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Abstract—Mobile Ad-hoc Networks (MANETS) are increasingly being
used to provide communications in emergencies. Maintaining the re-
quired quality of service of information including its timely delivery, in
MANETS, is extremely challenging under dynamic conditions such as a
changing bushfire scenario. Nodes get destroyed or their link qualities
degrade leading to sub-optimal paths, reduced network performance,
and disconnected end nodes. To remedy partitioning in ground-based
MANETSs and to improve their communication performance, Unmanned
Aerial Vehicles (UAVs) have emerged as a promising relay solution. This
paper presents U-QolT, a UAV deployment algorithm for connecting the
disconnected end nodes in a dynamic bushfire scenario. It aims to meet
the Quality of Information requirements, with a minimal number of UAVs
deployed. U-QolT takes the UAV deployment problem as a combinatorial
search problem and reduces the deployment complexity by applying a
reduction by minimization approach. This is done to deploy fewer UAVs
without compromising connectivity. Extensive simulation results depict
that U-QolT significantly improves user usability by 48% compared to
the best-performing baseline approach, of Dynamic Service Area (DSA)
based UAV deployment, at the expense of a negligible increase in
computational time. It achieves a 38% drop in packet latency and retains
its out-performance in a highly mobile network. In a sparse network, it
improves user usability by 106%. Furthermore, it needs fewer UAVs,
compared to the baseline UAV deployment methods, without compro-
mising its performance gains.

Index Terms—MANET, Bushfire, Quality of Information, User-usability,
UAV.

1 INTRODUCTION

The risk of bushfires has surged due to climate change,
notably in Australia, where frequent fires underscore the
need for a robust communication network for emergency
services. Beyond human loss, bushfires devastate wildlife,
destroy habitats, and reduce biodiversity [1], with over
800 million animals dying in the first three months of the
2019-2020, in New South Wales fires alone [2]. Effective
communication is vital for rescue operations to mitigate
such damage [3], [4].

Mobile Ad Hoc Networks (MANETs) have been widely
used for emergency services due to their wireless connec-
tivity and flexibility [5]. However, bushfires pose commu-
nication challenges due to reduced Signal-to-Noise Ratio

(SNR) from smoke, heat, and ash. Unmanned Aerial Vehi-
cles (UAVs) can extend network coverage in these scenarios,
offering a solution by maintaining line-of-sight communica-
tion with ground nodes [6], [7].

This study aims to ensure effective MANET communi-
cation during bushfires, focusing on scenarios where query
nodes require timely, accurate, and reliable sensor informa-
tion, with strict Quality of Information (Qol) [8], [9], [10]
requirements. The goal is to optimize user-usability! by
establishing and recovering paths from selected information
sources. This is achieved using the Quality of Information
with Threshold (QolIT) [11], which selects the most suitable
sources and routes to meet the communication needs of
query nodes. To maintain connectivity, the study proposes
a UAV deployment strategy, U-QolT, designed to enhance
user-usability with minimal UAV deployment.

The main contributions of this study are as follows:

1) The UAV placement problem is formulated to maintain
QoIT communications in bushfire scenarios, utilizing
realistic models for radio propagation, bushfires, and
UAVs. The optimal placement of a minimal number
of UAVs is demonstrated to be a combinatorial search
problem solvable by the reduction by minimization
method.

2) A realistic bushfire communication simulation platform
is developed, incorporating radio, bushfire, QolIT, and
UAV models. The proposed solution is implemented on
this testbed, with the code and data made available to
support further research in this critical area.’

3) U-QolIT is shown to achieve significant improvements
over alternative approaches with only a negligible in-
crease in computational time. In a dense static network,
U-QolT reduces packet latency and enhances user us-
ability by 55% and 122%, respectively, compared to a
MANET without UAVs [12]. With a small number of
UAVs, U-QolIT outperforms the second-best UAV-based
MANET approach, DSA [13], by reducing latency by

1. User-usability of a query node is achieved when all its require-
ments related to the quality of sought information, are fulfilled.

2. For simulation code of U-QoIT implementation, please see the
repository git@github.com:AmeerShakaybArsalaan87/U-QolT.git



38% and improving user usability by up to 48%. These
performance gains are maintained even with a substan-
tial reduction in deployed UAVs compared to baseline
methods, with user usability in sparse networks in-
creasing by 106% to 200% compared to baseline UAV
deployment methods.

The paper is organized as follows. In Section 2, the QolIT
and fire spread models are introduced, and a toy example
is used to illustrate the problem statement of the research
study. In Section 3, the motivation for the study is described
by extending the example to include network partitions
caused by bushfire spread. Section 4 presents the 1-Path
Problem, which is composed of procedures and an algo-
rithm for deploying UAV(s) on a single broken source-to-
query path. The U-QolT algorithm is presented in Section
5, which identifies potential positions for UAV deploy-
ment to inter-connect the maximum number of broken/un-
established source-to-query paths. Section 6 defines the sim-
ulation and experimental test bed, and Section 7 discusses
the results of the simulation. In Section 8, an overview of
related work is provided, with concluding remarks given in
Section 9.

2 BACKGROUND

This paper utilizes the Quality of Information with Thresh-
olds (QolIT) algorithm [11] as the foundational method for
selecting source nodes and determining downstream paths
to query nodes in a MANET designed to respond to bushfire
emergencies. This section provides an overview of (i) QolT-
based path selection, (ii) the fire spread model underlying
the bushfire model, and (iii) the problem statement, which
outlines network partitioning resulting from the dynamic
nature of bushfires.

2.1 QolT-based Path selection

The QolIT algorithm selects a source node by carefully eval-
uating detailed information about each source’s capabilities
and its downstream path to the query node, aiming to
meet the specific information quality requirements of the
query node’s application. This evaluation considers various
network-level metrics, such as available bandwidth, path
integrity, latency or hop count, and information utility, with
performance thresholds established for each metric.

The selection process begins with identifying the rele-
vant network metrics and their threshold values to satisfy
the specific requirements of the query node’s application.
Once these metrics and thresholds are set, the QoIT algo-
rithm proceeds with the following steps:

1) The algorithm evaluates the current network metrics of
connected source nodes and their downstream paths
toward the query node.

2) For each source-to-query downstream path, QoIT cal-
culates a goodness measure for each network metric,
indicating how well it meets the query node’s require-
ments.

3) QolIT then uses these goodness measures to compute
quality metric scores related to the completeness, time-
liness, accuracy, and reliability of information. Based on
these scores, QoIT assesses how well a source and its
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downstream path can satisfy the quality needs of the
query node.

4) In the final step, QolIT selects the source nodes that
maximize user usability across all query nodes by en-
suring their quality needs are fully met. User usability
is defined as the number of querying nodes whose
quality requirements are completely fulfilled. For a
more detailed description of the QolT source selection
process, readers can refer to [11].

2.2 Model of Fire Spread

To understand performance of MANETs under bushfires,
it is important to have accurate models of wildfires and
their spreads. Advances in computational power have led
to the accurate modelling of the behaviour of wildfires
and to simulate their spread across various landscapes.
For field based fire spread model in dry eucalypt forest
with a shrubby under-storey, Cheney et al. [14] develop an
empirical model that predicts the fire spread rate and flame
height. The model determines average spread rate by the
mean values of environment and fuel variables. Equation 1
provides the potential rate of fire spread based on the
proposed model. Here R, is the predicted quasi-steady rate
of spread (mh~!), 7.3 < Uy < 25.9 kmh~! indicates the
mean wind speed at 10 m in open — a standard exposure for
forecast wind measurements in Australia; F); represents fuel
attributes, where j = 1,...,n, including live or dead mass,
compactness, height, horizontal and vertical continuity, size,
mineral and heat content of the fuel; M depicts dead fine
fuel moisture content (%), 6 specifies the slope of the fire
field terrain in degrees; and ®;(.) denotes the function of
wind speed, fuel attributes, moisture content and slope, for
it =1,...,4, respectively.

Rgs = ®1(U19)®P2(F1, Fa, ... Fy)®3(My) Py (0) (1)

Fuel moisture function ®3(My) depends on the rela-
tionship of fuel moisture content and spread rate of Jarrah
forest fuels [15]. The relationship is developed from data of
dry summer burning conditions with surface fuel moisture
content, 5.6% < M, < 9.6%. For My, range, the wind
effect in [15] is ruled out and ®3(My) is formulated as
in Equation 2

P3(My) = 18.35Mf;1-495. )

With increasing slope the flames contact with the fuel
gets closer. This preheats the fuel bed that efficiently ignites
the fuel and increases the fire spread rate. The exponential
function used by [16] and formulated by [17] is adopted
as it is consistent with slope functions applied to other fire
behaviour models [18]. The slope function, ®4(), for § > 0
is given in Equation 3

®4(0) = exp(0.0696). 3)

The wind function ®;(Uyp) and fuel function

®y(Fq, F, ...F,) in Equation 1 is modelled through

R4, in Equation 4. It describes the fire spread prediction
system for the wind speed and fuel hazard score variables

R4 = Ry+1.5308(Usg— ;)" -FHS, 2 - (FHS,s-Hys)% By, (4)



where R; = 30mh~! is the threshold spread rate at the
threshold wind speed U; = 5kmh~! at 7% M;s and
g =0,13 < FHS, < 3.9 is the surface fuel hazard
score, 0.2 < FHS,s < 3.8is the near-surface fuel hazard
score, 5 < H,s < 30cm is the near-surface fuel height,
b1 = 0.8576, by = 0.9301, b3 = 0.6366 are the regression
constants regarding R 4. The logarithm of R4 — R; was
regressed on In(Uyg — U), and various forms of (F'HS;,
FHS,,, Hpys) to obtain the best fitting model. Use of log-
arithmic regression to estimate fire spread is convenient
but leads to bias in the results when transformed back to
the original variables. To correct the result, B; = 1.03, the
ratio of the observed mean to the mean of the predicted
values [14] is multiplied to it. The final model is generated
by incorporating R 4, ®3(My) and ®4(6) into Equation 1, to
predict the potential fire spread rate (Rs;).

