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Aerial Edge Computing: Flying Attitude-aware
Collaboration for Multi-UAV

Jianwen Xu, Member, IEEE, Kaoru Ota, Member, IEEE, Mianxiong Dong, Member, IEEE

Abstract—With the continuous innovation in manufacturing, Unmanned Aerial Vehicles (UAVs) have gradually become commodities
from just professional equipment. As a universal type, quadrotor UAV allows us to see its potential for applications in multiple fields.
Moreover, in the brand new field of aerial computing, UAVs have started to play a leading role in providing computing services to mobile
users. However, limited by the performance of onboard equipment, we often cannot rely on one UAV to complete complex computing
tasks. This paper first carries out a real-world case study and discovers the importance of flying attitude in applying quadcopter UAVs
to achieve aerial edge computing. Then in designing the collaboration algorithms, we apply Monte Carlo Tree Search (MCTS) to realize
the independent operations of UAVs while assisting each other in accomplishing the common goals. In performance evaluation, we
compare the performance of our proposed solution with the existing methods. Finally, the results show that our MCTS-based algorithm
can implement efficient collaboration among UAVs while reducing energy consumption and time cost in providing AEC services.

Index Terms—Mobile Edge Computing, Aerial Computing, Multiple UAV Collaboration, Energy Efficiency, Monte Carlo Tree Search

1 INTRODUCTION

OWADAYS, quadcopter Unmanned Aerial Vehicles
N(UAVs) and related technologies are gradually occu-
pying our field of vision. Thanks to the rapid innovation of
manufacturers such as DJI, from household (photographing,
video recording, etc.) to industry usages (monitoring, equip-
ment inspecting, etc.), we all can obtain reliable solutions
with controllable investment in manpower/resources. Fur-
thermore, in the area of Information and Communication
Technology (ICT), the application of quadcopter UAVs is
also widely noticed in fulfilling the demands of coping with
obstacles as well as bringing breakthroughs.

Until now, after several years of development, we are
no longer satisfied with letting quadcopters only act as a
supporting role in ICT research. That is, we expect UAVs
to take on major roles such as flying service nodes provid-
ing distributed services to massive users within coverage.
Furthermore, here we name this UAV-based framework as
aerial edge computing (AEC).

As shown in Fig. 1, we use a typical three-tier struc-
ture to indicate the essential functions of AEC. First, for
Ground Tier at the bottom, not only individual users are
regarded as targets, but subnetworks, including Wireless
Sensor Network (WSN), smart home, Industrial Internet of
Things (IloT), are also considered. Second, for Aerial Tier
consisting chiefly of multiple UAVs, we make full use of
the high mobility to enhance the flexibility and reliability
of computing services being provided. Lastly, in the third
tier, UAVs will be remotely supported, including energy
management, backhaul data storage, and global monitoring
to avoid the occurrence of local faults from affecting the
overall structure. Moreover, to realize this AEC framework,
we have to face two challenges in the technical aspect.
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Fig. 1. Vision of aerial edge computing

The first one, in a real-world case, miniature quadcopter
UAVs are still mainly powered by lithium-ion batteries.
Even after ignoring the minor issue of charging time, it
is difficult for UAVs to complete long-term independent
operations without a continuous and stable power supply.
In fact, this bottleneck is not just in the area of quadcopter
UAVs. While using electric vehicles (EVs) and bicycles, we
always have to deal with the trade-off between battery
volume and usability (overall weight, driving distance on
a single charge, battery lifetime, etc.) [1]. Then for UAVs
taking off and leaving the ground, the shortcomings of
battery power supply are magnified. We take the latest
enterprise product of DJI, Matrice 300 RTK, as an example.
Although with a 5000 mAh lithium-ion battery, M300 RTK
can fly for no more than one hour after charging for one
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hour. Once the power is low, we may have to interrupt the
service.

The second one comes from the limited workability of a
single quadcopter UAV. This not only refers to the payload,
which accounts for how many devices can be carried but
also the maximum coverage. High mobility is the most
considerable advantage of UAVs, but we can not expect
a single UAV to expand service coverage by constantly
moving. Especially for cases such as a given UAV receiving
a new user request while performing a computing task, in
order not to affect the processing of the current task, our
solution usually can only be re-allocation of the request to a
newly dispatched UAV.

