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A Multi-UAV Cooperative Task Scheduling in
Dynamic Environments: Throughput
Maximization
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Abstract—Unmanned aerial vehicle (UAV) has been considered a promising technology for advancing terrestrial mobile computing in
the dynamic environment. In this research field, throughput, the number of completed tasks and latency are critical evaluation
indicators used to measure the efficiency of UAVs in existing studies. In this paper, we transform these metrics to a single optimization
objective, i.e., throughput maximization. To maximize the throughput, we consider realizing this goal in two respects. The first is to
adapt the formation of the UAVs to provide cooperative computing service in a dynamic environment, we integrate a policy-based
gradient algorithm and the task factorization network as a new reinforcement learning algorithm to improve the cooperation of UAVs.
The second is to optimize the association process between UAVs and users, where the heterogeneity of tasks is considered. This
algorithm is modified from the Gale-Shapley stability concept to optimize the appropriate association between tasks and UAVs in a
dynamic time-varying condition to get the near-optimal association with few iterations. The scheduling of dependent tasks and
independent tasks jointly also has to be considered. Finally, simulation results demonstrate the improvement of cooperation

performance and the practicability of the association process.

Index Terms—Throughput Maximization, Multi-UAV Cooperation, Task Scheduling, Reinforcement Learning.

1 INTRODUCTION

THE hlyellowuse of Unmanned aerial vehicles(UAV) to
provide computation service arises significant concerns
[1]. Compared with traditional terrestrial edge comput-
ing(EC), UAVs-assisted computation can break the con-
straint of topographic limitation to fly to the uncovered
area by the edge servers to provide service, and the lack
of the computation capacity of edge servers can be compen-
sated by UAVs [2], [3]. Existing studies of UAVs-assisted
computation are mainly divided into two categories. One
prefers to study the trajectory or deployment optimization
to adjust the location of UAVs to provide better service, and
another prefers to optimize the association policy, such as
the scheduling policy or the combination policy to maximize
the computation efficiency of UAVs while satisfying the
demand of tasks.

In the first category, by optimizing the flight trajectories
or the deployment policy, UAVs can fly on more energy-
efficient trajectories or deploy in more suitable locations

e Liang Zhao, Shuo Li and Ammar Hawbani are with the School of
Computer Science, Shenyang Aerospace University, Shenyang 110136,
China; Liang Zhao is also with the Shenzhen Institute for Advanced
Study, University of Electronic Science and Technology of China, Shen-
zhen 518110, China. (e-mail: Izhao@sau.edu.cn, lishuol@stu.sau.edu.cn,
anmande@ustc.edu.cn).

e Zhiyuan Tan is with the School of Computing, Engineering and the
Built Environment, Edinburgh Napier University, Edinburgh EH10 5DT,
Scotland, UK. E-mail:z.tan@napier.ac.uk.

o Stelios Timotheou is with the KIOS Research and Innovation Center of
Excellence and the Department of Electrical and Computer Engineering,
University of Cyprus, 1678 Nicosia, Cyprus (e-mail: stimo@ucy.ac.cy).

o Keping Yu is with the Computer Science Department, Community Col-
lege, King Saud University, Riyadh 11437, Saudi Arabia, and with the
Graduate School of Science and Engineering, Hosei University, Tokyo
184-8584, Japan (email: KepingYu@ksu.edu.sa; keping.yu@ieee.org).

o Ammar Hawbani and Stelios Timotheou are the corresponding authors.

while providing computation service. Existing studies fo-
cus on optimizing the cooperative trajectory or cooperative
deployment policy [4]-[8]. However, there are still some
challenges to solve. For example, one UAV cannot observe
the whole environment due to the limited coverage area,
and the environments of existing studies are assumed to be
static. These solutions cannot be applied to practice directly.
For the training process of the cooperation model, existing
studies only combine the observation from each UAYV, this
makes the algorithm unable to converge stable with the
increasing number of UAVs.

The second category ignores the cooperative flight of
UAVs but focuses on the association process optimization,
as well as optimizing the resource allocation policy, task
scheduling policy and other metrics to improve the com-
pleted ratio or the completed latency of tasks [9]-[14].
Reasonable combination policy and task scheduling policy
between tasks and UAVs all can reduce the process latency
of tasks and the energy consumption of UAV. However, ex-
isting studies only consider a static environment, the details
of tasks are ignored, and the set of tasks are unchanged. In
practice, tasks generated by mobile devices (MDs) generally
have a strong randomness. Although we believe that the
arrival of a task follows the Poisson distribution, the sudden
creation, withdrawal, and details of many tasks cannot be
predicted in a complex environment. Thus, we need to
design a converge-quickly and converge-stable algorithm,
and it is insensitive to the change of tasks.

To sum up, many previous studies contribute to the op-
timization of throughput, latency and other metrics. How-
ever, some problems still have not been solved. For example,
the dynamic of the environment has not been considered,
the global information of MDs and tasks is assumed to
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be known, the heterogeneity of tasks has been ignored,
the association process is too complex. These shortages all
make the solutions cannot be applied in practice. To solve
these problems, we propose a UAVs-assisted terrestrial com-
puting framework to cope with differentiated tasks in a
dynamic environment. To improve the cooperation of UAVs,
we especially optimize the global optimal action selection
process to guarantee cooperative performance. In addition,
we propose an association algorithm between UAVs and
MDs, called Many-to-One Gale-Shapley(MOGS), which is
improved by the Gale-Shapley algorithm. This algorithm
can realize direct association optimization without the help
of a third party such as the edge server. Thus, the com-
munication latency can be reduced significantly. Finally, the
throughput can be improved further. Our contributions are
summarized as follows.

o Throughput Maximization Problem Formulation: A
UAVs-aided offloading system in a continuous dy-
namic environment has been formulated, with the
constraint of tolerant latency of tasks generated by
terrestrial MDs and the limitation observation of
UAVs. The locations of MDs change all the time in
this environment and the stochastic generation of
tasks has no rules to follow, while the volume, gen-
eration time slot, tolerant latency are also. The UAVs
can serve terrestrial MDs with limited coverage and
computation capacity. The objective is to maximize
the throughput, maximize the completed number of
tasks and minimize the completed latency of tasks,
which is shown to be a non-convex problem. To
solve this problem, UAVs must find a cooperative
deployment location to maximize the transmission
efficiency for air-to-terrestrial and inner communi-
cation and cover maximized MDs. These metrics
are used to measure the cooperation performance of
UAVs.