Though flame height (1.5 < Hy < 75 m) corresponds
with observed fire spread rate R, (mh~1), predictions are
improved by integrating elevated fuel height (H.). The
model for Hy, presented in Equation 5, is fitted with
the linear mixed model to incorporate head fire spread
rate, R4 (m h~1), that changes with slope and is obtained
from Equation 4. Here H, € 1m — 55m is elevated fuel
height, by = 0.723, by = 0.0064 are the regression constants
regarding Hy, and By = 1.07 is the bias used for results
correction. Please see [14] for more details.

Hy=0.0193 - RY - exp(by - H,) - B, (5)

In our exploration of a MANET designed for rescue and
emergency operations within the context of an Australian
bush fire, we employ the fire model of Equation 1 to illus-
trate the dynamics of fire spread, denoted as R,;. Addition-
ally, we utilize Equation 5 from the same reference to char-
acterize flame height (Hy) in our experimental study. The
propagation of fire generates smoke and ash, leading to the
scattering and absorption of radio signals. As emphasized
by S. S. Faria et al. in [19], wildfires can induce significant
signal attenuation. In this study, we therefore adopt the
perspective that nodes with radio ranges overlapping the
fire’s range are unable to facilitate communication.

2.3 Problem Statement

The QolIT [11] aims to choose (among the available options)
an optimal source node (S) for transmitting information to
a query node (i.e., destination (D)) in a challenged ad hoc
network. However, the chosen source-to-query (S-D) path
may not meet the required values for network layer metrics,
such as the path may offer lower information utility (IU),
smaller bandwidth (BW), lesser path-integrity (PI), or higher
hop-count (HC). Such deficiencies in the network layer
metrics can ultimately affect the quality of information,
including its accuracy, timeliness, reliability, and completeness.
Consequently, the number of users whose application re-
quirements are met, decreases.

Query nodes can have different requirements depending
on the services they request. For instance, an on-demand
video application can tolerate some delay but cannot com-
promise on path integrity and utility of the information, and
have certain bandwidth requirements for video resolution.
An example network scenario of ground nodes (g) is shown
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Fig. 1: Network metric values along the links (between ground (g) nodes) on path
S-D.

in Figure 1 where a source node S transmits the requested
on-demand video information to the query node D. The
S-D path comprises several links, each labeled with its
available network metric values [gpw, g1, gp1], indicating
the state of its three network metrics, namely, bandwidth,
information utility, and path integrity. Additionally, HC
measures the number of links on the S-D path.

The IU score of an S-D path is determined by the g/
values of the links along the path. It represents the objective
value of the data transmitted from the source node to the
query node, taking into account factors such as accuracy,
relevance, and timeliness of the information provided. It is
the measure of how useful or valuable the information is
to a query node. In the simulation, the IU score is assumed
to range from 0 to 10, as in [20], with 0 representing the
lowest and 10 representing the highest information utility
score. The PI score, on the other hand, indicates the level
of security on the S-D path for data transmission. A set
of four keys with varying lengths is assumed, specifically
32-bit, 64-bit, 128-bit, and 256-bit traffic encryption [20],
represented by key-IDs 1, 2, 3, and 4, respectively. Each node
is randomly assigned one of the given key lengths. The link
integrity, gpy, is derived as the minimum strength of the
keys held by the adjacent nodes of a link. Path integrity is
then determined by the minimum link integrity along the
path.

To ensure that the quality requirements for the on-
demand video application are met, a threshold vector (t)
of minimum_> requiied Valges for _r>1etwcgk metrics is used,
defined as t = [t gw, t wo, t v, t pr]l =[04 Mbps,
5 hops, 10, 3], as discussed in [11]. The percentage (p) of
network metric requirements met by the path S-D (shown
in Figure 1) for the given communication requirements are
pew = 25%, prv = 40%, ppr = 33.33%, and pyc = 45.5%.

For each network metric k = [BW, IU, PLHC], the ratio
of available (aj) to required (¢ ;) network metric values
is calculated using the QolT algorithm [11] to obtain py. If
any of these ratios are less than 1, it has a negative impact
on the quality layer metrics score, as it fails to meet the
user’s required level of performance and leads to lower user



usability. In short, if at least one link of the path fails to meet
one or more network metric thresholds, the user usability
drops. For example, in Figure 1, not only does the path S-D
exceed tgc by 6 hops, but the links e-f and f-g also fail to
meet tgw, tiy, and tpy.

The sub-paths S-a-b-c-d and g-h-i-j-D within the route
are considered as rss (requirements satisfying sub-paths),
while the sub-path e-f-g is considered as non-rss. In each
S-D pair, an rss consists of two sub-paths, one starting
from node S and the other ending at node D. In Figure 1,
the non-rss sub-path e- f-g needs to be replaced with better
links to achieve higher user usability.

3 MOTIVATION

The task of meeting user requirements becomes even more
challenging in the presence of node mobility and dynamic
bushfires. Node mobility causes link breakage, whereas
spreading bushfire weakens radio signals and damages
nodes within its proximity, as shown in Figure 2 (a). These
factors impact communication, reduce user usability, and
increase the gap between rss sub-paths. For instance,
in Figure 2 (a), the requirement failures on links e-f and
f-glead to two rss sub-paths: S-a-b-c-d and g-h-i-j-D with
{pew,p1v,pr1,puct = {25%,40%, 33.33%, 45.45%}. Due
to the bushfire’s effects on nodes d and g, the rss sub-paths
shrink to S-a-b-c and h-i-j-D. Additionally, nodes mobility
cause links to break for nodes b, h, and ¢, further reducing
the rss sub-paths to S-a and j-D.

L= 008, =4 8p=2 £ NG =02 8= 68~ 1

< 2 S
L6 » [ ¥
DL 7 g
L= 07 8= 10,8, 4 N S =078 =085 =4 NG T

2= 0.8,2,=10,8,=3 Cho L= 0.8.2,=10,2,=3 R

o= 09.2= 10,8, 4 o™ 09 8= 1085~ 2

-~z —0.5 = =
RPN b\ S =058, =10, =3

“~¢ = = =
(b S S =058, =108y=3

g~

\
n? 8= 05,8, =108, =4
Zy= 04, 2= 10,8, =9 _

L

8y =08, 8,=10,g,=4

L= 058, = 10,8 =4

8o = 0.4 8,y = 10,8, =4

2y =07.8,=10.8,=3 S~ 0.58,~10,8,~4 2= 0.7,8,=10,8,=3

- . -
Node meets ali ¢ and is part of rss Link meets all 7, and is part of rss

-
Node fails one or more ¢, and is part of non-rss Link fails one or more ¢, and is part of non-rss
- -

Link meets all 7, and is part of non-rss

0000

Node meets all #_and is part of non-rss
-

Fire flame affects radio link communication

Ve

Fire destroys node that initially met all 7,

~
7

-
7 Mobility causes node to fail 7, that initially met Mobility causes links breakage between nodes

Fig. 2: Fire and node mobility breaks the path and makes it sub-optimal and
with (a) depicting rss and non-rss sub-paths, and (b) re-establishing the paths
between rss sub-patch with a UAV.

Figure 3 demonstrates the impact of no, static, and dy-
namic bushfire scenarios on user usability in a network
comprising of 100 static nodes containing 6 source and
20 query (destination) nodes. The simulation environment
of [20] is employed in 10 km? area and 30 simulations are
performed for each scenario. At the start of each simulation,
the network paths are established using the network metric
values of links chosen from a set of ranges given in [20],
whereas the spatial layout of nodes and fires (ignited at 15-
25 locations) are chosen randomly. To imitate continuity or
variation in topography, environment and fuel bed informa-
tion, the variable values of the fire spread behavior model

>
[l - No Bush Fire =
w084 T Static Bush Fire . "cg
a) —— Dynamic Bush Fire =]
° 0.6+ g
— 0. @
8 Z
=} o
g 0.4 2
g S
o 02 5
o)
2 |
0.0— 15} L0004 444
T T T T T T A TTTTTTTTTTTTTTTTITTTTTITITITITT
0 20 40 60 80 100 15 18 23 28
%age of user usability Check points
(a) (b)

Fig. 3: Performance degradation in MANET with dynamic bush fire scenario.

(discussed in subsection 2.2) vary with fire locations. Fire
spreads from the ignition point in wind direction at the rate
of 0.04608 - 12.1824 kmh ™!, calculated using the minimum
and maximum values of the influencing variables. The fire
spread beyond the simulation area is considered to have
vanished. Each simulation run executes until all data pack-
ets are delivered or the simulation time expires. The time
duration for a single simulation scenario is 100 seconds.

