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Trajectory Design for Multi-UAV Cooperative Edge
Computing With Task Priority
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Abstract—Mobile edge computing (MEC) has emerged as a
solution to address the demands of computation-intensive network
services by providing computational capabilities at the network
edge, thus reducing service delays. Due to the flexible deployment,
wide coverage and reliable wireless communication, unmanned
aerial vehicles (UAVs) have been employed to assist MEC. This
paper investigates the task offloading problem in a UAV-assisted
MEC system with collaboration of multiple UAVs, highlighting
task priorities and binary offloading mode. We defined the system
gain based on energy consumption and task delay. The joint op-
timization of UAVs’ trajectory design, binary offloading decision,
computation resources allocation, and communication resources
management is formulated as a mixed integer programming prob-
lem with the goal of maximizing the long-term average system gain.
Considering the discrete-continuous hybrid action space of this
problem, we propose a novel deep reinforcement learning (DRL)
algorithm based on the latent space to solve it. The evaluation re-
sults demonstrate that our proposed algorithm outperforms three
state-of-the-art alternative solutions in terms of task delay and
system gain.
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1. INTRODUCTION

ATELY, many new computation-intensive and delay-
L sensitive network services which require large amounts of
computation resources are emerging. Multi-access/mobile edge
computing (MEC) [1] is an innovative computing paradigm
that provides computational functions at the network edge to
support such services. However, the current MEC solutions are
not suitable for the situations with very high number of users
or when network facilities are sparsely distributed [2]. In these
situations, unmanned aerial vehicles (UAVs) can be employed
to assist the MEC systems with their flexible deployment and
large coverage potential, making UAV-assisted MEC systems
promising solutions to enable execution of highly distributed
computation-intensive tasks.

In terrestrial MEC networks both the location and service
coverage of edge nodes are fixed and the edge servers can provide
services for users in the local area only [5]. The UAV-assisted
MEC systems have some unique features compared to the tra-
ditional terrestrial MEC systems [3], [4]. First of all, UAVs
introduce mobility and offer flexibility, and therefore can support
close-range services and can increase system computing capac-
ity dynamically. When the computation workload of an edge
server is very high or users need support beyond the coverage
area, UAVs’ flight trajectory can be adjusted flexibly to provide
service. Additionally, the scalability of the UAV-assisted MEC
system is also unrivalled. Secondly, the onboard computing re-
sources and energy supply of UAVs are very limited when com-
pared with terrestrial edge servers, making very challenging any
related task offloading decision. Therefore, unfortunately, the
task offloading methods designed for terrestrial MEC-enabled
networks can not be applied directly to the UAV-assisted MEC
systems and new solutions are sought.

The single UAV-assisted task offloading problem has been
extensively studied [6], [7], [8], [9], [10]. Due to its limited
resources, a single UAV is adaptable to scenarios with small
tasks, and the improvement provided to any task performance
is limited. Also, it is often hard to meet the requirements for
increasing task demands for computation resources. Instead, a
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more complex system which relies on collaboration of multiple
UAVs can provide rich computation resources and large service
coverage is worth investigating [11]. However, there are many
challenges in relation to the task offloading problem in a multi-
UAV MEC system, including trajectory design of multiple UAVs
to avoid collisions of UAVs, management of communication
resources between UAVs to improve transmission efficiency,
collaborative task offloading to balance computation workload
of UAVs, and so on.

In this context, few works on UAV-assisted MEC systems
consider task priority. Diverse tasks have different tolerance of
delay and their related services have diverse consequences [12].
For example, failure to complete navigation or road sensing tasks
within the expected timeframe can have serious consequences
(i.e. car accidents), while failure during live video streaming
only affects user experience. Tasks with strict delay constraints
should have high priority and need to be processed first to
meet their delay requirements. Using preemptive scheduling
methods makes it difficult for the low-priority tasks to get
their required computing resources from UAVs, causing high
delays and low quality services. A different approach should
be used in order to avoid the starvation of low-priority tasks.
Therefore, the task offloading decision in a UAV-assisted MEC
system should be carefully designed to satisfy the different task
requirements.

Most existing UAV-assisted task offloading schemes focus
on partial offloading, allowing some flexibility in allocating
resources for smaller sub-tasks and further reduce task pro-
cessing delay [3], [13]. Although partial offloading has many
advantages, it may be difficult to be applied to indivisible com-
putation tasks [14]. Binary offloading may not be suitable to
all cases, but is worth investigating as a complement to partial
offloading, as it may provide more choices in the quest to achieve
a good performance of task offloading in many scenarios. How-
ever, employing binary offloading may turn the task offload-
ing problem into a joint optimization problem of continuous
and discrete variables, which further increases the difficulty of
solving the problem. Besides, both the requests and resource
requirements associated with each UAV are highly time-varying.
In this context, to improve the system performance, long-term
average optimization is essential. However, it is hard to solve
this problem of a non-convex nature, in a dynamic environment
and with incomplete future information. Following the recent
improvements of artificial intelligence (AI) approaches, deep
reinforcement learning (DRL) has demonstrated good results in
long-term optimization problem solving, which is very useful in
wireless communications. Through training on historical data
and exploring the dynamic environments, DRL can help take
appropriate actions to get the optimal long-term average reward
and make intelligent decisions under uncertainty, which can help
solve our problem.

In order to address the above challenges, this paper focuses
on task offloading in collaborative UAV-assisted MEC systems
while considering task priorities and binary offloading. We
optimize the long-term average system gain which is defined
as being composed of task delay and energy consumption. The
problem is formulated as a Markov Decision Process (MDP)
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with a discrete-continuous hybrid action space, and a novel DRL
algorithm is proposed to solve it. The major contributions of this
paper are as follows:
®* We investigate the priority-aware task offloading prob-
lem in a collaborative multi-UAV-assisted system, whose
goal is to maximize the long-term average system gain.
The joint optimization of UAVs’ trajectory design, of-
floading decision, computation resources allocation, and
communication resources management is formulated as a
mixed integer programming problem with the constraints
of transmit power, computation capacity and task delay.
Furthermore, this problem is transformed into a MDP.

® Considering that the traditional DRL algorithms are not
compatible with a discrete-continuous hybrid action space,
we introduce an embedding table for discrete actions and
a conditional variational auto-encoder for continuous ac-
tions. Using the encoder, we construct a latent space for
hybrid actions. Combining the latent space and a twin de-
layed deep deterministic policy gradient (TD3) algorithm,
a novel DRL algorithm which can deal with a discrete-
continuous hybrid action space is proposed to solve our
joint optimization problem.

® We evaluate comparatively the proposed algorithm and

experimental results show that our algorithm has better
performance than three alternative solutions in terms of
task delay and system gain.

The rest of this paper is organized as follows. The related
works are discussed in Section II. The system model is intro-
duced in Section I1I and the optimization problem formulation is
shown in Section I'V. Algorithm design and analysis of solutions
are given in Section V. Section VI shows the performance of the
proposed algorithm in terms of experimental results. Finally,
Section VII concludes this paper.

II. RELATED WORKS

Employing UAV-assisted MEC systems is a promising ap-
proach to dynamically expand network computing capacity and
support emergency events. Task offloading in a UAV-assisted
MEC system is a key issue and is becoming the focus of the
latest research. From the optimization scenario point of view,
the existing works can been mainly divided into single UAV
solutions and multi-UAV cooperative approaches.

For single UAV-assisted MEC networks, authors of [6] de-
signed a resource allocation framework, which maximizes the
computation rate by jointly optimizing computation resources,
communication resources and UAV trajectory. An alternative
algorithm was proposed to solve the non-convex problem, and
the successive convex approximation (SCA) method was used
to optimize the UAV trajectory. Authors of [7] designed a
UAV-assisted MEC system to reduce terrestrial signal block-
age and shadowing. The joint optimization of UAV position,
task offloading decision and resource allocation was formu-
lated as a problem with the goal of minimizing task delay and
UAV energy consumption. To solve the problem, an algorithm
based on SCA was proposed. In [8], UAVs were applied to
a 5G-enabled community task offloading system. The authors
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clustered users into communities based on geographic locations,
and formulated the UAV-assisted task offloading problem as a
mixed integer non-linear programming problem to maximize
the average throughput. Researchers in [9] proposed an evo-
lutionary multi-objective reinforcement learning algorithm to
solve the UAV trajectory design and task offloading problem.
They focused on three optimization sub-problems: minimize
task delay, minimize energy consumption of UAV, and maximize
the number of tasks collected by the UAV. The dependency
among different tasks were highlighted in [10]. The joint op-
timization problem of resource allocation and trajectory design
was formulated to minimize the system energy consumption
with the constraints of task delay and dependency. The problem
was further decomposed into two sub-problems iteratively and a
joint dynamic programming and convex optimization algorithm
was proposed to solve it. However, as mentioned, a single UAV
has limited power and computation resources, and may not
significantly improve the system performance to meet users’
requirements.