Facing these obstacles above, we come up with the idea
of cooperation. In our idea, if one UAV can not work for
enough time to finish given tasks, why not assign more
UAVs to help each other. We consider three main aspects
in enabling the job division. The first one is timely com-
munications among UAVs. This aspect is the basis of UAV
cooperation. That is, UAVs interact with each other as a
prerequisite for initiating cooperation. Based on the first
aspect, secondly, we aim to minimize the time and energy
cost of unnecessary UAV movements. This will be the main
challenge in this research. The third and most essential
aspect is the form of cooperation itself. Compared to the
dispatching of multiple UAVs in performing given tasks,
the cooperation we are going to achieve comes up with a
teamwork level. Namely, UAVs in the mission are able to
independently undertake tasks while helping each other in
complicated jobs. Our objective is to explore the possibility
of making individual UAVs realize effective teamwork.

In existing research, this topic already appears in the
area of the ground robot. With limited mobility and range
of perception, robots always have to cooperate to complete
tasks such as inspections of facilities and search & rescue
in hazardous environments. Then UAVs, which can be re-
garded as flying robots, from our point of view, can fill
the gap in a similar way. Moreover, there also exist extra
differences compared with research on ground robots. For
instance, UAVs are able to overcome potential difficulties
from terrain factors. In the urban area, which is plain with
buildings that may obstruct communication itself, UAVs
have flexible responses due to their mobility [2]. In addition,
for quadcopter UAVs in flight, it is also different from
ground robots in the measurement of motion trajectory and
energy consumption. Here we use flying attitude to indicate
the movements of UAVs. Moreover, we aim to get a more
detailed grasp of the real-time energy consumption value of
any given UAV when it is scheduled to complete a flight
mission.

Back to the problem in AEC, quadcopter UAVs have
a specific energy consumption model. To refine the cost
calculation, we need to start with the force analysis of
quadcopters in flying. Moreover, this flying attitude-aware
collaboration strategy requires an independent operational
capacity of quadcopter UAVs. That is, each UAV involved
can make decisions on sending/receiving messages from
nearby ones as well as changing fly status while considering
limited battery power. In this paper, we design solutions
based on Monte Carlo Tree Search to simulate finishing tasks
by UAV collaboration.

2

Monte Carlo Tree Search (MCTS) is a decision-making al-
gorithm widely applied in designing software programs for
board games playing such as Go, chess, etc. MCTS possesses
good flexibility and universality in accomplishing multi-
state multi-branch selection processes. As a result, each
UAV here will act individually as one player making self-
decision according to the current state (position, left power,
etc.). Existing solutions in virtue of ground terminals [3]
or base stations [4] still rely on the centralized networks
monitoring and controlling UAVs” movements. And in this
paper, we try to let UAVs share more roles than devices
under remote control. We consider that in the era of 5G and
beyond, quadcopter UAVs have the capacity to participate
in cooperation as individuals.

In summary, to solve the problem in multiple quad-
copter UAV collaborative AEC, we apply MCTS in design-
ing heuristic methods. Moreover, we consider the channel
characteristics, including path loss and weighted sum rate,
to evaluate the performance of the UAV-assisted wireless
network being built. Compared with prior works, the nov-
elty and advantages of this paper are as follows.

e We model the multiple UAVs system based on the
flying attitudes of the quadcopter. Consequently; it is
able to calculate and evaluate the real-time consump-
tion of both time and energy given a fixed number of
UAVs;

e On the basis of our proposed AEC platform, we de-
sign cooperation algorithms using Monte Carlo Tree
Search to allocate UAVs in searching and providing
services to users on the ground;

e In the performance evaluation part, we simulate the
process of multiple UAVs covering the given area
and estimate the channel characteristics of the edge
network being built.

The rest of this paper is organized as follows. Section
2 lists the related studies on UAV technology, multiple
individuals cooperation in robotics. Section 3 models the
multiple UAVs system and formulates the problem to solve.
Section 4 designs algorithms for multiple UAV cooperation
in providing aerial edge computing services based on Monte
Carlo Tree Search. Section 5 evaluates the performance of
the proposed multiple UAV system while considering the
energy cost of UAV flying as well as channel characteristics
in wireless communications and mobile computing. Section
6 summarizes this work.

