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ABSTRACT 

The vehicle routing problem is one of the most complicated problems in the transportation 

field. Different approaches and algorithms exist to solve the VRP yet they all have their own 

limitations. For instance, they require time and the result obtained are only close to the optimal. 

This capstone project aims to represent the VRP and its variants, but mainly focuses on the 

different tools that can be used to solve it. Each tool has advantages and limitations, and each 

one has a specific range that can be used for. The second aim of this project is to solve a real 

case study by aggregating locations and using a general model on a small scale that can be 

applied on a large scale as well.
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1 INTRODUCTION: 

Market customer satisfaction is the aim of every organization; however, it is becoming difficult 

to deliver goods in the requisite quantities and at specific time to customers at a cheaper 

possible cost [1]. For this reason, transportation costs play a significant part in every company’s 

overall expenses. Consequently, the majority of corporations chose to allocate funds to 

optimize their transportation efficiently and effectively. One of the main interests in this 

context is the Vehicle Routing Problem.  

The VRP is an important topic in the Logistics field which involves the visiting of customers 

by vehicles. It deals with designing routes for the vehicles of a specific company with a single 

or multiple depots and different known capacities [2]. 

In the first part of this capstone report, I will introduce a SWOT analysis, then an overview of 

the Vehicle Routing Problem will be represented with its different components, approaches, 

variants, and algorithms. The second part consists of solving the VRP’s simplest variant which 

is the traveling salesman problem using different optmization tools, namely EXCEL, Matlab 

and OR-Tools. The third part of the report will be an analysis of a real case study of a 3PL 

company using one of the optimization tools. Finally, I will represent a STEEPLE analysis 

regarding the problem. 

 

 

 

 

 



 

2 

 

2 SWOT ANALYSIS:  

To analyze the vehicle routing problem, it is important to examine its strengths, weaknesses, 

opportunities, and threats.  

 Strengths: The VRP has great qualities, for illustration, one of the strengths is finding an 

optimal route for transportation organizations which led to minimizing the transportation 

costs, such as vehicles costs, drivers' wages, and also penalties regarding the delivery time, 

and consequently achieving the customers’ satisfaction. 

 Weaknesses: The VRP has weaknesses that must be addressed. Solving the problem can be 

done on small-scale problems only, and it requires time to execute and run the solvers to 

obtain a feasible solution. In addition, it can be inefficient in real-life problems. In other 

words, the results obtained may be excellent yet they will never be optimal.  

 Opportunities: Developing a new software to solve the problem and to generate exact 

solutions, and improving an existing one while applying real-life constraints.  

 Threats: The change in the weather, the mechanical condition of the vehicles, and the traffic 

are all threats to the validity of the optimality of the solution that can reduce the efficiency 

of the optimal solution.  
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3 STATE OF THE ART: 

3.1 PROBLEM DEFINITION AND BASIC NOTATION: 

The problem dealing with the distribution of goods from depots into final destinations 

or customers is called VRP [2]. It is an NP-Hard problem, and until now, there is no solution 

to solve it efficiently and effectively. The first solution was designed in 1959 by George 

Dantziget and John Ramser using the linear programming method [3]. In 1964, the heuristic 

approach was introduced by Clarke & Wright [4].  

The VRP is also known as vehicle scheduling, dispatching, and delivery problem. 

According to Laporte [5], he explained the VRP concept as follows: the VRP solution is to 

determine a set of roads, each road is entered by one vehicle that begins and ends in its primary 

depot, the model is subject to different constraints that need to be satisfied, such as time 

windows and capacity [5]. To sum up, the aim is to supply different customers in different 

locations using a specific number of vehicles with minimizing either the distance traveled, time, 

number of vehicles or total cost.  

Its applications can be present in our daily life as well. Not necessarily on a corporation 

scale, but picking up students by school buses and driving them home is also considered a VRP 

since the operation here is delivering students by respecting specific constraints such as the 

time intervals [4]. In the same manner, goods can be taken from the warehouse by a set of 

vehicles and driven to customers. The logistics department is looking for minimizing costs and 

to do so, it designs a specific set of routes by minimizing either the number of vehicles or the 

distance. 
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Figure 1: Solution to the VRP  

3.2 COMPONENTS:  

Toth and Vigo argue that the VRP has five components [6]. The first is the depot, which is the 

starting and finishing location. For the TSP, it requires only one depot, but sometimes, 

companies may own multiple warehouses. The depot has an index of 0 since it is the first 

location the vehicle will start from. Second, the locations, also known as the customers, need 

to be visited by the vehicles. Most of the time, satisfying the demand of these locations is the 

objective function of the VRP. Third, the road networks are the paths the vehicles follow and 

they are labelled by distance or cost. Fourth, the vehicles that are the mean of transportation 

used by the companies. Fifth, the endpoint can be considered as the starting point, which is the 

depot. Otherwise, it can be another location, and in this case, the VRP is called the open vehicle 

routing problem. The solution to the vehicle routing problem must satisfy different constraints, 

such as the demand should not exceed the capacity, the delivery must be done in a specific 

time, and the customers must require pickup and delivery of goods. The typical objectives of 

the VRP are mainly minimizing the cost of transportation, the number of vehicles, or the 

driving time. Moreover, the objective of the VRP can also be maximizing the quantity delivered 

to different locations or balancing the trips done by the vehicles [6]. 
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3.3 MATHEMATICAL MODEL:  

The possible models to solve the VRP are Vehicle Flow Formulations (VFF), Commodity Flow 

formulation (CFF), and Set Partitioning Formulation (SPF) [7]. In this capstone, I will focus 

only on the first formulation (VFF). Consider the graph G= (V, A), the set of arcs are the road 

network which contains the possible routes between any two possible vertices [6]. Vertices are 

the customers' locations and vertex 0 indicates the starting location, which is the depot [6]. The 

vehicles begin their route in the depot and they end there as well. The arcs are associated with 

a cost, which is represented by either its length or a travel time. The mathematical model is 

represented as follow:  

 A: Set of arcs 

 V: Set of vertices  

 S: set of customers 

 Cij: Cost to minimize 

 K: Number of vehicles 

 xij:  

 

 

Figure 2: The mathematical model (VFF) of the VRP 

= 1 if the arc i,j is used 

= 0 if the arc i,j is not used 
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Constraint (1) Indegree Equality: It indicates that each location j must be entered by only one 

arc from location i. Each customer must be visited only once, or only one vehicle must visit 

every customer.   

