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Abstract
The task of the City Routing project is to design, implement and program an algorithm,
to find the shortest and the cheapest route between any two stations in a hypothetical city
railway network. This network has four different lines within a number of different zones
The solution to the task is based on graph theory's mathematical modelling of networks.
Research was conducted on graphs, graph types and their components, different variations
of the shortest path problem and several algorithms and their variations. This was
to determine the most suitable graph model and its implementation as well as the solution,
which is based on Dijkstra’s algorithm.
The logic of the optimal route algorithms, other supporting algorithms and individual
program components was designed reflecting the mathematical design of a graph.
The program was then implemented, tested and evaluated using Agile software development.
The project's task has been successfully completed as far as the City Routing program finds
the optimal route, in the designed hypothetical network with four lines as stipulated in
the project's task, but also additionally in programmed network with any number of lines,
any number of stations, with or without time zone style pricing.
Although not required by the project's task, an additional feature was created such as the
simple graphical user interface.
Students, researchers and other professionals can use the project as an introduction
to graph theory. The project describes a process of creating an application that helps to
solve concrete real life problems that can be modelled by graph theory. Similar applications
can be used in a wide range of industries beyond transportation, such as computer
networking, big data analysis, the analysis of business processes or social engineering.
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1. Introduction
1.1.

Summary of the City Routing Project Problem

The City Routing project required the design of a hypothetical city transport network of
trains. The network has four different lines – red, black, blue and green. There is a set
journey time between adjacent stations and a certain time associated with changing from
one line to another at interchange stations. The map is split into zones. Travelling within the
same zone has a cost and travelling a longer distance, i.e. crossing into another zone, will
incur a higher cost.
Once the hypothetical train network was designed, the next objective was to design and
implement an algorithm, in the java programming language, for finding the shortest route
between any two stations. A number of shortest path algorithms may be implemented and
the cheapest route may be considered an extension of the shortest path problem.

1.2.

Summary of the City Routing Project Solution

1.2.1. Real World Network Research
On inspection of real world city train networks such as the London Underground (London
Underground Ltd, 2016) and Paris Métropolitain (RATP Group, 2016). it became apparent
that the project’s requirement to have different prices for different lines is not used in real
city networks. Therefore, a decision was made to go forward with a zonal type system,
where tickets are valid for a journey regardless of number of transfers or lines used.
1.2.2. Graph Theory
Graph theory is a distinct area of mathematics concerning the study of graphs. A graph
consists of vertices connected by edges (Chartrand, 1985). The use of graphs can help
visualize and solve real life problems where objects can be represented as vertices and
relationships between them are represented as graph edges.
The shortest route problem is a well-studied and researched problem and use of the
knowledge is in transportation is a classic example of its application.

-7-
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During the initial phase, research was conducted into graphs and their properties to
determine that the project’s train network can be modelled as an ‘simple finite undirected
connected sparse graph to include vertex labels and edge weights’.
There are many variations of the shortest path problem. Dijkstra’s algorithm was chosen to
be programmed due to its efficiency and use in the industry. Other algorithms such as the
A* search and Bellman-Ford would work but are less efficient than Dijkstra’s algorithm.
Dijkstra’s algorithm uses the ‘relaxation’ technique where by the current distance from a
vertex to an adjacent vertex is compared with the sum of the distance of the vertex and the
weight of the edge.

1.3.

Design Summary

1.3.1. Requirements
As this project is largely a theoretical problem, the only requirements are as follows:
1. The programming language: Java, SE Development Kit 8, Update 65 (JDK 8u65) or
greater (Oracle, 2016).
2. The integrated development environment used: IntelliJ IDEA, version 14 or greater
(Jet Brains, 2016).
1.3.2. Design of Hypothetical City Railway Network
The network was designed according to the research, detailed in chapter 2.
1.3.3. Design of Graphs and components
Different graph designs are suitable for different set of operations and their efficiency
depends on the application. Rail transport networks are sparse graphs therefore a decision
was made to disregard edge lists and adjacency matrices and choose an incidence list for
representing the graph.
During design, the component parts of the program were designed. This includes the
algorithm (Dijkstra’s) used to find the shortest path, returning this as a list of vertices, and
the algorithm that generates information about the shortest path, for output purposes.
-8-
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The architecture reflects the mathematics of a graph and its elements, chiefly Vertex Edge
and Graph. Other components include Line Path and Time Zones
1.3.4. Design of User Interface
The project has no requirements for a user interface, therefore the basic version of the
program runs in the IntelliJ IDEA. However, a simple graphical user interface was designed
using the Swing library in Java (Oracle Corporation, 2016).