2 RELATED WORK

The development of industrial manufacturing is self-evident
in the advancement of scientific research. Miniature quadro-
tor, or we used to refer to all drones as a whole, is one of
the most eye-catching categories. Today, quadcopter UAV
already has the attribute of an aerial mobile development
platform. In the area of UAV-assisted mobile computing, the
existing researches mainly focus on topics such as UAVs as
auxiliary equipment to expand the communication range.
Yang et al. studied the energy consumption in terminals
on the ground and UAVs and came up with the idea of
UAV trajectory adjustment in solving the trade-off brought
by fight propulsion [5]. Wu et al. optimized power control
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in transmitting by jointly designing UAV trajectories and
multiple-user wireless communications [6]. Dong et al. de-
signed a UAV-based data gathering platform to improve the
process of data collecting and processing in wireless sensor
networks [7]. Sun et al. also paid attention to trajectory
design in UAV-based systems. They put forward the idea
of introducing solar harvesting as the energy source [8]. Li
et al. regarded UAVs as the vital point in achieving low-
cost information-centric Internet of Things [9]. Shakeri ef al.
surveyed the challenges of multiple UAV systems, which
include the coverage problem, trajectory planning, and
vision-based applications [10]. Nasir et al. employed non-
orthogonal multiaccess (NOMA) in multiple user systems
supported by UAVs as flying base stations [11]. Huang et al.
focused on the spectrum sharing problem among UAVs and
ground infrastructure [12].

In recent years, UAV technology also has been playing
an important role as technical support. Zeng et al. summa-
rized the fundamentals of UAV communications for next-
generation wireless systems, including models of the chan-
nel, antenna, power consumption, performance metrics,
etc [13]. Li et al. integrated current research topics, including
software-defined networking (SDN) and virtual network
management with radio access network [14] [15]. Ullah et
al. surveyed the potential research issues in 5G-based UAV
applications with deep reinforcement learning and cognitive
channel modeling [16]. Nomikos et al. designed a mobile
radio access network architecture for massive users by
integrating ultra-dense networking, network virtualization
as well as multiaccess edge computing [17]. Zhang et al.
explored the possibilities for applying deep Q-learning in
resource management in 5G networks [18]. Bithas ef al. fo-
cused on the problem of shadowing environment caused by
line-of-sight (LoS) propagation in UAV-enabled 5G commu-
nications. They designed a new channel model considering
the influence of mobility and shadowing [19].

Furthermore, for the cooperation of multiple individu-
als, there also exist many instances in the area of ground
robotics. Best et al. first applied MCTS in deciding when to
communicate with other robots in teamwork. They divided
the procedure into three steps each robot needs to repeat,
planning, deciding, and communicating [20] [21], which
greatly inspired the research ideas of this paper. Sahin et
al. chose Counting Temporal Logic (CTL) as a solution
in the expression of task specifications in multiple robots
research [22]. Fung et al. designed algorithms for collecting
information in a brand new environment. In this way, robots
can decrease mutual interference at work [23]. Alonso-Mora
et al. focused on the robot navigation facing obstacles, both
static and dynamic, while each robot needs to share the
visual module together [24]. Rizk et al. surveyed the recent
research on heterogeneous multiple agent systems enabled
by ground robots. Although we still require manpower in
assigning a complicated task, under the unstoppable trend
of intelligent automation, the necessity for human interven-
tion is constantly decreasing [25].

In summary, existing research on both quadcopter UAV-
assisted mobile computing and multiple robots cooperation
has got into nearly all aspects. However, there are still few
studies noticing the subject of multiple individual cooper-
ation on UAVs, which, from our point of view, will be an
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Fig. 2. Job division in multiple UAVs based AEC

essential research direction in the near future.

3 PROBLEM FORMULATION

In this section, we formulate the problems to solve and
build the mathematical model for our proposed multiple
quadcopter UAVs-based system.

3.1 Motivation

In the research of applying quadcopter UAVs in wireless
communications and mobile computing, facing large-scale
and complicated environments, when a single UAV can
not meet our requirements, it is imperative to design a
system based on multiple UAVs. Then in our assumption,
the following scenario appears. Here we use a case study to
introduce our motivation for this research.