In a dynamic bushfire scenario, the paths from the source
to the query nodes are evaluated at regular intervals of
approximately 3 seconds, known as “checkpoints”. If a node
or link comes into close contact with the fire, it is considered
damaged and immediately excluded from the network for
the rest of the simulation. To simplify the process, all query
nodes have the same network requirements, represented
by the values ie., {tsw,tv,tpr,tuc} = {0.4,10,3,5}
respectively. QolT algorithm [11] is used to determine the
source and its optimal path to a given query node. This
algorithm considers various network metrics along each
potential path and selects the one that best satisfies the
query node’s requirements. The user usability of a query
node is determined by comparing the network metric values
along its selected path to the corresponding threshold values
for each parameter. If all threshold requirements are met
along the downstream path from the source to the query
node, the node is considered usable.

Figure 3 (a) shows 100% user usability for 80%, 71%,
and 55% of the query nodes in case of no, static, and dynamic
bushfire scenarios respectively. Additionally, Figure 3 (a) also
depicts that among all simulations and iterations of dynamic
bushfire scenario, 32% of the query nodes have no path
towards any of the source nodes. Moreover, Figure 3 (b)
indicates that in subsequent iterations of the dynamic bush-
fire scenario, the mean user usability drops from 85% in the
first checkpoint to approximately 45% in the last checkpoint.
The decrease is due to the loss of S-D paths caused by the
dynamic nature of the bushfire.

Broken links and dead nodes reduce overall usability
and necessitate mechanisms for re-establishing network
paths. UAVs are hypothesized to be a solution for minimiz-
ing network partitioning, thereby enhancing usability. UAVs
have been widely used to increase coverage by connecting
segments of vehicular networks [21], to assist in disaster
recovery [22] and for content distribution networks [23].
The altitude of UAVs can be adjusted to avoid obstacles
and to enhance the likelihood of establishing line-of-sight



(LoS) communication links to ground nodes. To reduce net-
work partitions, UAVs are either statically or dynamically
deployed [24], [6]. Studies like UAV-NetRest [6] propose
minimal deployment of UAVs to be cost-efficient.

Under the above-discussed challenges and opportuni-
ties, the objective of this research study is two-fold i.e., to (1)
maximize the user usability with UAV(s) deployment, and
(2) minimize the cost in terms of the number of deployed
UAVs, with negligible impact on the computational time of
deployment positions of UAV(s).

4 UAV DEPLOYMENT IN A 1-PATH PROBLEM

A simplistic case study is conducted as a simulation to
understand the impact of UAV (u) deployment in a MANET,
focusing on the available network metric values attributed
to each UAV. The assumption is made that u,, = 10
and u,, = 4, where the maximum values of both metrics
indicate the highest achievable information accuracy [20].
The bandwidth metric u,,, is considered to be above 10
Mbps [25], based on the assumption of the IEEE 802.11n
standard, as 2.4 GHz of radio frequency is used for both
ground-based and aerial nodes. The hop-count v, is ad-
justable to user needs and represents the maximum number
of UAVs allowed to establish the S-D path by connecting the
rss sub-paths. The hop count u,,, < t TS5, i.e., u,
value varies for each S-D pair dependmg upon the Values
of e and rss, .. For example, to connect sub-paths S-a
zgld f-D (in Figure 1) via UAV(s), u,. < 2 is needed since
t 4o =band rss, . =3.

To maximize user usability, this research study addresses
two important questions i.e.:

« How to optimally place UAVs within a given upper
bound on their number?

« Considering the battery-powered nature of these de-
vices, can the longevity of a connected network be ex-
tended by deploying UAVs with minimal simultaneous
usage?

To achieve high user-usability with a set of UAVs, the
process starts with 1-Path Problem (1-PP). This problem
deals with situations where a single S-D path (selected with
QoIT [11] method) either fails to meet the communication
requirements of the query node or gets disconnected due to
the dynamic nature of the network and its spatial environ-
ment. As a solution to the given scenario, 1-PP replaces the
non-rss sub-path with UAV(s) to re-establish the S-D path
such that all user requirements are met. As discussed earlier,
the non-rss sub-path may consist of a single or multiple
link(s)/node(s) that either cannot perform data transmission
or fail to satisfy communication requirements.

To illustrate the concept, consider the situation where
source node S transmits the requested information to its
query node D via the path S-a-b-c-d-e- f-g-h-i-j-D as shown
in Figure 1. However, Figure 2 (a) shows that along with
sub-optimal links and relay nodes, the path gets discon-
nected due to the loss of intermediate nodes/links caused
by bushfire and/or mobility. In such a situation, UAV(s) can
be deployed to restore the S-D path, as shown in Figure 2
(b). The deployment strategy of UAV(s) for a single S-D
path is defined by the 1-Path Problem, which is ex-

Symbol Meaning

u,g,S, D UAV, ground, Source, and Destination (or query)
nodes respectively

a Adjacent node of node u or g

?BW , ?IU , [BW,1U, PI,HC] threshold values w.r.t each each

?PI , ?HC query node

Upgy s Upers [BW, 1U, PI] values on links between g-u, u-u, and

Up u-g nodes

Iew iy [BW, 1U, PI] values on links between g-g nodes

9pr

uf, uf, uf The x,y,z coordinates of i*" UAV node, where i > 1

aj, ai.’, aj The z,y,z coordinates of jth adjacent node, where j =
141

hyy Fire flame height

RR(ng,ny) Returns TRUE if n, and n; nodes are in radio range

LoS(ng,ny) Returns TRUE if n, and n; nodes are in line of sight

Py S-D Path without UAV(s)

Psup UAV(s) based S-D Path

rSs Set of requirement satisfying sub-paths, where rss C
Psp .

TSSg,TSS an rss that starts/ends with S/D, where rss =
{rssg,rss}

L Last node of rss g

F Firstnode of rss

N, Maximum Number of UAV(s) to be placed between L
and F

Set Set of connecting nodes including L, N, and F’

TSSpyo Upye Hop Count of rss sub-paths and to be deployed
UAVs on S-D path

TABLE 1: Symbols and terminologies used in S-D 1-Path Problem.

plained in detail in the following subsections and illustrated
by the flow diagram in Figure 4.

Requirements Satisfying Subpaths ()

7SS, 1SS,

\
Determine Number of UAVs ()

L E Nu

4

Potential Coordinates Position ()

Path
Establish
ment?

Fig. 4: Flow Diagram of UAV assignment along a single S-D path using 1-PP.

4.1 Requirements Satisfying Subpaths (rss)

The procedure rss generates two disjoint sub-paths, de-
noted as (rssg and 7ss,), for a single S-D path P, . Here
rss, initiates from the source node, while rss,, concludes
at the query node. The node(s) and link(s) associated with
each sub-path fulfill all the network metric requirements
(represented by t) defined by the user. In the worst-case
scenario, rss, = {S} and rss, ={D}. The number of links
within these sub-paths influences the physical reachability



distance between S and D nodes. It is assumed that network
information is consistently known at all times.

Note that the lengths of rss, and rss,, may exceed one
only if, before partitioning, there existed a path P, between
nodes S and D. Let u represent the last node in rss,, and v
be the next connecting node in the original path Psp. Node
v is incorporated into rssg, only if nodes u and v remain
within each other’s radio range, and node v, as well as the
linky,v), still satisfy all the specified ¢ requirements. Simi-
larly, if v is the initial node in rss,,, then its adjacent node u
from the previous path is added to rss,, only if nodes v and
u are still within each other’s radio range, and « and the
link ) still meet all ¢ conditions. In the case of Figure 2
(a), the function RequirementSatisfyingSubPaths ()
yields rss, ={S, a} and rss, = { j, D}.

1: procedure REQUIREMENTSSATISFYINGSUBPATHS (
2 Gy +— 1 1 .