e DRL-based Multi-UAV Cooperation Policy: To solve the
optimization problem mentioned above, the relation-
ship between latency, the number of completed tasks,
and another metric throughput has been analyzed.
Then, the optimization has been transformed into
maximizing the throughput. This optimization prob-
lem has been solved by two solutions, one is to
optimize the trajectory and cooperation of UAVs,
another solution is to optimize the association be-
tween UAVs and MDs to process more tasks as
soon as possible. To optimize the deployment and
cooperation of UAVs, a deep reinforcement learning
algorithm, i.e., proximal policy optimization (PPO)
has been adopted. To improve convergence speed
and optimal action selection policy between UAVs,
a novel action-value function factorization approach
has been combined with PPO.

o GS-based Tasks Scheduling Algorithm: An improved
association algorithm, Many-to-One Gale-Shapley
(MOGS), has been proposed to realize fast task
scheduling in a complex environment in continu-
ous time. It is inspired by the Gale-Shapley (GS)
algorithm to realize the association between UAVs
and tasks directly without the assistance of a third

2

party, i.e.,, some edge servers or central servers. It
consumes very little computation power, and the
constraint of the number of two sides in GS is broken.
Some rules of association are proposed to optimize
the computation load of each UAV to guarantee the
performance of cooperation. Some simulation com-
parisons demonstrate the advantage of MOGS.

The organization of this paper later is as follows. Section
2 introduces some related studies in recent years. The sys-
tem model and problem formulation are described in Sec-
tion 3 and Section 4, respectively. In Section 5, the solution
of the problem is introduced. In Section 6, we introduce the
simulation environment and present the results. Finally, the
whole work in this paper is concluded.

2 RELATED WORK

In this section, we will review existing studies, which in-
clude UAV-centric studies and task-centric studies. Also, we
briefly summarize the shortages of them to demonstrate the
motivation of this work.

UAV-centric studies mainly research how to optimize
the trajectory, cooperation policy and other metrics to im-
prove the efficiency of UAV [4]-[8]. In these studies, the
experience of users usually has not been considered in
detail. The authors Zhang et.al use the DRL algorithm to
plan the cooperative trajectory of UAVs-BSs to guarantee
the throughput maximization of users in an emergency
environment [4]. Guan et.al [5] use the PPO algorithm and
K-means algorithm to plan the trajectory of UAV while
minimizing the interaction consumption and improving the
deployment efficiency. Furthermore, Table 1 summarizes the
comparison between our study and previous studies [15]-
[24]. For task-centric research, focus on improving the asso-
ciation process between UAVs and tasks, such as optimizing
the task collecting policy, task scheduling policy, etc [2], [9]-
[14]. These studies can improve the QoE of users in the
considered environment. Some studies consider using UAVs
to provide offloading service for devices [10] [11], where the
Wang et.al use Generative Adversarial Networks (GANs)
and the gradient-based policy to train a policy for online
scheduling with partial observation [10]. Some studies focus
on optimizing the energy-efficiency ratio and some other
metrics to optimize these two shortages. Wang et. al and
Hua et. al in [13] and [14] all maximize the throughput by
optimizing the trajectory of UAVs and offloading decisions.

The studies mentioned above all contribute to optimiz-
ing UAV-assisted MEC. However, they only consider opti-
mizing some metrics for a static time slot but ignore the
continuity of time in practice. In a complex environment, a
huge number of tasks will be generated and canceled in a
continuous time irregularly, and the location of some users
will also change. How to train a cooperation model to adapt
to the dynamic environment while guaranteeing offloading
efficiency needs to be solved. There still are some problems
to be solved in the task-centric research. For example, during
a training process, the task set generated at the beginning
of a one-time slot may change and the final result cannot
guarantee optimality. The training process of the result also
consumes a period, the latency-sensitive task may not be
served due to the low-latency constraint. Thus, a lightweight
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TABLE 1
A comparison with existing studies

Reference Scheme Environment Observation Objectives
Static | Dynamic | Local | Complete | Latency | Throughput | Task Number | Joint

[15] A* v v v

[16] CcO v v v

[17] DRL v v v

[18] DRL v v v

[19] DRL v v v

[20] DRL v v v

[21] DRL v v v

[22] DRL v v v

[23] CcO v v v

[24] BCD v v v
Our work | DRLMOGS v v v

and fast convergence task scheduling algorithm needs to be
designed.

3 SYSTEM MODEL

A UAV-assisted
EC Environment

Fig. 1. An illustration of a UAV-assisted computation environment, the
upper part represents the real world. The lower left and lower right
parts represent the training of the UAV cooperation model and the task
scheduling model for this environment, respectively.

In this work, we consider using multiple UAVs to serve
moving MDs, which is shown in Fig. 1, and the number
of MDs is much higher than the number of UAVs. MDs
are moving all the time and tasks are generated by them.
UAUVs need to move cooperatively to cover MDs and com-
pute tasks. The system model includes three parts, ie.,
the environment model, transmission model and energy
consumption model. Then we introduce these models in
detail.

3.1 Environment Model

This model is used to describe some fundamental characters
including the state of UAV and the details of tasks. We use
U = {uy,...,ug, ..., U} to denote the set of UAVs. The UAVs
in U can communicate with each other to transmit tasks,
results, and the topology information of the whole swarm.

We consider a time horizon T in time interval [T, 7.] and
discretize it into 1" equal-size time slots by the length of ¢;,
which are indexed by the set T = {t1,t2, ..., T}. There are
My, = {le,tw ooy Tdj iy oo TdD’ti} tasks generated by MDs
D ={dy,ds, ..., D} in the t; time slot.