Constraint (2) Outdegree Equality: It indicates that each location i must be left by only one 

arc from location j. Each customer must be visited only once, or only one vehicle must visit 

every customer.   

Constraints (3) (4) These two constraints illustrates the degree of vertex deposit. The number 

of vehicles leaving the depot is the same number of the vehicles entering it with k = 
∑ 𝑥𝑖𝑗𝑛
𝑖=1

𝑄
 

where Q is the capacity of the vehicles. 

Constraint (5) The capacity cut constraint indicates that the routes should be connected, and 

the demand should not be greater than the available capacity of the vehicles. The cut indicates 

that the customers S must be visited by arcs greater than r(S) which is the number of vehivles 

needed to serve them.  

Constraint (6) This constraint illustrates the binary variables xij, which either indicates if the 

arc is chosen or not. The number 1 indicates that the route is chosen, while 0 indicates the 

opposite. 

3.4 THE VARIANTS OF THE VRP:  

There exists different variants of the VRP, the figure 3 below shows the connections existing 

between them. The arrows in this graph tlink between two problems and indicates that there is 

an extension; for instance, the VRPB is an extension of the CVRP, while VRPBTW is an 

extension of both VPRB and VRPTW. 
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Figure 3: The variants of the VRP 

Capacitated VRP (CVRP): The CVRP is an extension of the TSP. In the CVRP, vehicles 

need to have the same speed and capacity, and they all have to start their trip and finish it at 

that same depot. Each customer has to be visited only once and the demand needs to be met 

during each visit. The main objective of the CVRP is to minimize the number of vehicles and 

provide the minimum possible cost. In the CVRP, the goal is to reach the maximum capacity 

of vehicles while satisfying the demand of customers [3].  

Distance-Constrained VRP (DCVRP): DVRP is the first variant of CVRP. In DVRP, each 

route has a capacity constraint, and the total distance traveled by the vehicles should not exceed 

a predetermined distance [3].  

VRP with time window (VRPTW): The VRPTW is another variant of the CVRP. The main 

constraint in this problem is the time interval which means each customer has to be visited 

within a specific time interval [6]. Vehicles leave the depot at a specific time, and each vehicle 

needs to be in the customer's location at a predetermined service time. The VRPTW has two 

main possibilities which are the hard time window and the soft time window. In the hard time 

window, a vehicle is at the customer’s location before the specific time interval which means 
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that it should wait until the start of the delivery interval time. While the soft time window 

means that vehicles can be at the customer’s location early, but penalties will be assigned to 

the delivery company. Same as the CVRP, the demand must not be greater than the capacity 

of the vehicles. 

VRP with backhauls: VRPB is another extension of the CVRP, and it has two sets of 

customers or two sets of locations to be visited. The first subset is the linehaul customers who 

need products to be delivered to them. While the backhaul customers are the second subset, 

whom we have to pick up the quantity from [6]. The main constraint in this variant consists of 

serving linehaul customers before backhaul customers, and same as the CVRP, the demand 

should not exceed the vehicle capacity [2]. 

VRP with Pickup and Delivery: In the VRPPD, each customer has two demands that need to 

be delivered and picked up such that the delivery is performed before the pickup [6]. The 

quantity of the vehicle is determined as follows:   

Initial quantity – (Demand delivered + Demand picked up) 

3.5  ALGORITHMS TO SOLVE THE VRP: 

 

Figure 4: Types of Algorithms 
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3.5.1 EXACT TECHNIQUES:  

The solutions to the VRP are divided into exact algorithms and heuristics algorithms. The main 

difference between the two techniques is the ability to find an optimal solution to the problem 

on a small scale. The three categories of the exact methods are “Direct Tree Search Method”, 

“Dynamic Programming Method (DP)”, and “Integer Linear Programming” [2]. 

3.5.2 HEURISTIC TECHNOQUES: 

Heuristics is one of the widely used techniques in solving various VRP problems. The main 

characteristic of this method is finding the closest result to the optimal solution. Cordeau et al 

explain that the VRP has no exact optimal solution, so the alternative is to look for the ones 

close to the optimum answers [8]. Instead of Exact methods, Heuristic methods can be applied 

to large problems. The main attributes of the heuristics are accuracy, speed, simplicity, and 

flexibility. First, heuristics display a good solution at first, and then it starts improving its 

quality contrary to the Exact Approach which takes longer time to display a final solution [8]. 

Moreover, some delivery problems require immediate solutions. For instance, Gendereau et al 

argue that the location of ambulances has to be calculated every three minutes, while other 

problems need a long time planning [9]. To sum up, the “Heuristic” approach is important 

because vehicle routing problems require daily solutions that do not need a long time for 

computing. In addition, algorithms with a lot of parameters can be difficult to understand but 

heuristic algorithms such as the Clarke and Wright algorithm are easy to implement. Finally, 

the heuristic algorithm is flexible, since it operates within different constraints [8]. The two 

subcategories of heuristics are simple heuristics and metaheuristics [8].  

