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ABSTRACT

To efficiently manage plant diseases, Agriculture Cyber-Physical Systems (A-CPS) have been devel-
oped to detect and localize disease infestations by integrating the Internet of Agro-Things (IoAT). By
the nature of plant and pathogen interactions, the spread of a disease appears as a focus with density
of infected plants and intensity of infection diminishing outwards. This gradient of infection needs
variable rate and precision pesticide spraying to efficiently utilize resources and effectively handle
the diseases. This article, SprayCraft presents a graph based method for disease management A-CPS
to identify disease hotspots and compute near optimal path for a spraying drone to perform variable
rate precision spraying. It uses graph to represent the diseased locations and their spatial relation,
Message Passing is performed over the graph to compute the probability of a location to be a disease
hotspot. These probabilities also serve as disease intensity measures and are used for variable rate
spraying at each location. Whereas, the graph is utilized to compute tour path by considering it as
Traveling Salesman Problem (TSP) for precision spraying by the drone. Proposed method has been
validated on synthetic data of locations of diseased locations in a farmland.

Keywords Smart Agriculture, Precision Agriculture, Agriculture Cyber-Physical System (A-CPS),
Internet-of-Agro-Things (IoAT), Graphs, Message Passing, Traveling Salesman Problem (TSP),
Variable Rate Spraying (VRS).

1 Introduction

The rapid increase in population and urbanization has resulted in environmental and climatic conditions that are un-
favorable to agriculture posing threat to the global food security [1]. In addition, due to the loss of biodiversity,
pollution, and pathogen evolution, plant diseases are increasing and degrading food safety and security [2] [3]]. Since
agriculture is the primary source of food for humanity and contributes significantly to farmers’ income, the impact of
plant diseases is especially concerning. These diseases are claiming about 20% of the produce [4], while the global
population is growing at a rapid pace and is expected to reach 9.7 billion by 2050. As traditional agriculture struggles
to meet rising demand, Internet-of-Agro-Things (IoAT) has been integrated into agriculture [S]] to develop Agriculture
Cyber-Physical Systems (A-CPS) for smart and precision agriculture [6].

Plant diseases are caused by pathogens like bacteria, fungi, virus, nematodes and are transmitted by agents like insects,
wind, water, physical contact [7]] but get infested only if the environmental are favorable to the disease. This relation
between host, pathogens and environment is represented in the Fig 1. Since manual scouting is not feasible in case of
large scale farming and humans also spread the diseases across the farm [8]], many smart soil monitoring systems [9]]
and disease detection systems [10] have been developed using IoT, imaging techniques and computer vision to identify
disease infestations in farmland.

In order to handle the disease spread, suppress the growth of the disease, farmland is sprayed with pesticides. But,
when these pesticides are used in large amounts, they affect the environment [11]], induce resistance in the crops and
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Figure 1: Disease triangle.

also affect the health of the humans who consume the produce [[12]. So, pesticides should be precisely sprayed only on
the affected areas to efficiently utilize them and prevent the negative effects of over-usage. Additionally, the severity
of disease infestation varies across the farmland; areas that were initially affected or served as sources of the disease
will generally have greater severity. The method of spraying only the diseased locations and with dosages relative to
the severity of infestation the location is known as Variable Rate Precision Spraying and has various advantages as
shown in Fig 2.
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Figure 2: Advantages of Variable Rate Precision Spraying.

Recently, as part of smart agriculture, drone based spraying systems have been developed to reduce manual labor
and automate the spraying of pesticides. On the same lines, we propose "SprayCraft" to compute near optimal route
for variable rate precision pesticide spraying by drones in disease management ACPS as depicted by Fig 3.

The article is organized as follows: Section 2 presents the proposed solution to the defined problem and highlights its
novelty. Section 3 reviews prior research related to the topic. Sectiond]and [5]introduces the concept of graphs and their
utility in spatial analysis and route optimization respectively paving the way for the graph-based hotspot identification
proposed in Section [6] and route computation in Section [7]. The proposed method is experimentally validated in
Section 8, followed by discussion of the results in Section 9. Section 10 concludes the article with remarks and future
directions.

2 Novel Contributions of the Current Paper

2.1 The Problem Statement
Most of the diseases apart from seed born originate at a location and spread across due to pathogen interactions and

environmental factors. When the spread of diseases is plotted with time on X axis and disease intensity on Y axis,
the spread is categorized to three types. Logistic Growth: The disease would initially grow slow rate and advance
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Figure 3: Overview of a Disease Management ACPS with SprayCraft.

with more number of instances being infected and accelerating the spread. When the disease is spread to most of
the farmland, due to lack of resources the rate of spread would decrease and plateau. Slow Rise: The disease would
transmit at slower pace and intensity increases steadily. Exponential Growth: This is the common pattern present in
spread of most of the diseases. Gere, the rate of spread starts at slow rate and increases rapidly with time. In all the
scenarios, the graph shows an upward trend as shown in Fig 4 [14] indicating that the intensity of disease increases
with time.

Logistic Slow Rise Exponential

Disease
Disease
Disease

Time Time Time

Figure 4: Disease Propagation Scenarios.

As the disease intensity increases with time, the density of the disease also increases radially with time and will have
rougly circular pattern with a focus at the center [15]]. In addition, in case of farming involving very large area,
environmental conditions are not same across the farm due to factors like elevation, composition of soil, ability of
the soil to retain the soil [16]. As a result, parts of the farmland may have conditions that are favorable for diseases
and act as source for diseases. The spatial area where the density of infestation, risk of transmission is higher, or the
probability of that area being the source for the disease as shown in Fig[3]is termed as a disease hotspot. So, to better
handle the disease propagation, the pesticide dosage has to be proportional to the probability of that instance being a
hotspot.
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Figure 5: Representation of Hotspots in Disease Propagation.

In addition to performing variable rate pesticide spraying, precision methods to reduce the usage of resources are also
necessary to achieve sustainable agriculture [[17]. There can be many ways to route a drone assigned with pesticide
spraying across the diseased instances, as represented in Fig [} Therefore, the system must compute a route that
minimizes travel time while maximizing coverage and the effectiveness of the pesticide relative to the degree of
infestation at each location.

L] ]

Normal route Optimal route

Figure 6: Different Paths for Drone Routing.

