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Abstract— In today's rapidly growing e-commerce industry,
efficient package delivery systems play a crucial role in business
success and customer satisfaction. This paper explores the
application of the Traveling Salesman Problem (TSP) and graph
theory principles to optimize delivery routes. Using mathematical
modeling and computer algorithms, we developed a solution that
addresses real-world delivery challenges. Our implementation
focuses on the Berlin52 dataset, comprising 52 delivery locations in
Berlin, Germany. By applying the Nearest Neighbor Algorithm, we
demonstrate a practical approach to route optimization that
balances computational efficiency with solution quality. The results
show successful route generation with clear visualization through
both 2D plotting and geographic mapping. While our approach has
limitations regarding real-world constraints like traffic conditions
and time windows, it provides a foundation for developing more
sophisticated delivery optimization systems. The findings suggest
potential applications in logistics operations and highlight areas for
future development, including multiple vehicle routing and the
incorporation of additional operational constraints.

Keywords— route optimization, traveling salesman problem,
graph theory, package delivery, nearest neighbor algorithm

I. INTRODUCTION

A In the fast-evolving world of e-commerce, effective
package delivery systems are more essential than ever for
business success and customer satisfaction. With the staggering
increase in the virtual shopping, it has opened various tough
challenges in the logistics, and delivery chained operations to
manage the plans for cost-efficient delivery route planning with
optimization. Based on Li et al.'s research Journal of Operations
Management (2020) delivery costs represent up to 28% of total
e-commerce operational costs which indicate that route
optimization is a core process to maintain a sustainable
competitive advantage.

This is closely related to a classic problem in computer
science and operations research known as the Traveling
Salesman Problem (TSP) which deals with figuring out the
optimal route for a traveling salesman. According to recent
research by Zhang and Chen (2021) in Transportation Research
Part E, the implementation of optimized routing solutions can
cut delivery cost by about 15-20% with the overall travel
distance reduced by up to 25%.

Graph theory offers a powerful mathematical framework to
model and solve these routing problems. We can represent
delivery locations as vertices and potential routes as edges in a
graph, allowing us to use different algorithms and optimization

methods to determine the most efficient routing. In ER plans,
this method has been especially beneficial to urban delivery
contexts, where variables such as route traffic flow, time-
frames, and vehicle size limitations come into play (Anderson et
al., 2022).

The objective of this paper is to develop and implement a
solution for the routing of package delivery using the Traveling
Salesman Problem strategy along with the fundamentals of
graph theory. In particular, it aim to exhibit a working example
of how to make the break-throughs in computer science and
mathematics relevant to machine learning techniques directly
applicable to complicated real-world delivery requirements.

II. THEORETICAL FOUNDATION
A. Graph Theory Fundamentals
Formally, a graph G is an ordered pair
G=(V,E)

comprising a set V of vertices (nodes) and a set E of edges
connecting pairs of vertices. In the context of package delivery
optimization, vertices represent delivery locations or depots,
while edges represent possible routes between these locations.

Fig 2.1 Weighted Graph
Source: https://eprints.uny.ac.id/28787/2/c.BAB%20l1.pdf

In delivery route optimization, graph theory provides a robust
framework for modeling and solving complex routing problems.
Key graph types utilized include:

1. Weighted Graphs
In these graphs, each edge
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has an associated weight w(e) that quantifies metrics such as
distance, time, or cost between two nodes. This measurement is
key to algorithms that want to optimize for distance traveled or
time to delivery. As a case in point, Dijkstra's algorithm
exploits weighted graphs to find the shortest path between nodes
which is especially helpful when route planning and network
routing.

2. Complete Graphs

A complete graph is one where there is a single edge
connecting every pair of distinct vertices. This means that, for
delivery routes, all places (a.k.a. vertices) can be directly
reached from each other, indicative of the ability to travel
between every pair of delivery point. Although in the real world
it may not be possible to go directly from every location to every
other location, we can still model the problem a complete graph
R that captures the routing problem in the first place, simplifying
the computing and also letting us determine some sort of
approximate solution to complex routing problems.

3. Directed Graph

A graph in which the edges have a directional sequence,
indicating the indication of travel from one node to another
node. This aspect becomes significant, especially in urban
deliveries where one-way roads or distinct traffic patterns need
to be accounted for.") Treating the delivery network as a
directed graph enables the route optimization algorithms to
consider these directional constraints, resulting in feasible and
optimal delivery routes. As an example, in a city's water
distribution system, the flow from the source to the sink can be
represented as a directed graph, highlighting the role of
directionality in network flow problems.