3 Ty — 1

4: lpSD — lPSD,I

5: rssg = Pgp il > -
6: "rssD :'PSD lpSD] >
7 inat ¢ Gu + 1

8: Tpro ZPS -1 > index o
9: while in.t <= (Ip

—1) do

SD
10: U = 758 g [1u] >
11: v(—PSD[znwt] > re )
12: if RR(u,v) AND ({v,link(y,.)} meets
13: T8Sg < TSSg UV > ad
14: Ty < 1y +1
15: inet $ tnet + 1
16: else
17: break
18: end if
19: end while
20: while ipry >= ipgz¢ do > loop to populate rssp
21: v = 78Sy [iy]
22: U < Py [ipro]
23: if RR(u,v) AND ({u,link(, ,)} meets _t>) then
24: rss, < uUrss, > adds u to rss,
25: Gpry < Gpro — 1
26: else
27: break
28: end if
29: end while
30: return (rssg, TSSp)

31: end procedure

4.2 Determine Number of UAVs (V,,)

This process determines the necessary number of UAVs (IV,,)
to restore the source-to-destination path (P, ). Initially, N,
is set to 0. When PathEstablishment (), outlined in
Algorithm 1 for the 1-Path Problem (as described in sub-
section 4.4), returns False, this procedure is invoked, lead-
ing to an increment in N,. The procedure then calculates
the anticipated UAV-supported source-to-destination path
(Pyyp), defined as P, , ={rssUN,, UAV (s)Urss, (line
3 in pseuo code).If the number of hops in P, ex-
ceeds the specified ¢ , ., the procedure removes the trailing
relay node, L = rssg[|rssg|] when |rssg| > 1. Alterna-
tively, if |rss,| > 1, the procedure eliminates the leading
relay node, F = rss,[1], from rss, (lines 5 to 10
in pseuo code). This iterative process continues until
(|Psypl—1) < t . orboth |rss,| and |rss, | equal one.
The procedure is iteratively called from Algorithm 1
until the adjacent nodes of L, N,, UAV(s), and F' are within
each other’s radio ranges or if the number of N, exceeds
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the available number of UAVs A,,,. In the latter case, no
UAVs will be assigned to the broken path. It is important to
note that in this model, we assume the presence of a central
entity in the network that receives broadcasted messages
containing location updates, mobility speed, and direction
from reachable live nodes. The central entity, through his-
torical data analysis, can predict the locations of nodes that
have recently become non-reachable, as discussed in [26].
However, this study does not specifically address the topic
of location prediction for MANET nodes and therefore
does not delve further into that aspect. Nodes that fail to
broadcast location messages within a specified time period
are considered inactive.

: procedure DETERMINENUMBEROFUAVS(’I‘SSS, 788
N, «+ N, +1

PSUD

while ([P, p|—1)> T ;o do
if |rssg| > 1 then

L« rssg|rssgl]
rssg < rssg \ L

else if |rss;,| > 1 then

F < rssp[1]

r8sp < rssy \ F

1 D
2

3

4

5

6

7

8

9

10

11: else
12

13

14

15

16

17

D> identifier of number of
«— 1rssg UN, UAVSUTSSD

> remove last node fr

om 1SS S

> remove first node from TSS
break
end if
Pg,p —1rssg UN, UAV(s) Urssp
end while
return (N,, rSSg, TSS

pdate P
> update Pg.p

p)
: end procedure

4.3 Potential Coordinates Position (P)
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Fig. 5: Initial potential 3D coordinates (p”, p¥, p*) of a single UAV with its aerial
adjustment zone.

The model assumes that eucalyptus trees and bushes
have an altitude range of z = 5—50m, while other forest-
related obstacles such as buildings, fire lookout towers, and
electric poles/wires have an altitude range of z =10—20m.
The maximum fire flame height considered by the model
is hyy < 70m. The UAVs in this setting operate at an
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Fig. 6: 2D potential positions of three UAV(s) between L and F relay nodes.

altitude range of 75m < z <120m as in Figure 5, where the
minimum altitude of z = 75m is used to avoid fire flames
and collision with obstacles within bushfire field, while the
maximum altitude of z =120m is adopted by civil aviation
authorities [27] to provide a buffer zone between UAVs
and manned air-crafts operating at z = 150m. This altitude
range also maximizes the area coverage during emergency
situations [28] and enhances the establishment of Line of
Sight (LoS) between ground and aerial nodes.

The procedure returns a set P consisting of N,, elements,
denoted as p; where 1 < ¢ < N,. Each p,; represents
a potential 3D coordinate position (p?,p?,p?) for a UAV
denoted as u; (i.e., u; € Ny). The (p¥,p?) coordinates lie
between L € rss, and F' € rss,,, such that it establishes
P, - The potential height of each UAV node, represented
by p;, is randomly chosen between 75 meters and 120 meters
to avoid any potential obstacles including flames or trees.

This study defines the shortest path between ground
nodes L and F' to be a straight aerial route. Therefore,
the potential positions of the UAV(s), are initialized along
the line LF. The procedure first computes the Euclidean
distance d of the line segment LF'. The distance d is then
divided into N, +1 parts of equal distances d,,. This allows
for the equidistant placement of all N,, UAV(s) along the
line segment LF. Figure 6 illustrates the placement of
three UAVs at equal distances between their corresponding
ground nodes L and F'

1: procedure PorenTIALCOORDINATEPOSITIONS (L, F, Ny)

2: (z1,y1,0) « location(L) > 2;=0, since L is a ground
node

3: (zf,yf,0) < location(F) > zp=0, wice F' is a ground
node

4: d= \/(xf —x1)2 + (yr —w)? > Euclidean distance
between L and F

5: P=0 > set of 3D Potential coordinates

6: dy =d/(Ny +1) > splits

T for i+ 1 to N, do

8: pi =x; — (ixdy*x(x;—xp))/d > z-coord of #'" potential
pPoOSsi 10N

9: pY =y — (ixdux(y1—yy))/d > y-coord of '™ potential
pPoOsi 1L0On

10: p; = rand[75m, 120m] b z-coord of it" potential
pPoOSsi 10N

11: P=PUp; > p P

12: end for

13: return (P)

14: end procedure

4.4 Path Establishment

Let Set., = {L, N, UAV(s), F'} be the set of nodes that
need to be connected in order to re-establish a route between

1: procedure PATHESTABLISHMENT(SetCN)

2: j=2

3: while j < |[Set | do > [Set,  |: number of elements in
,b'(/(,\,

4: i=j—1

5: u; < Set y [7] e

6: ap < Set[j—1] > left adjac of u;

7 a, < Set [i+1] > right £ oy

8: (uf,u?,u?) « location(u;)

9: (af,a},af) < location(a;) > a=L (if i=1) or
a;=u;—1 (if 1>1)

10: (a7, a¥,ay) < location(ay) > a,=F (if i=[Set|) or
ar=ujy1 (if 1<|Set ,\\\

11: if RR(a;,u;) AND RR(u;,a,) then

12: while LoS(a;,u;)|| LoS(u;,a,) do

13: Adjust(uf,u?,u?) such that, (a®<uf <al, a¥ <
u! <a¥, 75m<ui<120m) and (RR(a,u;) & RR(u;,ar))

14: end while > assuming LoS s found after finite

15: else

16: return (false) D means uw & N, UAV(s) e unable
ToO connect L ana [--

17: end if

18: end while

19: return (true)

20: end procedure

rssy and rss,. Although the initial potential positions for
N, UAV(s) are determined, there is no guarantee that they
will be within radio range or in the line of sight (LoS)
of neighboring nodes along the route. To address this,
the procedure checks for radio range overlap and line of
sight (LoS) between adjacent nodes in Set_, and makes
necessary adjustments to the potential locations, if required.

In emergency networks, UAVs typically operate in the
2.4 GHz band [29] with a radio range of 1km or more.
The experimental test bed assumes the use of micro UAVs
weighing less than 2 kg [30], which are lightweight and
omnidirectional with a communication range of up to 1km
and can be placed to the height of 200 meters. For the ad
hoc network’s ground nodes, the communication range of
100 meters is considered, with IEEE 802.11b standard [31] at
2.4 GHz. However, due to the increased number of obstacles
at higher altitudes, the UAV(s) require LoS communication.
In the challenging bushfire scenario, the risk of losing line
of sight increases as the flames can produce plasma that
interferes with the surrounding magnetic field and degrades
the signal strength. To establish a line-of-sight link, the
procedure checks for any overlap between the straight line
(that connects the coordinate locations) of adjacent nodes
and the current fire locations, their expected spread rates,
and any other obstacles.

In above discussed situation, the placement of IV,, UAVs
at their initial potential locations leads to one of the follow-
ing three cases:

1) If the radio ranges of adjacent nodes in Set.,
overlap and there is LoS between each pair
of adjacent nodes, then neither the procedure
DetermineNumberofUAVs () is re-called for addi-
tional UAV assignment nor adjustments of potential
locations are needed.

2) If the radio ranges of adjacent nodes in Set ., overlap
with each other, but one or more UAVs have no LoS
to at least one of their adjacent nodes due to obstacles,
then the UAVs are relocated. The relocation process is
done incrementally, one unit at a time horizontally or
vertically while still maintaining radio range overlap



with adjacent nodes and keeping their heights between
75m and 120m, as shown in Figure 5. The process
continues until a finite number of iterations or until LoS
between adjacent nodes is achieved.

3) If at most one node in Setcy does not have radio
range overlap or has no LoS with its adjacent node, then
the DetermineNumberofUAVs () procedure is called
to assign an additional UAV. The process continues
until both radio range overlap and LoS exist between
all adjacent nodes in SetC'N, or if N, has to increase
beyond the available number of UAVs (Auav) in the
network. In the latter case, no path can be established,
and therefore no UAVs can be deployed between the
pair (L, F).