Multiple UAVs collaborative MEC systems which can uti-
lize the resources of multiple UAVs have attracted increasing
attention. Authors of [15] focused on the task offloading opti-
mization problem in multiple UAV-enabled wireless networks.
A two-layer cooperative framework based on software-defined
networks to optimize the computation resources was designed,
and a queue-based algorithm was proposed to minimize task
delay. Authors of [16] formulated a delay minimization problem
for the multi-UAVs enabled MEC networks. The load balancing
of multiple UAVs was formulated as a no-convex problem. To
get online task offloading decisions, authors further transformed
the problem and utilized Lyapunov stochastic optimization to
address it. DRL was used for the multi-UAV MEC systems in
[17]. Authors formulated a MDP by jointly optimizing UAV
trajectories, task offloading and transmit power. Considering the
high-dimensional continuous action space, a multi-agent DRL
based on the TD3 algorithm was proposed to minimize total
system cost. In addition to the task offloading problem in UAV-
enabled systems, service caching problem was also taken into
accountin [18]. UAVs made task offloading decision and service
caching decision at different time frequencies where caching
decision had a longer time window. The energy consumption
is formulated as a virtual queue and an algorithm based on the
Lyapunov optimization was proposed to minimize the long-term
average service delay. The vehicular fog computing based UAV
system which combined unmanned ground vehicles and UAVs
was introduced in [19]. The task offloading was transformed
into a two-sided matching problem, then the authors designed
a distributed algorithm by the dynamic of UAVs to reduce task
delay. The UAVs-assisted MEC technology was combined with
intelligent transportation systems in [20]. The authors proposed
a UAV-enabled multi-hop collaborative framework to maximize
user experience and task delay in each time slot.

However, the above works do not consider the priority of tasks
when making task offloading decisions. Different tasks have
different delay requirements. If we schedule all tasks equally,
some important tasks may not be finished within the allowed
delay threshold, which has serious consequences.
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Fig. 1. UAV-assisted MEC system.

Few works on computing offloading consider task priority.
The authors of [21] assigned a priority to each task based on
its deadline and proposed a new delay-dependent priority-aware
task offloading strategy for scheduling tasks, which can reduce
the waiting time of the delay-sensitive tasks. The researchers
who published [22] studied the priority-aware task offloading
problem in a vehicular fog computing context. They formulated
this problem as a MDP and proposed a DRL algorithm to solve it.
Unfortunately, the research solutions proposed these papers rely
on the fog computing framework and cannot be directly applied
to UAV-enabled MEC networks. The authors of [23] studied the
priority-aware task offloading problem with one UAV providing
service. They employed a deep Q-learning algorithm for the
problem and considered the scenario of a single UAV only,
without any cooperation between multiple UAVs. The authors
of [24] paid more attention to users’ satisfaction of servers in
UAV-enabled MEC networks and considered the task priority
based on the delay requirements of users’ tasks and remaining
energy status of users. By jointly optimizing task offloading
decisions and UAV scheduling strategy, the multi-UAVs enabled
task offloading problem is formulated to maximize the total
user satisfaction with constraints related to UAV energy con-
sumption. This work mainly focused on the design of offloading
decisions and UAV scheduling strategy and did not consider the
allocation of transmit power and computation resources. Addi-
tionally, the authors of [24] studied the partial task offloading
problem, which applies to many scenarios. In real world, there
are many indivisible computation tasks, and the study of binary
task offloading is still highly valuable.

III. SYSTEM MODEL AND PROBLEM FORMULATION

A UAV-assisted MEC-based system with N UAVs, M user
equipments (UEs) and access to an edge cloud server (EC) is
considered as shown in Fig. 1. UAVs have two main roles related
to data transmission and computation, respectively. On one hand,
UAVs can forward computing tasks to other UAVs or the EC. On
the other hand, UAVs can also provide computation resources
to help UEs accomplish their tasks. Without loss of generality,
the time is slotted, i.e., 7 = {1,2,...,T}. A time slot refers
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to a short period of time, which can be in the region of several
hundred milliseconds. Time slots are used to describe small time
intervals in the proposed model design. Each UE m needs to
handle computation-intensive tasks in each time slot; this can be
defined via a four tuple g, (t) = (¢ (t), wm (), Vm (t), 0m (t)),
where ¢,,(t) is the computing workload (the number of CPU
cycles), u,, (t) is the transmitted data size, v,, (t) is the allowed
delay threshold and o, (t) is the task priority.

UAVs are equipped with multiple antennae, and can serve
multiple UEs at the same time [25]. There are three transmission
modes: ground-to-air (G2A) transmission from UE to UAV, air-
to-air (A2A) transmission from UAV to UAV, and air-to-ground
(A2G) transmission from UAV to EC.

A. UAVs Movement

We design the 3D coordinate of UAV n as w,(t) =
[0 (1), yn (), 20 ()], where x,,(t), yn(t) and 2, (t) are the X,
Y, Z coordinates of UAV n at time slot ¢, respectively. Denote the
Vo (t) = [,(t),yn(t)]T as the 2D coordinate of UAV n. UAVs
always have limited flight distances because of their limited
horizontal and vertical flight speeds, which can be given by:

Av(t) = [[Va(t +1) = vi (1)]] < Lia (M
Azn(t) = |zn(t +1) = 20 ()] < Liax @
Zmin S Zn(t) S Zmax (3)

where Awv, (t) and Az, (t) denote the horizontal travel distance
and vertical travel distance, respectively; L. and LY are
the maximum horizontal and vertical distances of the UAVs,
respectively and Z,,;, and Z,.x denote the minimum and
maximum heights of UAVs.

To avoid collision between any two UAVs, the distance be-
tween UAVs should not be less than a minimum distance D,,,;,,.

The collision constraint is:
When a rotary-wing UAV flies, its flight energy power is

related to the speed v [26], which is defined as:

Wh o

2

where W, is the mass of UAV n. The flight energy consumption
of UAV is obtained by:

Pl (v) = (5)

Efly(t) _ pily <|Wn(t + 1) - Wn(t)|> N (6)

At

where At is the interval duration of time slot.

B. Communication Model

We consider an UAV-enhanced MEC system which involves
collaboration between multiple UAVs, which can communicate
with each-other. We denote the bandwidths of the three main
links as follows: B for the G2A links, B for the A2A links
and B¥ for the A2G links. As the output data size of sub-tasks
is usually much smaller than the input data, next we ignore the
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cost of result downloading [8]. Beside, the cross-interference
between UAVs and UEs is also neglected in this paper [27].
This can be the focus of future work.

1) G2A Transmission: For G2A communication links, there
are many scatters or obstacles in the real environment. So the
radio signals do not propagate in free space because of the
shadowing or scattering caused by obstacles, which results in
additional path loss. As a result, the use of the simplified free
space path loss (FSPL) model [26] is not accurate enough to
model the communication between ground UEs and air UAVs.
Instead, a probabilistic path loss model which considers the
occurrence probabilities and path loss of LoS and Non-LoS
(NLoS) communication is introduced to model the G2A com-
munications.

The occurrence probabilities of LoS and NLoS communica-
tions between UE m and UAV n are:

1

LoS _
P’V%" (t) - 14+ ae—b((lSO/‘n’)arcsin(zn(t)/dm,n(t))—u) (7)

PYLOS(t)y=1-PLoY (8)

where d,, () = ||wy, () — w,,, (¢)]]is the distance between UE
m and UAV n and a and b are constant values related to the
environment. Thus, the path loss between UE m and UAV n for
LoS and NLoS communication is modeled as follows:

PLS, . (t) = Lyyn(t) + 1, ¢ € {LoS,NLoS} (9)

m,n
where Ly, ,(t) = 20lg(4m/c) + 20lg(fre) + 200g(dim,n (1))
denotes the free space path loss, lg is log;y, f7. means the
carrier frequency, ¢ means the speed of light, and 7 is excessive
path loss of LoS or NLoS links. We get the average path loss
for the G2A links next:

PLyyn(t) = PLy7 (P57 (t) + PLYES (4) Pe® ()
(10)

The channel gain between UE m and UAV n is
gm,n(t) == ]-/PLm,n(t) (11)

Therefore, we denote uplink transmission rate from UE m to
UAV n as follows:

P (t) G ,n (1) )

G2A G
t) = B%log, (1
T () ogz (1 + INy.n 4+ Ng

o 12)
where IN,, , = Zzgijx; Dimg (1) gmeo.n (t) is the interference
power signal from other UEs in the coverage area of UAV n,
D (t) is the transmit power of UE m, and N is the noise power.

Due to the limited coverage of a UAV, if UE m communicates
with UAV n, the distance between UE m and UAV n cannot
exceed the specified communication distance RG24, Which is
expressed as follows:

dm,n(t) S RGQA (13)

2) A2A Transmission: When the offloading target of UE m is
UAV n/ rather than UVA n which it belongs to, UE m transmits
data to UAV n and UAV n forwards it to UAV n’. As UAVs can
communicate in full duplex mode. UAV n can receive data from
UE m while forwarding data to UAV n'. Considering the high
hovering altitude of UAVs, the LoS link is the dominant one
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in A2A communications, and the communication environment
between UAVs can be approximated as a free space. So, we
apply the FSPL model to describe the A2A communications
[28], where the path loss between UAV n and UAV n/ is given
as

PLA2Y = 32.45 + 201g(fre) + 201g(dyp, (1)) (14)
where d,, ,y(t) = ||wp(t) — wys(t)|| is the distance between
UAV 7’ and UAV n.

The data rate between UAV n and n' is expressed as
prA24
(£)107 10"
P20 = Blog, [ 14200 T )
) NA

where p,,(t) is the transmit power of UAV n, N4 is the noise
power.

3) A2G Transmission: We denote the fixed location of EC
as: wPC = [zFC yFC 2PCIT The distance between UAV n
and EC at time slot ¢ is:

dFC(t) = |lwn(t) —w"C| (16)
Similar to the G2A transmissions from UEs to UAVs, the

channel gain between UAV n and the EC at time slot ¢ is:

1
gn(t) = PL’ILLOSPT%OS + PLnNLoSPéVLoS

a7)

where PL,LLOS and PLY LoS are the path loss of LoS and NLoS,

and PLo% and PN°S are the occurrence probabilities of LoS

and NLoS communication between UAV n and the EC, respec-

tively. For the calculation of these parameters, refer to (7)—(9).
The transmission rate from UAV n to the EC is:

Pa()ga(t) )

SN Do (E)gno (£) + N
(18)

ri26(t) = B log, (1 +

where N is the noise power.

