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Abstract. Mobile Edge Computing (MEC) technology is used for
offloading local application tasks on Mobile Devices (MDs) to the edge
server to decrease task processing time and reduce energy consumption
in Internet of Things (IoTs) networks. In this paper, we investigate a sce-
nario consisting of a local MD adjacent with a group of other MDs, one of
which can act as the offloading cooperator. All the MDs are surrounded
by multiple Access Points (APs), and each AP is deployed an MEC server
providing abundant computation resources. Based on this scenario, we
propose a cooperative energy-efficient offloading scheme under delay con-
straint. The local MD can offload part of the application task to a coop-
erative relay MD or the MEC server, and the relay MD can also offload
part of the segment to an AP. By solving the proposed energy-efficient
cooperative offloading problem under the constraint of computing delay,
the most energy-efficient cooperative offloading MD and the AP as well
as the task segmentation to minimize the energy consumption are deter-
mined. Numerical analysis shows that our proposed scheme significantly
outperforms the benchmark schemes in the aspect of energy consumption
and the supported task length in maximum.

Keywords: Mobile Edge Computing · Cooperative offloading ·
Multiple-AP · Energy efficient

1 Introduction

The continuous development of Internet of Things (IoTs) technology in the fifth
generation (5G) communication systems has boosted an impact on a variety of
applications in different fields. The IoT integrating people’s lives and work, has a
huge impact on the world economy, military, politics, culture and other aspects,
and makes people’s way of life change dramatically. The future world will be
interconnected and globally intelligent [11]. Industrial IoT applications are in
the explosive growth stage, on the other hand the computing power and latency
feedback required by these applications are extremely strict and require a certain
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amount of massive application resources to handle computation-intensive appli-
cation tasks. At present, the high-performance Central Processing Unit (CPU)
chips on the terminal devices keep on constantly being updated, but still can’t
meet the requirement of dealing the huge application tasks under a limited delay
constraint. The quite finite battery life of the Mobile Device (MD) is also a diffi-
cult problem to solve today. The energy consumption required by a large number
of computing undoubtedly shortens the working time of the MD, which greatly
affects the user experience [2]. Cloud computing can transfer the application
tasks to the servers in the cloud center [16]. However, a large number of MDs
in different area locations will cause heavy bandwidth load and high transmis-
sion delay, which makes cloud computing incompetent for the delay-sensitive
applications.

Mobile Edge Computing (MEC) is a promising technology. In recent years,
mobile computing has been shifting from centralized cloud computing to MEC,
driven by 5G communication technologies. The main feature of MEC is offloading
computation-intensive and high-latency constraint application data to the edge
of the network near the MD, as well as reducing the pressure on the cloud-centric
server, which significantly reduces energy consumption and computing latency
at MDs [9].

In the MEC-based IoT network, we consider a scenario of an MD adjacent
with many other MDs, one of which can act as the offloading cooperator. All the
MDs are surrounded by a group of Access Points (APs), and each AP is deployed
an MEC server providing abundant computation resources. It is of great signifi-
cance to select a neighboring MD as the offloading relay to optimize the energy
consumption in the whole task computing process with delay constraints [10]. In
some cases, an application task is supported to be divided into several segments
in different sizes, so we can select multiple adjacent relay MDs for offloading.
But there are other cases where the application task is indivisible, or only sup-
ported to be divided into limited number of segments, so we can select a most
energy-efficient relay MD for cooperative offloading. According to some research
results that not all the task offloading can save energy [7]. Communication links,
communication modes and so on can all affect the energy consumption. If an MD
has a long distance from the AP accompanied by poor communication channel,
offloading of tasks will use further energy than processing them locally. However,
some studies have shown that the use of cooperative offloading by relay MDs
can save communication energy [17].

