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Abstract

This work investigates a scenario in which a swarm of unmanned aerial vehicles
serves a set of sensor nodes, adopting the time division multiple access scheme. To
ensure fair resource allocation and derive an optimal scheduling plan, a combinatorial
problem subject to binary constraints is formulated. Thanks to its inherent capabilities,
quantum annealing can be used to solve this class of optimization problems. As a
result, the original problem is mapped to quadratic unconstrained binary optimization
form, in order to be processed by a quantum processing unit. Since state-of-the-art
quantum annealers have a limited number of quantum bits (qubits) and limited inter-
qubit connectivity, the scheduling plan is obtained by employing a hybrid quantum-
classical approach. Then, a comparison with two classical solvers is performed in
terms of acquired data, objective function values, and execution time.

Keywords Internet of drones - IoT networks - Quantum computing - Quantum
optimization - Quantum annealer

1 Introduction

Quantum computing [1] is a disruptive paradigm that takes advantage of quantum
mechanics theory and its properties to solve challenging problems. Nowadays, industry
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and academia are putting much effort in increasing the number of quantum bits (qubits)
in quantum devices. Differently from classical bits, a qubit can assume a superposition
of two states until a measurement takes place, thus allowing computation capabilities
to exponentially grow. However, due to the decoherence principle, the number of
qubits is limited. In fact, maintaining the state of a qubit is very challenging, since it
requires specialized infrastructure equipped with a cooling system able to maintain a
near absolute zero temperature.

Despite the challenges introduced by this powerful technology, it is employed in sev-
eral application domains [2] such as (i) chemistry, (ii) machine learning, (iii) finance,
and (iv) telecommunications [3]. The latter gathered the attention of the scientific
community which, in the future, envisions the deployment of quantum computing
devices at the edge of 6G networks to enhance service provisioning [4]. According
to its inherent characteristics, quantum computing can be employed to solve binary
integer programming problems.

The main algorithm used to solve this class of optimization problems is quantum
annealing (QA). Similarly to simulated annealing (SA), it is inspired by the annealing
process in metallurgy. In this case, instead of the temperature decrease, the strength
of the transverse field is used to control the probability of quantum tunneling between
states. In the end, the system remains in the lowest energy level which corresponds to
the solution of the original problem. The first physical implementation was realized
in 2011 by D-Wave Systems [5].

Recently, the pros and cons brought by quantum optimization have been investigated
in the telecommunications field, mainly focusing on scheduling in wireless networks.

In particular, [6] investigates a scenario in which a set of sensors are organized in a
tree network topology as a part of a wireless network. Several parent sink nodes are in
charge of collecting and aggregating sensing data generated by their child nodes. With
the aim of minimizing the overall collecting time, an optimization problem is formu-
lated to obtain the optimal scheduling plan, while considering constraints related to
interference among nodes and time division multiple access (TDMA) adopted scheme.
Quantum annealing together with other methods are used to find the solution and
obtained results are compared in terms of quality and computational time. With the
same aim, [7] investigates a similar scenario in which a K-hop interference model
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is adopted. A weighted maximum independence set (WMIS) problem is formulated
based on a conflict graph corresponding to possible collisions due to the activation of
network nodes. The scheduling solution obtained through QA is then compared with
the SA’s one, where the effect of extra penalty weight adjustment is discussed. Lately,
the same authors studied the same scenario in [8] but with particular focus on the
adoption of Dirichlet protocol in wireless networking, showing significant improve-
ments in the D-Wave 2X solution compared with that of its predecessor, the D-Wave
1L

Although interesting, these works do not consider the channel model and the opti-
mization of network resources. To fill the gap, [9] gives a preliminary evaluation of
QA algorithm applied to resource scheduling, emphasizing its benefits and drawbacks.
This work further investigates these aspects by envisioning a scenario, depicted in Fig.
1, in which a swarm of drones gathers data generated by a set of sensors while con-
sidering a widely adopted communication model for unmanned aerial vehicle (UAV).
Since the system adopts the TDMA protocol, this work aims to fairly distribute network
resources to sensor nodes (SNs) by employing a hybrid-quantum classical approach.
As aresult, a binary optimization problem is derived and then reformulated as a binary
quadratic (BQ) form in order to solve it on D-Wave’s quantum annealer. To evaluate
its potential, a comparison with classical SA and tabu search (TS) algorithm is car-
ried out. The resulting scheduling plans are then evaluated in terms of cost function
value, computational time, and data rate. Results show that hybrid quantum-classical
approach is still in its early stage. In fact, classical algorithms perform better in terms
of execution time, especially in case of a low number of SNs, while no significant
advantages in terms of solution quality emerge.