2.2 Proposed Solution of the Current Paper

Based on the previous discussion and the interrelation between spatial patterns and disease spread as described in
articles [18]] and [19]], it can be deduced that likelihood of a plant being infected is influenced by its location and the
health of plants nearby. As the disease progresses, the number of diseased instances surrounding an diseased instance
also increases proportionally. This dynamic relationship contributes to a distinct disease spread pattern, wherein the
source of the disease, or hotspots, exhibit the highest density of diseased instances. These hostpots can be identified
by analyzing the neighboring instances and the spatial relation between them.

The current article, "SprayCraft," which extends our previous work presented at the "2023 OITS International Confer-
ence on Information Technology (OCIT)" [20]], presents a sophisticated graph-based methodology designed to analyze
the spatial relationships among diseased instances within farmland for the identification of disease hotspots. By em-
ploying message passing algorithms, the method evaluates the probability of each diseased instance being a hotspot.
This probabilistic assessment aims to determine the relative pesticide dosage required for each diseased instance,
optimizing the pesticide application process.

These findings are instrumental in leveraging pesticide spraying drones [21]], to implement variable rate spraying.
Some spraying systems are equipped with nozzles that maintain a constant flow rate [22f], whereas some possess the
capability to modulate flow rates in real-time [23]]. The proposed method considers these capabilities and computing
routes for the spraying drone in each instance, depending on the specific type of spraying system employed.

Using the earlier constructed graph, the algorithm seeks to identify a near-optimal route that connects all the diseased
instances, framing the problem as a Traveling Salesman Problem (TSP). This approach ensures that the drone covers
all affected areas efficiently, thereby enhancing the precision and effectiveness of pesticide application.
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Figure 7: Block Diagram of the Proposed SprayCraft Method.

2.3 Novelty and Significance of the Proposed Solution
The proposed method exhibits several elements of novelty, outlined as follows:

1. Graph-Based Spatial Analysis for Disease Hotspot Identification: The article introduces a novel graph-based
methodology to analyze spatial relationship between diseased instances. By using message passing algo-
rithms, it accurately identifies disease hotspots and assists in understanding the disease spread in smart agri-
culture.

2. Probabilistic Assessment for Variable Rate Spraying: The proposed method performs a probabilistic assess-
ment of each diseased instance to determine if it is a hotspot. This assessment helps in the determination of
relative pesticide dosage, enabling variable rate spraying. This approach optimizes pesticide usage, enhances
the efficiency of disease management.

3. Integration of Spraying Drone Capabilities: The method accounts for the varying capabilities of spraying
systems, including both constant and variable flow rate nozzles. By computing customized routes for spray-
ing drones based on the type of system used, the article offers a versatile solution that adapts to different
technological setups, ensuring optimal pesticide application.

4. Application of TSP for Optimal Spraying Routes: By using the Traveling Salesman Problem (TSP) frame-
work, the article develops a near-optimal route for connecting all diseased instances. This application of
TSP ensures that the spraying drone covers the affected areas while minimizing travel time and maximizing
resource usage.

3 Related Prior Works

The pesticide spraying systems in agriculture evolved with advancements in IoT and integration of unmanned aerial
vehicles (UAVs) and routing algorithms. The research in [24] focused on optimizing UAV routes for precision pesticide
spraying by identifying stressed crop regions, determining optimal spray points while minimize pesticide usage and
flight time. Similarly, route planning for a spraying helicopter that needs to cover multiple areas was addressed in [25]].
The study discussed the issues in creating routes for spraying pesticides within each area and the routes for traveling
between different zones, but it did not cover the sprayer technology itself. A method similar to the proposed Spray-
Craft is presented in [26], which optimizes the drone’s path by using the Traveling Salesman Problem (TSP) for the
global route and a headland path for the local route. In addition, [26] also incorporated obstacle avoidance. In contrast
to traditional TSP solutions, the authors of [27] demonstrated the use of reinforcement learning to develop dynamic,
environment-specific solutions. The proposed method considers factors such the location of infestations, density of
target crops, slope and elevation of the surface to compute an efficient path for the UAV.

Development of variable rate spraying system using PID and PWM control enabled the for UAV spraying systems
to perform variable rate spraying as per prescription map [23]]. In the article [28]], a pesticide spraying prototype is
presented that leverages computer vision techniques to assess the health of crops in its path in real-time, computes
the disease severity, and applies pesticide accordingly, optimizing the treatment based on the severity of the disease.
On the other hand, authors of [29,30] proposed route optimization to pay attention to specific regions in the field
which can be also used to perform variable rate spraying to enhance the disease management and optimize resource
utilization.

Further, efficient pesticide spraying coverage paths and task allocation among multiple UAVs has been proposed
in [31]]. It formulated the problem as a constrained multiple traveling salesman problem, considered various constraints
like power, pesticide availability while finding optimal route between instances. Authors of [32] presented methods to
consider more constraints for route optimization but lacked variable rate application capabilities or hotspot detection.
Methods for determining the optimal route for each drone, taking into account the amount of pesticide to be applied at
each location for variable-rate precision spraying, have been presented in [33,34]. Further, routing and coordination
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between ground vehicles and multiple UAVs have been optimized to enhance efficiency and coverage in pesticide
application [35]].

While the models mentioned may have variable rate spraying or precision spraying capabilities, they do not include
spatial analysis for hotspot detection. The proposed "SprayCraft" addresses this gap by performing spatial analysis to
assess the probability of each node being a hotspot for disease. It calculates the required dosage based on this analysis
and generates a near-optimal route for variable rate precision spraying.

Table 1: A brief summary of relevant literature.