Algorithm 1 1 Path Problem

Input: PSD , ?, Augv D Broken path, set f thresh
and available UAVs
Output: PSUD’ L, F

1: Ny, <+ 0O N

2: (rssg,rssp) + RequirementsSatisfyingSubpaths(Pg,, t)

3: (Nu,rssg,rssp) «DeterminingNumberofUAVs (rssg, TSSp,
R 2 2,
t e Nu) bt €t

4: L <+ rssgllength(rssg)]

5: F < rssp[l]

6: potential_locations <PotentialCoordinatePositions (L, F,
Nu)

T: Set,y < L

8: Let UAVsp be the list of N, UAVs

9: n+1

10: while n < N, do

11: location(U AVsp[n]) < potential_locations[n]

12: Set < Setoy UUAVsp(n]

13: n=n+1

14: end while

15: Sety, < Sety UF

16: Flag < PathFEstablishment(Set
17: if !Flag then

CN)

18: if (Nu+1) < Auqvr then

19: Go to Step 3

20: else

21: Poyp <0

22: end if

23: else

24: Pyyp < rssg UUAVsp Urss,
25: end if

The procedures mentioned above are invoked by the
algorithm 1 Path Problem, which aims to reconnect a
sub-optimal or broken path P, by deploying N, UAV(s)
at their potential positions, given that N, < Ayq,. It is
assumed that each UAV can retain source information util-
ity (IU), possess sufficient bandwidth (BW) to fulfill the
requirements of the query nodes and act as a reliable relay
with a high path integrity (PI) value.

The 1-Path Problem algorithm iteratively increases
the number of required UAVs (XV,,) in polynomial time, with
a worst-case time complexity of O(Ayqy). The algorithm
achieves the optimal number of deployed UAVs by either
returning the potential positions of UAVs that can rectify a
broken or sub-optimal path Pgp or notifying of the absence
of a solution for the available A,,, UAVs.

5 UAV PLACEMENT UNDER QOIT (U-QoIT)

The goal of the U-QolIT is to maximize the number of query
nodes receiving their desired services within a set number of
available UAVs. This is accomplished by optimizing paths
that fall short of QolT standards and establishing new paths
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using UAV(s) within a 3D space. Unlike Algorithm 1, U-
QolIT deploys UAV(s) between pairs of source and query
nodes that either fail to meet QoIT requirements or, in the
worst case, lose connectivity due to dynamic bushfires.

The execution of U-QolIT is assumed to take place at
a central entity, as outlined in subsection subsection 4.2.
This central entity may function as a coordinator or a base
station with a back-haul connection to the MANET. Along-
side mobility speed, direction, and location, the accessible
nodes broadcast their IU and link characteristics, including
BW and PI, to the central entity at a suitable interval for
updating.

The proposed solution, U-QolIT (described in Algo-
rithm 2), starts with the identification of all those query
nodes whose paths toward their source nodes are either
broken, non-existent or do not fulfill the desired quality
requirements for the information transfer. Such paths are
indicated by input P ,, with a set of requirement thresholds
of the corresponding query nodes represented as 7. Step
4-12, of Algorithm 2 applies:

1) 1-Path Problemi.e., Algorithm 1 to each of the path
in P, and ends up in L {L1,Lo,.....L,,} and
F = {F1, F5,.....F),}, where m denotes all the query
nodes with unfulfilled requirements, that need fewer
than A,q, UAV(s). Note, the expected allocation of
UAV(s) for a path are not subtracted from A, after
a call to 1-Path Problem. This is because 1-Path
Problem only assesses the feasibility of whether a path
can be connected with available UAV resources or not,
and if yes then what can be the potential locations.

2) There is at least one path made up of relay UAV(s),
with the capability to connect each corresponding pair
of (L;, F;) nodes, where i € {1,...,m}.

Algorithm 2 U-QolT

odes, an 1 available number of

d UAV (s) to re-establish paths
1:
2 ~
3: Pgyp <0 .
4: for each Pg € Py, do ly 1-Path Problem on each
n-establis lpi and broken patl
5: Extract T; from T D> Threshold requirements fo
destination D;
6: (PS U, D; ,L“Fl) = 1PathProblem(Pg p, ,Ti, Avav)
7 if PS v;p,! =0 then b If a path can be established
H"\“A.—\,l,, AV (s)
8 {DSUD PSUDUPSUD
9 L=LuL;
10 F=FUF;
11 end if
12: end for
13: U <+ V¥V UAV (s) GPSUD s) are just
abstraction of UAV(s) wit ations.
14: S, up < LuFuU
15: AdjMatriz(|S, ,; IS, ;1 =0 > Initialize 2D Adjacency
Matrix
16: for each ny € S, do
17: for each nz € S, do
18: if RR(ni,n2) & LoS(ni,n2) then
19: k1 _zndex(n],SLUF > Index of ny in S, . list
20: ko = index(nz, S UF)
21: AdjMatrizik,]|[ka] =
22: end if
23: end for
24: end for
25: P yp 0
26 i<+ 1



27: while i < length(L) do

28: L":II[Z]
29: F,,:F[Z]

30: pLUF — PLUF Uvm > Appl "S on AdjMatriz
t extra all paths without cycles between L; and F; and
insert s n PI.('I

31: i=1d+1

32: end while

33: for each u; € U do > Reduce a UAV if path x1ist
all corresponding L and F pairs

34: PLUF < PLUF\ (paths containing wuy)

35: remove + 1 R

36: for each L; € L do

37: if L;F; ¢ P’ then

38: remove < 0

39: break

40: end if

41: end for

42: if remove =1 then

43: PLUF < PLUF\ (paths containing wuy)

44: U=U\u

45: end if

46: end for

47: while |U| < Ayqv do > 11s while loop is
optional and can be used to place remaining Ayay, at the
largest partition in the net k

48: U:UUul > Add an add ional UAV abstraction wu;

49: (uf,u?) < mid-point of largest partition in the
network

50: uj = rand(75 m, 120 m)

51: end while

52: while |U| > Aygy do D> If remaining UAV (s
still more than A,ge

53: Uy < MiNcentrality (Yuav € U) > Remove the UAV
lowest centrality

54: U=U\w

55: end while

56: U <+ Set of deployed UAV(s) at the potential locations
of U

5.1 Deployment of Available UAV(s)

The aim is to select potential positions for A,,,, from the list
of all possible positions, so that the placement of UAV(s) at
the chosen subset maximizes the interconnection of (L, F')
pairs. The problem is typically approached as a combinato-
rial search problem, which requires evaluating a large num-
ber of potential combinations. For example, to find the best
combinations of r potential locations among the total num-
ber of n potential locations, the number of combinations to
be evaluated are %@%' with a time complexity of O(n").
To address this computational challenge, a novel approach
is used that initially assumes to have deployed UAV(s)
at all potential locations and then iteratively removes one
potential location at a time, starting with the one that has
the least impact on the overall network connectivity. This
iterative elimination approach reduces the time complexity
to O(n—r).

The step 13 of the Algorithm 2 denotes an abstraction
U of the total number of UAV(s) with their potential loca-
tions, where U is derived from running 1PathProblem ()
for un-established paths, broken paths and for down-link
paths that fail to meet quality requirements of the query
node(s). To determine the number of (L, F') pairs that can be
connected by deploying U UAVs, steps 14-24 construct
an adjacency matrix for the set S,,, = L,F,U. Subse-
quently, steps 25-32 use breadth-first search to identify
all non-cyclic or simple paths connecting each correspond-
ing (L, F') pair. Since interest is in finding all simple paths
between an (L, F') pair, an uninformed search method is
employed. Depth-first search is avoided to prevent high
time complexity.
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To minimize the search space of potential positions of the
UAV(s), steps 33-46 employ reduction by elimination.
This is accomplished by omitting an abstraction of UAV
u; € U in such a way that at least a single communication
path still remains between each (L, F') pair. The process
is repeated for all UAV abstractions in U. Note that the
removal of a particular abstraction u; reduces the list of
potential deployment locations for UAVs.

With the execution of steps 33-46, if the number of
leftover UAV abstractions |U| turn out to be less than A4,
then an optional set of steps i.e., steps 47-51 can be
utilized to deploy the remaining UAVs at the mid-points
of the largest partitions in the network. However, steps
47-51 are only recommended if minimal deployment is not
an objective. On the contrary, if |U|Ayq, then steps 52-55
removes the abstraction wu; that has the lowest centrality
among all remaining abstractions U. Centrality refers to the
number of times an abstraction «; appears on the paths of
all the pairs (L, F'). By removing the abstraction with the
lowest centrality, we ensure that only a minimum number
of (L, F) pairs are left disconnected. In the final step 56,
the remaining set of abstractions U with |U| < A, is
converted into a physical deployment of UAVs, denoted by
U.

5.2 QolT based Source Selection

Before running U-QolT, the Quality of Information with
Thresholds (QoIT) [11] is applied to select the best source
nodes and their down-link paths to each query node. This
selection is made in a way that a maximum number of
quality requirements for each query node can be satisfied.
When Algorithm 2 i.e.,, U-QoIT () is called, it deploys the
set of UAVs U in the network. After UAVs deployment,
the QolT scheme is applied again to the entire network to
ensure that the optimal source nodes and down-link paths
with respect to quality requirements are selected for the
maximum number of query nodes.

5.3 Time Complexity of U-QoIT

Let n be the number of ground nodes in the network, k be
the number of query nodes i.e., k = |P,,| = |L| = |F|, and
m be the number of UAVs A,,,,. The main time-consuming
modules of Algorithm 2 are (i) 1-Path Problem, (ii)
AdjMatrix, and (iii) breadth-first-search (BFS). The time
complexity of 1-Path Problem is O(km), and that of
AdjMatrixis O(2k+m)? = O(k+m)?. The time complex-
ity of BF'S for a single pair (L;, F;) is O(k + m + e), where e
is the number of direct links between nodes. The total time
complexity of BFS for all (L, F') pairs is O(k = (k +m + ¢€)).