Using these high detail and diverse graph structures, delivery
route optimization can solve real-world constraints and
objectives and help to create algorithms to optimize logistical
processes and decrease Transportation cost in the real-world
supply chain.

The mathematical representation of a weighted graph can be
expressed through an adjacency matrix A, where:

Ali,j1=w(i, ))
if there is an edge from vertex i to j
Ali,j] = o
if there is no edge from vertex i to j
Ali,j1=0
ifi=]j

B. Traveling Salesman Problem (TSP)

The TSP is usually defined as finding a Hamilton Cycle with
minimum weight in a complete weigthed graph. In mathematical
terms:

Given a set of cities V = {vi, vz, ..., va} and distances
d(vi, vj) for each pair of cities, find a permutation & of cities
that minimizes:

Total Distance = Z d(wr(i) + d(ver(n),vr(1))

The Shortest Path Covering
All The Nodes

Fig 2.2 Travelling Salesman Problem
Source: https://lwww.lystloc.com/blog/what-is-a-travelling-
salesman-problem-tsp/

B1. Complexity Analysis

1. Exact Methods
e Branch and Bound
¢  Dynamic Programming Mathematical
formulation for dynamic Programming
approach:

C(S.i) = min {C(S —{j},j) +d}forallj €S

2. Heuristic Methods
e Nearest Neighbor Algorithm
e 2-opt Local Search
e Lin-Kernighan Heuristic
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Fig 2.3 2-Opt Local Search Optimization Example
Source: https://en.wikipedia.org/wiki/2-opt

B2. Common Solution Approaches

C. Application to Package Delivery

1. Delivery Time Windows

Many deliveries must be made within set time frames
organized by the customer, or defined in service level
agreements. These time windows necessitate accurate
scheduling to ensure that all parcels reach their destination
within the specified timeframe, thereby improving customer
satisfaction and operational efficiency.

2. Volume and Weight Per Vehicle

Each vehicle has a certain volume and weight it can carry.
Route planning must always consider these constraints of
capacity, otherwise it can lead to overloading a service which in
turn can cause logistical issues, increase the cost of services or
break safety regulations.
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3. Multiple Vehicles

Many Delivery Operations in the practical world includes a
fleet of vehicles instead of a single vehicle. This added
complication turns the problem into the Vehicle Routing
Problem (VRP), which is to find optimal routes for multiple
vehicles to deliver to a set of customers, taking into account time
windows and other restrictions, such as vehicle capacities.

In order to overcome these limitations, we develop an abstract
mathematical model which is an extension of the standard
Travelling Salesman Problem (TSP) formalism. The goal is to
minimize the total cost, distance or time and is given by a
function:

Minimize:
n n
Z z cij * xij
i=14=dj=1
Subject to:

1. Each Location is visited exactly once:

n
Z xij =1 vVi=1,..,n
i=1

2. Each Departure from a location occurs exactly once:

n
E xij =1 Vi=1,..,n
j=1

3. Subtour elimination constrains:

ul—uj+n*xxij<n—-1 Vi.j=2,..,n
Where:
e cij indicates cost, distance, or time between places
iandj
e xij is a binary variable that takes on the value 1 if
the route from location i to location j with j=iand 0
if otherwise.
e uij represent the location position i in the delivery
sequence, which assist in the removal of subtours not
containing the depot.

III. IMPLEMENTATION

A. Theoretical Approach

A complete weighted graph G=(V,E) is the basis for the
classic combinatorial optimization problem known as the
Traveling Salesman Problem (TSP), where:

e V is the set of vertices representing delivery locations,
including the depot as the starting and ending point.

e E is the set of edges connecting pairs of vertices, with
weights assigned based on the Euclidean distance between
locations.

Finding a Hamiltonian cycle with a minimum total weight
while visiting each location exactly once before beginning over

is the goal. This idea is based on weighted graph theory, which
measures the distance or cost between vertices using edges.

The graph's adjacency matrix representations are among the
simplest structures utilized in optimization methods. Heuristic
techniques, such the Nearest Neighbor Algorithm-NNA, must
be used because accurate approaches, like brute force, are not
feasible for large datasets because to the factorial rise of TSP
complexity, O(n!).