We propose an efficient cooperative task offloading scheme for multi-AP MEC
under delay constraint in the IoT network. By selecting an appropriate relay MD
and the AP as well as the task segmentation for cooperative task offloading, the
energy consumption of the whole task computing process is minimized. For this
purpose, we first setup the system model, then we present the task offloading
process with the relay MD. Next, we give the computation latency and energy
consumption for each process on the local MD, the relay MD as well as the MEC
server, respectively. Therefore we get a minimum energy consumption optimiza-
tion problem in total for the whole process of task computing and offloading,
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prove the problem is convex and solve it by the convex optimization toolbox
CVX [4]. Finally, the conducted simulation results indicate the proposed scheme
outperforms the benchmark schemes. The contribution of this paper is summa-
rized below.

1) We consider a multi-AP offloading scenario that a local MD is adjacent with a
group of other MDs, one of which can act as the offloading cooperator. All the
MDs are surrounded by some APs, and each AP is deployed an MEC server
with abundant computation resources. An application task can be partitioned
into finite segments, and one adjacent MD can be selected as the collaborative
offloading relay MD.

2) A scheme is proposed with energy-efficient cooperative task offloading for
multi-AP MEC under delay constraint in IoT networks. The scheme mini-
mizes the energy consumption under delay constraint by selecting the appro-
priate relay MD and the AP for cooperative task offloading.

3) By solving the optimization problem, the selection of the relay MD and
the AP as well as the task segmentation were determined. A large num-
ber of numerical experimental results verified the advantages of our proposed
scheme.

The rest of this paper is described as follows. In Sect. 2, we review MEC
works in the MEC-based IoT. Section 3 presents the system model. Section 4
formulates the delay constrained energy minimization problem and presents the
optimal solutions. Section 5 performs the numerical experiments. We conclude
our work in Sect. 6.

2 Related Work

MEC can effectively reduce computing latency in computation-intensive appli-
cations. When processed by local MDs, delay sensitive tasks have to take a lot of
time to wait, and the user demand is not satisfied [20]. Most of today’s MDs are
hardly to meet the computing requirements of a large number of delay-sensitive
applications. The traditional method is to offload the application tasks to the
cloud center server for computing. However, faced with numerous IoT devices,
the cloud center server bears too much pressure, which greatly increases the task
transmission time and computing latency. But in the MEC mode, the offloading
of application tasks to the network edge for computing reduces the pressure at
the cloud-centric server, solves the problem of high task transmission delay, and
attracts widespread concern in academia and industry [19].

Some studies have shown that co-offloading can help reduce energy consump-
tion compared with direct offloading. Baidas et al. maximized the network and
offloading efficiency of all user clusters through power allocation and comput-
ing resource allocation [1]. Sun et al. introduced a scenario where an MD is
surrounded by multiple MDs and an AP integrated with an MEC server, and
proposed an optimal neighbor aided cooperative offloading scheme [15]. Li et al.
proposed an artificial intelligence (AI) based single AP collaborative offloading
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computing approach to determine the task offloading, computing, and result
delivery policy [8]. Wei et al. studied single AP partial offloading of applica-
tion tasks. The authors in [18] proposed an energy-saving optimization problem
of MDs with separable tasks, and solved it using greedy algorithm. Pan et al.
proposed an iterative algorithm implemented by successive convex approxima-
tion, and got the task offloading partition and time allocation [13]. But these
works only support one AP scenario. Fan et al. investigated the cooperations of
multiple mobile edge computing enabled-base station (MEC-BS), and proposed
a novel scheme to enhance the computation offloading service of a MEC-BS
through further offloading the extra tasks to other MEC-BSs connected to it [3],
but this work did not consider cooperative offloading. Different from previous
works, we investigate the scenario of an local MD adjacent with a group of other
MDs, one of which can act as the offloading cooperator. Some APs randomly
locate around, and each AP deployed an MEC server with abundant computa-
tion resources. The optimization problem with minimized energy consumption
in the multi-AP offloading process, the selection of the offloading cooperator and
APs, as well as the optimized task segmentation were solved.

