t) as follows
Pu, E(t)ZOOFE(t)<0, Pz > Pu
pi(t) = \pr, B <O pe < pr<pu 29)
pe, iFE(t) <0, pr <pr.

where p7 is the solution for the equation —E(t)logs(1 +
'\‘p(t)) (V —p(t) - E(t)) = 0; pr and py are de-

o (o+2- p(t))ln2
fined as the following

if g H-In2 > Emin
1 wh = ’ (30)

pﬁ €y
P =
{max{pﬁ,ev pEmin}, else.

M
£ M PEmin satisfies the following two for-

. _ “H-ln2
mulas: PEmin * H = T()‘apEmin) : Emin and % Z Emin-

P min{pmax’ pEmax}; if %}l]’rﬂ < Emaxa
u =
0, else.

where p.

(€19

where p gmax satisfies the following two formulas: ppax - H =
(A, PEmax) * Emax and % < E\hax. The detailed solution
process of p*(t) is omitted due to the limited space.

Then, we discuss the CPU frequency (CF) problem as follows

—E@)['(t) k- M- (F(0) +2°(t) - P +V

-{I{R(t)l}-max (xl(t)./\/l xc(t).?—t>

f@
+8- I{R(t)—l}}

st. D(t)<e VteT
0< f(t) < frnax, VEET
Plotal(t) € [Emin, Pmax), V€ T.

min

(32)

By solving the problem in formula (32), we can get the optimal
CPU frequency f*(t) as follows

fu, ifE@#)>0o0r E(t) <0, fr> fu
[r@) =1 fr, ifE@t) <0, fe< fr<fu (33)
f[n le(t)<07 fI<fC-
where fr = o/ — E(t fr = max{ "”" } and fy =
min{ '“d" , fmax - The detailed solution process of f*(t) is

omitted due to the limited space.
The proposed DPCOEM algorithm is summarized as
Algorithm IV-B.

V. PERFORMANCE ANALYSIS

A. The Optimality Analysis of the Proposed
DPCOEM Algorithm

Lemma 3: (Optimality). Recall that W' is the optimal time
average task cost obtained by the origin problem in formula (16)
and W* is the time average task cost obtained by the proposed
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Algorithm 1: The Proposed DPCOEM Algorithm.
Input: R(t), (1), h, E(t)
Output: e*(t), X*, £*(t), p*(¢), E(t + 1)
/* Energy Management */
1 Solve EM problem as Eq. (24);
2 if E(t) <0 then
3 L e*(t) = min(Q — E(t),¥(t));

4 else
L e*(t)=0
/+ Parallel Computing Offloading */

6 Solve TO problem as Eq. (27) to get X'*;

7 Solve TP problem as Eq. (28) to get p*(¢) as Eq. (29);

8 Solve CP problem as Eq. (32) to get f*(¢) as Eq. (33);
/* Queues Updating */

9 Compute E(t + 1) based on Eq. (8);

10 Compute E(t 4+ 1) based on E(t +1) = E(t + 1) — ¢;

DPCOEM algorithm (solving formula (18)). To this end, the
relationship between WW* and W' is expressed as follows:

W* S Wl + ,LL(Emin) + g
Proof: Please refer to Appendix B. |
Lemma 3 demonstrates that there is a positive correlation

between the performance of the proposed DPCOEM algorithm

and Eyi,, as well as a negative correlation between the per-
formance of the proposed DPCOEM algorithm and V. Thus, we
can achieve optimal performance by increasing )V and decreasing

FElnin. Nevertheless, the bigger VV and the smaller E,;, will bring

the longer energy queue; that is, the IoT device is required a

bigger energy buffer capacity.

(34)

VI. SIMULATION RESULTS

In this section, the performance of the proposed DPCOEM
algorithm is evaluated through Matlab simulations [38]. The
parameter settings are as follows. By following the assumption
in [20], the energy supply in the environment t,,(t) is uni-
formly distributed. Considering the parameter setting in [36],
the channel power is exponentially distributed with the mean of
q-d=*, where d = 50 m and ¢ = —40 dB represent the distance
between the edge server and IoT device, and the path-loss
constant, respectively. As the setting in [36], the following values
are taken: k = 10716, 3=0.002s,w =1 MHz, 0 = 1073 W,
Pmax = 0.1 W, fnax = 1.5 GHz, Fyax = 0.06J, H = 100 bits.
Furthermore, ( = 50 cycles per byte, which corresponds to the
workload of compressing a general medical image [39]. For
simulation, constant ¢ is chosen as the lower bound of Eq. (19).
In addition, we use the parameter setting provided by [36], i.g.,
Yy = 12mW, 0 = 0.5and e = 1.5 ms except that they are varied
as variable parameters in the simulation.