Research Year Methodology Optimization Goals Remarks

Wen et al. [23] 2018 Variable rate spraying Implement variable Lacks spatial analysis
with  PID  control, rate spraying as per and hotspot
PWM control prescription map detection

Plessen [26] 2024 Global path optimiza- Optimize area coverage Focuses on routing op-
tion by TSP and lo- path for spot spraying timization but not vari-
cal path optimization able rate spraying
by headland path

Huang et al. [27]] 2023 Reinforcement learn- Optimize spraying path Focuses on routing op-
ing for environment- to reduce use of pesti- timization but not vari-
specific solutions cide and battery. able rate spraying

Tewari et al. [28]] 2020 Computer vision to Efficient pesticide us- Proposed methods for
estimate severity and age with variable rate rover sprayer, route op-
perform variable rate per instance. timization is out of
spraying scope

Srivastava et al. [24] 2020 Convex hull bound- Optimize UAV routes Focuses on routing op-
ary construction and for precision spraying timization but not vari-
voronoi regions able rate spraying

Fang et al. [25]] 2021 Hierarchical route op- Minimize the dispatch Does not cover inten-
timization, variable ap- routes and spraying sity based rate calcula-
plication system routes tion

Xu et al. [31]], 2023, Multi-UAS optimiza- Efficient spraying paths Does not support vari-

Conesa-Mufioz et al. 2016 tion algorithm for with able rate spraying

[32] coverage path planning  resource constraints

Nolan et al. [29], 2017, Focus at high intensity Route optimization Need predefined pre-

Muliawan et al. [30] 2019 region by routing closer ~ with regional attention  scription map, cannot
/more times compute by itself

Zheng et al. [33]], 2022, Multiple drone routing Optimal routes for mul- Does not identify posi-

Lal et al. [34] 2017 solved by MTSP algo- tiple drones with vari- ble disease hotspots
rithms able dosage levels per

instance

SprayCraft 2024 Spatial analysis for Optimize length of Identifies potential

hotspot route and hotspots and adapts

detection and tour
all instances by TSP
algorithm

pesticide usage with
variable rate per in-
stance

route as per the type of
spraying system

4 Graphs for Spatial Analysis

A graph, as described by Newman [36], is a data structure predominantly utilized to depict the relationships among a
set of elements. A graph is a data structure primarily used to represent the relation between a collection of elements.
Any graph G = (V,E) consists of Nodes: V = {v{,v2,v3,...,v,} and Edges: E = {(v;,v;),(v;,vk),...} where nodes
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represent the elements and edges represent the connections between these nodes as depicted in Fig [§] Weighted
graphs have weights associated with each edge (E = {(vi,vj,w),(v},vk,w'),...}) while unweighted graphs do not
have weights on their edges. In a graph, the neighborhood of a node u € V, denoted as N(u). consists of all the nodes
that are directly connected to node u by an edge.

~

Q Neighborhood

Edge Weight
. J

Neighborhood
of node 4

Figure 8: Example of a Graph.

Graphs can be categorized based on their characteristics. Undirected graphs do not have any direction associated with
their edges and express symmetry, while directed graphs have directed edges (E = {(vi — v;), (v; = w),...}) that
represent one-way relationships in the direction of the edge. A graph is called a connected graph only if there is a path
between every pair of nodes in the graph. Conversely, if there is no path between every pair of nodes, that graph is
called as a disconnected graph.

Since graphs represent neighbors and their relationships, they can be crucial in analyzing how a node can influence
its neighbors and how a node can be influenced by its neighbors. But, nodes alone do not sufficiently represent
information or context. Given that spatial analysis seeks to explore the relationships and connectivity between nearby
elements, representing the data as a graph G = (V,E, F) with spatial attributes and characteristics as node features F
={fi,/2,f3,---, fu} can enable various methods for performing spatial analysis. Traditional neural network models
are designed to work with data that has a feature set or with images, but they are not suited for graph data. Therefore,
a new model called the Graph Neural Network (GNN) was developed to work with graph data. These models utilize
message passing to update the feature vector of all nodes in the graph, thereby reflecting influence of all its neighbors,
and perform machine learning tasks on the updated feature vectors. Message passing [37]] is an aggregation method
that involves propagating information between nodes to learn about their neighbors, as illustrated in Fig[9]

The features learned from the neighbors are aggregated with the current features of node u to update its feature vector
from /X to a new feature vector £5*! as shown in the equation

h+Y) — UPDATE® (hfp,AGG(k) ({hs,k) ve N(u)})) : (1)
Where:
h,(,kH) is the feature vector of node u in (k+ 1)"" iteration,

hftk) is feature vector of node u in the k' iteration,

AGG®) aggregates the feature vectors h,(,k) :vEN(u)
from the neighboring nodes v in N (u),

UPDATE™® intakes current feature vector h,(,k), aggregated

1
messages to update feature vector to hE,H ),
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Figure 9: Illustration of Message Passing.

Message passing aids in learning about immediate neighbors and understanding the structure of the graph. Repeated
message passing can diffuse features and information throughout the network, thereby revealing complex relationships.
Due to the expressive power of graphs and message passing, plant disease location data is often represented as a graph
to facilitate spatial analysis.

5 Graphs for Routing

Graph structures can also be instrumental in applications involving path computation. If a network of paths is repre-
sented as a graph where each intersection will be a node and the paths connecting will be edges, by analyzing the nodes
and their neighbors, shortest path between two locations can be computed. For instance, consider a graph representing
a water irrigation system where the junctions of pipelines or canals are nodes, and the segments of the pipelines or
canals between the junctions are edges, with the capacity of the pipelines or canals as the edge weights. By running
a maximum flow algorithm on this graph, we can gain insights into how much water is delivered to various parts of
the farm during irrigation. By applying algorithms such as Dijkstra’s or A*, we can determine the shortest or most
efficient routes for irrigation pipelines. Graphs are especially useful for computing efficient routing paths for drones
or automated vehicles that are supposed to cover /scout specific areas for tasks like irrigation, disease inspection, pes-
ticide application while ensuring optimal resource utilization. Recent developments in Graph Neural Network (GNN)
algorithms, such as Graph Attention Networks (GAT) and GraphSAGE, have enabled the increased use of graphs in
real-time traffic forecasting and navigation applications, where graphs can be dynamic.

The Traveling Salesman Problem (TSP) is a NP-hard problem in computer science, which tries to find the shortest
possible route /tour that visits every node in a graph only once and then returns to the starting point. In a plant disease
monitoring /management A-CPS, TSP can be used to compute the most efficient path for a drone or automated vehicle
to cover all listed locations within a farm as part of daily routine /treatment.

By representing the farm as a graph, where nodes are locations of interest and edges representing the distances or
travel times between them, TSP algorithms can be applied to find the minimum route that visits all locations. Solving
TSP helps in minimizes its travel distance or time required bu the drone to cover all locations, leading to more efficient
operations. This can result in reduced fuel consumption, quicker task completion, and optimal resource management.