Therefore, the overall time complexity of Algorithm 2 is
O(km + (k +m)? + (k(k + m + ¢)) = O(k + m)?, which
makes it quadratic. However, since k¥ << n and m << n,
the experimental result in Figure 7(c) shows that when 21%
of the ground nodes are query nodes, the computational
time of U-QolIT is only a few milliseconds more than when
no UAVs are deployed.



6 SIMULATION MODEL EXPERIMENTAL

SETUP

To evaluate the performance of U-QoIT in a realistic
MANET setting with a complex and challenging environ-
ment, the simulation environment developed in a prior
study using Java APIs [20] is being enhanced. This simula-
tion environment incorporated both the QolT approach [11]
for the source selection process, as well as a dynamic
bushfire scenario outlined in subsection 6.2. Following sub-
sections discusses several key features of the simulated
networks and bushfire model.

AND

6.1 Underlying MANET

The following discussion outlines the design and functional-
ity of our simulation test-bed across various network layers.

6.1.1 Physical Layer

Our simulated network uses the standard log-distance path
loss model under dense foliage to calculate the radio at-
tenuation and data rate at the physical layer. More com-
plex models can be used if different attenuation effects are
deemed necessary e.g., by adding noise or terrain effects.
Network connectivity on a link between two nodes exists
if its capacity is greater than 0 Mbps. SNR generated us-
ing Equation 6, is used to calculate the data rate of a link
according to Shannon’s channel capacity theorem.

SNR =1T,-32.45-4%10logl0(f * d) -r-ncutors (6)

where, T}, is the radio transmission power with simula-
tion using 20dBm for ground nodes and up to 30 dBm
for UAVs. The variable f is the carrier frequency within
2.4 GHz band, d represents Euclidean distance between the
two nodes in km, 1 represents random fading ranging from
0-1dB and ncyioff is the Nyquist noise cutoff level with
-180dBm.

Data Rates (DR) for SNR thresholds values
SNR(dB) [ 0.0 | 20| 5.0 | 9.0 | 11.0] 15.0] 18.0
DRMbps) 0.0 | 7.2 [ 14.4] 21.7[ 28.9] 43.3] 57.8

20.0
65.0

25.0
72.2)

TABLE 2: SNR threshold values and respective data rates used by the model.

Based on computed SN R values in Equation 6, the data
rate of a given link is determined using Table 2. For this
study, a 2.4 GHz radio equipped with an omnidirectional
antenna for the UAV(s) is assumed. According to Khan et
al. [32] the communication technologies available to UAV
in 24GHz can have up to 250 meters range, while [33]
reported it to be between 430 to 950 meters for different
propagation models in 802.11n/g and up to 6.7km with
802.11b. It is assumed that a UAV may provide approx-
imately 1km in an unobstructed environment. However,
in the presence of obstacles such as trees, bushes, and
bushfires, the effective range of the radio is significantly
reduced. Moreover, this experimental study assumes all
radios of ground and UAV nodes to be transmitting on the
same frequency band such that interference occurs if nodes
within range are transmitting simultaneously. In simulation
maximum transmission power in not used to mitigate in-
terference. Unless mentioned otherwise, the radio range for
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the UAV is 0.6 km and for ground nodes, it is 0.1 km, in all
the simulated experiments.

6.1.2 Data Link Layer

For medium access sharing and control, the simulator de-
ploys Node Activation Multiple Access (NAMA) [34], which
is a widely used Time Division Multiple Access (TDMA)
MAC protocol in current MANETs [35]. NAMA employs
a slot reservation scheme for bandwidth allocation, where
the bandwidth reservation is accomplished immediately
after source selection. The contention resolution approach of
NAMA enables collision-free scheduling, that utilizes two-
hop neighborhood information to dynamically determine, at
each node, whether it can transmit in a given time slot. The
distributed scheduling of NAMA uses a hash function to
generate a pseudo-random number for each node, which de-
termines the priority among contending two-hop neighbors.
NAMA ensures fairer allocation of resources, particularly in
congested networks.

6.1.3 Network Layer

Our simulation field imitates a 10 km? area with four types
of test-bed nodes including (a) source nodes (b) query nodes
(c) regular nodes, and (d) UAVs, as described in Table 3.
The query, regular, and UAV nodes can act as intermediaries
between any two end nodes. All source nodes are assumed
to have the same highest reliability or PI value of 4 but
with varying IU values between 3 to 10. An IU value of 10
contributes the most to the quality features of an application
service®, such as Accuracy and Completeness. The impact of
a source node’s IU value propagates through its down-link
path to a query node, whereas the PI and BW of a path are
limited by the lowest values of the links along the down-link
path. Additionally, the Hop Count (HC) of a path indicates
the number of links it contains.

Node Relay? Path Information | Bandwidth
type In- Utility (IU) (BW)
tegrity
(PI)
Source No 4 3-10 Depends
Query Yes 1-4 Same as the | upon data
Regular | Yes 1-4 source of rate and
UAV Yes 4 the path, number of
where this concurrent
node acts as | users
a relay

TABLE 3: Network metric values of different node types in experimented
simulations.

To establish routes between end nodes, the source-to-
query path with the highest QoIT score [11] is selected,
where QolT score is directly dependant upon the quality
metrics that are computed from network metrics such as
{PI,IU,BW,HC}. A QoIT score of 1 means that the path
from the source node to the query node meets all the quality
needs of the query node, and hence achieves the highest user
usability. If there are multiple paths from one or more source
nodes to a query node that can achieve high user usability,
then Dijkstra’s shortest path algorithm in conjunction with
QoIT to select the path with the fewest hops, or shortest path
in terms of the number of links, among the feasible options.

3. Interested readers are referred to [11]



At the onset of the simulation, the number of data
packets to be transmitted to each query node is selected ran-
domly from a range of 10 to 15. If the selected source node
or any intermediate node on the path becomes disconnected
prior to the successful delivery of all packets, the query
node must obtain the remaining data packets from a newly
selected source node and/or an alternative re-established
path.

6.1.4 Application Layer

In the simulated network, all traffic flows from source nodes
to query nodes. Following QolIT principles, the focus is on
meeting users’ needs, so no specific application data type
is modeled. Instead, differences in the desired features of
queried data are synthesized by defining minimum require-
ments for network metrics. It is assumed that all source
nodes possess similar information but with varying IU, as
depicted in Table 3.

6.2 Modeling of Dynamic Bushfire

At the start of a simulation run fire is ignited at 15-25
random locations in simulation area, that gradually spreads
with simulation time. To imitate continuity or variation in
topographic, environmental and fuel bed information, the
variable values of fire spread behaviour model change with
fire locations. Ranges of fire spread influencing variables are
given in subsection 2.2, where the minimum and maximum
values of the influencing variables are used to calculate the
range of fire spread rate R,. Fire spreads (using Equation 1)
from the ignition point or line of fire in wind direction, at
the rate of 0.0128 - 3.384 ms~".

In the simulation, changes in the scenario and bushfire
spread occur with each simulation time unit. Any fire spread
beyond the simulation area is considered extinguished.
Network paths are initially established at the start of the
simulation. Ground nodes that come into close contact with
the fire line or fall within the fire spread range are consid-
ered dead and are excluded from network statistics for the
remainder of the simulation. The death of nodes triggers the
re-establishment of new network paths. If a dead node was
a selected source or an intermediate node, QolT determines
the best available source or path at that time, potentially
resulting in a source handover.

6.3 Test Scenarios and Baseline Methods

The simulation test conducted in this study consists of six
different scenarios, presented in Table 4. Unless otherwise
stated, each scenario has a dense deployment of 100 static
ground nodes with 6 source nodes, 20 query nodes, and 74
relay nodes. Some of the scenarios comprise different types
of simulations, each with 30 simulation runs®. A simulation
run continues until all packets reach their destined query
nodes, or the simulation time of 100 time units elapses.
At the beginning of each new simulation run, the topology
of the ground nodes is randomly generated. The scenarios
include:

4. A simulation type refers to a specific network configuration, while
simulation runs denote the number of times a particular network
configuration executes, with only changes to the topology and require-
ments of the querying nodes in each new iteration.

Mobility Ground Nodes Availablg Runs
Speed UAVs
(km/hr)
Source | Query | Regular
Nodes | Nodes | Nodes
Scenario 1 - Performance Gain/Loss
Static (0) | 6 | 20 | 74 | 4 | 30
Scenario 2 - Increasing number of available UAVs
Static (0) 6 20 74 {4, 8 | 30
12, 16, | ea.
20}
Scenario 3 - Increasing mobility Speed
{Static: 0, | 6 20 74 8 30
Walking: 3, ea.
Running;:
10, Cycling:
20, Driving:
50}
Scenario 4 - Sparse network
Static (0) 6 6 28 4 30
Static (0) 6 20 24 4 30
Scenario 5 - Aiming for minimal UAV deployment
Static (0) 6 20 74 {4, 8} 30
ea.

Scenario 6 - Varying coverage range of UAVs
Same as Scenario 1, but with UAV radio range: {0.4,0.6,0.8,1.0,1.2} km

TABLE 4: Test scenarios, executed for each of the baseline approaches and U-
QolIT.