3 System Model

In this section, firstly we set up an application scenario in the IoT network. Then,
the delay constraint and energy consumption of an MD in local processing, relay
MD processing and MEC server processing phases are respectively explored.
Because of the particularity of application tasks, we consider tasks can be divided
only into limited segments, and only one MD can be selected as a cooperative
offloading assistant.

Fig. 1. System model.
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As shown in Fig. 1, we set up a local MD u adjacent to multiple MDs M =
{1, 2, . . . ,M}, one of which can act as an relay MD mi, i ∈ M to help the
local MD u offload application tasks to the randomly surrounded APs N =
{1, 2, . . . , N}, each one deployed an MEC server, which provides a abundant of
computing resources. The offloading collaborative MD mi can computing the
offloaded segment locally, or select one AP sj , j ∈ N deployed with an MEC
server for offloading the sub-segment through cellular links. On the other hand,
the task segment in the local MD u can also be directly offloaded to the AP
sk, k ∈ N through cellular links. In summary, each segment of the task can be
processed on the local MD, the relay MD and the MEC server, separately [12].
The D2D link is used to transmit the offloading data between MDs. After the
task computing is completed, the result will be returned to the local MD. Each
MD can request the cooperative offloading, and we can consider the scenario of
one task cooperative offloading.

In this network, we consider that cellular links as well as D2D links are
deployed at different frequencies, so that all nodes do not affect each other when
transferring data. We assume that the channel follows the decline of quasi-static
blocks. In other words, during the offloading of a task segment, the channel state
keeps constant [6]. In addition, due to the short length of the result, the delay
and energy consumption of the result feedback are not considered.

We denote the application task length as L > 0, and the delay constraint as
T ≥ 0. For the total task length L of applications, it can be divided into four
different segments. Let lu ≥ 0, lsk

u ≥ 0, lmi
u ≥ 0 and l

sj
mi ≥ 0 represent the length

of the computing segment at the local MD u, offloading from u to the AP sk,
offloading from u to the relay MD mi, and offloading from mi to the AP sj ,
respectively. Then we have

L = lu + lsk
u + lmi

u + lsj
mi

. (1)

In particular, the task segment performed on the relay MD mi is lmi
u , and

the task segment l
sj
mi is offloaded from mi to the MEC server sj , so the total

task segment length that is offloaded from the local MD u to the relay MD mi

is lmi
u + l

sj
mi .

The whole process of task computing and offloading in the model include
three phases. The first is the local processing phase, the second is the relay
MD cooperative offloading processing phase, and the third is the MEC server
processing phase. We will explore the computing delay, the offloading delay,
together with energy consumption at each phase in detail.

3.1 Local Processing Phase

The local processing phase includes the self-computing of segment lu at the
local MD u, offloading one segment lsk

u from u to the AP sk, and offloading one
segment lmi

u + l
sj
mi from u to the relay MD mi.



8 Z. Cao et al.

Local Computing. During the local processing phase, the segment of lu will
be executed on the local MD. Let cu represent the number of local MD CPU
cycles used for each bit, fu represent the maximum computing capability (CPU
cycles/second) of the local MD CPU. f ′

u represent the computing capability
required by the local MD for lu. Then the computing time of lu is

TC
u =

culu
f ′

u

. (2)

Because the task should be executed under the delay constraint T , the task
segment of each phase will be completed within T , namely the processing time
TC

u of lu need to meet the delay constraint T ≥ TC
u . Put Eq. (2) into the

constraint and we get culu
f ′
u

≤ T , and because f ′
u ≤ fu, we get that the time

constraint for the local processing phase is

culu
fu

≤ T. (3)

The energy consumption EC
u for the local MD computing can be described

as
EC

u = γucuf ′2
u lu, (4)

where γu is the effective CPU capacitance coefficient on the local MD. For
achieving the minimum energy consumption at the local MD, we set the com-
puting time TC

u equal to the delay constraint T , thus we obtain T = TC
u = culu

f ′
u

,

i.e. f ′
u = culu

T . Substituting it into Eq. (4), we get

EC
u =

γuc3ul3u
T 2

. (5)