 

 

 



 

10 

 

4 TRAVELING SALESMAN PROBLEM : 

4.1 DEFINITION:  

The traveling salesman problem (TSP) has the same objective as the VRP. The TSP aims to 

find the shortest optimal route either in terms of distance, time, or cost for a traveling salesman 

[10]. The traveling salesman has to start from one depot and to visit each city once and return 

to the beginning point which is the depot in one single closed tour. The difference between the 

two problems is that VRP has more than one vehicle, while the TSP has only one vehicle. Both 

have the same goal which is either traveling the least total distance or minimizing the total cost. 

Listing all the possible tours and choosing the one with the lowest cost may sound logical and 

correct. However, in the TSP, the number of tours grows exponentially. So, the possible 

number of solutions is n! for n cities [11].  

 

Figure 5: The difference between the VRP and the TSP 

4.2 GENERAL FORMULATION: 

In the graph G=(N,A), N is the set of nodes which contains the customers' locations, the 

warehouses, and the depot node. On the other hand, A contains the arcs which connect any two 

possible nodes. The mathematical model in figure 7 shows that the formulation has a binary 

variable which is xij, this variable is equal to 1 if the arc is selected and 0 if it is not. The two 

constraints (1) and (2) in this formulation indicate that each city is visited only once. The reason 
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behind the failure of this formulation is the existence of sub tours. For example, while the 

constraints are satisfied, this model will still generate two subtours instead of one tour as shown 

in figure 6. For this reason constraint (3) called “subtour elimination” is added. 

 

Figure 6: Example of Subtours of the TSP 

 

                                          Min 

       Subject to                                                      (1) 

                                                                                              (2) 

                                                                                                                        (3) 

                                                                                             

Figure 7: Mathematical Model of the TSP 

4.3 SOLVING TSP MANUALLY USING EXACT METHOD:  

4.3.1 BRANCH AND BOUND METHOD:  

This part consists of solving the TSP manually using the Hungarian method. To do so, I chose 

5 locations which have a symmetric cost. For instance, the distance from city A to city B is the 

same as from city B to city A.  

Step 1: The traveling salesman must visit 5 cities which are: A, B, C, D, and E respectively.The 

table 1 shows random costs (distance) between cities: 
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Table 1:Random Matrix 

 A B C D E 

A 0 6 9 5 4 

B 6 0 4 8 3 

C 9 4 0 9 7 

D 5 8 9 0 4 

E 4 3 7 4 0 

 

Step 2: This step consists of subtracting the minimum distance. In other words, the minimum 

distance traveled from the depot to each city is the minimum of the rows. Summing the rows 

will give us the lower bond that we need to start from. The row minimum is: (4+3+4+4+3=18) 

which means the minimum tour will cost 18, in other words, the lower bound of the total 

distance is 18. 

Step 3: The third step illustrate the number of branches, in this case, the branches are: (A,B), 

(A,C), (A,D), and (A,E) 

A  C= 18 

 

  B    C    D 

Starting with the first branch (A,B) we have to remove row A and column B, also since we 

need to visit each city once, we will also remove the cell indicating the distance from B to A 

and set it to 0 as shown in table 2. In other words, the lower bound is again computed similarly 

after removing the row and columns representing the path.  
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Table 2: The new matrix 

 A C D E 

B 0 4 8 3 

C 9 0 9 7 

D 5 9 0 4 

E 4 7 4 0 

 

The distance from A to B will be 6+3+7+4+4=24. The following steps are similar; they consist 

of forming branches, calculating the minimum cost by row and column reductions, and 

removing the subtours which is mandatory. After repeating the same steps, I found the distance 

from A to D is the minimum which is 19. So, we need to repeat the steps from the (A,D) branch. 

Figure 9 shows the final solution of the problem which is: A→D,B→E,C→B,D→C,E→A, So, 

the city path is A→D→C→B→E→A. which will cost 25. 

 

Figure 8: The solution of the TSP of branch and bound method 
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4.4 SOLVING TSP MANUALLY USING HEURISTIC METHOD:  

4.4.1 NEAREST NEIGHBOR ALGORITHM: 

This method consists of building the solution step by step following specific rules. The NNA 

concept is to start from the closest to each location until the traveling salesman reaches all cities 

[12]. First, we should start by the route with the smallest cost. Second, we keep repeating until 

all the vertices are visited. Finally, return to the starting point to close the tour [12]. The solution 

obtained with the “Nearest Neighbor” method can be short but it is not always optimal. 

Implementing this method on small problems with few customers may be efficient while with 

multiple locations may lead to a longer time and a wrong optimization. Taking the previous 

matrix as an example, in the “Nearest Neighbor” method, we start from city A to which the 

nearest city is E. Then, from B, we can go to C, and from D we can reach A with a total cost 

of 25.  

Based on the results found, the two methods give us the same path with the same total 

minimized distance. However, for problems with a small data scale, the “Metaheuristic” 

method seems to be easier and more time-efficient. 

4.5 METHODOLOGY – AUI VANS CASE STUDY:  

In this part, I will be solving the TSP using three main optimization tools: OR tools, Excel, and 

Matlab. The major purpose is to discover the efficiency of each approach using a small data 

size which is the Vans at AUI. I will generate the coordinates of the five stops from google 

maps as shown in table 5. 

Table 3: Vans Stop coordinates 

Station Latitude Longitude 

AUI Depot 33.537221 -5.104254 

City Center 33.528083 -5.107280 
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4.6 IMPLEMENTATION: 

4.6.1 OR-TOOLS:  

 

OR-tools is a Google Optimization tool, open-source software designed by Google for 

developers and programmers. It is designed to solve linear programming, mixed-integer 

programming, and related optimization problems such as Vehicle Routing Problem and 

Traveling Salesman Problem [13]. The main characteristics of OR-Tools are its cohesion, 

performance, and flexibility. OR-Tools is available in different programming languages, such 

as C++, C#, Python, and Java, and the language I used to implement the code is Python. The 

use of OR tools facilitates code implementation since the functions are already defined by the 

OR-tools library.  