The main properties of the UAV wu; are denoted as
Ue S Xy g X ™ >0 < P b Pt Pkt >
where ¢°°). denote the 3D coordination in the ¢; time
slot of the UAV wuy, , Xﬁj’k,ti and x;** denote the real-time
computation load condition in the time slot ¢; and the max-
imum computation capacity of the UAV wuy, respectively.
We use d; £<< Vot Vi, > Tit, > to describe the
properties of one MD, where 7;,, is a task generated by
this MD, fifoftl and wgf‘gtl are the 2D coordination of
this MD in the ¢; time slot. The main properties of the task
7jt, are denoted as 74, ;, £< Ura, oo Vrag g Wray e Ora, o0 <
Vgt Vo, >>, where vy, - denotes the volume of
task 7a, .t Vrg; . Wra,., and o7, . denote the size of
result data, the number of CPU cycles to process and the
tolerant latency of task 74, 1, respectively. We suppose that
the coordination of MD and UAVs is static during a one-time
slot, the distance between d; and UAV uy, can be represented
by (1). The expression of the notations in this paper are listed

in Table.2.

Il (T e e T
1
(et )

)

3.2 Transmission Model

The transmission model is used to describe some details
of the communication process, such as the calculation of
transmission rate, etc. We use Pﬁ’;ans to denote the transmit-
ting power of the UAV wuy,. Thus, the radius of the coverage
area Rzzd of each UAV wuy, is limited, which means the MD
cannot connect to the UAV if the distance between MD and
UAV surpasses R;%?. The uplink model is similar to the
ground-to-air link, we need to consider the LoS and NLoS
transmissions. Then we use a two-piece function ((J) to
model the path loss [25], it is shown in (2), where the AL and
ANL are the path losses with the reference distance § = 1,
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TABLE 2
MAIN NOTATIONS USED IN SYSTEM MODEL

Notations Expression

u The set of UAVs

S The set of ESs

My, The set of tasks generated
in ¢; time slot

D The set of MDs

Xup'™ The computation capacity
of the UAV uy,

Ty The 3D coordination in
the t; time slot of UAV uy

Xifk . The real-time computation
load condition in time slot ¢;
of the UAV uy

< wflo"; b 5;’?;¢L > The 2D coordinate of the
MD d; in the time slot ¢;

Tdj t; The task generated by MD d;

in the time slot ¢;

The volume, size of result data
of task 74, 1,

v
a0 T

The number of CPU cycles to
process and the tolerant latency

w g
Tdjt;0 O Td ot

Ry The coverage area radius

UAV Uk

Ty d ! rﬁzij’d", ,B The achievable upload and
download rate of MD d; to UAV uy,
the Signal-to-Noise Ratio and

the bandwidth of the current channel

QU The throughput of the UAV uy

Duyd;, B The latency and energy consumption

to transmit task 74, ¢, by the UAV uy,

The latency and energy consumption
to process task 74, ¢, by the UAV uy,

comp
gde K7 Euk

Cr, Lt The finish time of the task 74, 1,

Fuy, B¢ The latency of the UAV wu,, to fly
a distance 247, and the energy

consumption of this process

Vuy, The velocity of UAV uy

pirans pecomp pmove  The transmission, computation

and flying power of the UAV uy,

o’ and oL are the path loss exponents with respect to LoS

and NLoS.
() = CE(8) = ALs—" | for LoS @
CNE(§) = ANLg=""  for NLoS
We use PL0oS(6(uy,d;)) to represent the LoS probability

from a transmitter to a receiver, i.e., the uy to d; or d; to uy.
This probability can be expressed as in (3), where )\ and o
are coefficients determined by the specific environment, and

4

6 is a function to describe the elevation angle between UAV
uy, and MD d;. The NLoS probability can be calculated by

PNLoS(0 (uk, i) =1—PLoS(ug,d;).
1
PLoS(0(ug,d;)) = STy 3)

In this environment, the MD only communicates with
at most one UAV to transmit its task to avoid repeated
calculation. Some constraints have been defined as in (4)
and (5).

U

> a <1, VjeDkeU @)
k=1
adj,uk € {071}7 v] €D7k6U (5)

Then the achievable upload rate of MD d; to UAV wuy, is
shown in (6) [9], where £ is the Signal-to-Noise Ratio(SNR),
the difference between the receiving and sending process
has been ignored. B is the bandwidth of the current channel.

é-ptrans
i = Bloga(1+ (g 3) ©)
j Uk

The downlink rate between UAV u; to MD d; is also
given in (7), where h(us, d;) is the power gain between the
UAV u and MD d;, N is the power spectral density.

ptransh(uk7 dj) .
) %
Then we can calculate the throughput of the UAV uy, ina
fixed length of time, as in (8), where the former term denotes
an idea condition that all the tasks can be transmitted
successfully and the UAV can receive tasks all the time.
The latter term denotes the realistic condition, including
discontinuous and uncompleted transmission during the
fixed time.

rd"w" Blog,(1+

U ,d

T D T D
u N .
Q" = min 2 :2 :adj#lc Ut e + E :E :adjvuk’y"'dj,ti7

=0 j=0 =0 j=0

down
ZZadwu"dJ,uk F3Y an
=1 35=0 =1 35=0

()
Based on the transmission rate, the transmission latency
[y, 4, between UAV uy, and MD d; by (9).

F _ U‘Fdj,t,; ’dej,t,; (9)
ug,dj = up down
d]‘,uk 'u.k,d_j

For simplicity, we set the size of 7, 4y, 1O be a proportional
reduction of v, , .
3ot

3.3 Energy Consumption Model

The energy consumption model mainly includes three parts,
transmission consumption, computation consumption, and
movement consumption. The transmission energy con-
sumption of UAV uy, and MD d; can be denoted as in (10).

Etrans
UksTdj,t,

=Typ.a; * Pﬁi“”s (10)
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Besides, the computation latency and computation en-
ergy consumption of task 74, ;, are also considered, they
can be denoted as in (11) and (12), where P;?™? denotes the
computation power of UAV uy.

Xmaz
Ergyuy =~ (11)
wde,ti
and
E;Zmp — 5”]_7“ * P;:mp (12)

We set the flying height of the UAV to under 400 feet,
this obeys the rule of the Federal Aviation Administration
of the US [26]. In the movement model, each UAV in this
environment can choose a direction a® € [0,27lin a 2D
plane and fly for a distance [9%5,,. Thus, the flying latency
can be calculated by (13), where v,,, denotes the velocity of
UAV uy,. Then, the movement energy consumption of UAV

uy, can be denoted as in (14).