C. Computation Model

We denote the task offloading decision as /% (¢) € {0, 1},
where ) (t) = 1 if UE m offloads task to computation location
n at time ¢, otherwise, v (¢) = 0. Here, n € {0,1,..., N, N +
1} indicates the computation location. If n = 0, the location is
UE itself; if 1 < n < N, the location is UAV n;if n = N + 1,
the location is EC. For example, if UE m completes the task
locally, then 72, (t) = 1. So, the tasks from UE m have N + 2
options for computation locations: local device, anyone of N
UAVs, and edge cloud server. In other words, an UAV can offload
computing tasks from users within its own coverage area to other
UAVs; this illustrates the collaboration between multiple UAVs.
In a classic model without the collaboration between UAVs,
tasks have three options only for computation locations: local
device, the UAV they belongs to, and edge cloud server. In that
case, an UAV cannot offload any task to other UAVs, even if
they are free.

We assume that computing tasks are indivisible, and a task
can only be processed at one location in each time slot. The
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constraints of tasks are as follows:

N+1
> o) =1 (19)
n=0

The computation delay of UEs is:

O (t)em(t
tUE(t) = Vm ()m (t) (20)

I
where f9 is the computing capability of UE m. The computation
delay of UAVs is

N
" (t)em(t)
)=
where f" (¢) is the computing capability that UAV n allocates
to UE m at time slot £. UAV n has limited computing resources
[29], the constraint is:

M
Sty < Fr (22)
m=1

where F'™ is the computing capacity of UAV n. If tasks are
offloaded to EC, the computation delay is:
N+1
BC(py _ Y (H)em(t)
ty (t) = N (23)
where fN*1 is the fixed computing power allocated to UE m
by the EC.

D. Task Priority Model

Tasks are classified into high-priority tasks and low-priority
tasks according to their allowed delay threshold. High-priority
tasks have strict delay constraint (i.e. navigation, road-sensing
in vehicular). If we cannot finish a high-priority task within its
maximum tolerable delay, the task will be failed and results
in severe impact. The tasks with tolerant delay are classified
as low priority tasks, such as entertainment applications. If the
allotted time for a low-priority task surpasses the allowed delay
threshold, it might solely impact the user experience without
compromising the overall usefulness of the result.

To prevent low-priority computational tasks from starvation,
we utilize distinct utility functions to represent task priorities,
rather than employing preemptive scheduling methods directly.
Similar to [22], [30], we consider a definition of task utility
based on priority, completion time (task delay), and allowed
delay threshold. For high-priority tasks, it is mandatory that
they are completed within the designated delay threshold. When
a high-priority task satisfies its allowed delay threshold, it is
considered available, and its utility is non-negative and inversely
proportional to the completion time. However, if a high-priority
task exceeds the allowed delay threshold and cannot be com-
pleted in time, it is deemed a failure and incurs a negative utility
as a penalty. We establish the utility function of a high-priority
task following the principles mentioned above, as follows:

~ Jlogo (1 4+ v (t) = T (1)),  Tin(t) < v (t)
i = {5 Tou(t) > vun(1)
4
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where T}, (t) is the completion time, and —P¥ is a negative
constant, which represents the penalty for not completing the
high-priority task within its allowed delay threshold.

For a low-priority task, the completion time requirement is
relatively lenient. If a low-priority task cannot be completed
within its allowed delay threshold, it is still considered available,
but the utility decreases exponentially with time. On the other
hand, if a low-priority task is completed before the deadline, the
utility is a positive constant as a reward. We define the utility
function for a low-priority task next:

TN Tn(t) < om(1)
m(t) = pLo-oTn)-vn®). T (t) > v ()

where P is a fixed positive value that represents the reward for
successfully completing a low-priority task within its specified
time limit, and p > 0 is a constant. Specifically, if a low-priority
task cannot be completed (i.e. t,, = —00), then the utility is zero.

The task priority model employed, which uses logarithmic and
negative exponential expressions, is appropriate. Logarithmic
and negative exponential forms have long tail effects which are
close to how user experience manifests. For example, if the
latency of a service changes from 0.1 s to 1 s, it will have a
big impact on the user experience. However, if the latency of a
service changes from 10.1 s to 11 s, it will have little impact on
the user experience. Logarithmic and negative exponential forms
candescribe this property very well. Besides, the minimum value
of alogarithmic expression is O if the high-priority task can been
completed within the allowed delay threshold, which guarantees
that the utility of on-time completion is higher than the utility
of a task overtime. Similarly, the maximum value of a negative
exponential expression is 1 if the low-priority task cannot be
completed within the allowed delay threshold, which guarantees
that the utility of a task overtime is lower than the utility of the
on-time completion.

(25)

IV. PROBLEM OPTIMIZATION
A. Multi-UAV Cooperative Computation Model

Based on location, there are three computation types: com-
putation at UEs, computation at UAVs and computation at the
EC.

1) Computation at UEs: There is no transmission delay if
UE:s finish tasks locally, so the total delay is equal to the compu-
tation delay T (t) = tUE(t). There is only energy consumption
of local computation.

B (t) = ol f) t0" (t)

where ko < 0 is the effective switched capacitance of UEs.

2) Computation at UAVs: We assume that UE m offloads
data to UAV 7’ in time slot ¢. UE m first needs to transfer the
data to UAV n that it belongs to. If the data target is not n,
which means n’ # n, UAV n has to further transfer the data to
UAV n/. As the UAVs communicate in full duplex. UAV n can
receive the data from UE m while also can forward the received
data to the target UAV n/. In this process, UAV n assumes
the role of a transmission relay, and the G2A and A2A data
transmissions are done in parallel. Therefore, the transmission

(26)
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delay takes the maximum values of the time needed for G2A and
A2A communications. Otherwise, UAV n allocates computing
resource to UEs m directly. The transmission delay is:

n - Op O
) = e { R ONTEI ) } 7
where oy, /22 (t) = 0 if n = n/. The total delay is:
T (1) = 1, (8) + 2V (1) (28)

The transmission energy consumption from UE m to UAV n
can be obtained as follows:

n ( ) o pm(t)ok

= hc2a () 9

Similarly, if the target UAV 7’ is not n, the transmission energy
consumption from UAV n to UAV 7/ can be obtained as follows:

n’( ) - pn(t)ok

n - TA21/4 (t) (30)
The computation energy consumption of UAV 7’ is:
it (1) = k[ (OPEAY (1) (31)

where k., is the effective switched capacitance of UAV n/.
The total energy consumption if UE m offloads task to UAV
n' can be obtained as follows:

Ep (1) = e, () + €5 (8) + en (1)

3) Computation at EC: Similar to computation at UAVs, UE
m transmits data to EC [ through UAV n. The transmission delay
is:

(32)

N+1 o Ok Ok
R zzcn Y
and the total delay is:
T () =t () + il (1) (34)

The transmission energy consumption from UAV n to the EC
is as follows:

_ Pn (t)ok

en(t) = Pty (35)

Considering that the EC has sufficient power, we do not
incorporate the energy consumption of EC into the optimization.
The total energy consumption is then:

Ep (1) = en(t) + en(t) (36)
B. Problem Design
The service delay of UE m at time slot ¢ is:
Tn(t) = A (T (1) + 7y O T (1)
N
+ ) mOT (1) (37)
n'=1

As previously mentioned, computational tasks of varying
priorities have distinct requirements regarding task delay. Rather
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than directly optimizing task delay, we optimize the priority-
based utility function of task delay, which is defined as follows:

Un(t) = (1 = om(£))Upy (8) + 0 () Uy (1)
where 0,,(t) = 0 is the high-priority task, and o, (t) = 1 is the
low-priority task.

The total energy consumption is:

Ep(t) = 1, (B, () + v T (O EN T (E)

m m m

(38)

N
+ > (mOER® + B @) (39)

=1

Task delay and energy consumption are two main factors in

UAV-assisted MEC systems, which are also our optimization
objectives. Similar to [7], [15], [17], we define the system gain
as a weighted sum of the energy consumption E,,(t) and the
priority-based utility function U,,, () which combines task delay
and priority. The utility function of system gain is defined as
follows:

Fm (t) - wlUm (t) - wQE'm(t) (40)

where w; and wy are weight parameters. We can adjust the
weight parameters according to the system deployment scenario.
For example, in delay-sensitive systems, we can increase the
weight parameter w; or decrease the weight parameter wy. Even
we can optimize the task delay only by setting wo = 0.

Thus, by jointly optimizing offloading decision ~y, UAVs
position w, transmit power p, and the computation resource
allocation of UAVs f, the task offloading optimization problem
can be designed to maximize the total system gain. The problem
is formulated as follows:

1 T M
e T 2 2 Fnlt)

t=1 m=1

st. 0< p,(t) < PUAY wne N (41a)
0 < p(t) < Praxs YmeM (41b)
Tm(t) € {0,1} (41c)

Tmin S xn(t) S Tmax; Ymin S yn(t) S Ymax (4‘1d)
Awn(t) < UmaxAt (416)
(1) — (4),(13),(19), (22) (41f)

where the optimization goal is to maximize the long-term aver-
age system gain. Constraints (41a) and (41b) indicate that the
transmit power of UAVs and UEs are limited. Constraint (41c)
denotes the constraints of task offloading and (41d) and (41e)
are the constraints related to the movement area and movement
speed of UAVs, respectively. Eq. (1)—(4) describe the position
constraints of UAVs, (13) denotes UE is within the coverage
range of the UAV, (19) denotes that there is one and only one
device available to process the task, and (22) is the constraints
about the limited computing resources of UAVs.