1) Scenario 1- Performance Gain/Loss: This scenario involves
4 UAVs and aims to evaluate the trade-off between
various network features, including the number of
quality metrics met, the achieved QolT score, and the
computational time of both the baseline and U-QolT
methods.

Scenario 2- Increasing Number of Available UAVs: This
scenario consists of five different simulation types, with
4,8,12,16, and 20 A4y, respectively. It gives an insight
into the user usability, median packet latency and de-
livery ratio differences between U-QoIT and baseline
methods across low, medium, and high A,4,.

Scenario 3- Increasing Mobility Speeds: The scenario keeps
A, qv constant at 8 and introduces four different mobil-
ity speeds for ground nodes other than static case. Each
simulation type with mobility employs pseudo-random
movement for ground nodes. The mobility speeds are
based on the average movement speed of device own-
ers, with walkers at 3 km/hr, runners at 10 km/hr,
cycle riders at 20 km/hr, and residential car drivers
at 50 km/hr [36], [37]. This scenario investigates the
consistency of U-QolT’s performance as the mobility of
ground nodes increases, and determines the frequency
at which the network needs an update in a similar test
environment.

Scenario 4 - Sparse Network: The objective of this scenario
is to assess the performance of U-QolT in a lower-
density network with the same area of 10 km? as
before. Two simulation types are considered, one with
40 ground nodes and another with 50 ground nodes.
Both scenario types have 6 source nodes, but different
numbers of query and relay nodes, with 6 query and
28 relays in the first type, and 20 query and 24 relays
in the second type. Ayqv is kept constant at 4 for this
scenario.

5) Scenario 5- Minimal UAV Deployment: This scenario in-
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vestigates whether U-QolT can minimize the number of
required UAVs without compromising the performance
quality. Minimal deployment of UAVs is desirable both
in terms of cost and least cumulative energy consump-
tion by UAVs.

6) Scenario 6 - Varying coverage range of UAVs: Previous

works [32], [33] showed that UAVs can differ in their ra-
dio ranges. On top of it, varying noise and obstacles in
an environment impact the coverage quality of UAVs to
different extents. With the simulation area kept static at
10 km?, the investigation focuses on whether increasing
the coverage range leads to the convergence of baseline
UAV deployment methods with the performance of U-
QolIT.
Experiments comprise of five different simulation
types. The first type starts with a low coverage range of
0.4 km for the 4 deployed UAVs. In the last simulation
type, UAV ranges are set to 1.2 km. Note, 4 UAVs with
1.2 km coverage ranges serve a substantial part of the
simulation area.

The performance gain of U-QolIT in each of the above
scenarios is assessed by comparing it against the following
four baseline approaches:

e No UAV: In this approach, UAVs are not deployed
for path re-establishment in the event of network path
failures caused by factors such as node mobility or
dynamic bushfires.

o Random UAV Deployment (U-Random): This approach
randomly deploys A4, UAV(s) in the simulation area,
with a time complexity of O(r), where r = A,4,.

o Coverage Gap-based UAV (U-Gap): A logical approach to
reduce partitions in an ad hoc network is to deploy
UAUVs strategically to bridge the connectivity gaps be-
tween the network nodes. A recent study in [6] pro-
poses UAV-NetRest that deploys UAVs by first find-
ing the convex hull of partitions and then applying
Minimum Spanning Tree (MST) to find the least dis-
tant boundary pair of ground-nodes to optimized UAV
placement position. A simple variant of UAV-NetRest
named as “UAV-Gap” is implemented, where all such
Ay qv sub-areas are identified that have the largest cov-
erage holes within the simulation area. A,4, UAV(s) are
then placed at the centroid of the identified sub-areas.
The complexity of U-Gap is O(m?), where m represents
the number of ground nodes.

o Dynamic Service Area based deployment (DSA): Recently
Shih-Fan C. et al [13] proposed dividing the network
into service regions by using KMeans and Voronoi
Tessellation. The UAVs are deployed at centroids of
the service regions to optimize the quality of service
requirements of the nodes within the corresponding
service regions. The area of a service region is dynamic
as it changes with the dynamics of the ground nodes.
DSA has a complexity of O(r * m * t) due to the use
of KMeans clustering, where r = A4, m represents
the total number of ground nodes and ¢ denotes the
number of iterations in KMeans clustering. The number
of iterations is lower bounded by the convergence of
centroids in KMeans. Here the lower complexity terms
of QoS optimization part in DSA are ignored.

In case of loss of a link in the paths from source to
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query end-nodes, the A,,, UAVs are redeployed (possibly
at different locations) using the same approach as the initial
deployment. Note that the loss of a link can result either
from the mobility of the ground nodes or the proliferation
of dynamic bushfires.

7 RESULTS AND DISCUSSION

The performance of U-QolT is evaluated in comparison
to the four baseline approaches by presenting simulation
results based on the parameters outlined in Table 5.

Performance
Parameter

1. | Fraction  of | Each query node has different requirements for the
quality metrics four quality metrics i.e., accuracy, reliability, com-
met pleteness, and timelines, where each of these is de-
pendent upon the network metrics namely PI, IU,
BW, and HC. The parameter indicates the fraction of
quality metrics requirements, of a query node, being
met for the information flow on the source-query
path.

QolIT-score assesses the weighted extent to which
each quality need is fulfilled. A QoIT-score of 1 (cal-
culated based on the achieved priority scores of the
quality metrics met) indicates that the source meets
all the quality requirements [11].

The percentage of querying nodes whose all quality
metrics requirements got fulfilled.

Description

2. QolT-score

3. | Percentage of
user-usability

4. Computational It represents the time, in milliseconds, taken by each
time scheme in deploying UAVs.

5. Packet delivery | It shows the delivered packets out of total transmit-
ratio ted data packets from source to query nodes in a sim-

ulation run. The ratio is less than 1 for a simulation
run, if the simulation run finishes but there is at least
a single un-delivered packet.

Median amount of simulation time taken by all the

6. | Median packet

latency data packets, in a simulation run, to arrive at their
query nodes.
TABLE 5: Performance parameters.
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Fig. 7: Gain and loss of U-QolT, compared to the baseline approaches using
experiments from Scenario 1.

The trade-off analysis of U-QoIT in network perfor-
mance is illustrated by three parameters in Figure 7. With
a 0.6 km UAV coverage range and only four A, (Figure 7
(a)), U-QolIT fulfills individual quality metric requirements
of all query nodes by up to 57%, surpassing the second
best method, DSA, by 29.5%. The high QolT-score of U-
QolT indicates superior performance by interconnecting
downlink paths from source nodes, ensuring the meeting
of either all or high-priority quality metrics. Figure 7 (b)
shows that U-QolT achieves a first quantile QolT-score of
0.66, contrasting with 0.00 for U-Gap, U-Random, and DSA.
A high QolT-score is desirable, considering the varying
priorities assigned by query nodes to quality metrics based
on their application services. Figure 7 (c) depicts that the
computational cost of U-QolT is marginally higher, with a



median increase of up to 4 ms compared to baseline meth-
ods, which is insignificant for non-real-time applications. In
summary, U-QolT provides a superior trade-off in network
performance compared to other UAV deployment strategies.
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Fig. 8: Impact on percentage of user-usability, median packet latency, and packet
delivery ratio, using experiments from Scenario 2.

The impact of an increasing number of A,,, on user
usability is demonstrated by Figure 8 (a), revealing an
expected correlation between a higher number of UAVs and
improved simulation area coverage, consequently enhanc-
ing user usability. For example, employing U-QolIT results
in a user-usability percentage rise from 40% with 4 UAVs to
62% with 20 UAVs, aligning with expectations. With fewer
UAVs U-QolT surpasses the baseline methods by at least
48% in user usability. This difference retains, except for DSA
which gradually converges with U-QolT’s performance. The
use of K-Means in DSA ensures extensive coverage of
ground nodes with high A,,,, leading to a performance
trend consistent with U-QolT across parameters such as
median packet latency and packet delivery ratio (as shown
in Figure 8 (b) and (c)). It's important to recognize that
achieving 100% user usability is challenging due to ongoing
bushfires in the simulation area, posing a continuous threat
to source and query nodes.
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Fig. 9: Percentage of (a) user-usability and (b) number of UAV placement updates
in different mobility scenarios, using experiments from Scenario 3. Part (c) depicts
the percentage of user-usability, in a sparse network, using experiments from
Scenario 4.

To investigate the robustness of U-QolIT with increasing
speed of the ground nodes, experiments depicting owners
of the devices to be static, walking, running, cycling, and
driving are conducted. Figure 9 shows results from the de-
ployment of eight UAV(s). It is observed that the percentage
of user-usability remains similar across different speeds, for
all the approaches. Interestingly, U-QoIT outperforms the
second best baseline method of DSA, in all mobility cases,
by 33-53% higher user-usability. The computation of source-
query down-link paths and accordingly UAV placement in
the network gets updated, when either a single relay node
(i.e., a node currently part of an active path) dies out due
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to fire or a single active path is lost due to the mobility
of its relay or end-node(s). This latter case leads to more
frequent updates in high mobility scenarios (as is depicted
by Figure 9 (b)).