Further, we introduce three related methods for comparison:
complete local execution with greedy energy allocation (Com-
plete local execution), complete edge server execution with
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greedy energy allocation (Complete edge server execution) and
0-1 offloading with dynamic energy allocation (0-1 offload-
ing) [36]. In the following, we just present the discussion of the
case when a task arrives, i.g., R,,(t) = 1, since both the CPU
frequency and the transmission power are equal to O when there
is no arriving task. Details about these methods are as follows:

Complete local execution: In the complete local execution,
there is no offloading and the computation tasks are executed
at the IoT device all the time. If M/ f,, < ¢, the computation
tasks will be executed with the CPU frequency of f,; oth-
erwise, the task is failure and will be dropped. Here, f, =

. min{E,, (t),Emax}
mln{fmaxv kM }

Complete edge server execution: In the complete edge
server execution, there is also no choice and the computation
tasks are offloaded to edge server all the time. If M /r <e,
the computation tasks will be transferred to the edge server
with transmission power of p,; otherwise, the task is failure
and will be dropped. Here, p,, = min{pmax, Pmin{E,, (t), Bmax} }
if 22 < min{E,(t), Emax}, Where Puin(, (1), Fua} 18 the
unique solution of p - # = r - min{E,, (t), Emax }-

0-1 offloading: In the 0-1 offloading, tasks are either all
executed locally or all offloaded to the edge server. If the
deadline of the task could be meet, a decision of the lower task
execution cost will be made; otherwise, the task is a failure and
will be dropped. The CPU frequency and transmission power
are computed the same as in the complete local execution and

complete edge server execution methods, respectively.

max )

A. Performance Analysis

As Fig. 3(a) demonstrates, the energy queue length of the
proposed DPCOEM algorithm increases at an early period and
then it converges to the optimal value. The reason for this
tendency is that the proposed DPCOEM algorithm includes
energy management as in the formula (25). In addition, the
energy queue length converges to a larger value as ) increases
or as Fnin decreases. In Fig. 3(b), the average task cost of the
proposed DPCOEM algorithm decreases as ) increases or as
Enin decreases while it needs more time to converge to a stable
value. Moreover, the average task cost of the proposed DPCOEM
algorithm is far below that of Greedy offloading. The reason is
that the Greedy offloading algorithm processes all tasks locally;
thus, it causes an amount of dropped tasks.

Fig. 4(a) and Fig. 4(b) reveal the relationship of the aver-
age task cost and the required battery capacity with different
V', respectively. In Fig. 4(a), it seems that V' has no impact
on the average task cost for different methods. Actually, the
proposed DPCOEM algorithm decreases as V' increases and it
converges to the optimal value. It corresponds to the Lyapunov
drift-plus-penalty function as in formula (22). Specifically, when
Ay (t) is minimized, the task cost will be inversely proportional
to V. Fig. 4(b) demonstrates that the required battery capacity
increases proportionally with V. It also matches precisely with
Eq. (22). When Ay(t) is minimized, A(¢) decreases as V
increases. In other words, the energy queue should be more stable
when V' increases, which means that larger battery capacity
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Fig. 3. The energy queue length and average task cost on different time slot

when the task arrival probability is 0.5. (a) The energy queue length vs. different
time slot. (b) Average task cost vs. different time slot.
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Fig. 5. Performance on different task arrival probability. (a) Average task

cost vs. task arrival probability. (b) Average completion time vs. task arrival
probability. (c) Ratio of dropped tasks vs. task arrival probability.

is required to harvest more energy from the surroundings for
balancing energy consumption. Thus, considering the above two
aspects, an optimal V' needs to be carefully chosen to achieve
optimal performance.