Generally, it is intractable to solve the optimization problem
(41). The optimization objective is the long-term average system
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gain, which always need the future information in traditional
methods (i.e. dynamic programming). However, itis challenging
to predict system state in dynamically networks. Moreover, DRL
can achieve model-free learning by data sampling instead of state
transition. Although DRL is an effective method to solve long-
term average optimization problem, this is a discrete-continuous
hybrid optimization problem. There are scalability issue and
additional approximation difficulty which may decrease the
model performance if we use traditional DRL methods directly.
To address these challenges, a novel DRL method will be inves-
tigated to learn the near-optimal policy with discrete-continuous
hybrid action space in the next section.

C. MDP Formulation

In UAV-assisted MEC systems, we optimize the offloading
decision, UAVs position, transmit power and computation re-
source allocation to maximize the system gain. The system state
in the next time slot depends on the state and action at the
current time only. In this case, the UAV-assisted task offloading
problem (41) can be formulated as a MDP. In time slot ¢, we
observe system state and then select the action. The system will
generate a corresponding reward to reflect the action. The goal
is to maximize the long-term system reward by employing an
optimization strategy that maps states to actions.

1) State Space S: 1f we add the channel quality of each trans-
mission link into the state space, the state space will increase
rapidly with the number of UAVs, increasing the complexity of
any associated algorithm to O(NN?). In order to reduce the size of
the state space, we noted that the channel quality is related to the
positions of UAVs due to the time-invariant signal interference
(i.e. noise power) between two positions in the model. In other
words, the channel quality of links varies with the positions of
UAVs, and we can calculate the channel quality of links accord-
ing to the positions of UAVs if the signal interference is fixed.
Therefore, we add the positions of UAVs into the state space
to describe the channel quality and the associated complexity
is O(N). Additionally, we do not add the variables that are not
time-varying (suchas L" __and LY, , ) to the state space. We can
use these variables directly during training without them being
part of the state space. Therefore in the optimization problem,
the state s(t¢) is composed of properties of computing tasks and
3D coordinate positions of UAVs, that is:

s(t) = {a(t), w(t)}

where  q(t) = [qi(t), q2(t), .. anm(t)] and  w(t) =
[w1(t),wa(t),...,wn(t)]. Since the total dimension of
computing tasks’ properties is 4M and the total dimension
of UAVs’ positions is 3NNV, the total dimension of state s(t)
is 4M + 3 N, where N is the number of UAVs and M is the
number of UEs.

2) Action Space A: Tf we directly use the v, (t) as the action,
the action space is M (N + 2). This both increases the number
of output neurons and leads to additional consideration of con-
straint (19), which increases the complexity of training. For each
computing task of UE m, there are NV + 2 positions to choose
from. We can complete it in UE locally, or offload it to UAV n, or

(42)
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offload it to EC. To simplify the discrete action in action space,
we use i, (t) € {0,1,...,N + 1} to denote the computation
position, where i,,(¢t) = 0 means we complete the task at the
UE locally, i,,(t) = N 4 1 means the task is offloaded to EC,
otherwise, the task is offloaded to UAV 4,,(¢). In this way, we
can reduce the number of neurons for task offloading variable to
M, and do not need to consider constraint (19) during training.

In addition to task offloading variable, we have to determine
the mobility of UAVs, the transmit power and the allocation of
computation resources. To be specific, the action at time slot ¢
is defined as:

() = {i(®), Aw(t), (), £(1)} 43)

a(t) ={i

where i(t) = [i1(t),i2(t),...,in(t)] is the decision of task
offloading, Aw(t) = {Awq(t), Aws(t),...,Awpn(t)} is the
mobility of all UAVS, p(t) = [p1(t),i2(¢), ..., par+n(t)] is the
transmit power of all UEs and UAVs, f(t) = [f"(t)],Vm €
{1,...,M},Vn € {1,...,N} is the allocated computation re-
sources from UAV n to UE m. The dimension of action a(t) is
M+3N+(M+N)+ MN =4N +2M + MN.

3) Reward Function: The goal of the formulated task of-
floading optimization problem (41) is to maximize the system
gain while satisfying certain constraints. Therefore, an action
has a larger reward if it can bring a higher system gain and
satisfies all constraints [31]. Otherwise, if certain constraints
are not satisfied, there will be corresponding penalties in the
reward function. The reward function is defined as follows:

M
r(t) = {Z}qul Fo(),

if sastifies constraints

44
otherwise (44

where Pu is a positive value and — Pu is the penalty for actions
that do not satisfy constraints. Notable is that, we can influence
the reward function by adjusting the value of P in (24) and P*
in (25), which affect the completion ratio of high-priority tasks
and low-priority tasks. For example, if we increase the value of
PL | the reward for completing a low-priority task increases, and
the model will allocate more resources to low-priority tasks. As
a result, the completion rate of low-priority tasks will increase.
However, as the total amount of resources is limited, improving
the completion rate of low-priority tasks is expected to reduce
the completion rate of high-priority tasks.

V. DRL-BASED ALGORITHM DESIGN

Because the above-described MDP has a discrete-continuous
hybrid action space, conventional DRL algorithms are not suit-
able for it. If we convert the hybrid action space into either a
discrete or a continuous action space directly, it may lead to a
degradation in model performance due to scalability issues and
increased approximation complexity. To address this problem,
we propose a novel algorithm, which is based on a hybrid action
representation, as introduced in [32].

A. Latent Space

In terms of the formulated MDP, there are discrete variable
i(t) and continuous variables {w(t), p(t), f(¢)}. Hybrid action
representation can convert the discrete-continuous hybrid action
space problem into a continuous policy learning problem which
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considers the dependence between the two heterogeneous com-
ponents. With some abuse of notation, we use p to uniformly
refer to continuous actions, and we get rid of the subscript ¢
(i.e.,actiona = (i1, 2, ..., i, p)) to help clarify the algorithm.
We detail the method from dependence-aware encoding and
decoding of hybrid action.

There are N + 2 locations for computation offloading for each
task. We first establish an embedding table G,, € R(V+2)xh
with learnable parameters w to denote the N 4 2 discrete ac-
tions. In the table, eachrow g, ;,, = G, (%, ) is al;-dimensional
continuous vector for the discrete action ¢. Note that there are
M UEs to make decisions in each time slot, so M embedding
tables should be established for learning. However, the action
space for each UE and the meaning represented by each action
are both consistent, which means all UEs can share a common
embedding table.

To construct a l5-dimensional latent representation space
for the continuous parameters, a conditional Variational Auto-
Encoder (VAE) [33] is utilized. In the mathematical formulation,
given a hybrid action a = (i, 42, ...,9)7,p) and a state s, the
encoder g4 (z|p, $, gu,i,, ) With parameters ¢ maps p to the latent
variable z € R'2 conditioned on s and g, ;, . In this case, a
Gaussian latent distribution I'(14, o) is employed to describe
the encoder g4 (2|p, s, gw i, )- The encoder outputs the mean s,
and standard deviation o, of the latent distribution. By sam-
pling from this distribution, we obtain the latent representation
2~ T(pg, 0q).

Under the same condition, the decoder ¢y (p|2, $, guw,i,, ) With
parameters 1) reconstructs the continuous parameter p from z.
Givenasample z ~ I'(y,, 04), the decoder deterministically de-
codes it, resulting in p = ¢y (2, S, gw.i,, )- Furthermore, through
nearest-neighbor lookup in the embedding table for g, ;. , we
can decode the discrete parameter %,,.

We use the encoder to construct a hybrid action representation
space (€ RMh+iz) for hybrid actions. Additionally, we can
decode latent variables g € RM" and z € R’ into a hybrid
action (i1, ...,ipr,p) based on the decoder. To formalize this,
the encoding and decoding processes are summarized as follows:

Encoding:

uw,iny, = Gw(zm)7 z~ CI¢>(|P; S, gw,im) (45)

Decoding:

i = argmingez||guw.s — 9ll2, P = v (2, S, gu,in,)  (40)

We train G, and g4, g, together using experiences from buffer
D by minimizing the loss function:

Ly (¥, ¢,w) =E[[lp — pl[3
+ Drr(as(:|ps 8, Guiry,)|IT(0,1))]

where the first term represents the squared Lo-norm reconstruc-
tion error, and the second term represents the Kullback-Leibler
divergence (DKL) between the variational posterior of the latent
representation z and the standard Gaussian prior.