6 Hotspot Detection

The proposed "SprayCraft" system is focused on determining the optimal route for variable rate spraying and does not
include disease detection within the farmland. It takes the coordinates of diseased locations in the farmland as input
and uses them to achieve its routing and spraying objectives, as described in the following subsections. The flowchart
in Fig[12]illustrates the method.
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Figure 10: Illustration of a TSP Route/Tour Across a Graph.

Graph G

6.1 Graph Representation

In the proposed method for spatial analysis of disease distribution, each location of infection or disease is represented
as a node in the graph. The process begins by initializing a graph structure G, which will be used to model the spatial
relationships between different disease-affected areas. For each diseased location /segment, a node u is created and its
area is recorded as a feature f| of the node, is represented by the vector h,. This feature captures both the severity of
the disease and the potential presence of multiple affected plants at a given location.

Disease spread often occurs in dense plantations and can lead to multiple hotspots within a farmland as depicted by
Fig[T1] If all nodes in the graph were considered neighbors, the entire farmland would be represented as a single
cluster, which would fail to identify multiple hotspots. To address this, only nodes within a 25-meter radius are
considered neighbors, accounting for pathogen interactions and wind dispersion. A weighted edge (v;,v;,w) is created
between neighboring nodes i’ and j nodes, with the weight being the distance between them. is added between
the pair. Consequently, all the diseased locations in the farmland are represented as a graph G with nodes V =
{vi,v2,v3,...,v,}, edges E = {(vi,vj,w), (vj,vi,w'),...}, features F = { f; } similar to the one in Fig
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Figure 11: Presence of Multiple Disease Hotspots in Farmland.

6.2 Hotspot Computation

Disease hotspot refers to a location with higher incidence when compared to its surroundings and act as sources of
diseases. Accordingly, number of diseased plants closer to a hotspot is also higher. Hence, it can be inferred that
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a hotspot can be identified as a diseased location at the center of a high-intensity cluster. Given that every diseased
location is represented as a node and edge is present between locations that are close to each other, To find a hotspot,
at least 2 hop neighbors of each location are to be analyzed. To accurately estimate the hotspots, in addition to
considering the neighbors, the area of each neighbor location must be considered. So, we compute the sum of areas of
the current node and all its neighbors to replace its current feature value with a newly computed value. As a result, the
updated feature of every node will represent the combined area of the node and its immediate neighbors. Repeating
the same action will update the node feature with the area of 2 hop neighbors for the node and the feature value can be
considered as a relative measure for the possibility of a node being a hotspot.

In cases where nodes are densely clustered, the method described above will result in identical feature values for
multiple nodes within the cluster. Since the probability of infection is higher for plants that are closer to the diseased
plant, the distance between neighbors have to be considered to mitigate the risk of smothering of feature values.

Now that the solution is defined, we will explore methods for its implementation. To update a node’s current feature,
we first identify all its neighbors. Since the distance between plants is inversely related to the probability of infection,
we multiply each neighbor’s feature value by the inverse of the corresponding edge weight. We then add the sum of
these products to the current feature value of the node in Eqn. [2}

WD =y (hfﬁ,z ({h&k) w1 /W (uv) v e N(u)})) . 2)

In Equation [I] the AGG function is a summation function (Y), and the UPDATE function computes the summation
(Y) of the products of the feature value ") and the inverse of edge weight W (uv) or neighbors N(u) , which is
represented in Equation [2] This indicates that applying message passing twice on the generated graph G aids in
identifying hotspots. To determine the neighbors of a node in the graph G, the Adjacency Matrix A is constructed.
An adjacency matrix is a m x m sized square matrix, where the number of nodes in the graph is m. An entry Ali][}]
is weight of the edge if an edge exists between nodes i and if j and O if no edge is present. The row Ali] represents
all edges that connect nodes i and if j is a neighbor of i, A[i][j] denotes weight w of th edge (v;,v;,w). Each node
in graph G has a single feature f; and the feature representation /, is its feature value. The matrix H|i] representing
the feature vectors of all nodes, is an m x 1 matrix where H[i] is the value of feature fi for i"" node. Performing the
matrix multiplication 1/A x H produces a column vector where each entry i row is the sum of the products of feature
values and corresponding edge weights for all neighbors of the i node, which is the aggregation function in Equation
[1] Therefore, Equation[I]|can be expressed as Equation. [2}

HOE) =g 4 (477 x H®) 3)

Applying this process twice to the generated graph will update the feature values as intended. The node features
are normalized, the node feature can be considered as probability of the node being a hotspot and nodes with higher
feature values are identified as hotspots. Additionally, the nodes are colored red based on their feature values to
visually represent the hotspotness of each node.

7 Route Computation

The path for an agricultural drone to effectively treat diseases is computed in two stages. The first stage involves
finding the optimal tour path, which visits every node only once and returns to the starting point. Then, in the second
stage, a Boustrophedon path is computed based on the previously calculated probability of hotspotness, to deliver a
relative dosage of pesticide for each diseased instance. This two-stage approach ensures effective disease treatment
while minimizing travel distance. The following subsections explain the methods in detail.

7.1 Tour Computation

For Traveling Salesman Problem (TSP), the time required to find an optimal solution grows exponentially with the
number of nodes making it a NP-Hard problem. So, for large graphs finding an optimal solution becomes infeasible.
Among the many algorithms attempting to solve this problem [38]], we use the Christofides Algorithm, which guaran-
tees a solution that is at most 1.5 times the optimal TSP solution, balancing accuracy and computational efficiency.

First, Christofides’ Algorithm, as detailed in Algorithm (1} finds a minimum spanning tree (MST) connecting nodes
in the graph generated in Section [6.1| while keeping total edge weight minimum. Next, the algorithm identifies nodes
with odd number of neighbors (odd degree nodes) in the MST and uses a minimum-weight perfect matching to pair

10
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these nodes. A perfect matching is a set of edges that connects all odd-degree nodes such that the total edge weight
is minimized. Then, the algorithm combines the MST and the perfect matching to form a graph where all nodes have
even degrees, resulting in a path that visits every edge only once and then goes to the starting point known Eulerian
graph. Finally, the Eulerian Circuit is converted into a Hamiltonian Circuit, a path that visits each node exactly once,
by shortcutting repeated nodes. Thus, the algorithm computes a near-optimal path for the drone that ensuring that
every diseased location in the farmland is visited.