For this code, I used google maps API which stands for Application Programming Interface 

[14]. The API is used for the exchange between one or two programs and it transmits data 

between them [14]. The first step is to create a project and a billing account in google console 

developer. Once using the API on the code, it gathers data from the google maps server, connect 

it to the user server, and answers the required request [14].  The first step in the code is to install 

and import google maps library gmaps, so it can collect the distance between two given 

locations using google maps API [14]. The second step is to create a function that takes the 

coordinates of the five stops and the depot and returns a distance matrix. The matrix contains 

Market 33.526191 -5.115297 

ACC 33.527478 -5.133316 

Annex Residence 33.524378 -5.134235 

Farah Inn Arrival 33.518993 -5.134831 
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the distance between every two locations using the API, in other words, the API only calculates 

the distance between two points. To do so, I used a for loop that keeps running and sending 

each time a request to the API, and in this case, the number of requests is 6*6. The distance 

generated is stored in an array called distance_matrix. In addition, since I am working on TSP, 

the number of vehicles and depots indicated is 1. 

 

Figure 9: The data model 

The third step is to add the locations coordinates and call the function to generate the distance 

matrix in meters. The matrix generated is not symmetric, which means the distance traveled 

from location A to location B is not the same as the one from B to A. The distance generated 

is based on real routes considering traffic and detours (road deviation). The other methods to 

generate the matrix are either to add it manually or calculate it using the Euclidean formula that 

calculates the distance between two points as a straight line. 

 

Figure 10: Distance matrix 
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The fourth step is to install OR tools library, and create the routing model which is a short code 

indicating the indices for each location. The inputs are simply: the number of locations and 

vehicles, and the index of the depot in the data provided. The following array indicates the 

indices correspond to the locations: 0 AUI, 1: City Center, 2: Market, 3: ACC, 4: Annex 

Residence, 5: Farah Inn. 

 

Figure 11: The routing model 

The fifth step is to define a distance callback,  which will return the distance between two nodes 

from one index to another.  

 

Figure 12: The distance callback 

The sixth step is to set the cost of the trip, which is simply the distance between locations. In 

other words, the cost to minimize is the distance traveled. As shown in figure 13, the function 

gives directions to the solver on calculating the cost, and the cost declared is the distance. 

 

Figure 13: Set the cost  

The seventh step is to set search parameters, in other words, this part indicates which algorithm 

to use to solve the TSP. In this case, the heuristic method used is the cheapest insertion 
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algorithm. The method is explained previously in the report (see page 14). For this case, the 

increase in length is simply the distance between the locations representing the cost. 

 

Figure 14: Search Parameters 

The final step is to call the solver and print the solution on the screen. The result shows the 

trajectory, and the minimum distance travelled such that the final output is:  Depot  ACC  

Annex Residence  Farah Inn  Market  City Center  Depot With a total distance of 

11.328 Km. (Refer to Appendix B for the complete code) 

 

Figure 15: Print the solution 

 

Figure 16: Call the solver and Print the solution 

 

Figure 17: The output 



 

19 

 

4.6.2 EXCEL: 

In this part, I will solve this case using the Excel Solver, which is an option in excel that allows 

solving linear programming models to either maximize or minimize the objective function. In 

our case, the objective is to minimize the total distance traveled. The steps followed are 

illustrated in the figures below. First, I had to set the distance matrix between locations. The 

index function returns the value of the distance entered from the distance matrix as shown in 

figure 18. Second, I had to write the objective function which is the sum of the distances 

between the locations, and the constraints indicate that all the locations are only visited once 

as shown in figure 19. The last step is to run the solver, select Evolutionary as the solving 

method, and generate the trajectory with a total distance of 4.08 Km. 

Table 4: Distance matrix: 

Way 1 2 3 4 5 6 

1 0 0.96 1.5 2.7 2.91 1.01 

2 1.01 0 0.53 1.73 1.94 2.44 

3 2.81 0.91 0 1.37 1.58 2.08 

4 3.71 1.91 1.39 0 0.21 0.71 

5 3.76 2.12 1.6 0.21 0 0.54 

6 3.87 2.21 1.69 0.73 0.56 0 

 

  

Figure 18 :Excel sheet  
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Figure 19: Objective function and constraints of the model 

 

Figure 20: Solution of the Excel Solver 

4.6.3 Excel Spreadsheet Solver: 

After solving the TSP using the Excel solver, I was willing to find a more accurate solution 

that can be applied for more large problems and can handle more constraints, to do so, I chose 

the Excel VRP Spreadsheet solver. According to the User’s Manual for VRP Spreadsheet 

Solver by Güneş Erdoğan, the Microsoft excel workbook “the spreadsheet solver” is a great 

flexible tool that can be used to solve the VRP, unlike other softwares that can be hard and 

complex to develop. The algorithm used in this spreadsheet is the heuristic algorithm using the 

visual basic application (VBA) [15]. The objective function used is to maximize profit less trip 

costs, vehicle fixed costs and penalties for exceeding the time windows entered [15]. I will 

solve the same case study of the AUI vans using Excel according to the following steps: 

Following the user manual of Dr.Güneş Erdoğan, the first step is to generate the sheet in Excel 

and all the different functions are shown on tap as shown in the figure 21 below [15]. The 

second step is to implement the different functions by order as shown in figure below. 



 

21 

 

 

Figure 21: VRP Spreadsheet Solver functions 

The first step is to generate the sheet with the details required, unlike OR tools, the key of Excel 

is free and accessible. The travel mode is truck, and the optimal solution route type wanted is 

Fastest-Real time traffic. Also, for this case, I won’t consider time windows and backhauls as 

well as other constraints such as capacity and the demand for each location. 

 

Figure 22: VRP solver Spreadsheet 
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The following step is to add the locations (vans stops) with their names, coordinates, and 

indices which will generate the map with the locations in green as shown in figure 25. The aim 

of generating the map is to check the precision of the coordinates.  