1dis,
Uy,
E;f:zo’l)e — Fuk * PmO’Ue (14)

4 PROBLEM FORMULATION

Based on the models mentioned above, our aim is to maxi-
mize throughput, as well as the number of completed tasks,
and minimize the latency consumption of tasks in a fixed
time T'with the constraint of latency tolerance of tasks and
the limited computation capacity of UAVs. We formulate
this problem as a non-convex mixed integer programming
problem which can be denoted as in (15).

U T
(P): max {ZQ ,ZZ Cde
k=1 k=11i=1 (15)
U D
Syt
=1 j=1 Loy,

These three metrics are coupled with each other, and the
throughput dominates the other two metrics. For example,
suppose that the optimization objective is to maximize the
number of completed tasks in a fixed time. In that case,
throughput can be maximized with the increase of the
completed number if the fairness of tasks with different
volumes can be guaranteed. To simplify the problem 15,
we transform it into a subproblem 16, which only needs to
optimize the throughput in a fixed time while guaranteeing
the fairness of different tasks. The problem P1 is shown as
in (16).

(P1): mazx ZZQ“" (16)
Cl'n Ctmr —y k=1j=1

5

s.t.0 < @i < Tae, Ve €U,i €T (16a)

0<% 0 < Ymaz, k€U i €T (16b)

Xuk,t <xXu Vi eT (16c)
U

Z X< S X vie TkeU (16d)
k=1

Craju; S Orgy V€U €T (16e)

S gy <1, VEEU (16f)

ot 20,95 € D k€U (16g)

Tl ey > 0,V €U (16h)

In the optimization problem P1, Constraint (16a) and
Constraint (16b) constrain the flight area of UAVs. Con-
straint (16¢) and Constraint (16d) guarantee each UAV has
a normal computation load, the high-loaded state may
cause transmission failure, computation failure and even
cooperation failure. Constraint (16e) is used to guarantee
the task can be finished in time, where C, 4y, AN be
calculated by (17). Constraint (16f) constrains each MD only
can communicate with one UAV. Constraint (16g) is used to
help the UAV judge whether to communicate with one MD.
Constraint (16h) guarantees the UAV can communicate with
other UAVs, no matter whether it communicates directly or
relay by the second UAV.

Cy,. ., = min {ti t Cugdy + Eny ot + 0y, } 17)

5 PROPOSED SOLUTION

In this section, we give our solutions to the cooperation
of UAVs and task scheduling problems, respectively. In the
first problem, UAVs need to coordinate their formation ac-
cording to the moving MDs which move with no regularity,
and the observation of each UAV is limited, the cooperation
metrics include transmission performance between UAVs
and UAVs-to-MDs, etc. The second problem focuses mainly
on optimizing the association between UAVs and MDs with
latency and computation capacity constraints. To solve these
two subproblems, we introduce a multi-agent reinforcement
learning algorithm TF-PPO, which combines proximal pol-
icy gradient(PPO) [27] and task factorization network [28]
with a deep neural network. After transmission from MDs
to UAVs, UAVs need to schedule tasks to improve the
completed ratio while balancing the computation load. This
process influences the performance of UAVs and the QoE of
MDs in the next. Then, we explain some specifics of these
two algorithms.

5.1 The Cooperation Policy of UAVs

In this subsection, we first explain the components of the
TF-PPO algorithm, the architecture is shown in Fig. 2. Then
we introduce how to combine the task factorization network
with the PPO algorithm in this environment.
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5.1.1 The components of TF-PPO

To solve the multi-UAV cooperation problem under lim-
ited observation, we formulate it as a Partially Observable
Markov Decision Process (POMDP) [10], which is defined
as an eight-tuple < S, A, T,0, R, Z, 7y, y4* >.

o States: S £ {s;} is the state of UAVs which
is shown in the lower left corner of Fig. 2,
which includes the state of UAVs, and the
number of MDs within the coverage of each
UAV. We use S; = [Suyis-sSugsir-s Suy,i] tO
denote the states of UAVs at step ¢ in the
training process. For example, in the i—th
step, the state of UAV wu; can be denoted by

_ coor coor coor . )
Sup,i =<< Pup ot Pupy,tis Pupzits = Cur,is Tug,iy

Suy,i+1 >. After storing this state, the UAV can be
transited to the next state s,, ;41. This transition
process can be used to measure whether the selected
action is useful, then the action value @uk of this
action can be updated.

o Action: A= {a;} is the set of actions of all the UAVs.
The matrix of all the joint-action of UAVs in the step i
can be denoted as a; = [au, i) ---s Quyi---s Quy i) Where
Quy i = [@®9,19%,,] includes the direction a?" and
angle a?™9. These two sub-actions determine the 3D
coordinate of the UAV in the next step together. The
change in altitude can help UAVs to avoid collisions.
The UAV needs to select the direction and angle ac-
curately to cover more MDs when the coordinates
of MDs change. The core of this model is to get an
optimal cooperation trajectory, where the trajectory
is determined by the action selection in each state.
The selection of action is related to the action value
directly. If one action can achieve a higher reward
during one step, the action value of this action will
be updated to higher.

o Transition Probability Function: T(S x A — S) is
the probability of state s’ € S after execute the
joint action [y, , ..., Gy, s ---, Guy | at the previous state
seS.

o Observation Probability Function: O is the probability
to observe o € O after executing a under the state s.

e Partial Observation: Z contains all the observations
and S x A x O — Z means the probability of getting
the observation z € Z according to the previous state
s and action a.

e Policy function: my is the policy function, which is a
deep neural network with parameter 6, , to train
the policy of selecting action a for the UAV wuy,.

e Discount Factor: The notation 74 € [0,1) is the
discount factor, which is used to adjust the influence
of the future reward to the calculation.

e Reward: S x A — R denotes the immediate reward
according to @ € A to measure the selection of a.
And the next state s’ € S also influences the value
of r € R. To maximize the reward, i.e., to maximize
the coverage and keep the cooperation of UAVs, the
global reward of the state s; has been defined in (18).

U

r:ZQ“’“

k=1

(18)

In this formula, 2“* denotes the covered MDs by
each UAV. Therefore, the total reward with dis-
counted factor v%* € [0,1] in the future can be
shown as in (19).