While we are adopting UAVs in providing AEC services
to multiple users within a relatively large area, an unavoid-
able problem to solve is the job division. We assume that
UAVs will start by taking off and then head to the work
area. After then, UAVs are in patrol mode to collect user
requests within their signal coverage. At this time, to let
UAVs play their roles without interfering with each other,
we used to make a plan in advance to assign each UAV to a
specific area.

As shown in Fig. 2, we give two examples of job division
among multiple UAVs. Here we model the work area as cells
(6*6). Three UAVs will work together to patrol all the cells.
Fig. 2a is a common approach to cutting into three sub-areas.
To make sure each UAV is equal in workload as much as
possible, we consider the moving distance from the take-off
station. However, this approach may still cause unnecessary
waste. During the movement to assigned sub-areas, UAV 2
and UAV 3 in Fig. 2a have to come across the UAV 1’s red
part. Since for patrol mode, UAV 2 or UAV 3 may encounter
the case that user requests in UAV 1’s assigned area being
received.
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TABLE 1
Notations
Notation Description
Uy Moy s Moy UAV node, number of UAVs, and number of UAVs in mission
Nregq Number of requests in the current cell
kp,Ap Number of currencies, and expected value of n,.¢q in Poisson distribution
kg,AE Shape and rate parameters in Erlang distribution
tserv,tfiy;ttotal Time costs on UAVs hovering for service, flying, and in total
Wiotal Total energy consumption generated by UAV motors
Ty, wr Torque and angular velocity of UAV motors
I, Wp Moment of inertia and derivate of w; respect to ¢
Ct,Cl,y Ce Torque coefficient and lift coefficient in UAV force analysis, and exploration constant in UCT
p,C Density of air, and speed of light
b,S,R Width and area of motor blade, and radius of UAV propeller
IEZ Lift force at vertical direction of propeller plane generated by UAV motors
FP , FZ/ Push force and lift force on z axis generated by UAV motors
Miotal, Mr, g Total mass and shared part by motor r of UAV body with payload, and gravitational acceleration
0,¢ Angle of tilt and elevation

PZLOS,PINLOS,Plf, Plan

MLoS,"MNLoS

Line-of-sight (LoS), non-line-of-sight (NLoS), free space and air-to-ground path losses
Path loss exponents of LoS and NLoS

xé oS, Xév Los Gaussian random variables of LoS and NLoS

d;?, Ahredi Distance and height difference between u; and users
df, A Free space reference distance, and radio frequency
a, B Parameters in Sigmmoid function

PLoS;PNLoS
req t 2
Pi , ptran o

Probability of LoS and NLoS
Transmission power of u;, receive power of device sending request, and power of Gaussian noise

Then to deal with the situation in Fig. 2a, we also design
a second approach to assigning UAVs. Fig. 2b gives an ideal
example in which three UAVs can achieve non-overlapping
job division. As a result, the problem in this case study
becomes how to divide the workload in a given work area
into multiple UAVs, just like Fig. 2b. There exist three factors
that may increase the difficulty in making a decision on an
assignment. First, work areas in AEC may not all be regular
graphs like the ones shown in Fig. 2. Even the example in
Fig. 2b can not be easily re-applied when the number of
cells changes. Second, since our research is to design and
provide AEC services to users in cells, the mission of UAVs
also includes the task processing from user requests. In a
word, the same number of cells is usually not equal to the
same workload. Third, we also have to consider the power
management in multiple UAVs assignment.

Especially for the third factor, the energy consumption
of quadcopter UAVs in different flying attitudes (hover,
move, accelerate, etc.) should change significantly. Since the
battery power of UAVs is limited in AEC, how to reduce
unnecessary energy consumption will be the top priority of
our research. Moreover, to verify this assumption, we design
a preliminary experiment using DJI M210 RTK V2.

As shown in Fig. 3, we compare the PWM (Pulse Width
Modulation) outputs of UAVs in different flying attitudes
(hovering, ascending, forwarding, and turning). PWM out-
put is positively correlated with the rotation velocity of
the motor. The unit here is a percentage (duty cycle). For
instance, 80% duty cycle refers to the case that in 4/5 of
the time, voltage is applied to the motor. The order of four
motors is given in 3a. We unify the x-axis and y-axis to
facilitate comparison and add sketches of corresponding

flying attitudes and photographs.