 

Figure 23: Coordinates of the locations entererd 

 

Figure 24: Map of the five stops and the depot (0) 

The third step is to use the Bing map extension, which will allow the spreadsheet to generate 

the distance worksheet with the time required to travel. The distance generated is the distance 

between every two locations using the Bing Maps by GIS or a Geographical Information 

System (GIS) database and a map software using Bing Maps [15]. The table 5 shows a part of 

the distance worksheet. 
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Table 5: Distances between locations 

FROM TO DISTANCE DURATION 

AUI DEPOT AUI Depot 0.00 0:00 

AUI DEPOT City Center 0.96 0:03 

AUI DEPOT Market 1.46 0:06 

AUI DEPOT ACC 2.71 0:09 

AUI DEPOT Annex Residence 2.92 0:10 

AUI DEPOT Farah Inn Arrival 3.42 0:12 

CITY CENTER AUI Depot 1.01 0:05 

CITY CENTER City Center 0.00 0:00 

CITY CENTER Market 0.48 0:02 

 

The fourth step is to generate the vehicles worksheet with the different constraints. For our 

case, I will be filling only the capacity constraint and replacing the other values with zero since 

the objective here is only to find the shortest route. 

 

Figure 25: Vehicles Worksheet 

The final step is to run the solver and visualize the solution on the map. The solution generated 

shows the distance traveled, the distance time, and the working time as well as shown in table 

6, while the map shows the shortest trajectory found by the solver as shown in figure 26. 

Another possible step is to check the feasibility of the solution and if the solution satisfies all 

the constraints or not.  

 

 

 

 

 

 

 



 

24 

 

Table 6: Solution Genrated by the solver 

Vehicle V1 Stops: 6 
 

  

Stop count Location Name Distance travelled Driving time Arrival time Departure time Working time 

0 AUI Depot 0.00 0:00 
 

08:00 0:00 

1 Market 1.46 0:06 08:06 08:06 0:06 

2 ACC 2.88 0:10 08:10 08:10 0:10 

3 Annex Residence 3.09 0:11 08:11 08:11 0:11 

4 Farah Inn Arrival 3.64 0:13 08:13 08:13 0:13 

5 City Center 5.85 0:21 08:21 08:21 0:21 

6 AUI Depot 6.85 0:26 08:26 
 

0:26 

 

 

Figure 26: Visualization of the Solution AUI Vans TSP 

4.6.4 MATLAB: 

The software package Matlab is a strong tool for math computations and simulations. The 

methodology followed during the implementation of the code on Matlab is establishing the 

code of the traveling salesman problem example on Matlab Optimization toolbox and adding 

modifications to it. The main part of the code is the binary integer linear programming using 
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the intlinprog function [16]. The steps followed are: First, upload the distance between every 

two locations, and I chose to upload the matrix generated by BingMaps as shown in table 5 

using a .csv file. The second step is to convert the matrix to a column vector. Finally, create 

the decision variables, the objective function, the constraints, binary bounds, and the subtour 

constraints. The equality constraints ensure that each customers’ location is visited only once 

and the second one is to ensure each stop has two trips, a trip to it, and a trip departing from it.  

This code focuses on finding the shortest route based on the distance between locations. As 

mentioned in the TSP definition part, the formulation of TSP has subtours; effectively, the code 

has subtours as well. However, it contains constraints to eliminate them. The code generates 

the first solution with different subtours, which means not one closed tour but different 

disconnected loops. Then, it will determine the number of subtours and call the optimization 

function several time until it finds one optimal new solution as shown in figure 27 of the 

solution ouput (Refer to Appendix C for complete code). 

 

Figure 27: The solution Output 

The function used in matlab to solve the TSP is the mixed integer linear programming function 

“intliprong” available in the optimization toolbox by Matlab. It has the following formulation: 

intlinprog (c, intcon,A,b,Aeq,beq,lb,ub,options) [16] and it is represented by the 

mathematical model shown in figure 28. 
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c: is the objective function with the coefficients of the variables, and it is assumed to be a 

column vector.  

Intcon: It is a vector that containts integer constraints, it has the coefficient of the decision 

variables. For illustration, intcon = [3,4,5] indicates the following equation: x(3) + x(4) + x(5).   

A is a matrix involved in the inequality constraint representing the coeficients multiplied by 

the decision variables, and b is a vector of the right-hand side of the inequality. Both a and b 

represents the following equations: 5*x <= 6 and 8*x <= 3  where 5 and 8 are the coeffcients, 

6 and 3 are the values on the right hand side. Such that: a = [5;8] and b= [6;3].  

Aeq is a matrix involved in the equality constraint, the coeficients multiplied by the decision 

variables, and beq is a vector of the right-hand side of the equality. Aeq and Beq represents the 

following equality constraints: 10*x1 + 9*x2 = 7 and 6*x1 + 7*x2= 9 such that Aeq=[10,9;6,7] 

and beq=[7;9]. 

lb is the lower bound of the decision variable (this case is 0), and ub is the upper bound of the 

decision variable (this case 1). Finally, Options is the ariable that stores the options of the 

function specified by the user himself.  

 

Figure 28: MILP Optimization Problem  

4.7 ANALYSIS: 

For this analysis part, OR-tools is a great source to solve the VRP since it looks for the optimal 

route out of many possible solutions. It is fast and suitable for solving a large variety of 

optimization problems. Thanks to its routing library, the user can solve many types of vehicle 
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routing problems: VRP, CVRP, VRPTW…etc. The main limitation within OR-Tools is the 

quality of the results obtained, with a large number of customers; the result may be good but 

not optimal.   

On one hand, the Excel solver is a straightforward tool thanks to its easy implementation. The 

solver uses computing to generate the solution with minimal distance. Solving the same 

problem without any software would be hard because the user will have to test the factorial of 

6 locations which is 720 [17]. The use of Excel Solver is easy and practical for small-scale size 

problems, but it can be developed to satisfy more constraints for the VRP as well. 