In Figure 9 (c), the performance of U-QoIT is demon-
strated in a sparse network, with two sets of results involv-
ing 6 and 20 query nodes among 40 and 50 ground nodes,
respectively. Despite having only 4 UAVs and a reduced
number of ground-based relay nodes, U-QoIT maintains
a high level of user usability. In sparse networks, U-QoIT
demonstrates a substantial improvement in user usability,
showing a 200% enhancement compared to U-Gap and
U-Random, and a 106% improvement compared to DSA
when there are six query nodes. Even in the case of 20
query nodes, U-QoIT exhibits a minimum out-performance
of 58%. This suggests that U-QolT is well-suited for deploy-
ment in sparse networks.
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Fig. 10: Minimal deployment of UAV(s) by U-QolIT when A, is (a) 4 and
8, and their resultant (b) percentage of user-usability compared to baseline
approaches that use all A, 4., using experiments from Scenario 5. Part (c) depicts
the percentage of user usability with increasing UAV ranges from Scenario 6.

UAVs, being battery-powered, require substantial energy
for sustained flight and hovering. Various research studies,
such as [38], [39], aim to reduce UAV energy consumption
to prolong their operational duration. To achieve prolonged
coverage for MANET, one strategy is to delay deploying ad-
ditional UAVs until necessary. Preserving a UAV contributes
to the network’s longevity by substituting an out-of-battery
UAYV when needed.

As per scenario 5, U-QolT and baseline methods are run
for Ayaw = {4, 8}, respectively. In this scenario the steps
47 - 51 in Algorithm 2 are skipped for U-QolT, so that
to evaluate its effectiveness for minimal UAV deployment.
The results of the scenario are presented in Figure 10 (a,
b). Remarkably, U-QoIT maintains its higher user-usability.
It achieves more than 36% improvement in user-usability
compared to the baseline method by utilizing less than four
UAVs 22% of the time, with A4, = 4. The efficiency is
even more pronounced with A,,,, = 8, where less than half
of A,uv are used in 20% of the runs. U-QolIT still enhances
user-usability by 44.5% (refer to Figure 10 (b)), in contrast to
DSA which deploys all eight UAVs in every simulation run.

In the exploration of U-QolIT’s performance within a lim-
ited simulation area of 10 km? and increasing radio ranges
of UAVs, experiments involving four UAVs were conducted.
Figure 10 (c) depicts improvements in user usability for all
the UAV-based methods. Recall findings from Figure 8 (a),
where DSA converged in performance with U-QolT with
Ayav = 20. DSA, utilizing KMeans, covers nearly the entire
simulation area with UAVs of 1.2 km radio range. This,
once again leads to convergence of DSA with U-QolT. We,



however, hypothesize that such a scenario is improbable
in real-world MANET fields due to challenges like wider
area extent, interference, signal propagation issues, and
constraints on UAV resources.

Takeaways: The simulations indicate that, with a marginal
increase of 4ms in computational time, U-QolT enhances
user usability by 33-53% across diverse mobility scenarios
compared to the best-performing baseline method. In sparse
networks, it demonstrates a remarkable improvement of
106-200% and consistently outperforms baseline methods
even with fewer deployed UAVs. U-QolT ensures superior
user usability with both increasing numbers of UAVs and
expanding UAV radio ranges. In the latter two cases, DSA
converges with U-QoIT’s performance only when UAVs
provide coverage for the entire simulation area.

8 RELATED WORK

UAVs giving life to broken/absent end-to-end paths:
UAVs have proved their importance in a wide range of
applications. These include but are not limited to aerial
photography and videography [40], crop health monitor-
ing [41], search and rescue operations [42], environmental
monitoring [43], infrastructure inspection [44], intelligence
gathering, and package delivery in hard-to-reach areas [45].
This study utilizes UAV(s) to connect information sources
to query nodes in an ad hoc network built for rescue teams,
early responders, and emergency teams in a bushfire sce-
nario. The objective is twofold: (i) to ensure that information
delivery meets the required quality for all query nodes, and
(ii) to minimize the number of UAVs required (out of A,4.),
by optimally positioning them in 3D space.

In terms of UAV placement strategies, an early and
related work performed by K. Chandrashekar et al. [46],
suggests adding an aerial layer of UAV(s) to MANET. It
proposes that all UAVs should not only be connected with
each other but also to at least a single connected cluster of
ground-based nodes of MANET. The UAV(s) update their
locations with changes in the movements of the ground
nodes. Similarly, to provide a continuously connected mo-
bile backbone network to ground nodes, H. Wang et al. [47]
proposed placements of UAV(s) using a quadratic uncon-
strained binary optimization (QUBO) framework and solve
these QUBO models with a Tabu search heuristic with pre-
processing. Yet another work, conducted by Robert A.H
et al. [48] used particle swarm optimization for placement
of UAV(s) in a static mobile ad hoc network. The goal
was to position UAV(s) so as to have a minimum aver-
age number of neighbors of the network nodes and with
minimum required transmission power. This is to enhance
the capacity of the network with minimal interference
and power consumption. A recent work [49] proposes the
placement of UAV(s) at positions that have high centrality
and ranking in terms of interconnection among ground-
based MANET nodes. Along with these, multiple studies
propose UAV placement strategies to maximize the inter-
connectivity among all ground-based nodes such as [7], [50],
[6], [13], [51].

Current UAV deployment investigations typically pur-
sue one or more of the following objectives: (a) enhancing
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overall coverage for all ground nodes, (b) establishing con-
nections between ground nodes and infrastructural back-
bones, and (c) delivering coverage with minimal power con-
sumption. In contrast, U-QolT adopts a different approach
by deploying UAVs to interconnect existing query nodes
with optimal source nodes. Its primary focus is on linking
broken or requirement-failing source-to-query node paths,
aiming to maximize user usability while minimizing the
deployment of UAVs.

Modeling Bushfire: In this subsection, a brief overview of
related work of bushfire models, specifically those used to
model Australian bushfires, is provided.

Australian fire behavior models are fuel type specific [52]
with various models developed for diverse vegetation types
to predict the spread rate, direction, size, height, and in-
tensity of a propagating fire. Surveys of such models for
Australian fuel types are presented in [53], [54]. Fire-spread
rate prediction models can be categorized as semi-empirical,
physical, and empirical [55]. Semi-empirical models inte-
grate empirical and physical approaches and are classified
into quasi-empirical or quasi-physical models, based on
their closeness to an integrated method [53]. Physical mod-
els deal with the physical and chemical processes related
to fuel combustion [53] and understanding the interaction
of system components, however, they fail to satisfy user
needs due to high computation time that precludes real-time
forecasts [56], [57]. Empirical formulations [58], [59], [60] use
statistical analysis to illustrate observed fire behavior and
are composed of analytical functions that relate dependent
variables (e.g., rate of spread) to independent variables
(e.g., wind speed, fuel moisture, slope steepness, etc.) for
a given fuel type [52], however, their scope is limited to
the fuel complexes used in model development. Modeling
approaches have unique properties for various purposes,
but only the empirical and quasi-empirical models produce
working models suitable for operational use due to their
computational simplicity and ease of use [59]. Field-based
estimation of the effects of various fuel attributes on the
fire-spread rate is complex, usually hindered by the vari-
ation among fuel properties or by the correlation between
fuel characteristics and fire environment [14]. Empirical-
based fire-fuel relationships can reduce such limitations,
by controlling the impacting variables and identifying and
quantifying their effects [61].

The choice of model to be used for a particular fuel
bed becomes hard with multiple fire spread models avail-
able. This study, however, assumes a dry eucalypt forest
with a shrubby under-story. For a field-based fire spread
model in a dry eucalypt forest with a shrubby under-story,
an empirical model is developed [14], discussed in detail
in subsection 2.2, to predict fire spread rate and flame height
beyond the range of experimental data. The model uses
inputs of fuel moisture content, wind speed, fuel height,
numerical fuel hazard score, and positive slope values. The
model was developed using Project Vesta experimental fires
data [62] and quantitative measurements of fuel structure
and tested against fire spread observations assembled from
other experimental fires and from well-documented wild-
fires in dry eucalypt forests in southern Australia.



9 CONCLUSION

While MANETs are commonly employed in emergency
response systems, increased dynamism in the network field
leads to a higher frequency of network partitions. This
escalation in partitions occurs when nodes and links are
affected by the dynamic characteristics of the network field,
as observed in dynamic bushfire scenarios. This paper fo-
cuses on this case study and introduces a minimum UAV
deployment strategy, U-QolT, to establish and re-establish
missing/disconnected paths between information sources
and their query nodes.

U-QolT transforms the UAV deployment challenge into
a polynomial-time solvable combinatorial search problem.
Despite a slight increase in computational time, U-QolT effi-
ciently meets data transfer requirements for up to 48% more
query nodes compared to its counterparts and over 100%
more than a MANET without UAV deployment. Notably,
U-QolIT maintains its superiority in terms of user usability
percentage, packet delivery ratio, and data arrival latency in
scenarios with varying densities, mobility speeds, and UAV
radio ranges. The minimal simultaneous UAV utilization
makes U-QolT a promising candidate, especially when a
rescue network needs connectivity for an extended period.

This study presumes that the positions of ground nodes
are known for UAV deployment. Future work will assess
the effectiveness of U-QolT and its adaptation in situations
where part of the network status is unknown due to parti-
tioning or inaccessibility.
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