Offloading to the MEC Server for Processing. The local MD offloads
part of the task lsk

u to the MEC server sk through cellular links, in which the
transmission power of the MD is expressed as Pu,sk

≥ 0. Suppose the channel
power gain between them be hu,sk

≥ 0, σ2
sk

denote the noise power at the AP
intergrated with sk and ωk, k ∈ N denote the cellular channel bandwidth from
the local MD to the AP, so the data transmission rate (bits/second) from the
local MD to the MEC server sk is

r (Pu,sk
) = ωk log2

(
1 +

pu,sk
hu,sk

σ2
sk

)
. (6)

By Eq. (6), we can get the offloading delay TO
u,sk

and offloading energy con-
sumption EO

u,sk
from the local MD to the MEC server sk as

TO
u,sk

=
lsk
u

r (Pu,sk
)
, (7)

EO
u,sk

=
Pu,sk

lsk
u

r (Pu,sk
)
. (8)
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Offloading to the Relay MD for Cooperative Processing. The relay MD
mi receives the segment with the length of lmi

u +l
sj
mi sent by the local MD through

D2D links on the transmit power Pu,mi
≥ 0. Let the channel power gain from

the local MD to the relay MD mi be hu,mi
≥ 0, σ2

mi
denote the noise power at

the relay MD mi, and ωi, i ∈ M denote the cellular channel bandwidth from
the local MD to the relay MD mi, then the data transmission rate (bits/second)
offloading from the local MD to the relay MD mi is

r (Pu,mi
) = ωi log2

(
1 +

pu,mi
hu,mi

σ2
mi

)
. (9)

From Eq. (9), we can get the offloading delay TO
u,mi

from the MD to the relay
MD mi and the energy consumption EO

u,mi
for offloading as

TO
u,mi

=
lmi
u + l

sj
mi

r (Pu,mi
)
, (10)

EO
u,mi

=
Pu,mi

(
lmi
u + l

sj
mi

)
r (Pu,mi

)
. (11)

3.2 Relay MD Processing Phase

The relay MD cooperative offloading processing phase consists of two parts, one
is the relay MD mi computing of the segment lmi

u that is offloaded from the
local MD, and the other is the segment l

sj
mi that is offloaded from mi to the

MEC server sj .

Computing at the Relay MD. Choosing the properly relay MD with minimal
energy consumption for offloading is significant [5,14,21]. We use cmi

to represent
the number of CPU cycles of each computing bit at the relay MD mi, fmi

to
represent the maximum CPU computing capacity of the relay MD mi, and f

′
mi

to represent the computing capacity required by mi according to the application
segment. Thus, the computing delay at the relay MD mi is

TC
u,mi

=
cmi

lmi
u

f ′
mi

. (12)

For the relay MD mi, the delay constraint includes the offloading delay from
the local MD and the segment computing time, so we have

TO
u,mi

+ TC
u,mi

≤ T. (13)

Same as the local processing phase, since fmi
≥ f ′

mi
, substitute Eq. (10) and

Eq. (12) into Eq. (13), we obtain the delay constraint of the relay MD mi as

lmi
u + l

sj
mi

r (Pu,mi
)

+
cmi

lmi
u

fmi

≤ T. (14)
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The energy consumption for computing at the relay MD mi is

EC
mi

= γmi
cmi

f ′2
mi

lmi
, (15)

where γmi
is the effective capacitance coefficient at the CPU of the relay MD mi.