1.4.

Summary of Implementation, Testing and Evaluation

1.4.1. Implementation
An agile approach was taken to complete the project. A minimum viable prototype was
created which was gradually built upon. Four versions where created with the minimum
viable prototype being version 2. Version 2 ran in IDE console and could correctly calculate
the shortest route and price of this route between any two stations on a simplified map.
Version 3 built upon version 2 to include a larger map of 4 different lines with varying
number of stations, including interchange stations. This map was based loosely on zone one
of the London underground which was then split into 2 zones (not based on London
underground.
The final version of the program has a graphical user interface programmed using the Java
Swing library (Oracle Corporation, 2016).
1.4.2. Testing and Evaluation
Thorough testing was conducted in order to determine if the program was in correct
working order and the conditions of the project were met.

-9-
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2. Analysis
2.1.

Problem statement

The City Routing project requires the design of a hypothetical city transport network of
trains. The network must have four different lines – red, blue, green and yellow, with some
lines being over ground and some lines underground. There will be a set journey time
between adjacent stations and a certain time associated with changing from underground
to over ground stations. The frequency of trains on the four lines is different, as will the
price of tickets on each line. The one thing all lines have in common are the type of tickets
available with each line offering a ticket valid for either 5 minutes’ travel, 10 minutes’ travel
or unlimited travel on the same line.
Once the hypothetical train network has been designed, the next objective is to design and
implement an algorithm, in the java programming language, for finding:
1. The shortest route between any two stations
2. The cheapest route between any two stations
A number of shortest path algorithms may be implemented and the cheapest route may be
considered an extension of the shortest path problem.

2.2.

The Hypothetical City Railway Network

The first task was to design a hypothetical city railway network as described above. The
purpose is the simulate the real world problem of finding the shortest route between two
stations on a rail network. The rail network is described in table 1 below.
Table1: Criteria dictating the design of the hypothetical train network
Criteria
Further Detail
Line

•

4 lines, with different names and colours

Station type

•

Standard

•

Transfer stations between lines

- 10 -
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•

Time taken between adjacent stations

•

Transfer time between lines

•

Ticket price is calculated according to the zones the journey
passes through;

•

1 price for travel within same zone

•

A different price for travel within multiple zones

2.2.1. The Basis of the Rail Network
The railway network is loosely based on zone 1 of the London Underground. This zone was
simplified to only include the stations of the four most used lines – the Central, Northern,
District and Piccadilly Lines.
An earlier version of the program had stations named according to the colour of the line and
a unique number, for example Red_01, but this was deemed too confusing when
attempting to scale up the size of the map. In light of this, a decision was made to use the
names from the stations in zone 1 of the London underground. This vastly improved the
look and readability of the program.
The abundance of information online associated with the London underground from both
the official Transport for London website (London Underground Ltd, 2016) and 3rd party
websites also factored into this decision.
2.2.2. Journey time between stations.
Real World journey times were taken directly from the Transport for London website. Times
were taken from journey timetables between the hours of 5.00pm and 6.00pm on the
Monday to Thursday timetable to keep things consistent.
2.2.3. Changing times between interchange stations
The interchange time between lines was arbitrarily decided to be 5 minutes for every
station.

- 11 -
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2.2.4. Ticket prices
A decision was made to abandon the initial project requirement of having different prices
for each line and different prices for 5 minutes, 10 minutes and unlimited travel in favour of
a zonal system which is in keeping with real world examples and in particular the London
underground.
The project’s network has 2 zones, but any number of zones can be programmed and the
prices of each zone can be arbitrarily assigned. In this case, travel within zone 1 will cost
£2.50 and travel within zone 2 will cost £5.00. Note that the cost of a journey that travels
into another zone will be the sum of the cost of each zone the journey goes through.

2.3.