On the other hand, the Excel Spreadsheet solver is an easy tool to understand and work with, 

and it generates sufficient results in a short amount of time. The distance parameter in the 

spreadsheet is calculated using different options, and the one used in our case is ‘Bing Maps 

driving distances (km) and Bing Maps driving distances (miles)’ which uses the web service 

of Bing maps. Unlike the other tools such as Matlab which generates the distance using the 

euclidean formula which considers the earth flat. Bing maps distance option generates the 

distance more accurately.  For the time computation, Exel allows the user either to enter the 

time or use Bing Maps driving distances, which relies on speeds of vehicles during the day, the 

average speed of the vehicle entered by the user, and other information which allows Excel to 

do calculations and estimate the required time. Another advantage regarding the Excel 

Spreadsheet is the Bing maps route type; in the VRP console, the user is allowed to enter the 

type of the solution, either the Shortest, Fastest, or Fastest - Real-Time Traffic. The option 

chosen in our case is the shortest which will generate the shortest path required. Moreover, 

unlike the other tools, Excel gives the user the option to add the CPU time limit, which is the 

runtime limit of VRP Spreadsheet Solver. The probability of finding the optimal solution is 

linked with a long CPU time. This tool has different limitations, such as the number of stops 

limitation, the user is not allowed to work with more than 200 stops or customers, which is not 
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efficient for companies and this spreadsheet can be implemented for small problems only or 

the ones after clustering the regions. In addition, Bing Maps shows the distances and durations 

for a car and not for a fleet vehicle as used for delivery companies, which necessitates the user 

to modify the duration using the duration multiplier [15]. Another constraint of the VRP 

Spreadsheet solver is the programming language used, to customize or to implement 

modifications on the spreadsheet, the user has to be familiar with the VBA language. Finally, 

for the vehicle routing with pickup and delivery, this tool is also useful yet it doesn’t allow split 

deliveries or partial services. 

Finally, the code used in Matlab is useful for both symmetrical and asymmetrical traveling 

salesman problems. One of the major differences between Or tools, Excel, and Matlab is the 

functionality of the latter since it requires a high knowledge of the functions and their syntax. 

Also, regarding the distance matrix, I chose to upload the one generated from the maps instead 

of calculating the distances using the Pythagorean rule as Matlab does. The function of 

detecting subtours was not defined and I had to define it as well as some other functions. 

Finally, regarding the CPU time, increasing the size of the problem will also lead to a rise in 

the time required to generate the solution. 
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5 SOLVING CAPACITATED VRP FOR 3PL COMPANY:  

5.1 OVERVIEW: 

The company of this case study is a third-party logistics company based in Casablanca that 

specialized in the delivery of FMCG. It is the intermediary between the stores' owners who are 

called customers, and the companies of goods who are the main providers. The role of the 

company is to deliver goods to shops directly, instead of the manufacturer delivering to the 

shops, the company takes charge of the transportation process, figure 29 illustrates the cycle of 

the delivery process and the company’s role. Since the company delivers fast-moving consumer 

goods such as dairy products, it has to deliver them every day to stores. 

 

Figure 29: Illustration of the role of the company 

5.2 PROBLEMATIC AND ANALYSIS OF DATA:  

The company didn’t provide us with specific data. However, they introduced the general 

problem they are facing. The company serves approximately 80,000 locations around Morocco 

and 10,000 in Casablanca, and it has two depots in Casablanca, the warehouse of Moulay Ismail 

and the warehouse of Moulay Slimane. The number of vehicles used for Moulay Ismail is 100 

vehicles, while the other one is 70 vehicles. Almost, each vehicle serves 80 locations around 

Casablanca, such as Maarif, Anfa, Oulfa, Derb Sultan, Sidi Moumen….etc.  

Due to the lack of data and coordinates of the locations, and the huge scale size of the problem. 

I will be solving it on a small size scale to show the steps followed and which can also be used 

on a larger scale. After conducting many trials, the solution found and proposed is to aggregate 
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the locations or the outlets. Since the company is based in Casablanca, and as mentioned above 

the number of customers is 10,000, most of the stores are near to each other. For this reason, 

aggregating the locations by region and proximity will lead to a reduction of the zones to 1000 

customers.  Aggregating is different from clustering, it is done by proximity, in other words, 

zones that are close by 10-20 meters will be considered as one zone. Finally, optimizing the 

route will be done afterward by the drivers since the zone will be small. The business aims to 

minimize the number of vehicles; therefore, minimizing the distance will automatically lead to 

reducing the number of vehicles. For this case study, I will work with the 49 regions in 

Casablanca for an illustration matter only. 

5.3 METHODOLOGY: 

The problem will be solved on a small scale and it can be extended as much as the company 

wants if they are willing to add new customers. Since the “VRP Spreadsheet Excel” can not 

handle more than 200 locations. The tool I will be using is OR-Tools to write a specific code 

to solve the capacitated VRP. The number of locations is 49 locations as shown in appendix C, 

each location has its ID, and the visualization of the locations on the map is illustrated as well 

in figure 30. The data used in the implementation is 10 vehicles for Moulay Smail and 5 

vehicles for Moulay Sliman. 
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Figure 30: Locations of the customers 

I divided the code into two parts. Since the company has two depots, I wrote a code to divide 

the locations into two sets; the ones near depot Moulay Sliman and the ones near depot Moulay 

Smail. The second part of the code consists of applying the OR-Tools tools library with the 

demand and capacity constraints to each set of locations. 

The first step is to install google maps and create two main functions. The first function is 

named distance_between as shown in figure 31, and it aims to calculate the distance between 

two points named the origin and the destination using the API that calculates the distance 

between two locations only (see page 15 and 16). 