Substitute Eq. (12) into Eq. (15), similar to Eq. (5), we can obtain the energy
consumption for computing at the relay MD mi as

EC
mi

=
γmi

c3mi
lmi

3

u(
T − TO

u,mi

)2 . (16)

Offloading to the MEC Server. The relay MD mi offloads the segment l
sj
mi

through cellular links to the MEC server with sufficient computing resources for
computing. Let the transmission power of the relay MD mi offloading to the AP
integrated with an MEC server sj be Pmi,sj

≥ 0, the channel power gain be
hmi,sj

≥ 0, the noise power at the AP be σ2
sj

, and ωj , j ∈ N denote the cellular
channel bandwidth from the relay MD mi to the AP integrated with an MEC
server sj . Therefore, the data transmission rate (bits/second) from the relay MD
mi to the MEC server sj is

r
(
Pmi,sj

)
= ωj log2

(
1 +

pmi,sj
hmi,sj

σ2
sj

)
. (17)

Then, from Eq. (17), we can describe the offloading delay TO
mi,sj

of the relay
MD mi to the AP integrated with an MEC server sj and the energy consumption
EO

mi,sj
for offloading as

TO
mi,sj

=
l
sj
mi

r
(
Pmi,sj

) , (18)

EO
mi,sj

=
Pmi,sj

l
sj
mi

r
(
Pmi,sj

) . (19)

3.3 MEC Server Processing Phase

Since the computing result is usually short, we ignore its feed back time from
the MEC server to the local MD. The computing resources of the MEC server
are strong enough, so we do not consider the energy consumption for computing
at the MEC server. Therefore, the MEC server processing phase consists of
computing the directly offloaded segment from the local MD and the indirectly
offloaded segment from the relay MD mi. Let cs represent the number of CPU
cycles used by the MEC server s for each task bit, fs represent the maximum
CPU computing capacity of s, and f

′
s represent the computing capacity required

by s for the application task. Then the computing delay TC
u,sk

for the directly
offloaded segment from the local MD and the computing delay TC

mi,sj
for the
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indirectly offloaded segment form the relay MD at the MEC server s can be
described as

TC
u,sk

=
csk

lsk
u

f ′
sk

, (20)

TC
mi,sj

=
csj

l
sj
mi

f ′
sj

. (21)

The delay constraint for the directly offloaded segment on the MEC server
includes the offloading delay from the local MD and the computing delay at the
MEC server. Then, we have

TO
u,sk

+ TC
u,sk

≤ T. (22)

The delay constraint for the indirectly offloaded segment includes the offload-
ing delay from the local MD to the relay MD and then to the MEC server, as
well as the computing delay at the MEC server. Then we get

TO
u,mi

+ TO
mi,sj

+ TC
mi,sj

≤ T. (23)

Substitute Eq. (7) and Eq. (20) into Eq. (22), and substitute Eq. (10), Eq.
(12), Eq. (18) and Eq. (21) into Eq. (23), so we get

lsk
u

r (Pu,sk
)

+
csk

lsk
u

fsk

≤ T, (24)

lmi
u + l

sj
mi

r
(
Pu,mj

) +
l
sj
mi

r
(
Pmi,sj

) +
csj

l
sj
mi

fsj

≤ T. (25)

4 Problem Formulation and Optimal Solution

In this section, we pursue the energy-efficient problem in the process of AP
selection and relay selection as well as the task segmentation in an IoT network
based on MEC under delay constraint. We also propose and solve the supported
maximum task length problem in the scenario.

4.1 Energy Efficient Problem and Optimal Solution

We use θi = {0, 1} to represent the single selected offloading relay MD mi by
the local MD, θj = {0, 1} to represent the single selected AP sj by the relay
MD, and θk = {0, 1} to represent the single selected AP sk by the local MD for
direct offloading, thus we have

M∑
i=1

θi = 1,

N∑
j=1

θj = 1,

N∑
k=1

θk = 1. (26)

The process of energy consumption is mainly consist of the following parts:
the local MD computing, a relay MD mi computing, the local MD offloading
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to the relay MD mi, the local MD offloading to the AP sk, and the relay MD
offloading to the AP sj . Let E represent the total energy consumption generated
in the whole process, so we have

E = EC
u +

M∑
i=1

N∑
j=1

N∑
k=1

(
θi

(
EO

u,mi
+ EC

mi

)
+ θkEO

u,sk
+ θjE

O
m,sj

)
. (27)