Algorithm 1: Christofides Algorithm for TSP

Input : Graph G = (V,E) with metric weights
Output : Hamiltonian circuit C approximating the TSP tour

Minimum spanning tree (MST) T of G is computed;

The set O of vertices in T with a degree that is odd is computed;

A minimum weight perfect matching M in the subgraph induced by the set O is computed;
The edges of T and M to form a multigraph H are combined;

Eulerian circuit £ in H is computed;

E is converted to a Hamiltonian circuit C by short-cutting repeated vertices;

return C

7.2 Boustrophedon path Computation

The start point of the drone is designated as the first coordinate in the flight path and each node in the graph is
traversed as per the tour computed in Section While in each diseased location, to ensure effective coverage and
thorough application of pesticide, the drone has to follow a suitable path allowing uniform coverage and spraying.
Boustrophedon Path or Serpentine pattern involves traveling in parallel lines which alternate in direction after each
pass as shown in Fig[I3] Since, this enables uniform pesticide spraying by a drone moving along the lines, we propose
use of Boustrophedon Path.

Y
Y
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>
>

Figure 13: Boustrophedon path.

Considering image processing is used to detect presence of disease in the farmland which draws rectangular boxes
around the identified objects, From the given coordinates of diseased locations, coordinates of each location are ob-
tained to determine the four corners, height and width of the location. Since the drone sprays evenly on both sides
of its path, the distance between two parallel paths is set to twice the spray radius of the drone as depicted in Fig
14. Using the height and width of each diseased location, along with the specified distance between parallel paths,
the Boustrophedon Path is computed as per the Algorithm 2 and added to flight path. This ensures each area is fully
covered, with paths spaced to match the drone’s spraying radius, so there are no gaps or overlaps.

An example usage of the Algorithm 2 with xpin = 0, ymin = 0, width =5, height = 10, and distance = 2 yields the
following path points:

* (0,1), (1,1), (2,1), (3,1), (4,1), (5,1)
* (5,3), (4,3), (3,3), (2,3), (1,3), (0,3)
* (0,5), (1,5), (2,5), (3,5), (4,5), (5,5)
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Figure 14: Relation Between Spray Radius and Path Spacing.

* (5,7),(4,7),(3,7), (2,7), (1,7), (0,7)
* (0,9),(1,9), (2,9), (3,9), (4,9), (5,9)
After computing the paths for each location /instance, the starting point’s coordinates are designated as the last coor-

dinate in the flight path to return to the starting point. Thus, a complete tour is computed, beginning at the start point,
traveling through each location, and returning to the start point.

Algorithm 2: Boustrophedon Path Generation

Input : x_min, y_min, width, height, distance

Output : path

path < [|

buf fer < ((height%distance)/2)

y_start < y_min+ ((distance/2) if (height%distance) == 0 else buf fer)
y_end < y_min+ height

x_end < x_min+width

X < x_min

y < y_start

if height > distance then

while y <y_end do

if x == x_min then

// Move to the right
while x < x_end do

path.append((x,y)
x4—x+1

end

x+x—1

else

// Move to the left
while x > x_min do
path.append((x,y))

x—x—1
end
xx+1
end
y < y+ full_coverage
end
else

// Height < distance

while x < x_end do

y < round(y_min+ (height /2),1)
path.append((x,y))

x4—x+1

end

end
return path

The above path computation does not take into account the degree of infection or the probability of a location being
a disease hotspot, and it cannot perform variable rate spraying. Therefore, we use the normalized feature values
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computed in Section[6.2] which represent the degree of infection or probability of being a hotspot, to enable variable
rate spraying. There are two types of spraying systems used in agriculture: one with a constant flow rate and one
with a variable flow rate. Considering these setups, we propose an adaptable route computation method that takes into
account the spray radius, the type of spray system, and the desired intensity factor for hotspots. This method computes
the route as illustrated in Fig[I5]and following Sub Sections[7.2.1]and [7.2.2]

Create a complete graph with all
instances as nodes and the node
pair distance as edge weight

Compute near-optimal tour path
through all nodes from the origin

In-built
Yes . No Compute the dosage factor oE
VEREM It for the instance ax
sprayer
Compute the width of the area to | posage factor = 4
2X Compute the _dosage factor be covered by the sprayer to =>Area = Al4
for the instance . =>Radius = R/2
achieve the dosage
l For each instance l
in the tour path
Compute the Boustrophedon path Compute the altitude of the drone . | o Height = 2
with the default width to achieve the width computed Lo
l For each instance l
i in the tour path
Append coqrdmates of th.e path to P Compute the Boustrophedon path
tour path with default altitude (H) . X
with the computed width
and computed dosage factor
Append coordinates of the path to
- the tour path with computed

altitude and default spray rate (R)

Figure 15: Path computation for Variable Rate Spraying.

7.2.1 With Variable Rate Sprayer

In drones equipped with spray systems that have PID and PWM controls [23]], the flow rate can be adjusted according
to the prescription map or the amount of pesticide needed while the drone maintains a constant altitude. For these
systems, we input the spray width of the sprayer, flight height of the drone above the crop, the height of the crops,
and the intensity factor for pesticide application in areas identified as primary hotspots (nodes with the highest feature
values). For each location, the Boustrophedon path is computed with dimensions of location, twice the spray with
as distance using Algorithm 2. The prescribed pesticide dosage is computed by multiplying the normalized feature
value by the base dosage. The flight altitude is calculated by adding the crop height to the flight height above the crop.
These flight altitude and prescribed dosage values are then integrated into the previously computed path coordinates.
As a result, the drone path is represented as a 4-point coordinate array: the first three points represent the X, Y, and
Z coordinates of the flight path, while the fourth point indicates the factor by which the base flow rate of the spray
system should be adjusted based on the hotspot probability of the location to achieve variable rate spraying.

7.2.2 Without Variable Rate Sprayer

For systems that do not have built-in variable rate mechanisms, we propose adjusting the flight height to control
pesticide application. In spray systems, the nozzle disperses the liquid in a conical pattern, with the spray angle fixed.
By altering the flight height, the effective coverage area of the drone decreases [21]. Consequently, with a constant
flow rate, the reduction in spray area leads to an increase in the amount of pesticide deposited, as illustrated in Fig 16.
This method allows for variable pesticide concentration in targeted areas despite the lack of variable flow rate control.
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Figure 16: Relation Between Spray Radius and Spray Height.