B. Practical Approach (using code)

1. Data Preparation

The dataset used in this research is the well-known Berlin52
dataset from the TSPLIB collection, which represents 52
delivery locations in Berlin, Germany, along with their 2D
coordinates. Each row in the dataset provides:

e Node ID: A unique identifier for each location.

e Xand Y Coordinates: The location's position in a 2D

plane.

The dataset is structured as follows:

e Name: Berlin52

e Type: TSP

e Dimension: 52 locations

NAME: berlin52

TYPE: TSP

COMMENT: 52 locations in Berlin (Groetschel)
DIMENSION: 52

EDGE_WEIGHT TYPE: EUC_2D
NODE_COORD_SECTION

1 565.8 575.0

2 25.8 185.0

3 345.0 758.0

Fig 3.1 Berlin52 Dataset Structure and Coordinate System
Source: https://github.com/Abrar-Abhirama/Makalah-
Matdis/blob/main/berlin_delivery.py

The dataset is loaded into the program, and an adjacency
matrix is constructed to store pairwise Euclidean distances
between all locations. This matrix serves as the weighted
graph for the TSP.
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def load_tsplib_file(self, file_path):

locations = []

node_coord section = Fa

with open{file_path,

for line in +:
line = line.strip()
if line == "NODE_COORD SECTION":
node_coord_section = True
tinue

line ==

if node_coord_section:
parts = line.s (

if len(parts)

x = float{parts[1])
y = float(parts[2])

locations.append((x, y))

return locations

def calculate_distance_;

n = len(self.lo
matrix

for i in range(

for j in range(n):

if i I= J:

x1, y1

X2, y2

self_locations[i]
self.locati j]
matrix[i][§] = np.sqrt{(x2 - x1)**2 + (y2 - y1
return matrix
Fig 3.2 Implementation of Distance Calculation and
Adjacency Matrix Construction
Source: https://github.com/Abrar-Abhirama/Makalah-

Matdis/blob/main/berlin_delivery.py

2. Route Optimization

The Nearest Neighbor Algorithm (NNA) is used to find a
near optimal solution of TSP. NNA starts at the depot, and
repeatedly selects the nearest unvisited location until all the
locations are visited. Finally, it returns to the depot to finish the
route

Code Implementation :

def solve tsp_nearest_neighbor(self):

(self.locations)
[False] * n

rout 1

visited[0] - True

total distance = 8

visited

current =
_ in range(n - 1):
nearest - None
min distance = float('inf')
xt_city in range(n):
if not visited[next_city] and self.distance_matrix[current][next_city] < min_distance:
nearest = next_city
min_distance = self.distance_matrix[current][next_city]
route. append (nearest)
visited[nearest] = True
total_distance +- min_distance

current = nearest

total_distance += self.distance matrix[current][@]

route, total distance

Fig 3.3 Implementation of Traveling Salesman Problem
Source: https://github.com/Abrar-Abhirama/Makalah-
Matdis/blob/main/berlin_delivery.py

Explanation :

e Efficiency: Compared with brute force, this heuristic
is a computationally efficient option for real-world
applications.

e Limitations: While it may not find the global
optimum, it often provides a near-optimal solution in
a fraction of the time.

3. Visualization

To assess and comprehend the outcomes of the TSP
optimization, three types of visualizations are shown:
1. Anplotof the generated TSP path using random data
2. Route achieved for Berlin52, drawn on a graph in 2d plane.
3. Berlin52 Route Overlaid Example, real Map of Berlin

3.1 Visualization of Dummy Data
To validate the functionality of the algorithm, a synthetic
dataset with 10 randomly generated locations was used. The
depot is fixed at (0,0), and the remaining locations are randomly
distributed within a range of [—10,10]. The Nearest Neighbor
Algorithm is applied to compute an optimized route.

Delivery Route Optimization

®  Delivery Locations

.
-~ m Depat

Fig 3.4 Optimized Route Using Dummy Data (10 Random
Locations
Source: https://github.com/Abrar-Abhirama/Makalah-
Matdis/blob/main/dummy.py

This is only a visualization of the core mechanics of the
algorithm in a controlled environment, to show how well it can
find a feasible path through randomly distributed points.

3.2 Visualization of the Berlin52 Dataset
The second visualization runs the algorithm on the Berlin52
dataset that contains 52 delivery areas in Berlin, Germany. We
can then plot the computed route on a 2D plane.
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Fig 3.5 Optimized Delivery Route for Berlin52 Dataset
Source: https://github.com/Abrar-Abhirama/Makalah-
Matdis/blob/main/dummy.py

The following visuals show how the TSP algorithms are used
for multiple datasets ranging from synthetic to real-world
geographic data.