Design of the Shortest and Cheapest Route Algorithm

2.3.1. Graph Theory
Graph theory is a distinct area of mathematics concerning the study of graphs. A graph
consists of vertices connected by edges (Chartrand, 1985). The use of graphs can help
visualize and solve real life problems where objects can be represented as vertices and
relationships between them are represented as graph edges.
Finding the shortest route in transportation is a classic application of the theory. Although
transportation is the most common application, the theory can apply to many different
industries including social networks, computer networks and robotics.
The railway network can be represented as a graph with the stations becoming vertices and
the railway track becoming edges. Edges can have values representing the distance between
vertices or for example the time taken to travel between vertices as is the case in this
project. There are many varying algorithms to choose from when attempting to calculate
the quickest route between stations.
2.3.2. Definition
A graph G is a pair G = (V,E) consisting of a set of nodes V and a set of Edges E” (see figure 1)
(Sommer 2010). An Edge e ∈ E is a pair of vertices e = {u, v} for u, v ∈ V called endpoints that
are adjacent to each other, which is denoted as u ~ v. The number of vertices, denoted as
|V| is called the order of a graph, while the number of edges, denoted as |E| is called a
graph's size (Cerny, 2010).
- 12 -
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Figure 1: Definition of a graph.
G = (V, E)
V = {v1, v2, …, vn}

// Set of n vertices

E = {e1, e2, …, em}

// Set of m edges

2.3.3. Types of Graphs
It is important to choose the most appropriate type of graph. Different examples of basic
graphs of various types are shown in Figure 2:
Figure 2: Examples of basic graphs of various types.
3 km
2 km

Graph
3

3 km 2 km
A

5 km
Graph
1

•

Graph
2

B

E
C

D

Graph 1 contains 4 vertices and 5 edges and is:
o directed – it contains directed edges.
o weighted – each edge has its weight.

•

Graph 2 contains 4 vertices and 6 edges and is:
o undirected – it does not contain directed edges;
o complete – each vertex is connected by an edge with all other vertices.

•

Graph 3 contains 5 vertices and 3 edges and is:
o undirected – it does not contain directed edges;
o disconnected – as it is not a connected graph (a graph with a path between
every pair of vertices);
o vertex-labelled – as its vertices are distinguishable.

- 13 -

Project 2016

Dissertation

B00594444

2.3.4. Graph of the Hypothetical City Railway Network
The map of the city routing program depicted in figure 3 can be interpreted as a graph with
vertices and edges.
Figure 3: city routing program based on zone 1 of the London underground

This project's hypothetical city railway network will be represented as a graph and will have
the following properties as described in table 2.
Table 2: Properties of a graph modelling the hypothetical network of city train lines
and its practical meaning.
Property

Definition

Practical Meaning

Undirected

Contains only edges with no orientation.

Trains can go in either direction.

Simple (strict)

Does not contain graph loops (edges

There is no railway connection which would leave

which start and end at the same vertex,

the station, do a loop and enter back to the same

i.e. to connect a vertex to itself). Also

station without visiting any other station. A pair

does not contain multiple edges

of connected neighbouring stations has only one

(situations when more than one edge

connection between them.

connects the same pair of vertices).
Finite

Does not have infinite number

There is a finite number of stations and their

of vertices or edges

railway connections.

- 14 -

Project 2016

Dissertation

B00594444

Property

Definition

Practical Meaning

Connected

There is a path between every pair of

All stations and railway connections are part of

vertices.

one system.

Its vertices are distinguishable.

Every station is unique by its name.

Each edge has a weight

There is a journey time between the stations and

Vertexlabelled
Weighted

when changing from one line to another station
Sparse

2.4.

Graph whose number of edges is not

Each station will have only a few neighbouring

close to the maximum number of edges.

stations (maximum of 4 neighbouring stations.

Design of the Shortest and Cheapest Route Algorithm

2.4.1. The shortest Path Problem
A path is the sequence of vertices visited when traversing a graph. The following
expressions in figure 4 are definitions for a path which starts at source v1 finishes at
destination vn.
Figure 4: Definition of a path.
P = (V, E) where V = {v1, v2, …, vi, …, vn}, E = {e1,2, …, ei,i+1, …, en-1,n}.
P = (V, E) where V = {vi : 1 ≤ i < n}, E = {ei,i+1 : 1 ≤ i < n – 1}.
P = (V, E)

Path P from the source v1 to the destination vn consists of a set
of vertices V and a set of edges E.

V = {vi : 1 ≤ i < n}

Set of vertices V contains the source v1, the next adjacent
vertex v2, and so on up to the destination vn.