The rest of the work is organized as follows: Section 2 gives a brief introduction to
quantum optimization. Sections 3 and 4 describe the system model and the problem
formulation, respectively. Section 5 presents the obtained numerical results. Finally,
Sect. 6 closes the work and draws future research perspectives.

2 Background

Quantum optimization is employed to overcome the classical limits in solving com-
binatorial optimization problems. In particular, QA is a metaheuristic algorithm able
to find the global minima of a given problem by manipulating a set of qubits states.
Such a problem needs to be formulated through a time-dependent Hamiltonian H (¢)
defined as

H(t) = s(t)Ho + (1 — s(1)) H, ey

where Hy is an initial Hamiltonian whose ground state, i.e., minimal energy configura-
tion, is easy to find and prepare. H; represents the given problem and, as a consequence,
its lowest energy level corresponds to the optimal solution. The adiabatic theorem of
quantum mechanics states that if s(¢), which mathematically represents the transition
function, is decreased slowly enough from 1 to 0, the system converges to a state close
to the ground one of Hj [10]. Concretely, at the beginning of the process H (0) = H,
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while at the end of the computation, after t seconds, H(t) = H;. The above process
inspired the construction of D-wave’s quantum processing units (QPUs), which are a
physical representation of an undirected graph with a limited number of qubits and
connections among them. On this basis, a QPU implementing a quantum annealer
algorithm is able to find the optimal solution of a problem in BQ form, i.e., a quadratic
polynomial of binary variables. Such a model can be expressed in two equivalent for-
mulations, i.e., Ising model and quadratic unconstrained binary optimization (QUBO).

The former is commonly used in statistical mechanics and considers the solution
variables as spins s; € {+1, —1}, which can assume two states, i.e., spin up (1) and spin
down ({,). Relationships between the spins, represented by couplings, are correlations
or anti-correlations. The objective function defined through the Ising model is

N N N
Zhisi+z Z Ji jsisj, 2)
i=1

i=1 j=i+1

where N denotes the number of qubits, 4; describes the linear coefficients, i.e., qubit
biases, and J; ; are the coupling strengths of the quadratic spin terms.

The latter is traditionally employed in computer science, since it uses binary vari-
ables, i.e., x;, which remind classical bits. The QUBO objective function can be
expressed as follows:

N N
Z Qi,ixi + Z Qi,jxixj, 3)

i<j

where Q € RV*V is an upper triangular matrix, whose diagonal elements corre-
spond to linear coefficients, while off-diagonal ones are the coupled coefficients. An
equivalent concise matricial form is

xT Ox. 4)

The above formulation, which is used in this work, does not inherently account for the
presence of constraints that have to be included by adopting specific strategies, such
as penalty methods. It is worth noting that (2) and (3) are exchangeable by means of
a linear transformation, i.e., x; = (s; + 1)/2.

Once the BQ problem is derived, it is necessary to map it onto the constrained
topology of the QPU. This process, called embedding, is practically done by associ-
ating the linear coefficients to qubit biases and quadratic ones to coupling strengths.
Furthermore, whereas the problem structure cannot be directly embedded into the
QPU topology, e.g., due to the limited connection between qubits, a logical variable
is represented by a chain of physical qubits. Note that a solution is consistent if all
qubits in a chain have the same value. The embedding can be performed manually or
by heuristic algorithms, such as MinorMiner [11].
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3 System model

The mission duration 7T is discretized into k = 1, ..., K intervals, each one lasting
8; seconds. A swarm of m = 1,..., M drones, located at q,, € R3, hover over a
setof n = 1,..., N SNs, placed in u, € R3. Moreover, it is assumed that each
drone and each node are equipped with one wireless communication unit. To avoid
interference among UAVs and SNs, the communications toward different drones take
place on different sub-bands, by adopting the orthogonal frequency multiple access
(OFDMA) scheme, and different timeslots, by employing the TDMA scheme. There-
fore, the scheduling plan is described by means of a 2D binary matrix x € {0, 1}M*V,
containing column vectors denoted as x,[k] € {0, 1M <1 and its components defined
as xm nlk]. Specifically, only when x,, ,[k] = 1, the mth UAV serves the nth SN.
It is further assumed that all nodes are equipped with a wake-up receiver which
allows to (i) recover from a sleep state to save energy and (ii) identify the associ-
ated UAV and its corresponding sub-band. Besides, the transmission power of each
SN is constant and hence it is defined as P,Vn. The channel gain [12] between a UAV

m and a node n, for each k, is equal to hy, , = / Bodm 5, where By is the reference

channel power gain, « is the pathloss coefficient, and d;, , = || q, — U, || is the UAV-
SN distance. Therefore, the channel capacity of a UAV-SN link can be expressed as

2
Im.n = Blog, (l + P"|Z+"|>, where o2 denotes the noise power and B is the band-

width. Given the mth UAV, v, = [rin, .., Tmns---» rM,,,]T is the column vectors
containing the achievable data rates of all SNs.