From Fig. 3b we first can mention that the results of the
four motors are not the same, and motor 3 is always higher
than the other motors. The reason is that we concentrate all
the wiring on the position of the UAV body close to motor
3. As a result, the flight controller adjusts the actual speed
of each motor to ensure the longitudinal force balance.

Next, for the comparison of PWM outputs in Fig. 3b to
3h, we can obtain that: First, there exist significant differ-
ences among the rotation velocities of motors in different
flying attitudes, which means that the energy consumption
also dramatically changes. Second, compared to hovering
and forwarding in uniform velocity, acceleration operations
cost more energy. Third, we also notice that the gaps among
the four motors have shown some variation. Even the orders
of four motors in value are reset. We consider this situation
an essential issue in this research and will analyze it in the
following chapters to reach a reasonable explanation.

Back to the problem in providing AEC services, in order
to maximize the usage of a given number of UAVs in
finishing computing tasks, what we need is not only the job
division for multiple UAVs but also the teamwork ability.
That is, quadcopter UAVs are preferred to work as partners.
Thus, multiple UAVs can cooperate in solving user requests
within the work area.

Fig. 4 gives an example of our idea on multiple quad-
copter UAVs cooperation. As shown in Fig. 4, facing this
task of collecting and coping with requests in cells, we
are going to send multiple UAVs to respond. Each UAV
will start from a take-off station to reach the corresponding
sub-area and fly around. We used to plan to let UAVs be
responsible for a specific area. However, in this way, several



IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. XX, NO. XX, XX XXXX

(a) Testing UAV (b) Hover

(e) Forward (uniform velocity) (f) Forward (acceleration)

Fig. 3. PWM outputs of quadcopter UAV motor in different flying attitudes

Fig. 4. An example of multiple quadcopter UAVs cooperation

problems may appear to increase energy consumption and
reduce overall work efficiency, etc. For example, limited by
battery power, even if we can allocate the size of the area
for each UAV considering travel distance and the possible
performance difference among UAVs (load, configuration,
battery level, etc.), it is almost impossible to be fair and
reasonable in a prior decision.

Moreover, the UAVs themselves or the equipment on-
board are malfunctioning, or occasional requests from users
in the responsible area all can bring uncertainty related
to the success of the task and the overall stability of the
multiple UAV system. To sum up, in order to achieve the
goal of applying multiple UAVs to cover the given area,
we need UAVs to own the ability to adapt to changes. To
make them work together more efficiently, each UAV has
to participate as an independent individual. That is, each
one continuously interacts with others within the commu-
nication range to make clear the overall work progress in
real-time. Especially when the given area is not a regular
shape or even an unknown area, our multiple UAV systems
can respond with flexible and changeable strategies. And
for battery power as a bottleneck, after completing the
handover of the overall progress, charged newcomers can
seamlessly join in and continue to work.

(c) Ascend (uniform velocity) (d) Ascend (acceleration)

(9) Rotate (h) Revolve

3.2 System Overview

To fulfill the target elaborated in motivation, we will model
the multiple quadcopter UAV systems. Suppose we are
going to finish a task as shown in Fig. 4, {u;, € Uli =
1,2,...n, } are used to indicate the UAVs being assigned for
work. According to the demand of the task, we first send 1,
UAUVs. Until the task is finished, we need to keep 17,, in work.
That is, once a UAV u; in work has to return for charging,
we will send a full-charged one from the take-off station to
replace it. Moreover, wait is used to indicate the time cost
of providing service in one of the cells or flying towards the
target in the plan. u; may not make a new movement until
wait = 0.

Next, for the number of requests in a given cell, we
use the Poisson distribution to denote the probability mass
function.

kp  ,—Ap

Pr(ngeg =kp) = Apie (1)
kp!

where n,¢, stands for the number of requests from users
in the current cell. Ap is the expect value of n,¢,. For the
service time of one request, we use Erlang distribution to
denote. Erlang distribution is a kind of probability distri-
bution. It is widely applied in indicating the time interval
between independent random events. Compared with the
exponential distribution, which is also used in describing
independent random events, Erlang can better fit the situa-
tion of real-world data. That is, Erlang is more suitable for
multiple serial processes when a memoryless property is not
significant. Then we have the probability density function
(PDF)
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where positive integer kr and the positive real number Ag
are the shape and rate of Erlang distribution, respectively.
Thus, we have the total service time of a given cell in which
there are n,..4 requests.
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