E = {ei,i+1 : 1 ≤ i < n – 1}

Set of vertices E contains edges between the source v1, and
the next adjacent vertex v2, and so on up to the last edge
between vertices vn-1 and vn.

ei,i+1 = (vi, vi +1)

An edge between two vertices vi and vi+1 can also be written as
ei,i+1.

- 15 -

Project 2016

P = {v1, …, vn}

Dissertation

B00594444

As an edge is a set of adjacent vertices the definition of a path
is often simplified to a list of vertices.

P = {(v1 v2),…,(vn-1,vn)}

likewise, a path can also be simplified to a list of edges.

2.4.2. Definition of a Length
In a weighted graph, the length l of a path P is the sum of its edge weights (Sommer, 2010)
as described in Figure 1. The weight can represent, for example, a distance in miles or time
in minutes/hours, or any other metric deemed appropriate.
2.4.3. Definition of the Shortest Path
The shortest path between a source and a destination is the path where the sum of the
weights of the edges is at a minimum for given graph.
Figure 5: Paths from vertex A to vertex C – A being the source and C being the destination.

•

Red path = {A, B, C}; total time (the length of the path) = 8 minutes.

•

Green path = {A, B, D, C}; total time = 22 minutes.

•

Yellow path = {A, C}; total time = 10 minutes.

•

Violet path = {A, D, B, C}; total time = 15 minutes.

•

Blue path = {A, D, C}; total time = 5 minutes.

•

Blue path is the shortest path.
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2.4.4. The Most Important Algorithms for Solving the Shortest Path Problem
According to Sommer (2010) "due to the large amount of literature, providing an exhaustive
list [of methods to find the shortest path] appears to be difficult". There are several
algorithms, the most common of which were first described in the 1950’s and 1960’s.
Since then, each has undergone several modifications. Many of them use a technique called
relaxation – the distance to the target is initially set to be very high and is gradually replaced
by more accurate values (shorter solutions) until the optimal solution is found.
The most important algorithms include:
Dijkstra's algorithm
Dijkstra's algorithm solves the single-source shortest path problem for both directed
and undirected graphs with edges with non-negative weights. The algorithm uses
the relaxation technique and was created by a computer scientist Edger Dijkstra in 1956.
The time complexity depends on its implementation and the type of graph. In its original,
unmodified version it is O(|V|2) in the worst case scenario. |V| is the number of vertices
and |E| is the number of edges. In certain cases, it is the fastest known single-source
shortest-path algorithm.
The A* search algorithm
The A* search algorithm solves the single-pair shortest path problem for both directed
and undirected graphs and is an extension of Dijkstra's algorithm. The algorithm was
created by Peter Hart, Nils Nilsson and Bertram Raphael in 1968. The core of the algorithm
is the same as Dijkstra's but it (theoretically) achieves better time performance by using
heuristics. The time complexity depends on the heuristics used.
The Bellman–Ford algorithm
The Bellman–Ford algorithm solves the single-source shortest path problem for graphs even
with negative weights of edges unless they contain a negative cycle (a cyclic sequence
of vertices and edges where the sum of the edges gives a negative value). Similar
to Dijkstra's algorithm it also uses relaxation. The algorithm was created by Richard Bellman,
Lester Ford and Edward F. Moore between 1956 and 1958.
The time complexity is O(|V|.|E|).

- 17 -
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The Floyd–Warshall algorithm
The Floyd–Warshall algorithm solves the all-pairs shortest paths problem. Graphs can have
negative weights of edges but cannot contain a negative cycle. The algorithm was created
by Robert Floyd, Stephen Warshall and Bernard Roy between 1959 and 1962. The efficiency
is similar to running Dijkstra's algorithm for all vertices.
The time complexity is O(|V|3).
Johnson's algorithm
Johnson's algorithm solves the all-pairs shortest paths problem, and may be faster than
the Floyd–Warshall algorithm on sparse graphs. It is a combination of the Bellman-Ford
and Dijkstra's algorithms and was created by Donald B. Johnson in 1977.
The time complexity is O(|V|2 log|V| + |V||E|).

2.5.