Because hybrid actions have varying impacts on the envi-
ronment, we incorporate a cascaded structure that follows the
transformation network of the conditional VAE decoder. For
any experience sample (s, a, s'), we define the state residual as

(47)
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TABLE I
NETWORK STRUCTURES OF ENCODER AND DECODER
Component Layer Structure
Discrete
Action
Embedding Parameterized Table (RN+2 Rl1)
Table
G
Fully Connected(encoding) (Xp,512)
Fully Connected(condition) (dim + RM!1 512)
Conditional Element-wise Product ReLU - ReLU
Fully Connected (512,512)
Encoder .
Network Activation ReLLU
Fully Connected(mean) (512,R!2)
99 Activation None
Fully Connected(log_std) (512,R!2)
Activation None
Fully Connected(latent) (Rl2,512)
Fully Connected(condition) | (dim + RM!1 512)
Element-wise Product ReLU - ReLU
Conditional Fully Connected (512,512)
Decoder Activation ReLU
& Fully Connected (512,Xp)
Prediction (reconstruction)
Network Activation None
Q@ Fully Connected (512,512)
Activation ReLU
Fully Connected(prediction) (512,dim)
Activation None

ds,# = 8’ — s. By introducing the cascaded structure into the
decoder, we can generate predictions according to the following
process:

Os,' = 4y (2,8, Guyin )y fOU 2,8, Gusi, (48)
Then the Ls-norm square prediction error is:
Lp($, ¢, w) = E[||ds,5 — 0s,[3] (49)
So, we minimize the ultimate training loss:
Lu(¥,¢,w) = Lv(¢,¢,w) + aLp(, p,w)  (50)

where « is a weight parameter that depends on the importance of
the loss associated with the dynamics predictive representation.
We denote the dimension of the system state s as dim, and
the dimension of the continuous policy p as &),. The network
structures of the encoder and decoder are illustrated in Table 1.
Although the latent space for hybrid action representation in-
creases the complexity of the algorithm, it is necessary. Take the
DRL algorithm DDPG as an example. The actions outputted by
DDPG are continuous. For the discrete variable in hybrid action,
we need to convert the continuous actions outputted by the model
into discrete values by crude methods such as rounding. In this
case, even though the model outputs for instance 4.6 and 4.9,
the results will be the same (both are rounded to 5), which leads
to a degradation in the model’s performance. Therefore, using
a latent space which can convert between continuous output
values and discrete variables is more accurate. Considering that
discrete variables and continuous variables in a hybrid action
space are coupled with each other, we did not encode only
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TABLE II
NETWORK STRUCTURES OF TD3

Model Component Layer Structure
Fully Connected (dim,512)
Activation ReLU
Actor Network Fully Connected (512,512)
T Activation ReLLU
Fully Connected (512,RMl1+l2)
Activation Tanh

Fully Connected | (dim + X, + M, 512)

Activation ReLU

Critic Network Fully Connected (512,512)
Qo ; Activation ReLU
Fully Connected (512,1)
Activation None

discrete variables, but the whole hybrid action, to ensure the
correlation of variables

B. Cooperative Long-Term Average Optimization Algorithm

In the previous section, we discussed the construction of
the hybrid action representation space. Now, this representation
space will be combined with the model-free TD3 algorithm [34]
to solve the task offloading problem.

TD3 is an algorithm for deterministic strategy reinforcement
learning that is well-suited for continuous action spaces with
high dimensions. It utilizes two types of networks: the actor and
the critic. The actor network maps various states to their corre-
sponding actions, influencing the decision-making process. The
critic network estimates the potential rewards associated with
different actions given specific states, influencing the action’s
value. The actor and critic networks are implemented separately
using distinct neural networks, which are shown in Table II.

The actor network takes the state s as input and produces
a latent action vector, represented as g and z, (i.e. g,z = m¢(s)
where g € RMU | » € R!2). Next, we utilize a decoder to decode
this latent action vector (g, z) into a corresponding discrete-
continuous hybrid action a = (i1, ...ipr,p). To approximate
the hybrid-action value function Q™¢, we employ twin critic
networks (g, , Qy,. These networks take the hybrid action a
as input. In training, we use the collected experience (s, a,r, s’)
stored in the buffer D to train the critics using the Clipped Double
Q-Learning algorithm. The loss function for training the critics
is as follows:

Lepq(0y) = E(s — Qaj(syg, Z))Q], for j=1,2

where ¢ = r +yminQy, (s', m¢(s')) and 0;,¢ are the target
network parameters. The actor (latent policy) is updated with
Deterministic Policy Gradient [35] as follows:

Ve (€) = E[Vr (5)Q0 (8, 7¢ () Veme(s)]

Combining the latent representation space and TD3, we pro-
pose the Cooperative Long-term average oPtimization (CLP)
algorithm to solve the joint optimization problem of UAV place-
ment and resource allocation in UAV-assisted MEC system.
The proposed CLP algorithm is detailed in Algorithm 1. We
first initialize the parameters of networks and embedding table

(G

(52)
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Algorithm 1: CLP Training Algorithm.

1: Initialize actor m¢ and critic networks Qy, , Qg, with
random parameters (, 61, 02;

: Initialize discrete action embedding table G, and
conditional VAE ¢, q,, with random parameters w, ¢, 1;

: Initialize state information s;;

: Prepare replay buffer D;

: while not reach maximum warm-up training times do

Update w, ¢, ¢ using samples in D by (50);

: end while

: while not reach maximum total environment steps do
9: Observe current system state s;

10:  /* select latent actions by actor network */

11: g,z =m¢(s)+ €4 witheg ~T'(0,0);

12:  /* decode into original hybrid actions */

13: Decode i = fp(g),p = qy(z, s, g) by decoder;

14:  Execute (i,p), get reward r and new state s';

15:  Store (s,14,p, g, z,7,s') in replay buffer D;

16: /* evaluate hybrid actions by critic network */

17:  Sample a mini-batch experience from D;

18:  Update Qy, , Qo, according to the loss function (51);

19:  Update 7, with policy gradient according to (52);

20: while not reach representation training times do

21: Update w, ¢, 1 using samples in D by (50);

22:  end while

23: end while

[\

randomly, and initialize the system state s(1) with the UAV start
positions. There are two major stages in training: warm-up stage
and learning stage. In the warm-up stage, the encoder and de-
coder are pre-trained by experiences found in the replay buffer D
(line 5-7). In the learning stage, the actor outputs a latent action
g, z perturbed by a Gaussian exploration noise based on current
s. Then the decoder decodes the latent action g, z into the original
hybrid action ¢, p to interact with the environment and get the
reward 7 and the new state s’. The experience (s, i,p, g, 2,7, ')
is stored in the replay buffer D. To avoid the correlation of input
samples, we randomly sample a mini-batch experience from D.
We will calculate the loss function according the evaluation of
critic network, and update parameters of the actor network and
critic network with a policy gradient (lines 18—19). In addition,
the encoder and decoder are updated concurrently in the training
stage to adapt the change of data distribution as shown in lines
20-22. Note that the actor network can be used without the critic
network (lines 9-15) when the model has been trained. The CLP
framework is illustrated in Fig. 2.

C. Complexity Analysis

The complexity of our proposed algorithm can be anal-
ysed after considering its two main aspects. First, there is the
complexity related to the encoding and decoding of hybrid
actions. Secondly, there is the complexity associated with train-
ing the actor and critic networks. As referenced in [36], the
computational complexity of back-propagation algorithm for a
fully-connected neural network with fixed number of hidden

Critic Actor

Critic network Qg,

3 [mprove | Policy network Qg
Critic network Qg, Policy
SampleL Sample
Tuples S — Tuples
Cirans) Replay Buffer
Original Embedding Table Latent
= Actions Actions
5|« 9| 2
g Decoder ?
£l O 0~0 z &
= 200
O OO0

Fig. 2. Framework of CLP algorithm.

layers and neurons is proportional to the product of input size
and output size.

In the encoding and decoding of hybrid actions, the input
size of encoder is dim + Ml + X, = MN + Ml + 5M +
7N where dim = 4M + 3 N and X}, = M N + 4N + M. The
output size of encoder is [, so the computational complexity
of encoder is O((M N + MI;)l3). The input size of decoder is
dim + Mly + 1o =4M + 3N + My + l5, and the output size
isdim + &, = 3MN + 5M + 7 N.So the decoder complexity
is O(M2NIl; + MNly + MN?).

In the training actor and critic networks, the input size of
actor is the dimensions of system space dim = 4M + 3 N, the
output size is the dimensions of hybrid action representation
space M1y + la, so the complexity of the actor is O((Mly +
l2)(N + M)). The input size of critic is dim + X, + M, the
output is 1, so the critic complexity is O(M N).

Finally, the overall complexity of our algorithm is
O((MN + Mly)ls) + O(M?Nly + M NIy + MN?) +
O((Mly +13)(N + M)) + O(MN) = O(M?Nl; +
M NIy + MN? + Mlyly).

VI. PERFORMANCE EVALUATION

In this section, we describe the experimental setup and in-
troduce the alternative solutions used for comparison-based as-
sessment. Then the experimental results and related analysis are
presented to validate the performance of the proposed algorithm.

A. Experimental Setup

We consider a UAVs-assisted MEC scenario with 30 UEs
randomly distributed in an area of 1000 x 1000 m? as set in
[37]. Three UAVs with random initial positions can help UEs
to complete their computing tasks. For UE tasks, the data size
U, (t) is set from 1 to 3 MB [37] and the computing workload
cm (t) is generated randomly within [300, 500] Megacycles [38].
For the UAVs, the computing capability F is set from 10 to
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TABLE III
PARAMETER SETTINGS FOR SIMULATIONS

Parameters [ Value

Number of UEs M 10, 20, 30, 40, 50, 60

Number of UAVs N 1,2,3,4,5,6

Minimum height of UAVS Z,,,in, 50m
Maximum height of UAVS Z,, 02 100m
Maximum horizontal distance L7 49m
Maximum vertical distance L}, . 12m
Minimum distance of UAVS D, in 50m
Maximum transmit power of UAVs PU AV SW
Maximum transmit power of UEs PY L 1W

[10,20] Gigacycles
1.5 Gigacycles

Computation resource of UAVs F,
Computation resource of UEs F}0,

Data size of tasks wm, (t) [1,3] MB
Computing workload of tasks ¢y, (t) [300,500] Megacycles
Allowed delay threshold vy, (t) [250,300]ms
Channel Bandwidth of G2A B 20MHz
Channel Bandwidth of A2A BA 40MHz
Channel Bandwidth of A2G BF 10MHz
Effective switched capacitance x 10—28
Noise power Ng,N4,Ng -100dBm
Constant values a,b 9.61, 0.16
Excessive path 10ss 1105, TN LoS 1, 20

10~2,10°3,10°%

10=3,1072, 10~ 1

1072,1073, 10~ %
—1000

Actor learning rate (1)
Critic learning rate (y2)
Representation model learning rate (v3)
Penalty for actions unsatisfy constraints (—Pu)

20 Gigacycles [16]. According to [17], we set the minimum
height for UAVs Z,,,;,, to 50 m, maximum height Z,,,.x to 100 m,
maximum horizontal distance L” . to 49 m, maximum vertical
distance LY . to 12 m, the maximum transmit power PUAV
to 5 W, effective switched capacitance x to 10728, and noise
power Ny, N4, Ng to-100 dBm. Constant values and excessive
path loss a, b, Nros, and Nyros are set to 9.61, 0.16, 1, and
20, respectively [37]. The channel bandwidth values for G2A,
A2A, and G2A communications are set to 20 MHz, 40 MHz,
and 10 MHz, respectively [15], [38]. The actor learning rate -1,
critic learning rate -y, and representation model learning rate 3
are set based on [32]. Table III presents the values of system
parameters, the numbers in bold are the default values.