B. Parameter Analysis

First, we show the system performance with respect to the
task arrival probability from 0.1 to 1 in Fig. 5. From Fig. 5(a),
the average task cost increases with the increase of task arrival
probability for all the four methods. In addition, the proposed
DPCOEM algorithm achieves the lowest average task cost.
Fig. 5(b) presents the average completion time with different task
arrival probability. It can be seen that the proposed DPCOEM
algorithm has the lowest average completion time and it just
increases a little with the increase of task arrival probability.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 12, DECEMBER 2019

6.0x10 — . : .
!\v\ —&— Parallel offloading (DPCOEM)

5.0x10* | —@— 0 - 1 offloading M
b7} i —A— Complete edge server execution
8 4.0x10* ) H
i | —W¥— Complete local execution
12} 4
& 3.0x10
- I ‘ l\»\‘gﬁ\‘\‘ ]
& 2.0x10* L'"""'“‘V'~—<v-~—v-——v ‘ ]
6 F D\._\‘ TV - - - -
< 1.0x10% ] *—o o . )

O 0 - ‘ﬁ __§_§ﬁ ____5* __-__* 5____* §__-_!hs-__-!__s__-"-__-__‘

0 1 2 3 4 5 6 7 8 9
Average energy harvest power (mW)

(a)

. 5.0x1 0* T T —T—
» )
— F— : —8— Parallel offloading (DPCOEM)
g 4.0x10™ '\V\'\ —®—0 - 1 offloading H
“E L —&— Complete edge server execution [y
.% 3.0x1 04 Lo —V—F:omplete local execution :
° RS N
§ 20x10% | A St SE T SR -
8~ — M Ak SRR
® l:x:, 1
g 1.0x10% | —2—¢ ¢ o
2 il il R bl bl bt EEL CEEE

00 2. 1 2 2 2. 1

0 1 2 3 4 5 6 7 8 9

Average energy harvest power (mW)
(b)

00—
0.36 | ‘ : : —=— Parallel offloading (DPCOEM)
032 —®—0 - 1 offloading

0.28 —h— Complete edge server execution
0.24
0.20
0.16
0.12
0.08
0.04
0.00

—%— Complete local execution

Ratio dropped tasks (%)

0 1 2 3 4 5 6 7 8 9
Average energy harvest power (mW)

(©)

Fig. 6. Performance on different average energy harvest power. The solid
line refers to task arrival probability equals to 1 and the dash line refers to task
arrival probability equals to 0.5. (a) Average task cost vs. average energy harvest
power. (b) Average completion time vs. average energy harvest power. (c) Ratio
of dropped tasks vs. average energy harvest power.

The reason is that the proposed DPCOEM algorithm adopts the
way of parallel offloading and makes full use of computation
resources of both the IoT device and the edge server. In Fig. 5(c),
it seems that both the proposed DPCOEM algorithm and the
0-1 offloading algorithm almost have the same ratio of dropped
tasks. Actually, the proposed DPCOEM algorithm has a lower
ratio of dropped tasks than that of 0—1 offloading algorithm since
the cost of dropping tasks has been taken into consideration in
the objective function.

Second, let the average energy harvest power as a variable
from 0 to 9 mW and then the corresponding change of system
performance can be seen from Fig. 6. Fig. 6(a) shows that the av-
erage task cost of these four methods decreases with the increase
of average energy harvest power, and the proposed DPCOEM
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Fig. 7. Performance on different deadline. The solid line refers to task arrival
probability equals to 1 and the dash line refers to task arrival probability equals to
0.5. (a) Average task cost vs. deadline. (b) Average completion time vs. deadline.
(c) Ratio of dropped tasks vs. deadline.

algorithm achieves the lowest average task cost. Besides, the
proposed DPCOEM algorithm is not very sensitive to the change
of average energy harvest power since the edge server plays
a vital role when the harvested energy is low. Fig. 6(b) and
Fig. 6(c) show that the proposed DPCOEM algorithm achieves
the lowest task completion time and the lowest ratio of dropped
tasks, respectively.

Third, the relationship between system performance and the
task deadline is shown in Fig. 7. Similar to the conclusion
mentioned earlier, we find that the proposed DPCOEM algo-
rithm achieves the lowest average cost, the lowest task com-
pletion time, and the lowest ratio of dropped tasks, as shown in
Fig. 7(a), Fig. 7(b), and Fig. 7(c). As the time requirement of task
processing gradually decreases then the deadline is increasing
eventually, all methods will cause less cost because more tasks
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Fig. 8. Performance on different distance. The solid line refers to task arrival
probability equals to 1 and the dash line refers to task arrival probability equals to
0.5. (a) Average task cost vs. distance. (b) Average completion time vs. distance.
(c) Ratio of dropped tasks vs. distance.

can be completed in time to cause less task dropping, corre-
sponding to Eq. (12). The DPCOEM algorithm can process tasks
parallelly at two places, so the delay is the smallest and the ratio
of dropped tasks is the lowest, resulting in the smallest task
cost. We find that the completion time increases slightly with
the increase of the deadline since the offloading policy of energy
saving will be selected when the delay allows, resulting in larger
completion time.