Selection of the Algorithm for the Shortest and Cheapest Route

between any Two Stations
As previously suggested, the hypothetical city railway network can be represented as a
simple finite undirected connected sparse graph to include vertex labels and edge weights’.
As the journey time between the same two neighbouring stations is absolute, i.e. it is always
the same regardless of the journey, any of the five algorithms described previously
can be used or modified to solve the shortest route between any two stations.
The Floyd–Warshall and Johnson's algorithms however search for the shortest paths
between every pair of vertices and are therefore too time and resource complex
for the task. In addition, they would also be more complicated to program.
Dijkstra's algorithm, the A* search algorithm and the Bellman–Ford algorithm are very
similar as they all use the relaxation technique. The Bellman–Ford is a more versatile
algorithm in general as it can handle negative weights. However, the graph
of the hypothetical network of city trains does not contain any negative weights
which means that "Dijkstra’s algorithm has a lower running time than the Bellman-Ford"
(Cormen et al., 2009).

- 18 -
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The A* search algorithm is a modified version of Dijkstra's algorithm and in certain (mainly
complex) scenarios it can be faster than Dijkstra's. However, its main advantage, heuristics,
can also be a disadvantage. To design and implement an appropriate heuristic algorithm
(which would run prior to the core Dijkstra's algorithm within the A* search algorithm)
would be more time consuming and require more advanced programming techniques
than the design and implementation of the pure Dijkstra's algorithm (that has to be
designed and implemented regardless). For the purposes of the project's task,
the theoretical, speculative benefit of choosing the A* algorithm would unlikely outweigh
the (time and programming) complexity required for its design and implementation.
For these reasons an algorithm based on Dijkstra's algorithm is the most effective solution
to determine the shortest route between any two stations in the hypothetical network of
city trains.

2.6.

The Solution to the Cheapest and Shortest Path Problem

The project's algorithms used to find the shortest and by extension, the cheapest route in
graphs and networks will be based on Dijkstra's algorithm

2.7.

Business Case Analysis

In general, a business case aims to identify and quantify the reasons for starting a project
by comparing the benefits and the costs for the stakeholders. However, the City Routing
project is rather a theoretical problem with no direct stakeholders.
Indirectly however, various stakeholders can potentially benefit from the project (as shown
in Table 4).
Based on a minimum wage of £6.70 (at time of project start date) per hour for persons over
21 years old and development duration of 600 hours, the total labour cost for developing
the project is anticipated to be £4,020.
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Table 4: Potential stakeholders and their benefits (costs are not involved).
Stakeholders
Benefits
Students

•

Introduces the student to graph theory. Particularly, representing
graphs and searching graphs using single source shortest path
algorithms.

•

Displays the use of mathematics to solve real world problems.

•

Introduces the student to the design and implementation of
algorithms in the Java programming language.

Researchers

Professionals

•

A list of references

•

A platform to develop and optimise new (or existing) algorithms.

•

First step in a process of creating applications for concrete
real-life problems that can be modelled by graph theory.

•

Can be used in a wide range of industries beyond transportation,
such as computer networking, social networking, big data, the
analysis of business processes and search engine optimisation,
among others.

2.8.

Risk Assessment

An assessment of the physical, technical and project management risks associated
with the City Routing project are presented in Table 5 below, which also includes details of
any risk mitigating strategies associated with each risk.
The Health and Safety risk assessment form has been submitted.
All calculated risk levels are below 10 meaning there are no intolerable technical or project
management risks which need to be dealt with.
An agile software development approach will be applied for the development of the project.
A minimal viable prototype is produced first which is subsequently improved upon. Testing
will be completed at various stages throughout the project.
An application backlog and a project log will be kept and updated regularly.
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Prevention Strategy
Physical Risks

No significant physical
risks

-

-

-

N/A

Data loss

1

5

5

Technical Risks
Daily back up of files to memory pen and cloud services (Dropbox and Google
Drive)

Computer failure

1

2

2

Project can be developed using university resources

Software/other tools
become unavailable

1

2

2

Other software is available for download. For example; should IntelliJ IDEA
become unavailable, eclipse IDE may be downloaded

Project requirements
exceed Java
Knowledge

3

3

9

Continuous study of Java using university resources, online resources and
tutorials.
Project Management Risks
Daily back up of files to memory pen and cloud services (Dropbox and Google
Drive)

Project data
corruption or loss

1

5

5

Project overrun

2

3

6

A timeline will ensure that progress is maintained and final submission
deadline is met on time

Missing deadlines

1

3

3

Work is conducted gradually with a time reserve available, keeping both
expected and unexpected events in mind. Again, using a timeline will help