For these systems, we input the height of the crops, the intensity factor for pesticide application in areas identified as
primary hotspots, and the flight height of the drone above the crop to ensure the standard dosage (1x) of pesticide is
applied. For each instance/location, the intensity factor for pesticide application is computed similarly to the method
used for systems with variable rate sprayers. In addition, the height of flight needed to achieve the computed intensity
factor and the corresponding spray radius are determined. For example, consider a spray nozzle with a spray angle
of 90°, as shown in Fig 14 .To achieve an intensity factor of 4, the coverage area must be reduced by a factor of 4,
which means the spray radius needs to decrease by a factor of 2. Since tan(45°) is 1, the height at which the sprayer
system is positioned above the plant must also be reduced by a factor of 2. The Boustrophedon path is computed with
dimensions of location, twice the computed spray with as distance using Algorithm 2.

The flight altitude is calculated by adding the crop height to the computed flight height. This flight altitude, along with
the constant flow rate, is then integrated into the previously computed path coordinates. As a result, the drone path is
represented as a 4-point coordinate array: the first three points represent the X, Y, and Z coordinates of the flight path
to achieve variable rate spraying based on the hotspot probability of the location.

7.3  With GPS coordinates

To ensure compatibility with geo-sensing imagery that produces results in GPS coordinates and agricultural drones
with GPS routing capabilities, we integrate methods to accept GPS coordinates and generate GPS coordinates for
routing. To use the methods described in Sections and we need to compute the dimensions of diseased
locations in meters and then calculate GPS coordinates for routing based on these dimensions. The following formulas
are used for adapting GPS coordinates.

The distance d between two points with latitudes ¢; and ¢, and longitudes A; and A, is given by:

d = 2r - arcsin <[sin2 (¢2;¢1> +

R 12 “)
cos(¢;) - cos(¢,) - sin’ <221> ] )
A point that is x meters east of a given point (¢, 1) can be found using:
x 180
A+ —— — 5

Faew +r-cos(¢) T )
A point that is x meters west of a given point (¢, ) can be found using:
x 180

Anew = A — ————~ - — (6)

r-cos(¢p) =m

A point that is x meters north of a given point (¢, 1) can be found using:
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¢HCW:¢+{'@ (7)

r T

A point that is x meters south of a given point (¢, A4) can be found using:

1
(Pnew—‘P_iC @ (8)

T

where:
r is Earth’s radius (6,371,000 m)

8 Experimental Verification

The graph-based solution described in Section [6] [7] was implemented using Python and the NetworkX library, which
facilitates the creation and manipulation of graphs. For experimental verification, we generated synthetic data consist-
ing coordinates of diseased locations of different sizes in a farmland. These locations were used to simulate disease
sites identified by the disease detection mechanisms. In this section, we present the results for two sets of such data.
Image of a farmland with diseased instances in it identified is shown in Fig 17.

| DDH Eg
O

ot DD o
—

250
T T T T T
0 50 100 150 200 250

Figure 17: Diseased locations in the farmland.

Each instance in the provided data is represented as a node in the graph constructed according to the proposed method.
The nodes are colored as per their node features and so the nodes of larger locations are in darker color in Fig 18.

Message passing is then performed on the generated graph to learn about the neighbors and update their features, as
shown in Fig 19.

As the intention of the proposed message passing is to identify disease hotspots, locations/nodes with more neighbors
and larger neighboring nodes in their proximity attained higher feature values. Consequently, these nodes 15,14 are
depicted in darker red in Fig 20 and Fig 21 .

From the graph generated, minimum spanning tree has been computed and near optimal tour path shown in Fig 22 is
computed by Christofides approximation. This tour path starts from one corner of the farmland designated as starting
point, visits every node once and returns to the same corner ending the tour.
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Figure 18: Graph representation of diseased locations.

Number of nodes: 36

Size of adjacency matrix: (36, 36)

Node features befor message passing:

[672 56 72 288 63 66 56 264 323 55 66 640 238 304 105 110 132 462
20 270 110 96 81 64 72 90 180 182 21 78 42 64 72 165 77 154]

Adjacency Matrix:

[[o. 0. 1.49062748 .. 0. 0. 0. ]
[o. 0. 1.47737201 .. O. 0. 0. ]
[1.49062748 1.47737201 O. . 0. 0. 0. ]
[o. 0. 0. w 0. 6.26099034 4.81614641]
[o. 0. 0. .. 6.26099034 0. 2.72629578]
[o. 0. 0. . 4.81614641 2.72629578 0. 1]

Normalized node features after message passing

[[0.13932784 0. 0.22336477 0.49131725 0.32233359 0.28418921
0.49044089 0.7177877 0.32842471 0.63179801 0.58060932 0.80937556
0.44373696 0.95448559 1. 0.87851119 0.58848688 0.49268059
0.37396656 0.10013333 0.87009705 0.90914033 0.77154157 0.85044442
0.87831945 0.81044795 0.20383957 0.68931985 0.13225489 0.22023782
0.50855808 0.38244698 0.43743433 0.45029831 0.44630141 0.33068239]]

Figure 19: Node features before and after message passing.

Figure 20: Graph representation after applying Message Passing algorithm.
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Figure 21: Representation of hotspots, colored by their probability.

Route cost: 1056.13
Tour starting from start point O: [ 0 1 4 10 8 14 15 16 18 6 5 7 11 22 23
26 31 32 29 36 34 35 33 30

27 28 25 24 21 12 17 19 20 13 9 2 3 0]

Figure 22: Computed Tour for the Graph generated.

To compute the Boustrophedon Path, we need to input values for the height of the crop, the flight height above the crop
for base rate spraying, the radius of the area covered by the sprayer, and the intensity factor required at the primary
hotspot in terms of the base rate. The type of spray system must also be specified using the "VRS_BuiltIn" parameter.
If "VRS_BuiltIn" is set to "False", it means the system cannot perform variable rate spraying, and the method must
compute the relative flight height to achieve variable rate spraying. If set to "True", the system can adjust the flow
rate of the nozzle according to the prescription map. To generate path for a drone without variable rate sprayer, we set
parameters as shown in Fig 23.

intensity_factor = 4
crop_height = 1
delta_altitude = 4

VRS _BuiltIn = False
nozzle_coverage = 2 #base radius
Figure 23: Parameters for drone without variable rate spraying.