T-1
dis
maxB[y Y " r(si,a0:)]

(19)
t=0 Vu, U
st.s; €85, m(s;) € A (19a)
T U )
SN updl =UT (19b)

=0 k=1

Constraint (19a) denotes the state s; and the action
a; belong to S and A. Constraint (19b) means UAVs
cannot lose contact with each other in every time slot
ti, (5ffK = l'indicates that u; can connect to either
UAV, and 5;51( = 0 otherwise. If one UAV is isolated,
its observation will be deduced, and the cooperation
computation is unsustainable. To optimize this pro-
cess, we use the task factorization network to train
the global optimal action selection, and it will be in-
troduced next.

5.1.2 Task Factorization Network in TF-PPO

Proximal Policy Optimization(PPO) reinforcement learning
algorithm is developed from the actor-critic architecture [21]
and the policy gradient technique [10]. The objective of this
algorithm is to search for an optimal policy that can generate
the optimal actions of the agents, which can be denoted as
in (20), where € is a clip fraction, and A; = is generalized
advantage estimator(GAE) [27], which is used to optimize
the advantage function. The clip() function returns the up-
per and lower limits if the importance sampling [29] result
is out of range. This equation directly limits the range of
changes that the policy can make, then the stability during
the training process has been improved.

. T0(au,,ils:) . TO(au,,ilsi)
JOEIP (g = Efmin(—20tt) g gy T0eailz)
Weuzd(auk7i|3i) 0,14 (a'uk7i|5i)
1—¢14¢€)A]
(20)

The network architecture of PPO is developed from
Actor-Critic (AC) architecture, it also has two network mod-
els to train, i.e., the actor network and the critic network. The
actor network is used to select an appropriate action a,, ;
for UAV uy, in the i — th step by policy gradient function,
and the critic network is used to evaluate the result after
executing action a,, ; by value-based function. These two
networks can act as an athlete and a judge to improve
performance, respectively. The loss functions of these two
networks in this paper are listed in (21) and (22).

La(0) = JOEIP (1) (21)

Authorized licensed use limited to: Edinburgh Napier University. Downloaded on November 25,2024 at 07:51:05 UTC from |IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Computers. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TC.2024.3483636

IEEE TRANSACTIONS ON COMPUTERS, MAY 2024

and
Le(¢) = E[(V(s1) = (re + 7V (s111))°]

In MARL, each agent selects the optimal action by in-
dividual model according to the limited observation. As a
result, the global optimal action set cannot be guaranteed.
To compensate for this disadvantage, centralized training
with decentralized execution(CTDE) has been proposed to
expand the observation range of agents. However, the opti-
mal joint action of all the agents still needs to be solved. In
this background, the value decomposition network(VDN)
[6] has been proposed to optimize the optimal joint-action
selection process. VDN decomposes the actions of all the
agents by assigning appropriate action value from the global
value which is feedbacked from the joint-action execution.
The idea of decomposition can be summarized as in (23),
where Qtotar(a;) is the sum of all the individual function
Q(auy,,i)- Then a value decomposition neural network is
trained to update the Qiotq(a;) and Q(ay, ;)-

(22)

U
Qtotal(ai) = Z Q(auk,i) (23)
k=1
The loss function during the updating process can
be shown as in (24), where the notation y; and
QY (ai—1) are calculated by r; + yargmazQY.,. (ai—1)

and YV QP"(ay, i_1), respectively. This decomposition
network can optimize the () function of each agent signifi-
cantly. However, VDN cannot process complex tasks due to
the accumulation, i.e., the sum of @ functiorNI cannot adapt
to all the relationships between individual () function and
global Q¢otq; function. Then the task factorization network
has been proposed, which can cope with more complex
relationships.

L(0) = £ — Q)

The core of the task factorization network is to construct
the relationship between the individual @) function and the
global Q:otai iunction. In this paper, in order to factor-
ize Qtotar to @, the individual-global-max(IGM) principle
should be guaranteed. IGM is used to describe the equiva-
lency of the individual optimality and the global optimality,
which can be denoted as in (25).

(24)

arggmetoml(ai) = [argman(auk N, (25)
Uk

It is the goal of the task factorization network, that
can assign an appropriate reward value to each individual
network from the global network. Then we need to find a
set of individual @) to approximate the optimal Q+tq;, Which
can be shown as in (26), which means the sum of every
optimal ((a,,, ) must higher than the sum of Q(a,,) with
other actions. If a set of () functions satisfy this constraint,
the IGM is also satisfied. To search for a () set that meets this
constraint, we combine the task factorization network with
PPO as a multi-agent algorithm to estimate, the structure of

this idea is shown in Fig. 2.

[argmaxé(auk)]gzl 2 [Q(auk)}llcjzl

lluk

(26)

7
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Fig. 2. The architecture of TF-PPO. The top part represents the global
network to train the cooperation model of multiple UAVs, The bottom
part represents the individual model training process of each UAV.

From Fig. 2, we can see the TF-PPO consists of two
main networks, i.e., the individual network model in each
UAV and a global network model for UAVs. The individual
network model is mainly used to interact with the envi-
ronment, monitor changes in the environment and choose
appropriate action a,, ; for UAV w; in the ¢ — th step.
This individual network model consists of two sub-network
models, i.e., the actor network and the critic network. The
actor-network is used to select action a,, ; and the critic
network evaluates the performance of action a,, ; to im-
prove the actor network. The global network includes two
sub-network models, the first model is the joint action-
value network model, which is used to approximate joint
action-value Qqotq, it receives the selected action by each
UAV and outputs the Qvalue of them. Another model is
the state-value network model, which is used to compute
a state-value V' (s)to reduce the gap between @ and Qiotal-
Pseudocode is shown in Algorithm 1 and Algorithm 2.

5.2 The Association Policy Between UAVs and Tasks

In the dynamic environment, the generation of tasks is
random and difficult to predict. Therefore, MOGS focuses
on achieving a near-optimal association between UAVs and
tasks under constraints such as delay and computing capac-
ity in dynamic environments through a few iterations.