4 Problem definition

To reduce the computational complexity, the proposed formulation accounts for a fixed
timeslot j, which corresponds to lower the dimensionality from K x M x Nto M x N.

4.1 Classical formulation

To derive the whole scheduling plan, it is necessary to solve the following problem
for each timeslot:

2

J J
X [k]Trn - Z X,/ [k]Tl'n/ s.t.
1 k=1

N
(P1) :min
x[/] Z

{n.n'}=0, \k=

n#n’
N
> xwalil=1, ¥m:1.M, )
n=1
M
> Xwalil=1. ¥n:L.N, )
m=1
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Xmaljl€1{0,1}, Vm:1.M,n:1.N. (7

Problem (P 1) aims to optimally allocate timeslot j to SNs, thus fairly distributing
resources throughout the mission. This can be mathematically modeled as minimizing
the difference between data rates for each sensor couple. It is worth noting that the
objective function takes into consideration the information exchanged in previous
instants. In fact, given {n, n’}

j—1 j—1
A 2 xalkTen =Y 3 K]y, ®)
k=1 k=1

is a known quantity, derived from past iterations (when j = 1 also A;, » = 0).
Therefore, an equivalent formulation of (P1) is

N
2
(P2)imin 37 (xal 1o =5yl + Aj) st (SO
" nn')=o0,
n#n'

Constraint (5) imposes that in timeslot j, no more than one sensor can communicate
with the same UAV. Similarly, (6) states that a drone has to serve a single SN, in instant
Jj. The constraint (7) guarantees that the scheduling plan is composed of binary values.

Algorithm 1 Proposed scheduling optimization algorithm

: Initialize the sensors and drones position as q,, and uy, respectively;
: Compute channel capacity ry, ,, for each drone-sensor couple;
tLetAy , 0 =0;

:fork:1toK do

Solve (P3) to obtain the optimal solution {x[k]*};

Compute Ay , v as described in (8);

: end for

4.2 QUBO formulation

To solve the problem by employing a QPU, the original problem (P2) is mapped to
QUBO form [13]. Therefore, the final objective function is defined as the Hamiltonian
H = Hy + Hp + Hc where

N

. . 2

Hp = Z (Xn []]Trn - Xn/[]]Trn’ + Aja”s"/) ’
{n,n"}=0,
n#n'
N 2
Hp = A (1 - me,n[j]) s
n=1
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2

M
He=n <1 - me,n[j]>

m=1

and {A, n} > 0 as penalty factors. Note that the objective function of (P2) is already
in quadratic form and, hence, does not require any manipulation. On the contrary,
constraints (5) and (6) have been reformulated involving the quadratic penalty method
[13]. Besides, (7) is inherently addressed since quantum optimization is employed.
The final unconstrained formulation of the QUBO problem is

N

. . . 2
(P3): 1;211]] Z (Xrl []]Trn — Xy []]Trn/ + Aj,n,n’)
7 nn'y=0,
n#n’

2

N M 2
—|—)\<1—me,”[]’]) +77<1—me,n[j]> s
n=1 m=1

that can be implemented on a quantum system to be solved, as described in Algorithm
1.

5 Numerical results and discussion

In this section, a simulation campaign has been conducted to evaluate the effectiveness
of the proposed formulation by employing the D-wave leap hybrid solver, which uses
a hybrid quantum-classical approach. This solver is suitable for problems with a large
number of variables that cannot be mapped directly into QPU’s topology. In particular,
a classical process divides the original problem into sub-problems that are dispatched
to the QPU and to the cloud’s classical computing capabilities. The obtained results are
compared with two classical optimization algorithms, i.e., SA and TS, implemented
in the D-Wave Python library, running on a computer with an Intel i5 6200U @ 2.8
GHz and 4 GB of RAM.

For the D-wave leap hybrid solver, default parameters have been adopted, e.g.,
number of reads set to 100. Besides, the minimum penalty factors have been chosen
such that no improvement of the solution is obtained, i.e., A = 10Y7, n = 102
The mission time 7 has been split into K = 60 timeslot of §; = 1 second each.
Furthermore, M = 4 drones are deployed in [15 15 80]7, [20 70 10017, [75 20 11017,
and [80 80 9017, serving N = {25,50, 75, 100} SNs uniformly distributed over a
100x100 m area. As for the transmission, B = 1 MHz, P, = 10 mW Vn, o = 2,
02 = NyB, and Ny = —174 dBm/Hz [14].