Substitute Eq. (5), Eq. (8), Eq. (10), Eq. (11), Eq. (16) and Eq. (19) into
Eq. (27) then we get

E =
γuc3ul3u

T 2

+
M∑
i=1

N∑
j=1

N∑
k=1

θi

(
Pu,mi

(
lmi
u + l

sj
mi

)
r (Pu,mi

)
+

r (Pu,sk
)2 γmi

c3mi
l
m3

i
u(

Tr (Pu,mi
) − (

lmi
u + l

sj
mi

))2
)

+ θk
Pu,sk

lsk
u

r (Pu,sk
)

+ θj

Pmi,sj
l
sj
mi

r
(
Pmi,sj

) .

(28)

By designing a variable of the local MD’s task partition vector l �
[lu, lsk

u , lmi
u , l

sj
mi ], the energy minimization problem can be expressed as

(P1) : min
l,i,j,k

E

s.t. T ≥ 0,

lu ≥ 0, lsk
u ≥ 0, lmi

u ≥ 0, lsj
mi

≥ 0,

θi = {0, 1}, θj = {0, 1}, θk = {0, 1},

(1), (3), (14), (24), (25) and (26).

(29)

In problem (P1),
Pu,mi(l

mi
u +l

sj
mi)

r(Pu,mi)
+ Pu,sk

l
sk
u

r(Pu,sk) +
Pmi,sj

l
sj
mi

r(Pmi,sj )
is a linear problem.

l
mi

3
u

(l
mi
u +l

sj
mi)

2 is convex with lmi
u ≥ 0 and lmi

u + l
sj
mi ≥ 0, then the term

r(Pu,sk)2γmi
c3mi

l
mi

3
u

(Tr(Pu,mi)−(l
mi
u +l

sj
mi))

2 in problem (P1) is jointly convex as lmi
u ≥ 0 and

l
mi
u +l

sj
mi

r(P (u,mi))
< T . Therefore, it can be concluded that problem (P1) is a convex

problem, which can be solved by the convex optimization toolbox.
According to problem (P1), we can get the minimum value of energy con-

sumption based on the cooperative offloading of relay MDs, solve the values of
i, j and k to determine the selection of relay MD and the AP and determine
each segment length of the application task.

4.2 Supported Maximum Task Length

In the IoT networks, we define the supported maximum task length as the num-
ber of data bits supported most by a task under a given delay constraint T . We
then formulate the problem as
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(P2) : max
l

lu + lsk
u + lmi

u + lsj
mi

s.t. T ≥ 0,

lu ≥ 0, lsk
u ≥ 0, lmi

u ≥ 0, lsj
mi

≥ 0
(3), (14), (24) and(25).

(30)

Problem (P2) is linear that can be solved effectively through standard convex
optimization techniques when mi, sj and sk are confirmed by problem (P1).

5 Numerical Analysis

In this section, we propose two benchmark schemes for comparison with our
cooperative offloading scheme through numerical experiments. Our benchmark
schemes include

1) Local computing only: The local MD will finish all task computing. From
Eq. (3), the maximum application task of the local MD can be described as fuT

cu
.

From Eq. (5), the energy consumption of the local MD is EC
u = γuc3ul3u

T 2 .
2) Direct offloading: The local MD offloads application tasks directly to the

MEC server without the help of the relay MD. Like our proposed cooperative
offloading scheme, this scheme maximizes the task length and minimizes the
energy consumption by setting lmi

u + l
sj
mi = 0 to solve problem (P1) and problem

(P2).
In the numerical experiment, we set a spatial Cartesian coordinate system

with a range of (0 ≤ x ≤ 500, 0 ≤ y ≤ 300, 0 ≤ z ≤ 200), and randomly placed a
group of relay MDs and a group of AP nodes at different positions in the system.
Set the location of the local MD at (300, 100, 100), and randomly place 200 relay
MDs and 5 AP nodes in the system.