B. Alternative Solutions

CLP, our proposed algorithm, is compared with the following

four alternative algorithms.

e Optimization of Single UAV (OSU) [39]: This solution
studies the task offloading problem in a single UAV sce-
nario, which takes the energy consumption as a constraint
and task delay as the optimization objective. It employs
an algorithm based on deep deterministic policy gradient
(DDPG) to search for near-optimal solutions in highly
dynamic environments.

® No cooperation between UAVs (NCO) [9]: This solution
also considers a single UAV scenario and therefore there is
no cooperation between multiple UAVs. Its optimization
objective considers task delay, energy consumption and
number of tasks collected by the UAV. The proposed so-
lution is based on the multi-task multi-objective proximal
policy optimization (PPO) algorithm.
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Fig. 3. Convergence.

e Cooperation without long-term optimization (CNL) [40]:
This solution involves some cooperation between UAVs.
Its authors decomposed the UAV-assisted MEC problem
into three subproblems and proposed a greedy approxi-
mation algorithm as a solution. Rather than optimizing
the long-term average system performance, this solution
only focuses on achieving the optimal performance in the
current time slot.

¢ Cooperation with multi-agent reinforcement (CMA) [17]:
This solution employs a partial task offloading strategy
which considers cooperation between UAVs and optimiza-
tion of long-term performance. A multi-agent TD3 algo-
rithm is designed to find the efficient UAVS’ movements,
task offloading allocation, and communication resource
management based on dynamic MEC environments. In
order to accommodate binary computing offloads, the node
with the largest offload proportion to offload is chosen.

C. Experiment Results

We show the convergence of our proposed CLP algorithm
with different learning rates in Fig. 3. Different learning rates
lead to different training performance results. When learning
rates are very large (i.e. 1072), there are great fluctuations in the
process of model convergence. Additionally, the convergence
points are also often local optimal solutions. When learning
rates are very small (i.e. 10~%), the convergence state is stable,
but the convergence is slow, taking about 1500 episodes. When
learning rates are set to 1073, the model converges quickly
(almost 600 episodes) and has a relatively stable convergence
state. Therefore, the learning rates are set to v; = 1073, 75 =
1073, 43 = 1072 in our model training.

To show the effectiveness of the hybrid action representa-
tion method in CLP, we perform ablation experiments. The
representation method is to transform discrete variables in action
space into continuous values to improve the training perfor-
mance of the model. Considering that discrete variables and
continuous variables in the action space are interrelated, the
hybrid action representation method in CLP jointly trains the
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whole action space. Therefore, we use two comparison methods
in our ablation experiments. Comparison one employs a no
action representation (NAR) method. NAR only discretizes the
variables directly by rounding, without any action representation
algorithm. Comparison two uses an ORD method, which only
represents discrete variables. The method ignores the correlation
between discrete variables and continuous variables in the action
space, and only represents discrete variables instead of the whole
action space. Considering that the goal of the optimization
problem is to maximize average system gain, we show the system
gain in each time slot for the three algorithms in Fig. 4. We note
that NAR has the worst performance and greatest fluctuations,
as the crude approximation method leads to a degradation in
model performance. ORD only represents discrete variables and
ignores the correlation between discrete variables and continu-
ous variables in the action space, so it performs better than NAR,
but not as well as CLP. CLP represents the whole action space
and has the best performance in terms of system gain from the
three methods.

Fig. 5 shows the impact of weight parameters. The opti-
mization objective of our problem is the combination of task
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delay and system energy consumption by weight parameters.
When wy /ws is larger, task delay accounts for more weight and
becomes more important. Accordingly, the task delay is reduced
but the system energy consumption is increased. When w1 /ws
is smaller, system energy consumption is more important. Our
solution tends to sacrifice the task delay to obtain smaller system
energy consumption. In practice, the weight parameters can be
adjusted according to the system requirements.

The system gains of the five algorithms in the experiment
are illustrated in Fig. 6. The subfigures of Fig. 6 show that the
average system gain of CLP in 200 time slots is around 78,
CMA’s is around 70, CNL’s is about 64, NCO’s is around 58,
and OSU’s is approximately 54. Our optimization goal is to
maximize the long-term average system gain. The average sys-
tem gain of CLP is the largest of the five algorithms, demon-
strating that our algorithm CLP has the best performance. As
OSU is a task offloading algorithm in a single UAV scenario and
its goal is to optimize task delay only, it has the worst system
gain of all tested solutions. NCO also lacks the cooperation
between multiple UAVs, but optimizes both task delay and
energy consumption, so it has better performance than OSU.
CNL considers the multi-UAV cooperative scenario, but only
optimizes the current time decision, which easily leads to finding
local optimal solutions only. CMA takes both the cooperation
between UAVs and long-term average optimization into account,
and has the best performance among the alternative solutions.
Unfortunately, some performance is lost when converting partial
offloading to binary offloading, so CMA is slightly worse than
CLP.

Fig. 7 presents the effects of variations in the numbers of
UAVs and UEs. Considering that tasks with different priorities
have different performance in our algorithm, we will analyze
separately the high-priority tasks in CLP (CLP-H) and low-
priority tasks in CLP (CLP-L). Fig. 7(a) and (b) show the
impact of the number of UAVs on the task delay. In general,
as the number of UAVs increases, the task delay gradually
decreases. More UAV's means more edge computation resources,
and consequently more tasks can be completed on UAVs, which
determines a reduction in task delay. It is worth noting that
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CLP-L performs the worst among all algorithms when the
number of UAVs is 1. When there is a single UAV, the available
computing resources are very limited. To ensure the comple-
tion of high priority tasks, CLP allocates most resources to
high-priority tasks which leads to the best performance when
completing these tasks. Unfortunately, low-priority tasks cannot
be allocated sufficient computing resources, so the task delay
associated with these tasks is the highest. As the number of
UAVs increases, so do computing resources. Although CLP still
allocates most resources to high-priority tasks, lower-priority
tasks can also receive more resources. Therefore, the task delay
of CLP-L gradually approaches the values experienced by other
algorithms.

To show the effect of the number of UEs, we set different
numbers of users in the experiment, with a maximum value of
240. Fig. 7(b) shows that the increase in the number of UEs
leads to an increase in task delay. More UEs imply more tasks,
but due to the limited computing resources of UAVs, some tasks
must be offloaded to the remote cloud server, which determines
longer task delays. It is worth noting that OSU focuses on
the optimization of task delay, while NCO optimizes both task
delay and energy consumption, so OSU performs better than
NCO in terms of task delay, but worse in terms of system gain.
Additionally, OSU and NCO only consider the scenario with a
single UAV, so they cannot be compared against when analyzing
the impact of the number of UAVs.

We define the completion rate as the number of tasks com-
pleted within the allowed delay threshold divided by the total
number of tasks. A similar metric is the task completion rate, as
shown in Fig. 7(c) and (d). The increase in the number of UAVs
improves the completion rate, while the increase in the number
of UEs decreases the completion rate. However, as the number

of users continues to increase, the completion rate will also level
off. The reason is that limited resources of UAVs are difficult
to meet the needs of a large number of users. As the number of
users increases, most computing tasks will be offloaded to cloud
servers and the completion rate will be stable. Note that the high-
priority tasks in our algorithm benefit in terms of performance
in both task delay and completion rate, while low-priority tasks
in our algorithm perform worse in many cases. This is because
we set different reward functions for different priority tasks, and
the CLP algorithm is more inclined to complete the high-priority
tasks first, which sacrifice the performance of low-priority tasks.
However, the alternative solutions have no priority considera-
tion, and there is no difference in task performance. Considering
that the system gain is the sum of all UEs Z%Zl F,,(t), which
is related to the number of UEs, we use the average perfor-
mance >°M_ | F,,.(t)/M to show the impact of the number of
UAVs and UEs, as shown in Fig. 7(e) and (f), respectively.
Similar, the increase of UAVs will improve average system
gain and the increase of UEs will decrease average system
gain.

Fig. 8 compares our CLP with the four alternative solutions in
terms of four performance indicators. We find that our proposed
CLP algorithm has obvious advantages in terms of task delay,
completion rate and system gain. In terms of energy consump-
tion, CLP is better than CMA and CNL, but is inferior to NCO
and OSU. Note that NCO and OSU consider the scenario with
only one UAYV, so they have the lowest energy consumption. This
also causes the task delay of NCO and OSU to be far inferior
to that of the other algorithms. OSU focuses on optimizing task
delay, so it performs better than NCO in terms of task delay
and completion ratio, but worse in terms of system gain and
energy consumption. The performance of CMA is better than
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that of CNL due to its long-term average optimization. Our
CLP considers task priority, long-term average optimization and
binary optimization, which leads to the maximum system gain,
which is an excellent result.