Given the scheduling plan x, obtained as the solution of problem (P3), it is possible
to compute the sum-rates of each sensor at the end of the mission.

Thanks to the proposed formulation, as can be seen from mean and standard devia-
tion reported in Table 1, UAVs are able to fairly serve nodes regardless the number of
SN and algorithm used, without showing any sensible difference. As a matter of fact,
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Table 1 Sum-rate means and standard deviations of the algorithms

Algorithms
H SA TS
Mean Std Mean Std Mean Std
SNs 25 263.09 12.074 264.41 12.783 262.55 11.697
50 132.38 10.556 132.53 10.748 132.31 10.417
75 87.72 13.084 87.86 10.769 87.23 10.41
100 65.69 13.084 65.88 13.129 65.45 12.961
Fig.2 Acquired data at the end 246 252 258 264 270 276
of the mission, with N = 25 H=Hybrid |
SA = Simulated Annealing
TS = Tabu Search |
5 200
2
= 100
5 0 25
TS J e _=
a 5 SN
Fig.3 Acquired data at the end 110 115 120 125 130 135 140
of the mission, with N = 50 H=Hybrid
SA = Simulated Annealing
TS = Tabu Search
50

Data [Mbit]
=)
[=N=N)

—~
%2}

when the number of SNs approaches the number of drones, the amount of gathered
data increases since a drone serves less sensors during the whole mission, vice versa
when M « N the sum-rate decreases. Indeed, in the first configuration, the swarm is
able to collect ~ 260 Mbits, while in the last one just ~ 65 Mbits.

To provide further insights, for each sensor, the sum-rates in case of N = 25 and
N = 50 are shown in Figs. 2 and 3, respectively. Although different amounts for
each SN are exhibited, the transmission fairness is clearly achieved, regardless the
employed algorithm.

A comparison among the different objective function curves for different algorithms
is presented in Fig. 4. When 25 SNs are considered, the classical SA algorithm performs
worse than the hybrid approach and TS algorithm, which instead provide comparable
results. As the number of SNs increases, i.e., M « N, a difference is still present
although irrelevant.

Finally, a thorough comparison of the algorithms’ execution time, to solve the
formulated optimization problem, is hereby analyzed. For what concerns the hybrid
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(c) N=T75 (d) N =100
Fig.4 Comparison of objective function curves with different number of SNs
«Total time Leap Hybrid Solver +QPU access time < Simulated Annealing Tabusearch ‘
= N=25 N=50 N=175 N =100
= 6 6 6
s 4 4 4 4
9 =\ A o AD. o e A/ R A N A ”
§ 2 2 2 2
N ~O L0804
§ 0 DO 0 0
OQ 0 20 40 60 0 20 40 60 0 20 40 60

Mission time [s]

Fig.5 Comparison of execution time for each solver

solver, the total time and the QPU access time are reported separately [15, 16]. The
latter is a portion of overall hybrid solver time and consists of (i) a one-time setup
procedure to prepare the QPU and (ii) the sampling time. It should be noted that the
embedding procedure period, the network latency and the queuing time, which all take
approximately 4 s, are not included in this analysis [17].

As depicted in Fig. 5, regardless the number of SN, the hybrid solver takes about 3 s
to complete the process. Instead, for N = 25and N = 50, classical algorithms perform
slightly better in terms of execution time, which confirms the results obtained in [15—
17]. As the number of sensors increases, the execution time of SA and TS increases as
well. In particular, for N = 75, classical algorithms and hybrid solver give comparable

results. This trend remains for N = 100, except for SA which performs worse, i.e.,
~35s.
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6 Conclusions

In this work, scheduling optimization is employed to fairly allocate channel resources
of a UAV-enabled Internet of Things (IoT) network. A combinatorial problem stem
from the proposed formulation, which is first encoded into QUBO form and then solved
by (i) hybrid quantum-classical approach, (ii) SA, and (iii) TS. According to the results,
quantum optimization is still in its infancy. In fact, no significant gain is observed in
solution quality. From a execution time perspective, instead, classical algorithms take
less or comparable time with respect to the hybrid solver, with the only exception
of SA in case of large number of sensors. More research is needed to overcome the
limitations brought by quantum computing applied to optimization problems. Future
works will investigate the joint optimization of transmission scheduling plan, multiple
drones’ trajectories, as well as the correspondent energy consumption.
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