In order to solve this problem, we propose an improved
many-to-one association algorithm based on Gale-Shapley
[30], which is called Many-to-One Gale-Shapley(MOGS).
This idea is inspired by [31] and the association process
has been improved. The GS algorithm is also called the
deferred-acceptance algorithm. It is usually used to solve
the stable association problem. In an association problem,
the two sides” agents to associate have an equal number
and each agent has a rank list to select the preferred agent
on the other side. During this process, if one agent has
been selected by two agents on another side simultaneously,
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it will select the preferred agent and release the original
agent that has matched with it. The GS algorithm can
realize a stable association with few iterations although it
cannot guarantee the result is optimal. In this work, the
MOGS inherits the advantages of the GS to realize a stable
association and break its disadvantages, i.e., constrain the
number of members on both sides. Next, the components
and the association of MOGS are introduced.

Algorithm 1 Individual Model

1:
2:
3:

11:
12:
13:

14:
15:
16:
17:

18:
19:
20:
21:
22:
23:
24:

o X N7

Input: MD locations, UAV locations
Output: The cooperation model
Initialize actor network Ag and critic Cy network ran-
domly with parameters 6 and ¢
Initialize old actor network Ag ;4 < 6 with parameter
Oold
Initialize buffer D < @, mini-batch k,,,;n:
Set the position of uj, randomly
for Episode in 1,2, ..., N do
t< 0
fortin1,2,....,7 do
Observe current state s;
Select an action a; by the old actor network Ay 414
Obtain the next state s;11, reward 7,
Collect previous trajectory D <+ D U
{St, G, T't, St+1}
Update the position of uy
if |D| = D then
Sample mini-batch ky,;,; data from D
Send data to Global model and wait for the

result
Update Ay < 6 by Loss function
Update Cy < ¢ bu Loss function
Update old actor Ay 14 by 6o1q < 6
Clear the buffer D < ©

end if
end for
end for

Algorithm 2 Global Model

1

: Input: Total observations from UAVs

Output: Factorized @;; to each UAV
Initialize replay memory D
Initialize [Q;], @i, Vj: with random parameters 0
Initialize target parameters 6~ = 6
for episode =1, ..., N do
Collect initial state s and observation o° =
[O(s%,1)]Y., from each agent i
fort =1toT do
With probability € select a random action a
Update 6~ = 0 with fixed period
end for
end for

0

t

%

5.2.1 The components of MOGS algorithm

e Active Party: The active party in MOGS is the set of

tasks M, generated by MDs in ¢;, every task has a
rank list to sort the UAVs which can process it, and
it requests to associate with the first UAV in its list.

8

Passive Party: The passive party in MOGS is the set of
UAVs U, it only receives the tasks from MDs but does
not select the tasks actively. Every UAV also has an
equality to rank different types of tasks; this equality
is the criterion to judge whether a task is suitable to
process and will be introduced below.

Procedure: The process of association mainly consists
of three steps, and we use UAV uy, to denote the first
UAV in the rank list of MD d; here. First, in the ¢;
time slot, UAVs send the topology information and
the state information to MDs in their coverage area.
Then, after receiving the information from UAVs,
every MD computes the rank list and sends its task
to the UAV which is the first in the rank list. Finally,
the UAV wuy receives the task 74, generated by
MD d; due to the highest level in the rank list of
MD d;. The UAV u; judges whether to process or
relay 74, ¢, to other UAVs according to the latency
constraint of T4;,t; and the optimization formula
which will be introduced below. To avoid some tasks
being transmitted to another high-loaded UAV, we
divide UAVs into two categories, i.e., Ujow, and Up;gh.
Unign includes high-loaded UAVs, another category
Ujow includes low-loaded UAVs. High-loaded UAVs
in Upign transmit tasks in their task queue to low-
loaded UAVs U}, under the latency constraint. This
process can avoid task collision while guaranteeing
the tasks transmitted can be computed.

Rule: To solve the problem P while realizing the
MOGS association under the constraints, some rules
have been proposed to solve the subproblems during
the association process. The first subproblem is to
assign a suitable UAV to process the sudden tasks.
The UAV can provide a higher transmission rate at
closer distances, however, the UAV that is the closest
to the task may not provide process capacity due to
the overlong task queue and limited computation
capacity. Thus, how to find a suitable UAV from
the whole swarm within the constraint of tolerant
latency of tasks under a dynamic environment needs
to be solved. We propose an equation as a rule to
help construct the association between UAVs and
tasks, which can be formulated as in (27), where
a”, 8" are coefficients to trade the weight of uplink
rate, downlink between UAV and task, 71 is used to
adjust the weight of the computation load of UAV.
This equation mainly focuses on selecting the most
suitable UAV for the task 74, the other UAVs
will also be sorted based on this equation. However,
its shortcomings are also obvious, the cooperation
performance of UAVs may be degraded due to the
overload of some UAVs. Then we consider propos-
ing a rule to help UAVs get better cooperative task
scheduling, it is also the second subproblem.

(max {arrsiuk + ﬂrrg;)%? + ’lezok,ti}
= v.]v ka Z)a 1
other, 0

ord

27)
The second subproblem is to coordinate the cooper-
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ation between UAVs to avoid overloading a single
UAV. The concurrency of tasks happens frequently
in practice, and an overloaded UAV may cause
optimization performance degradation while receiv-
ing overmuch tasks. To help the UAV vy to judge
whether a task 74, ;, can be processed by itself or
transmit to UAV w41, we design a rule as in (28).

lo max
Vraj i TXup gt Al Xugiy
Fuk+1,dj + : E + lo
ust — Uk+1 Xuj 15t
< Ora, 1, 1
other 0

(28)
From the equation (28), the UAV w; can judge
whether w1 is suitable for computing task Td; b

max

Xu
We additionally add a term Al < o iy, 1O

Uk1-t
denote the queue latency before computing 74, ¢, if

it is transmitted to uy41, where the Al € 0,1 can be
set based on the environment, the more complex the
environment, it closer to 1 if the environment is more
complex.