With the given parameters, the path is computed, traversing all locations as shown in Fig 22. It calculates the flight
altitude for the Boustrophedon path as depicted in Fig 24, applying pesticide to the plants based on their probability
of being a hotspot and the set intensity factor.

The complete path computed for variable rate precision spraying, overlaid with the diseased locations is shown in Fig
25. The spacing between parallel paths in the diseased locations decreases with an increase in the probability of being
a hotspot, as the drone adjusts its altitude to reduce the target area and deposit a greater amount of pesticide.

This is also reflected in the flight altitude map shown in Fig 26, where the drone flies lower over hotspot locations.
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S NO : 1 Nodr NO : 1 coverage radius : 1.9 altitude : 4.8

S NO : 2 Nodr NO : 4 coverage radius : 1.6 altitude : 4.2

S NO : 3 Nodr NO : 10 coverage radius : 1.3 altitude : 3.6
S NO : 4 Nodr NO : 8 coverage radius : 1.3 altitude : 3.6

S NO : 5 Nodr NO : 14 coverage radius : 1.0 altitude : 3.0
S NO : 6 Nodr NO : 15 coverage radius : 1.0 altitude : 3.0
S NO : 7 Nodr NO : 16 coverage radius : 1.2 altitude : 3.4
S NO : 8 Nodr NO : 18 coverage radius : 1.6 altitude : 4.2
S NO : 9 Nodr NO : 6 coverage radius : 1.8 altitude : 4.6

S NO : 10 Nodr NO : 5 coverage radius : 1.8 altitude : 4.6
S NO : 11 Nodr NO : 7 coverage radius : 1.7 altitude : 4.4
S NO : 12 Nodr NO : 11 coverage radius : 1.5 altitude : 4.0
S NO : 13 Nodr NO : 22 coverage radius : 1.1 altitude : 3.2
S NO : 14 Nodr NO : 23 coverage radius : 1.3 altitude : 3.6
S NO : 15 Nodr NO : 26 coverage radius : 1.2 altitude : 3.4
S NO : 16 Nodr NO : 31 coverage radius : 1.6 altitude : 4.2
S NO : 17 Nodr NO : 32 coverage radius : 1.7 altitude : 4.4
S NO : 18 Nodr NO : 29 coverage radius : 1.9 altitude : 4.8
S NO : 19 Nodr NO : 36 coverage radius : 1.7 altitude : 4.4
S NO : 20 Nodr NO : 34 coverage radius : 1.7 altitude : 4.4
S NO : 21 Nodr NO : 35 coverage radius : 1.7 altitude : 4.4
S NO : 22 Nodr NO : 33 coverage radius : 1.6 altitude : 4.2
S NO : 23 Nodr NO : 30 coverage radius : 1.8 altitude : 4.6
S NO : 24 Nodr NO : 27 coverage radius : 1.8 altitude : 4.6
S NO : 25 Nodr NO : 28 coverage radius : 1.5 altitude : 4.0
S NO : 26 Nodr NO : 25 coverage radius : 1.2 altitude : 3.4
S NO : 27 Nodr NO : 24 coverage radius : 1.3 altitude : 3.6
S NO : 28 Nodr NO : 21 coverage radius : 1.1 altitude : 3.2
S NO : 29 Nodr NO : 12 coverage radius : 1.1 altitude : 3.2
S NO : 30 Nodr NO : 17 coverage radius : 1.4 altitude : 3.8
S NO : 31 Nodr NO : 19 coverage radius : 1.6 altitude : 4.2
S NO : 32 Nodr NO : 20 coverage radius : 1.9 altitude : 4.8
S NO : 33 Nodr NO : 13 coverage radius : 1.6 altitude : 4.2
S NO : 34 Nodr NO : 9 coverage radius : 1.6 altitude : 4.2
S NO : 35 Nodr NO : 2 coverage radius : 2.0 altitude : 5.0

Figure 24: Path computation for Constant Rate Sprayer.

X (meters)

Figure 25: Path computed for Constant Rate Sprayer as per given parameters.
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Figure 26: Map of Flight Altitude for the path computed. Figure 27: Heat map of sprayer flow rate for Constant
Rate Sprayer.

Since the drone considered in this experiment does not have a variable rate sprayer, the flow rate remains constant
throughout the flight, as shown in Fig 27.

Now, a drone with an in-built variable rate sprayer is considered. It uses the prescription map shown in Fig 21, and the
parameters are set according to Fig 28.

intensity_factor = 4
crop_height = 1
delta_altitude = 4

VRS_BuiltIn = True

nozzle_coverage = 2 #base radius

Figure 28: Parameters for drone with variable rate spraying.

With the given parameters, the path is computed, traversing all locations as shown in Fig 22. And since it has ability
to change the flow rate, altitude of flight remains constant as in Fig 29.

The complete path computed, overlaid with the diseased locations is shown in Fig 25. Since the system has an in-
built variable rate mechanism, the spacing between parallel paths in Fig 30 and the altitude of flight in Fig 31 remain
constant.

In some cases, farmers choose to spray the same amount of pesticide across the farm, and under such conditions, the
flight altitude and flow rate must be maintained constant. A case where the intensity factor is set to 1, meaning that
the pesticide dosage is uniform throughout the farmland is illustrated in Fig 33.

The path computed to achieve constant rate spraying is plotted in Fig 34, since its height and target area do not change
with probability of being hotspotness, the spacing between the paths in Fig 34 and the altitude of flight in Fig 35
remain constant.

In the case of a sprayer with an in-built variable rate system, although the spacing between paths remains the same,
the flow rate varies with the location. In contrast, for constant rate spraying, both the spacing between paths and the
flow rate remain constant, as depicted in Figures 34, 36.

The results for a different set of locations using variable rate spraying for a drone without in-built rate adapters are
presented in Figures 37, 38, 39.