3.3 Visualization of the Berlin52 Route on a Geographic
Map
As geographical context we overlay the computed route for
the Berlin52 dataset on a map of Berlin. Thus, this integration
allows for the connection of theoretical computation and
practical application, showing how optimized routes are
represented in the real world of delivery.

TSP Route Optimization on Berlin Map

Fig 3.5 Berlin52 Optimized Route Overlaid on Geographic
Map
Source: https://github.com/Abrar-Abhirama/Makalah-
Matdis/blob/main/dummy.py

This visualization helps interpret the results as it correlates the
computed route with real world geographical locations. It also
sheds some light on potential challenges such as urban
constraints which may interfere with the delivery logistics.

4. Result
We summarize the results of applying Nearest Neighbor

Algorithm to Berlin52 dataset below. The orthogonal algorithm
was able to find the optimal route that visits all 52 delivery

points once and returns to the depot. This results in the computed
route and total distance traveled:

Nearest Neighbor Route: [@, 21, 48, 31, 35, 34, 33, 38
, 39, 37, 36, 47, 23, 4, 14, 5, 3, 24, 45, 43, 15, 49,
19, 22, 3@, 17, 2, 18, 44, 49, 7, 9, 8, 42, 32, 5@, 1

i, 27, 26, 25, 46, 12, 13, 51, 1@, 28, 29, 20, 16, 41,
6, 1, 0]
Total Distance: 8980.92

Fig 3.5 Computed Route Statistics and Total Distance
Output
Source: https://github.com/Abrar-Abhirama/Makalah-
Matdis/blob/main/dummy.py

This path was found through iteratively picking the nearest
unvisited location at every step, with a return to the depot (node
0). Although the Nearest Neighbor Algorithm does not provide
a global optimum, the computed route demonstrates a practical

balance between computational efficiency and route
optimization.

IV. CONCLUSION
This  research has demonstrated the  successful

implementation of graph theory and the Traveling Salesman

Problem (TSP) approach to optimize package delivery routes.

Through the application of the Nearest Neighbor Algorithm on

the Berlin52 dataset, we have shown that practical solutions to

complex routing problems can be achieved with reasonable
computational efficiency.
The key findings of this research include:

1. The global optimization algorithm generated optimized
routes for a real-world scenario with 52 pickup/drop-off
locations from four different fields in Berlin.

2. The Nearest Neighbor Algorithm offered a
computationally cheap approach to finding routes, making
it applicable in the real world where rapid solutions are
necessary.

3. Finally, geographic mapping of routes carried out as part
of the visualization process aided in understanding and
validating optimization results.

However, our approach also revealed certain limitations:

1. The Nearest Neighbor Algorithm, although simple and
computationally efficient, does not guarantee globally
optimal solutions, which may lead to missing more efficient
routes.

2. The current approach is mainly on distance optimization
without keeping in mind the real-world constraints like
traffic conditions, time windows, and vehicle capacity
restrictions.

3. The model used assumes a single vehicle, although many
larger delivery operations deploy (one or more) vehicles
for their delivery needs.

4. All the distances calculations are based on straight-line
(Euclidian) distances between points that don't take into
account actual road networks, turns, and the layout of the
streets. Such a simplification can cause a large gap between
the calculated optimal route and the real climate optimal
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driving route in the real scenario.

For future development, several areas warrant further
investigation:

1. Incorporation of additional constraints such as time
windows, vehicle capacity, and traffic patterns to
develop more accurate optimization models.

2. Potential application of advanced algorithms like
genetic algorithms, ant colony optimization, etc.

3. Extending the existing model to accommodate multiple
vehicle routing problems (VRP) which is typical in larger
scale delivery operations

The practical implications of this research for the package
delivery industry are significant. The example presented of
demonstrated approach would provide a basis for building
advanced delivery optimization systems that could assist in
lowering operational costs, increasing efficiency in terms of
delivery, along with better customer satisfaction. With the
growth of e-commerce, these optimization tools will serve as
valuable solutions for ensuring competitiveness in the logistics
market. In conclusion, while our implementation provides a
practical solution to the package delivery routing problem, there
remains considerable scope for enhancement and adaptation to
meet the evolving needs of modern logistics operations.
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