Finally, Fig. 8 shows the system performance on different
distances between IoT devices and edge servers. As we can see
from Fig. 8(a), Fig. 8(b) and Fig. 8(c), task cost, completion
time, and the ratio of dropped tasks grow as the distance in-
creases in DPCOEM, 0-1 offloading, and complete edge server
execution. The reason is that the farther distance leads to greater
transmission time. Furthermore, the system performance of
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complete local execution does not change with the change of
distance in complete local execution since it does not rely on the
edge server to process tasks. The proposed DPCOEM algorithm
outperforms the other three benchmark algorithms in terms of
three metrics because of its flexibility to offload on local devices
and edge server.

To sum up, the proposed DPCOEM algorithm outperforms the
other three algorithms in all aspects considered in simulations,
based on the different parameter of task arrival probability,
average energy harvest power, deadline, and distance. The pro-
posed DPCOEM algorithm utilizes a parallel processing mode,
which will consume slightly more total energy than processing
in a single device (i.e., 0—1 offloading, Complete edge server
execution and Complete local execution). However, edge servers
usually have a stable energy source (e.g., power grid). Thus, we
can ignore the energy consumed by edge servers. On the other
hand, the proposed DPCOEM algorithm can provide enough
energy for IoT devices because the algorithm controls both the
CPU frequencies and transmission powers to manage energy as
in Section IV-B.

VII. CONCLUSION

This paper investigates emerging delay-constrained applica-
tions in the [oT system. To reduce the maintenance cost of replac-
ing batteries for IoT devices, and to utilize the harvested energy
in IoT environment, the GS-MEC framework is proposed. In this
framework, we formulate the problem of minimizing response
time and packet losses under the limitation of energy queue
stability to improve the timeliness and reliability of task process-
ing. To solve the formulated problem, the DPCOEM algorithm
is designed. According to the algorithm, the following optimal
variables of a single time slot can be determined: the energy
harvested by IoT devices, the transmission power scheduled
for IoT devices, the CPU frequency scheduled for IoT devices,
and offloading decision vectors. With the help of theoretical
analysis and simulation, we found that the system performance
of the proposed DPCOEM algorithm outperforms the other three
algorithms in all aspects considering the different parameter of
task arrival probability, average energy harvest power, deadline,
and distance. In future researches, we may extend the proposed
algorithm to other scenarios (e.g., Internet of Vehicles).

APPENDIX

A. Proof of Lemma 2

Square the two sides of equation (11) and we can get the
formula (35).

SUEC+ 1) — (B
- %[(E(t +1)—¢)* = (E(t) — ¢)*]
o (PO + (e(0) + 2B e(t) = Pl
= 2
2 ~
< Wma) a4 iy ofe) - Prol(e)) g
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Then, combine the result of the formula (35) with (12), we
can proof Lemma 2 as (23).

B. Proof of Lemma 3

First, to help the proof of Lemma 3, an auxiliary problem is
constructed as follows

min lim lI[*]

X, f(t), p(t), e(t)
(1), (2),
al(t) +
Ptota (
(t

(9), (10), (15), (18).

2¢(t) < R(t), Vt € T.

) < Emax, V€ T.

0 < p(t) < Pmax - Lze(y=1}, VEET.

0< f(t) < fmax - l{g; t)=1}> VteT.

limr e 75 31— JE[PM‘” (t) —e(t)] =0, VteT.
(36)

S.t.

Let the optimal solution of the problem (37) be W and we
know that W < TW*, which can be found in Lemma 5 in [36].

According to formula (23) and the proposed DPCOEM algo-
rithm, we have

Av(t) < E[(E(#))[e"(t) —
< E[(E()e"(t) -
= E@E["(t) — P + vV . EW" + B

max{®, Ymax} - @1+ VWT+n)+ B. (37)

Ptotal(t)] +V. [W*] + B
Pt()tal} + V . [WH] + B

IA

Next, let i) tend to 0, we can get

Ay(t) <V -wT4B. (38)
After making several mathematical transformations of (38),
we can get the following inequality relationship

lim —ZE{AV )} < hm —ZIE{V WH+B}

T—oo T
t=0
(39)
Then, divide by V' on the both sides of (39), we can get the
following inequality

wr < w4 (40)

Furthermore, considering Lemma 1 and WI < W*, we can
get the conclusion W* < W + p(Epin) + £.
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