Algorithm 3 MOGS Algorithm

1: Input: The set of tasks and UAVs
2: Output: The association result of tasks and UAVs
3: Initialization Data: The set of UAVs U, the set of
tasks M,
4: Compute the preference order PTUd:‘Y of UAVs U by each
task 74,4,,j € M according to a'ry? , + Brraenl 4
Iy lo
Y Xuk-,ti
5: forup € U do
6: Compute the computation load of each UAV
7: end for
8
9

: for steps=[1, ..., N] do
: for ux, € U do
10: Divide U into Ujo,, and Upign according to the
computation load
11: end for

12: for Td; t; € Uk, Ui € L{high do

13: if Priority is satisfied then

14: if Latency is satisfied then
15: Transmit 74+, to ug

16: end if

17: end if

18: end for

19: end for

Algorithm 3 describes the whole process of constructing
association between UAVs and tasks, and how to schedule
tasks between UAVs in detail. To construct an association
relationship, tasks need to sort UAVs according to the trans-
mission rate and the state of UAVs (Line 3). After sorting,
some UAVs may be in the overload state and some tasks
need to be scheduled (Line 5). To balance the computation
load of UAVs, they are divided into Ui, and Upign to
transmit tasks (Lines 7-18). To select appropriate next UAV
for one task 74, ¢, in the queue of UAV uy, the Equation (27)
and Equation (28) are used to judge whether one UAV is
suitable for 74; ¢, (Line 11-15). More details on the stability

9

analysis and the complexity analysis are provided in the
Supplemental material.

6 SIMULATION RESULTS AND DISCUSSION

In this section, we demonstrate the effectiveness of TF-
PPO and MOGS through extensive simulations. These sim-
ulations are conducted on a DELL workstation with one
RTX3090 graphic card and Intel(R) Xeon(R) Gold 6226R
@2.90GHz, and the operation system is Win10 21H2. We set
the size of the environment as a 2km x 2km, the MDs are
distributed in this area and follow a PPP distribution. The
number of UAVs ranges from 2 to 12 to demonstrate the
performance of the TF-PPO. The coverage radius of UAV
ranges from 30m to 130m, the bigger coverage radius means
more UAVs can communicate with MDs directly without
moving. The initial position of UAVs is not the same, and
we guarantee each UAV can communicate with at least one
UAV. The number of MDs is set as 800, dependent tasks and
independent tasks are generated by other MDs and follow
a normal distribution. Some more specific information on
parameters are listed in Table 3.

TABLE 3
SIMULATION PARAMETERS

Parameters Value
Computation capacity of UAV 100M H z
Transmission bandwidth 50Mbps
The volume of task 0.1M ~ 1M
The length of task set 1000

The number of UAVs 2~ 12

The propel power of UAV W

The coverage radius of UAV 20m ~ 140m
The flight speed of UAV 25km/h
The computation power of UAV ~ 5W

The transmission power of UAV ~ 1W

The value of A! 0.8

6.1 Performance Verification and Discussion of TF-

PPO

To verify the performance of TF-PPO, we use some metrics
to measure, including the throughput and the energy con-
sumption of UAVs, the computation latency of tasks and the
number of completed tasks. Some reinforcement learning
algorithms including VDN [6], QMIX [32], QTRAN [33],
MADDPG [17] and MAPPO [18] are additionally selected
to compare with TF-PPO. More details on these algorithms
are provided in the Supplemental Material.

While training these algorithms, the maximum iteration
steps are all set as 5000, and 100 steps in each episode.
First, we compare the influence of energy efficiency and
the throughput with different coverage radii of UAVs. The
result is shown in Fig. 3.

In Fig. 3(a) and Fig. 3(b), The VDN algorithm has the
worst performance. It cannot achieve a good performance
due to its value decomposition function, which only relies
on the accumulation from every individual @) value, it can-
not reflect the complex environment accurately. The QMIX
algorithm also has a disadvantage during the value decom-
position process, it leverages the monotonicity between in-
dividual @); value and global Q¢4 value. They still cannot
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Fig. 3. The energy efficiency and throughput comparison with different
coverage radii of UAVs.

approximate the complex environment. The performance of
the QTRAN algorithm is close to the MADDPG but better
than VDN and QMIX. It alternatively constructs a deep
neural network for task factorizing, which is adapted to
the TF-PPO. This network can train a model to study the
Qtotar value which is very close to the real Qiorqr value,
this can make sure the global Q¢otq is right. The final
two algorithms, i.e., the MADDPG and the MAPPO, their
performance are very close to the TF-PPO. However, the
TF-PPO still has an advantage while the coverage radius
is 30m, which means the TF-PPO can cope with a more
complex environment. With the help of the task factorization
network, the TF-PPO can construct the right relationship
between individual @); value and global Qe value. The
architecture of the TF-PPO is very similar to the MAPPO.
They all adopt the centralized training and decentralized
execution mode, and we especially optimize the global
network by integrating the task factorization network. Thus,
the TF-PPO can trade the decomposition between each in-
dividual action selection, and then the joint action selection
process of all the UAVs can be optimized.

By observing Fig. 3, We can observe that the TF-PPO
algorithm can achieve the upper bound efficiency while
the radius is 30m, 90m and 130m, and the upper bound
throughput while the radius is 30m, 90m, 110m and 130m
in Fig. 3(a) and Fig. 3(b), respectively. We also discuss some
disadvantages of the TF-PPO alternatively. For example, it
cannot play to its strengths to achieve the upper bound
energy efficiency when the coverage radius is 50m and 70m.
We speculate the alternative task factorization network may
influence the efficiency during the training process or the
factorization of Qtotq; value still needs to be improved. We
will continue executing more simulations to verify our idea.

We additionally verify the impact of the number of UAVs
on the TE-PPO. The metrics are still energy efficiency and
throughput. We additionally add a comparison respect, i.e.,
the convergence curve to observe the difference during the
training process. The result can be summarized as follows.

Fig. 4(a) depicts the change of the energy efficiency
under different numbers of UAVs, we can observe that
the VDN algorithm has the worst performance, as well as
the QMIX algorithm. The reason can be concluded that
the value decomposition function cannot adapt to the com-
plex environment. When the number of UAVs is increased,
the state space and joint action space grow exponentially.
Therefore, the training result cannot be improved quickly.
Finally, their result is the worst under limited episodes.

10

The efficiency of the MAPPO is higher than the MADDPG,
the reason can be summarized as the optimization of the
convergence process, especially the clip() function, which
limits the update range to get a more stable result. We adapt
this advantage and combine the task factorization network
in the global network so that the performance of the TF-PPO
can be better than the other algorithms.