 

Figure 31: Distance beween function 

0
1

2

3 4

5

6
7

8
9

10

1112

13 1415 16

17 1819
20

21 22
2324 25

26
2728

29
30 31

3233
34

35
36

37
3839

40
41

42

43
44454647

48 49

50



 

32 

 

The second function is the distance_matrix function, it has two loops, these loops are created 

mainly to generate a matrix by calculating the distance between every two locations using the 

distance_between function.  

 

Figure 32: Distance matrix function 

The next step is to define a function called create_model which stores the data of the problem, 

in this case, these data are locations, depot, demands, number of vehicles, and vehicles 

capacities. 

 

Figure 33: Create data model function 

Then, I had to enter the coordinates of 49 locations to generate two sets of locations. To do so, 

the code calculates the distance between each depot and each location. For instance, the 

distance between the depot Moulay Smail and location 1 and the depot Moulay Sliman and 

location 1, the classification is based on the distance found as shown in figure 34. The locations 

will be classified based on the closeness to each depot. For illustration, the set of locations near 

Moulay Sliman is illustrated in figure 35 with their indices. 
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Figure 34: Classifying the locations 

 

Figure 35: Locations served by depot Moulay Sliman 

The following step is to create the data model with the demand of the locations indicated in 

figure 35 named L2, their demand, the number of vehicles assigned to depot Moulay Sliman 

which are five vehicles, and their capacity indicated by the number 30. Then, generate the 

distance matrix between the locations to be used afterward as shown in figure 36.  

 

Figure 36: The data model for the set of location L2 
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The final step is to write the VRP code with the print_solution function which generates the 

trajectory, the number of vehicles used for depot Moulay Sliman with the load for each 

location, and the total distance. The main function is similar to the one for the traveling 

salesman problem. However, the capacitated VRP has capacity constraints, the 

demand_callback returns the demand for each location, while the dimension object keeps 

track of the quantities collected throughout the vehicle's route [18]. The dimension used in the 

capacitated vehicle routing problem is the “Adddimensionwithvehiclecapacity” method which 

imposes that the vehicle’s load shouldn’t be higher than its capacity [18]. This code uses the 

heuristics approach to solve the problem, in fact, this method ensures finding the closest result 

to the optimal one only. Figure 37 illustrates the capacity constraints and the search parameters. 

 

Figure 37: Capacity Constraint and the solution 

5.4 ANALYSIS OF RESULTS: 

The result found indicates that for the set of locations 2 (L2) assigned to Moulay Sliman uses 

two vehicles among five. The first vehicle has to visit four groups or regions with a load of 
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eighteen, while the second vehicle has to visit six regions with a load of twenty-five as shown 

in figure 38. The set of locations (L1) assigned to depot Moulay Smail uses eight vehicles 

among ten as shown in figure 39. The visualisation of the solution is shown in figure 40. The 

results obtained show that the number of vehicles used depends on the capacity and the number 

of locations near each other. To sum up, this code can be used on a larger scale by only changing 

the parameters. This output will generate the group of locations that must be visited by each 

vehicle and the load for each one as well. The use of vehicles with high capacities can help to 

minimize the number of vehicles as well. Moreover, this code doesn’t take into consideration 

the driving limit time and time windows to serve each customer, but it generates a solution that 

can be considered as an initial one and the company may add more contraints  to it such as time 

windows to get better results.  (The complete code with both sets of locations for the two depots 

is shown in Appendix D). 

 

Figure 38: Solution for depot Moulay Sliman 
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Figure 39: Solution for depot Moulay Smail 

 

Figure 40: Visualization of the result on the map 
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5.5 LIMITATIONS: 

Matrix size: 

The matrix size in the case study is only 51*51 matrix, so the distance matrix was generated in 

a few minutes. However, increasing the number of locations will need hours up to days of 

execution. 

Execution Time: 

The required time to generate the distance matrix is related to the connection to the gmaps 

server, it takes 1ms to 2ms per request to generate the distance between two locations only. My 

teammate Fadwa and I used the same coordinates yet the execution time in OPTAPLANNER 

is higher than the one of OR-Tools even though it doesn’t work with the API key. 

OPTAPLANNER took five minutes and 10 seconds to generate the solution, while OR-Tools 

spent less than 40 seconds to generate it.   

Final Result execution time: 

One of the reasons behind the speed of execution is the performance of the computer. 

Compiling the program on a powerful computer will reduce the execution time. Moreover, to 

use the code on large-scale problems, it is important to use supercomputers that will enable 

running the code in a short time.   

OPTAPLANNER generates one initial solution and keeps improving it until finding the 

optimal one, unlike OR-Tools which generates the optimal solution directly thanks to its 

function search parameters.  

To sum up, the execution time is mostly related to the quality of results. The solver takes more 

time to execute when either the number of locations is high or the optimal solution is hard to 

find quickly. For the company's case, the number of locations is 10000 and 1000 after 
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aggregating, so generating the distance may take hours due to latency in google maps API 

servers.  

5.6 COST ANALYSIS: 

The API key uses “a pay as you go” billing system [19]. The user has only to pay for its usgae of the 

gmaps API, The table below summarizes the cost of the APIs in general.  

Table 7: Monthly volume range: 
 

Monthly Volume Range  

Number of 

customers: 
0 – 316 317 – 707 707 customer> 

Number of requests: 0 - 100000 100,001 - 500,000 500000> 
Price of each request: 0.005 USD 0.004 USD The user must contact 

Google Sales Price of the distance 

between two 

locations: 

0.005 USD 0.004 USD 

Price of 1000 request: 5 USD 4 USD 

 

Since the company has more than 10000 customer to serve per day, the matrix size is 

100,000,000. Consequently, the number of requests sent to the API are 100,000,000 and they 

are higher than 500,000 which requires contacting the google sales. To minimize the cost, it is 

mandatory to generate the distance matrix and store it in a file to reduce the APIs cost of 

compiling the code every time. 
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6 STEEPLE ANALYSIS: 

STEEPLE analysis is an important planning tool to see the impact of a project on different 

fields and aspects since it deals with multiple external factors.  