The proposed method can also handle locations specified in GPS coordinates by setting a flag to convert dimensions
into meters. The results for the locations shown in Fig 37, submitted as GPS coordinates are presented in Fig 39.
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S NO : 1 Nodr NO : 1 coverage radius : 2 altitude : 5

S NO : 2 Nodr NO : 4 coverage radius : 2 altitude : 5

S NO : 3 Nodr NO : 10 coverage radius : 2 altitude : 5
S NO : 4 Nodr NO : 8 coverage radius : 2 altitude : 5

S NO : 5 Nodr NO : 14 coverage radius : 2 altitude : 5
S NO : 6 Nodr NO : 15 coverage radius : 2 altitude : 5
S NO : 7 Nodr NO : 16 coverage radius : 2 altitude : 5
S NO : 8 Nodr NO : 18 coverage radius : 2 altitude : 5
S NO : 9 Nodr NO : 6 coverage radius : 2 altitude : 5

S NO : 10 Nodr NO : 5 coverage radius : 2 altitude : &
S NO : 11 Nodr NO : 7 coverage radius : 2 altitude : 5
S NO : 12 Nodr NO : 11 coverage radius : 2 altitude : 5
S NO : 13 Nodr NO : 22 coverage radius : 2 altitude : 5
S NO : 14 Nodr NO : 23 coverage radius : 2 altitude : 5
S NO : 15 Nodr NO : 26 coverage radius : 2 altitude : 5
S NO : 16 Nodr NO : 31 coverage radius : 2 altitude : 5
S NO : 17 Nodr NO : 32 coverage radius : 2 altitude : 5
S NO : 18 Nodr NO : 29 coverage radius : 2 altitude : 5
S NO : 19 Nodr NO : 36 coverage radius : 2 altitude : 5
S NO : 20 Nodr NO : 34 coverage radius : 2 altitude : 5
S NO : 21 Nodr NO : 35 coverage radius : 2 altitude : 5
S NO : 22 Nodr NO : 33 coverage radius : 2 altitude : 5
S NO : 23 Nodr NO : 30 coverage radius : 2 altitude : 5
S NO : 24 Nodr NO : 27 coverage radius : 2 altitude : 5
S NO : 25 Nodr NO : 28 coverage radius : 2 altitude : 5
S NO : 26 Nodr NO : 25 coverage radius : 2 altitude : 5
S NO : 27 Nodr NO : 24 coverage radius : 2 altitude : 5
S NO : 28 Nodr NO : 21 coverage radius : 2 altitude : 5
S NO : 29 Nodr NO : 12 coverage radius : 2 altitude : 5
S NO : 30 Nodr NO : 17 coverage radius : 2 altitude : 5
S NO : 31 Nodr NO : 19 coverage radius : 2 altitude : 5
S NO : 32 Nodr NO : 20 coverage radius : 2 altitude : 5
S NO : 33 Nodr NO : 13 coverage radius : 2 altitude : 5
S NO : 34 Nodr NO : 9 coverage radius : 2 altitude : 5
S NO : 35 Nodr NO : 2 coverage radius : 2 altitude : 5

Figure 29: Path computation for Variable Rate Sprayer.

X (maten)

Figure 30: Path computed for Variable Rate Sprayer as per given parameters.
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Figure 31: Map of Flight Altitude for the path computed. Figure 32: Heat map of sprayer flow rate for Variable Rate
Sprayer.

intensity_factor = 1
crop_height = 1
delta_altitude = 2

VRS_BuiltIn = False

nozzle_coverage = 2 #base radius

Figure 33: Parameters for drone to perform constant rate spraying.

 {meters)
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Figure 34: Path computed to perform constant rate spraying.
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Figure 35: Map of Flight Altitude for the path computed.  Figure 36: Heat map of sprayer flow rate for Variable Rate
Spraying.
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Figure 37: Diseased locations in the farmland. Figure 38: Representation of hotspots
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Figure 39: Path computed for spraying drone
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Boustrophedon Path for Spraying Drone

=26.700

~96.895

=96.690

Longitude

=96.685

~96.680

=96.675

33,1000 . . . 33.1100 331125 33.1150 331175 331300
Latitude

Figure 40: Path computed for spraying drone using GPS coordinates.

9 Comparative Perspective With Related Works

SprayCraft stands out by integrating spatial analysis for hotspot detection with a TSP algorithm, optimizing both
route length and pesticide usage for variable rate precision spraying. This method addresses limitations in existing
works, such as , , [32]l, [23]], [26]], [27] which optimize routes but do not support variable rate spraying,
and (23], [29], , Wthh lacks spatial analysis for hotspot detection. Additionally, though SprayCraft does
not support multiple drones as [33]}, [34], it goes beyond the proposed optimization approaches which do not identify
disease hotspots. By combining these advanced features, SprayCraft provides a comprehensive and effective solution
for variable rate precision spraying in UAV/drone-based agricultural spraying as briefed in Table 2]

10 Conclusion and Future Work

This article, SprayCraft, presented a novel graph-based method for representing diseased locations in farmland. The
proposed method effectively identifies hotspots using the graph, computes routes for spraying drones to perform
variable rate precision spraying. The same graph can also be utilized to estimate the severity of the damage [39].
However, the proposed method is limited to route generation for a single drone and does not account for the impact
of wind, which can dynamically deflect droplets from the intended spray area. Additionally, we assume diseased
locations to be rectangular, but image segmentation models may identify diseased locations of various shapes.
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Table 2: Comparison of SprayCraft with Related Works

Work Route Optimization Variable Rate Spraying Hotspot Detection
SprayCraft Yes Yes Yes
Wen et al. [23] No Yes No
Plessen [26]] Yes No No
Huang et alj27] Yes No No
Tewari et al. 28| No Yes Yes
Srivastava et al. i24] Yes No No
Fang et al. [25] Yes No No
Xu et al. [31] Yes No No
Conesa-Muiioz et al. [32]] Yes No No
Nolan et al. [29]] No Yes No
Muliawan et al.I30] No Yes No
Zheng et al. [33i Yes No No
Lal et al. [|34] Yes No No

In cases of reduced computing resources, collaborative computing with authentication [40] can be implemented to
distribute the computational load across multiple devices or systems. Additionally, the results from these computations
can be saved on distributed ledgers [41,42]], ensuring data integrity and accessibility for future needs while maintaining
trust and transparency in agricultural data management.

For

future work, developing routes for multiple drones [35[], integrating reinforcement learning methods to adjust

the drone path based on wind patterns [43]], and adapting the Boustrophedon Path to the shape of the diseased in-
stances [44] should be considered. These improvements would enhance the efficiency and effectiveness of precision
agriculture spraying.
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