Fig. 4(b) describes the throughput result achieved by
these six algorithms. When the number of UAVs is 2, the
throughput achieved by these algorithms is very similar.
This result is because the movement of UAVs is not directly
related to the throughput. After increasing the number of
UAVs, more MDs can be covered, the performance of the co-
operation policy decides the throughput significantly. From
Fig. 4(b), we can find the throughput increases observably.
However, the TF-PPO cannot achieve the best performance
when the number of UAVs is 4, 6 and 8. We speculate that
the MADDPG and the MAPPO still have some advantages
when the environment is not very complex. When the
number of UAVs increases to 10 and 12, the advantage
of the task factorization network can be highlighted, i.e.,
the complex relationship between global Qotqivalue and
individual @;can be constructed and the cooperation policy
can be optimized. We can conclude that the TF-PPO is more
suitable for the complex multi-agent environment.

Fig. 4(c) and Fig. 4(d) are the convergence curves of
these six algorithms. Fig.4(c) describes the curve when the
number of UAVs is 2. We can observe that the TF-PPO and
the MAPPO can achieve the highest reward. However, the
converge speed of the TF-PPO is slower than the MAPPO.
We speculate the training of the task factorization network
consumes some resources and the MAPPO is easier to train
than the TF-PPO. From Fig. 4(d), we can observe the conver-
gence of the TF-PPO is much quicker than other algorithms.
The task factorization network makes the cooperative joint
action selection improved, then the cooperative training is
also improved.

In summary, we demonstrate the advantages of TF-
PPO from five aspects, i.e., the energy efficiency and the
throughput with different coverage radii, the energy effi-
ciency and the throughput with ditferent numbers of UAVs,
the convergence curve with different numbers of UAVs. In
these simulations, TF-PPO can construct the relationship
between global (ot and individual ); more accurately
than the VDN, the QMIX and the QTRAN. And the TF-
PPO can adapt to a more complex environment than the
MADDPG and the MAPPO, especially in a multi-agent
environment. Next, we will verify the performance of the
MOGS by extensive simulations.

6.2 Performance Verification and Discussion of MOGS

In the second simulation, we verify the effectiveness of
MOGS by comparing it with other algorithms, which
include the Genetic algorithm, Ant Colony Optimiza-
tion(ACO), Particle Swarm Optimization(PSO) and Greedy
algorithm. We verify the performance of the MOGS com-
pared with other algorithms from two aspects, the first
metric is the completed ratio. It is calculated by dividing
the number of tasks completed by the total number of tasks.
The completed ratio reflects whether a task queue of one
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Fig. 5. The completed ratio and computation load comparison.

UAV is suitable for this UAV to compute. The second metric
is the computation load of each UAV. The results of these
two metrics are shown in Fig. 5.

Xco

(a) The initial state of the MOGS. (b) The final state of the MOGS.

Fig. 6. Visualizations of the MOGS.

Fig. 5(a) describes the completed ratio and the average
completed ratio of each UAV in these algorithms. Where the
10 points on the left side denote the completed ratio of each
UAV in these five algorithms, and the point on the far right
denotes the average completed ratio of 10 UAVs in these 5
algorithms. We can observe that the Greedy algorithm has
the worst performance. The performance of the PSO and
the genetic algorithm are close to the MOGS. While the PSO
is a bit higher than the genetic algorithm, we speculate the
reason is that the PSO is better than the genetic algorithm in
the global search respect. The genetic algorithm may fall into
the local optimization although it has the mutation ability.
The ACO has the best performance in the completed ratio,
it can search for the optimal solution globally. However, we
find it converges more slowly than others. Thus, the PSO
may not be applied for practice although it has the best
performance.

Fig. 5(b) describes the computation load of each UAV in

these five algorithms. The smoother curve denotes the more
balanced load of UAVs. The balanced status of UAVs can
avoid the overloading of some UAVs to a certain extent. We
can find the ACO is the most stable, and the MOGS has a
relatively poor performance but is better than PSO and GA.

In this simulation, although the MOGS has not achieved
the best performance in the above simulations, we still hold
the point that the MOGS is the most suitable for the dynamic
environment. Compared with the other four heuristic algo-
rithms, the MOGS is extremely simple to achieve the result.
The convergence process of the MOGS has been shown in
Fig. 5(c). We can observe the MOGS only needs 12 itera-
tions to be converged. The task set can be transmitted to
UAVs and canceled all the time due to the insensitivity of
the MOGS.

We also visualize the environment at the initial and final
states in Fig. 6. In Fig. 6(a), we can observe that the compu-
tation load range of the UAV is 0 to 350, with different loads
of the UAV with different colors. We can find that there
is a high-load UAV, and three normal-load UAVs, the rest
of the low-load. This situation reflects what happens if the
task is only transmitted to the selected optimal UAV, that is,
some UAVs are overloaded and some are under-loaded. The
computation efficiency will be reduced in this situation. In
Fig. 6(b), we can observe that the computation load of UAVs
has been balanced. The computation load ranges from 95 to
135. There are merely two UAVs with high and low loads
respectively. From this figure, it can be verified that MOGS
is highly effective in balancing the loads of UAVs.

There are still some limitations of MOGS. It is impossible
to transmit tasks multiple times due to the constraint of
latency. The final matching result can not guarantee that
all tasks can be completed, which is also related to the
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latency constraint, but in the case of high concurrency, it
is difficult to ensure that all tasks are completed due to the
computation power limitation of the UAV. This is consistent
with previous studies.

7 CONCLUSION

In this paper, we focus on optimizing multiple objectives
within a dynamic and complex environment. The multiple
objectives encompass the latency of the computation process
of tasks, the energy consumption of UAVs, and the number
of completed tasks. We convert these objectives into a single
objective, i.e., maximizing throughput. This single-optimiza-
tion problem is addressed through two processes: one is to
optimize the cooperation among UAVs, and the other is to
optimize the association process between tasks and UAVs.
To optimize the cooperation of UAVs, we integrate the task
factorization network with a deep reinforcement learning
algorithm to train a multi-agent algorithm. To optimize the
scheduling process of tasks, we propose an improved Gale-
Shapley algorithm to enhance the performance of the asso-
ciation process. Finally, some simulations illustrate the per-
formance of our solutions. In the future, we will continue
to research a superior solution to optimize the multi-agent
cooperation and task scheduling process.
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