VII. CONCLUSION

In this paper, we focused on the UAV-assisted task offloading
problem with task priority. A long-term average problem with
the collaboration between multiple UAVs was formulated to
optimize task delay and energy consumption by jointly de-
signing the UAV trajectories, task offloading, computation re-
sources allocation, and communication resource management.
To solve this problem, we transformed it to a MDP. Consider-
ing a discrete-continuous hybrid action space, the Cooperative
Long-term average oPtimization (CLP), a novel DRL algorithm
was proposed. Following detailed experimental testing, our
algorithm CLP outperforms three state-of-the-art optimization
approaches in terms of task delay, system gain and system energy
consumption.

(1

(2]

(3]

[4]

(5]

REFERENCES

Y. Mao, C. You, J. Zhang, K. Huang, and K. B. Letaief, “A survey on
mobile edge computing: The communication perspective,” IEEE Com-
mun. Surveys Tuts., vol. 19, no. 4, pp. 2322-2358, Fourthquarter 2017,
doi: 10.1109/COMST.2017.2745201.

Q. Hu, Y. Cai, G. Yu, Z. Qin, M. Zhao, and G. Y. Li, “Joint offload-
ing and trajectory design for UAV-enabled mobile edge computing sys-
tems,” IEEE Internet Things J., vol. 6, no. 2, pp. 1879-1892, Apr. 2019,
doi: 10.1109/J10T.2018.2878876.

H. Guo, J. Li, J. Liu, N. Tian, and N. Kato, “A survey on
space-air-ground-sea integrated network security in 6G,” IEEE Com-
mun. Surveys Tuts., vol. 24, no. 1, pp. 53-87, Firstquarter 2022,
doi: 10.1109/COMST.2021.3131332.

G. Yang, Y. -C. Liang, R. Zhang, and Y. Pei, “Modulation in
the air: Backscatter communication over ambient OFDM carrier,”
IEEE Trans. Commun., vol. 66, no. 3, pp. 1219-1233, Mar. 2018,
doi: 10.1109/TCOMM.2017.2772261.

H. Xiao, C. Xu, Y. Ma, S. Yang, L. Zhong, and G. -M. Muntean, “Edge in-
telligence: A computational task offloading scheme for dependent IoT ap-
plication,” IEEE Trans. Wireless Commun., vol. 21, no. 9, pp. 7222-7237,
Sep. 2022, doi: 10.1109/TWC.2022.3156905.

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 23, NO. 9, SEPTEMBER 2024

(6]

(71

[8

—_

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

F. Zhou, Y. Wu, R. Q. Hu, and Y. Qian, “Computation rate maximiza-
tion in UAV-enabled wireless-powered mobile-edge computing systems,”
IEEE J. Sel. Areas Commun., vol. 36, no. 9, pp. 1927-1941, Sep. 2018,
doi: 10.1109/JSAC.2018.2864426.

Z. Yu, Y. Gong, S. Gong, and Y. Guo, “Joint task offloading and resource
allocation in UAV-enabled mobile edge computing,” IEEE Internet Things
J., vol. 7, no. 4, pp. 3147-3159, Apr. 2020, doi: 10.1109/J10T.2020.
2965898.

Z.Ningetal., “5G-enabled UAV-to-community offloading: Joint trajectory
design and task scheduling,” IEEE J. Sel. Areas Commun., vol. 39, no. 11,
pp- 3306-3320, Nov. 2021, doi: 10.1109/JSAC.2021.3088663.

F. Song et al., “Evolutionary multi-objective reinforcement learning based
trajectory control and task offloading in UAV-assisted mobile edge com-
puting,” IEEE Trans. Mobile Comput., vol. 22, no. 12, pp. 7387-7405,
Dec. 2023, doi: 10.1109/TMC.2022.3208457.

B.Xu,Z.Kuang,J. Gao, L. Zhao, and C. Wu, “Joint offloading decision and
trajectory design for UAV-enabled edge computing with task dependency,”
1EEE Trans. Wireless Commun., vol. 22, no. 8, pp. 5043-5055, Aug. 2023,
doi: 10.1109/TWC.2022.3231408.

W. Ma, X. Liu, and L. Mashayekhy, “A strategic game for task offloading
among capacitated UAV-mounted cloudlets,” in Proc. IEEE Int. Congr:
Internet Things, 2019, pp. 61-68, doi: 10.1109/ICIOT.2019.00022.

C. -Y. Hsieh, Y. Ren, and J. -C. Chen, “Edge-cloud offloading:
Knapsack potential game in 5G multi-access edge computing,” IEEE
Trans. Wireless Commun., vol. 22, no. 11, pp. 7158-7171, Nov. 2023,
doi: 10.1109/TWC.2023.3248270.

Z. Ning et al., “Partial computation offloading and adaptive task schedul-
ing for 5G-enabled vehicular networks,” IEEE Trans. Mobile Comput.,
vol. 21, no. 4, pp. 1319-1333, Apr. 2022, doi: 10.1109/TMC.2020.
3025116.

G. Chen, Q. Wu, R. Liu, J. Wu, and C. Fang, “IRS aided MEC systems with
binary offloading: A unified framework for dynamic IRS beamforming,”
IEEE J. Sel. Areas Commun., vol. 41, no. 2, pp. 349-365, Feb. 2023,
doi: 10.1109/JSAC.2022.3228605.

S. Goudarzi, S. A. Soleymani, W. Wang, and P. Xiao, “UAV-enabled
mobile edge computing for resource allocation using cooperative evolu-
tionary computation,” IEEE Trans. Aerosp. Electron. Syst., vol. 59, no. 5,
pp. 5134-5147, Oct. 2023, doi: 10.1109/TAES.2023.3251967.

Z. Bai, Y. Lin, Y. Cao, and W. Wang, “Delay-aware cooperative
task offloading for multi-UAV enabled edge-cloud computing,” IEEE
Trans. Mobile Comput., vol. 23, no. 2, pp. 1034-1049, Feb. 2024,
doi: 10.1109/TMC.2022.3232375.

N. Zhao, Z. Ye, Y. Pei, Y. -C. Liang, and D. Niyato, “Multi-agent deep
reinforcement learning for task offloading in UAV-assisted mobile edge
computing,” IEEE Trans. Wireless Commun., vol.21,n0.9, pp. 6949—-6960,
Sep. 2022, doi: 10.1109/TWC.2022.3153316.

R. Zhou, X. Wu, H. Tan, and R. Zhang, “Two time-scale joint ser-
vice caching and task offloading for UAV-assisted mobile edge com-
puting,” in Proc. IEEE Conf. Comput. Commun., 2022, pp. 1189-1198,
doi: 10.1109/INFOCOM48880.2022.9796714.

W. Chen, Z. Su, Q. Xu, T. H. Luan, and R. Li, “VFC-based coopera-
tive UAV computation task offloading for post-disaster rescue,” in Proc.
IEEE Conf. Comput. Commun., 2020, pp. 228-236, doi: 10.1109/INFO-
COM41043.2020.9155397.

S. Tong, Y. Liu, J. Misi¢, X. Chang, Z. Zhang, and C. Wang, “Joint task
offloading and resource allocation for fog-based intelligent transporta-
tion systems: A UAV-Enabled multi-hop collaboration paradigm,” /IEEE
Trans. Intell. Transp. Syst., vol. 24, no. 11, pp. 12933-12948, Nov. 2023,
doi: 10.1109/TITS.2022.3163804.

M. Adhikari, M. Mukherjee, and S. N. Srirama, “DPTO: A deadline and
priority-aware task offloading in fog computing framework leveraging
multilevel feedback queueing,” IEEE Internet Things J., vol. 7, no. 7,
pp. 5773-5782, Jul. 2020, doi: 10.1109/JI0T.2019.2946426.

J. Shi, J. Du, J. Wang, J. Wang, and J. Yuan, “Priority-aware task offload-
ing in vehicular fog computing based on deep reinforcement learning,”
IEEE Trans. Veh. Technol., vol. 69, no. 12, pp. 16067-16081, Dec. 2020,
doi: 10.1109/TVT.2020.3041929.

W. Zhou et al., “Priority-aware resource scheduling for UAV-mounted
mobile edge computing networks,” IEEE Trans. Veh. Technol., vol. 72,
no. 7, pp. 9682-9687, Jul. 2023, doi: 10.1109/TVT.2023.3247431.