 Social: Green Logistics aims to reduce the impact of transportation and other logistics 

activities environmental impact. The VRP is an optimization solution aiming to find the 

shortest routes, which will reduce route accidents and consequently will reduce the 

influence on transportation as well. In fact, optimizing the distance means optimizing the 

driving time which will reflect positively on the drivers’ situations as well.  

 Technological: the VRP has a huge role on the technological side. Implementing the VRP 

requires different software, such as Excel, Matlab, OptaPlanner, OR tools, OptimoRoute… 

Effectively, by using the VRP, companies will improve their technical tools and improve 

their logistics side. 

 Economic: minimizing the distances traveled by vehicles will reduce the costs and the total 

expenses of the companies.  

 Environmental: the VRP is linked to green logistics, so it will have less impact on the 

environment. Indeed, the optimal solution to the vehicle routing problem will reduce the 

vehicle movement; therefore, the CO2 emissions will reduce as well.  

 Political: the solution of the VRP must respect the government regulations and internal 

policies, such as the possible routes, capacities, and the number of stations.  

 Legal: the law obliges the respect of certain speed limits; for example, this aspect will affect 

the vehicles’ speed on the road.  

 Ethical: companies willing to use the VRP need to gather data ethically. For instance, 

delivery companies have to gather data following the government’s regulations. In addition, 

the VRP will play a huge role in reducing CO2 emissions, which will help in achieving 

cities with less pollution. 
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7 CONCLUSION: 

The vehicle routing problem is at the heart of the transportation field. This capstone project 

deals with both the literature, the implementation, and the analysis sides. It was a chance for 

me to apply my learnings in linear programming, Matlab, and programming in general and an 

opportunity to learn as well; it helped me to learn new skills mostly on the programming side.  

The VRP is subjected to different constraints, but the typical ones are the capacity and the time 

windows constraints. It also has different variants and each one is an extension of the other, the 

main variant is the CVRP, in which vehicles have known capacity that should not be exceeded 

by the demand. For the approaches, the difference between the two algorithms is the ability to 

find the optimal solution. The second part of the project dealt with the different possible tools 

that can be used to solve the TSP. OR-Tools, Excel, and Matlab are all good tools to solve the 

VRP. OR-Tools consider realistic distances and generate the route closest to the optimal one. 

For Excel, it has a good potential to solve the VRP but it needs to be customized to adapt it to 

real constraints. Finally, Matlab does not consider a realistic distance matrix but it does also 

generate a good solution that can be considered for a large scale since in large scale problems 

we will be looking for the optimal trajectory that won't be affected a lot by the distance. All 

these tools are efficient in large-scale problems that can be extended to hundreds of locations 

except for the excel spreadsheet solver.  

The last part of the report illustrated a real case study of a third-party logistics company. The 

code obtained at the end of the project is an example of the solution to the capacitated vehicle 

routing problem that can be extended to a large scale, and the program is divided into two parts, 

the first one to divide the set of locations and the second one is to apply the capacity and 

demand constraints. The first scenario or the first solution found reduced the number of 
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vehicles to 7 vehicles among 15, and one of the main recommendations to optimize the solution 

is to use vehicles with higher capacities. The second possible scenario is to use only one depot, 

this solution may not reduce the number of vehicles, but it will give the optimal solution each 

vehicle must follow. 

Regarding future work, I think EXCEL is a useful tool that can be used by companies with a 

large number of customers and vehicles; however, it requires a knowledge of the VBA 

language to add more parameters to the solver. In addition, OR-Tools is a strong tool that can 

also be used by companies yet it needs to be customized as well and add different constraints 

to obtain good quality results. To sum up, the different optimization tools need more time to 

execute when the number of locations is high as well as the results obtained will never be 

optimal since all the tools use a heuristic approach to solve the problem. 
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APPENDICES: 

Appendix A - Capstone Specification 

Fatima-Ezzahra Boughazroun  

EMS  

TRANSPORT OPTIMIZATION OF 3PL USING OPTIMIZATION TOOLS  

Dr.KISSANI Ilham  

Spring 2022 

The feasibility study consists of listing a set of steps to be followed and comparing if these 

steps can be implemented within the given time of the capstone project. My capstone project 

aims to solve the TSP using three optimization tools and capacitated VRP using OR-Tools.The 

project report will be composed of the following main parts:  

First step: The first part consists of an overview of the problem. I will give the problem 

definition fo the VRP, its variants and algorithms. In addition, I will conduct a STEEPLE 

analysis and a SWOT analysis.  

Second Step: The second part consists of analyzing the different possible algorithms that are 

used to solve the VRP. Then, I will solve the case study of AUI vans manually, and I will 

conduct a research on the different optimization tools, namely EXCEL Solver and VRP 

Spreadsheet solver, Matlab and OR-Tools. The reason behind using Excel is my background 

in the three Logistics class, and also its easy implementation which will make it easy for the 

company to understand it and implement it. I chose to use Matlab because I took it in Computer 

Aided Engineering Class and implementing it will give me the chance to apply my learnings. 
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Third Step: The final step is solving a case study of a third party logistics company given by 

my supervisor Dr.Ilham Kissani. Then, present a description and conduct analysis and finally 

implement the algorithms discussed in the previous parts  to solve the problem and propose 

any possible future modifications. 
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 Appendix B: Python Code using OR-Tools Library  
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Appendix C: Matlab Code for traveling salesman problem 

 

 



 

49 

 

 

 

 



 

50 

 

detectSubtours Function: 
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Appendix D: Coordianates of the customers of the company: 
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Appendix E: Capacitated Vehicle Routing Problem CVRP for 3PL company 
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