In order to facilitate the processing of numerical experimental results, we
set ωi = ωj = ωk = 1MHz, σ2

mi
= σ2

sj
= σ2

sk
= −70 dBm, cu = cmi

= csj
=

csk
= 103 cycles/bit, Pu,mi

= Pu,sk
= Pmi,sj

= 40dBm, γu = γmi
= 10−26, fu =

fmi
= 1GHz and fsj

= fsk
= 5GHz. In addition, we assume that the distance

from node A to node B is represented by x, and the path loss is β0 = −60 db
corresponding to the reference distance x0 = 10m, then the path-loss between
two MDs is β0 (x/x0)

−ζ , where ζ = 3 is the path-loss exponent [15].
Figure 2 shows the relationship of the supported maximum task length in

average versus delay constraint. As the delay constraint increases, so does the
maximum length of the corresponding computational task. The supported max-
imum task length of our proposed scheme is much longer than the other two
schemes because the relay MD can help offloading more additional data bits of
the task especially for longer delay constraint. Compared with the direct offload-
ing scheme, the local computing only scheme supports less data with the same
delay constraint. While the length of the input task exceeds the maximum length,
the task will not be completed within the delay constraint, which means that the
longer the supported maximum length by the proposed cooperative offloading
scheme with the local MD, the greater the computing capacities it has.
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Fig. 2. Supported maximum task length versus the delay constraint T .
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Fig. 3. Average energy consumption under different task length.

Figure 3 shows the relationship between the task length and the average
energy consumption under the delay constraint T is set to be 0.3s. Experimen-
tal results show the average energy consumption increases when the application
task length becomes longer. By selecting an optimal relay MD, the energy con-
sumption of the proposed scheme significantly outperforms the other two bench-
mark schemes under different task length. When the input application task is
smaller, it will not occupy too much computing resources of the device because
tasks will be done at lower CPU frequency, and the performance of the local
computing only scheme is similar with other solutions. But the local computing
only scheme consumes more energy as the input task length of the application
increases, due to the increase of CPU execution frequency. Our proposed scheme
consumes relatively much less energy because part of the task can be offloaded
to its relay MD and MEC servers for execution.
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Fig. 4. Average energy consumption under different delay constraints.

Figure 4 shows the relationship between the average minimum energy and
the delay constraint when the application task is L = 0.02Mbits. The experi-
mental results show that the energy consumption decreases with the increase of
time constraints, which means that the shorter time of the delay constraint, the
greater energy consumed by the computation task. Compared with the bench-
mark schemes, our proposed scheme has the smallest energy consumption at each
delay constraint setting, while the local computing only scheme has the largest
energy consumption for all tasks are placed on the local MD. However, with the
increase of delay constraint, the energy consumption of the three schemes grad-
ually tends to the same scale. When the delay constraint T = 0.45 s, the energy
consumption of the benchmark schemes gradually becomes the same, because
the time constraint becomes loose. Especially when T = 0.7 s, the energy con-
sumption of the three schemes differs little, which suggests that our proposed
scheme is quite suitable at the condition of strict delay constraint.

6 Conclusions

In this paper, we propose a cooperative energy-efficient offloading scheme under
delay constraint for multi-AP MEC in IoT networks. We consider a scenario of a
local MD adjacent with many other MDs, one of which can act as the offloading
cooperator of the local MD. All the MDs are surrounded by a group of APs,
and each AP is deployed an MEC server with abundant computing resources.
After building the system model, the computing time, the offloading delay and
the energy consumption of local MD processing, relay MD cooperative offloading
processing together with the MEC server processing are presented as well. By
solving the derived energy-efficient cooperative offloading problem under delay
constraint, we can select the most energy-efficient neighbor MD as a relay MD
as well as the AP to minimize total energy consumption for task processing. In
addition, we formulate and solve a maximum application task length problem
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that is supported in MEC-based IoT networks. Experimental results confirm the
proposed cooperative offloading scheme under delay constraint achieves better
performance than the benchmark schemes with less energy consumption while
supports longer application tasks.
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