J. Tian, D. Wang, H. Zhang, and D. Wu, “Service satisfaction-oriented task
offloading and UAV scheduling in UAV-enabled MEC networks,” IEEE
Trans. Wireless Commun., vol. 22, no. 12, pp. 8949-8964, Dec. 2023,
doi: 10.1109/TWC.2023.3267330.


https://dx.doi.org/10.1109/COMST.2017.2745201
https://dx.doi.org/10.1109/JIOT.2018.2878876
https://dx.doi.org/10.1109/COMST.2021.3131332
https://dx.doi.org/10.1109/TCOMM.2017.2772261
https://dx.doi.org/10.1109/TWC.2022.3156905
https://dx.doi.org/10.1109/JSAC.2018.2864426
https://dx.doi.org/10.1109/JIOT.2020.penalty -@M 2965898
https://dx.doi.org/10.1109/JIOT.2020.penalty -@M 2965898
https://dx.doi.org/10.1109/JSAC.2021.3088663
https://dx.doi.org/10.1109/TMC.2022.3208457
https://dx.doi.org/10.1109/TWC.2022.3231408
https://dx.doi.org/10.1109/ICIOT.2019.00022
https://dx.doi.org/10.1109/TWC.2023.3248270
https://dx.doi.org/10.1109/TMC.2020.penalty -@M 3025116
https://dx.doi.org/10.1109/TMC.2020.penalty -@M 3025116
https://dx.doi.org/10.1109/JSAC.2022.3228605
https://dx.doi.org/10.1109/TAES.2023.3251967
https://dx.doi.org/10.1109/TMC.2022.3232375
https://dx.doi.org/10.1109/TWC.2022.3153316
https://dx.doi.org/10.1109/INFOCOM48880.2022.9796714
https://dx.doi.org/10.1109/INFOCOM41043.2020.9155397
https://dx.doi.org/10.1109/INFOCOM41043.2020.9155397
https://dx.doi.org/10.1109/TITS.2022.3163804
https://dx.doi.org/10.1109/JIOT.2019.2946426
https://dx.doi.org/10.1109/TVT.2020.3041929
https://dx.doi.org/10.1109/TVT.2023.3247431
https://dx.doi.org/10.1109/TWC.2023.3267330

HAO et al.: JOINT TASK OFFLOADING, RESOURCE ALLOCATION, AND TRAJECTORY DESIGN FOR MULTI-UAV COOPERATIVE EDGE COMPUTING

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]
[33]
[34]

[35]

[36]

[37]

(38]

[39]

[40]

L. Wang, K. Wang, C. Pan, W. Xu, N. Aslam, and L. Hanzo, “Multi-agent
deep reinforcement learning-based trajectory planning for multi-UAV
assisted mobile edge computing,” IEEE Trans. Cogn. Commun. Netw.,
vol. 7, no. 1, pp. 73-84, Mar. 2021, doi: 10.1109/TCCN.2020.3027695.
X. Zhang, J. Zhang, J. Xiong, L. Zhou, and J. Wei, “Energy-efficient
multi-UAV-enabled multiaccess edge computing incorporating NOMA,”
IEEE Internet Things J., vol. 7, no. 6, pp. 5613-5627, Jun. 2020,
doi: 10.1109/J10T.2020.2980035.

M. H. Kumar, S. Sharma, K. Deka, and M. Thottappan, ‘“Re-
configurable intelligent surfaces assisted hybrid NOMA system,”
IEEE Commun. Lett., vol. 27, no. 1, pp. 357-361, Jan. 2023,
doi: 10.1109/LCOMM.2022.3211292.

Y. Zhou et al., “Secure communications for UAV-enabled mobile edge
computing systems,” IEEE Trans. Commun., vol. 68, no. 1, pp. 376-388,
Jan. 2020, doi: 10.1109/TCOMM.2019.2947921.

H. Hao, C. Xu, W. Zhang, S. Yang, and G. -M. Muntean, “Computing of-
floading with fairness guarantee: A deep reinforcement learning method,”
IEEE Trans. Circuits Syst. Video Technol., vol. 33, no. 10, pp. 6117-6130,
Oct. 2023, doi: 10.1109/TCSVT.2023.3255229.

J. Zhao, Q. Li, Y. Gong, and K. Zhang, “Computation offloading and
resource allocation for cloud assisted mobile edge computing in vehicular
networks,” IEEE Trans. Veh. Technol., vol. 68, no. 8, pp. 7944-7956,
Aug. 2019, doi: 10.1109/TVT.2019.2917890.

H. Hao, C. Xu, L. Zhong, and G. B. Muntean, “A multi-update deep
reinforcement learning algorithm for edge computing service offload-
ing,” in Proc. 28th ACM Int. Conf. Multimedia, 2020, pp. 3256-3264,
doi: 10.1145/3394171.3413702.

B. Lietal., “HyAR: Addressing discrete-continuous action reinforcement
learning via hybrid action representation,” 2022, arXiv:2109.05490.

D. P. Kingma and M. Welling, “Auto-encoding variational bayes,” 2014,
arXiv:1312.6114.

S. Fujimoto, H. V. Hoof, and D. Meger, “Addressing function approxima-
tion error in actor-critic methods,” 2018, arXiv:1802.09477.

D. Silver, G. Lever, N. Heess, T. Degris, D. Wierstra, and M. A. Riedmiller,
“Deterministic policy gradient algorithms,” in Proc. 31st Int. Conf. Mach.
Learn., 2014, pp. 387-395.

M. Sipper, “A serial complexity measure of neural networks,”
in Proc. IEEE Int. Conf. Neural Netw., 1993, pp. 962-966,
doi: 10.1109/ICNN.1993.298687.

H. Guo, Y. Wang, J. Liu, and C. Liu, “Multi-UAV cooperative task
offloading and resource allocation in 5G advanced and beyond,” /IEEE
Trans. Wireless Commun., vol. 23, no. 1, pp. 347-359, Jan. 2024,
doi: 10.1109/TWC.2023.3277801.

X. Dai, Z. Xiao, H. Jiang, and J. C. S. Lui, “UAV-assisted task offloading in
vehicular edge computing networks,” IEEE Trans. Mobile Comput., early
access, Mar. 20, 2023, doi: 10.1109/TMC.2023.3259394.

H. Wang, H. Zhang, X. Liu, K. Long, and A. Nallanathan, “Joint UAV
placement optimization, resource allocation, and computation offloading
for THz band: A DRL approach,” IEEE Trans. Wireless Commun., vol. 22,
no. 7, pp. 4890-4900, Jul. 2023, doi: 10.1109/TWC.2022.3230407.
L.Zhang and N. Ansari, “Latency-aware [oT service provisioning in UAV-
aided mobile-edge computing networks,” /EEE Internet Things J., vol. 7,
no. 10, pp. 10573-10580, Oct. 2020, doi: 10.1109/JI0T.2020.3005117.

Hao Hao received the PhD degree in computer sci-
ence and technology from the Beijing University of
Posts and Telecommunications, Beijing, China, in
2021. He is currently a lecturer with the Shandong
Computer Science Center (National Supercomput-
ing Center in Jinan), Qilu University of Technology
(Shandong Academy of Sciences), Jinan, China. His
research interests include MEC and content caching
over the wireless network, multimedia communica-
tions.

8663

Changgiao Xu (Senior Member, IEEE) received the
PhD degree from the Institute of Software, Chinese
Academy of Sciences (ISCAS) in 2009. From 2002 to
2007, he was an assistant research fellow and R&D
project manager with ISCAS. He was a researcher
with the Athlone Institute of Technology and joint
PhD with Dublin City University, Ireland, during
2007-2009. He joined the Beijing University of Posts
and Telecommunications (BUPT), Beijing, China, in
December 2009. He is currently a full professor with
the State Key Laboratory of Networking and Switch-
ing Technology, and the director of the Next Generation Internet Technology
Research Center, BUPT. He has authored or coauthored more than 200 technical
papers in prestigious international journals and conferences, including /EEE
Communications Surveys and Tutorials, IEEE Wireless Communications, IEEE
Communications Magazine, and IEEE/ACM Transactions on Networking. His
research interests include future internet technology, mobile networking, multi-
media communications, and network security. He has served many international
conferences and workshops as the Co-Chair or Technical Program Commit-
tee member. He is currently the editor-in-chief of Transactions on Emerging
Telecommunications Technologies (Wiley).

Wei Zhang received the BE degree from Zhejiang
University, Hangzhou, China, in 2004, the MS degree
from Liaoning University, Shenyang, China, in 2008,
and the PhD degree from the Shandong University of
Science and Technology, Qingdao, China, in 2018. He
is currently a professor with the Shandong Computer
Science Center (National Supercomputing Center in
Jinan), Qilu University of Technology (Shandong
Academy of Sciences), Jinan, China. His research
interests include future generation network architec-
tures, edge computing, and edge intelligence.

Shujie Yang received the PhD degree from the In-
stitute of Network Technology, Beijing University
of Posts and Telecommunications (BUPT), Beijing,
China, in 2017. He is currently a lecturer with the
State Key Laboratory of Networking and Switching
Technology, BUPT. His research interests include
the areas of wireless communications and wireless
- networking.

Gabriel-Miro Muntean (Fellow, IEEE) is currently
a professor with the School of Electronic Engineer-
ing, Dublin City University (DCU), Ireland, and the
co-director of the DCU Performance Engineering
Laboratory. He has authored or coauthored more than
500 papers in top-level international journals and con-
ferences, authored four books and 28 book chapters,
and edited six additional books. He has supervised
to completion 26 PhD students and has mentored 20
< post-doctoral researchers and fellows. His research

interests include quality, performance, and energy
saving issues related to rich media content delivery, technology enhanced
learning, and other data communications over heterogeneous networks. He is
an Associate Editor for IEEE Transactions on Broadcasting, Multimedia Com-
munications Area Editor of the IEEE Communications Surveys and Tutorials,
and chair and reviewer for important international journals, conferences, and
funding agencies. He was Project coordinator and DCU team leader for the EU
projects Newton and Traction.

b


https://dx.doi.org/10.1109/TCCN.2020.3027695
https://dx.doi.org/10.1109/JIOT.2020.2980035
https://dx.doi.org/10.1109/LCOMM.2022.3211292
https://dx.doi.org/10.1109/TCOMM.2019.2947921
https://dx.doi.org/10.1109/TCSVT.2023.3255229
https://dx.doi.org/10.1109/TVT.2019.2917890
https://dx.doi.org/10.1145/3394171.3413702
https://dx.doi.org/10.1109/ICNN.1993.298687
https://dx.doi.org/10.1109/TWC.2023.3277801
https://dx.doi.org/10.1109/TMC.2023.3259394
https://dx.doi.org/10.1109/TWC.2022.3230407
https://dx.doi.org/10.1109/JIOT.2020.3005117


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