Misinterpreting the
project task(s)
Project is of
insufficient quality

2

3

6

Frequent meetings with the project supervisor to assess project

2

3

6

Agile development helps to make sure that a minimum viable prototype is
developed and improved upon. Working ahead of deadlines ensures sufficient
time for development of higher quality versions

Potentially starting a
job in summer 2016

3

3

9

Apply agile methodology and producing an early working prototype to ensure
minimum delivery and ensuring a time reserve is kept

Personal reasons or ill
health

3

3

9

Apply agile methodology and producing an early working prototype to ensure
minimum delivery and ensuring a time reserve is kept

Unforeseen

1

2

2

Apply agile methodology and producing an early working prototype to ensure

circumstances

minimum delivery and ensuring a time reserve is kept

Table 5: Project Risk Assessment
being very likely.

*Uses scale of 1 to 5 with 1 being very unlikely and 5
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Ethical Considerations

There are no ethical issues associated with the project. This project does not involve
invasive interaction with people and does not require a full Ethical review. This includes
the use of anonymous questionnaires for testing software etc.
The project's category is Z.
The application for ethical approval has been submitted.

3. Design
3.1.

Requirements

As this project is largely a theoretical problem, the only requirements are as follows:
1. The programming language: Java, SE Development Kit 8, Update 65 (JDK 8u65) or
greater (Oracle, 2016).
2. The integrated development environment used: IntelliJ IDEA, version 14 or greater
(Jet Brains, 2016).

3.2.

Design of the rail network

The rail network is shown in figure 6 below.
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Figure 6: Project’s Hypothetical Train Network

The railway network is loosely based on zone 1 of the London Underground. This zone was
simplified to only include the stations of the four most used lines – the Central, Northern,
District and Piccadilly Lines. Please see chapter 2 for the research which led to the creation
of this map.
The following tables show the properties of the hypothetical rail network
Table 6: Properties of the railway lines in the project’s rail network
Line
Line start and end
No of stations
Name

Colour

Piccadilly Blue
District
Central

Green
Red

Northern Black

Start
station

End
station

Total

Earls’
Court
Edgeware
Notting
Hill Gate
Euston

King’s
Cross
Mile End
Mile End
Euston

Journey times
Changing
time

12

interchange Modal
Journey
time
6
1

21
13

7
4

2
2

5
5

15

5

1, 2

5

5

- 23 -

Project 2016

Dissertation

Table 7: List of stations in zone 1 and Interc
hange stations
Stations in Zone 1
Oxford Circus
Tottenham Court
Holburn
Chancery Lane
Piccadilly Circus
Leicester Square
Covent Garden
Charring Cross
Embankment
Waterloo
Westminster
Temple
Blackfriars’
Mansion

B00594444

Interchange Stations
Notting Hill gate
Earls’ Court
Gloucester Road
South Kensington
Embankment
Leicester Square
Tottenham Court
Holburn
King’s Cross
Monument
Mile End

There are one or more interchange stations for all possible combinations of line changes.
(blue to red, black to green etc.).
Table 8: Fair structure details
Travelling within

Cost (£)

Zone 1
Zone 2
Zone 1 and 2 (crossing zones)

2.50
5.00
7.50

The cost of crossing zones is the sum of the zones crossed (in this case, zone 1 + zone 2)

3.3.

Architecture of the Graph and Abstract Data Structures

There are many methods for representing graphs each with their own advantages and
disadvantages. Some situations, or algorithms that we want to run with graphs as input, call
for one representation, and others call for a different representation. The most common
methods are:
•

Lists
o Edge List
o Adjacency list
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o Incidence list
•

Matrices
o Adjacany matrix
o Incidence matrix

The following chapters detail the various methods.
3.3.1. Edge List
One simple way to represent a graph an edge list which is an array of ∣E∣ edges. To
represent an edge, an array is utilized holding objects containing the vertex numbers of the
vertices that the edges are incident on. Edges weights can be held in another characteristic
of the vertices objects. The total space for an edge list is Θ(E).
Edge lists are the simplest way of representing a graph but if we want to find whether the
graph contains a particular edge, we have to search through the edge list. If the edges list is
unordered, then an inefficient linear search is required to search through ∣E∣ edges.
3.3.2. Adjacency List
The adjacency list A consists of |V| lists (for each vertex u ∈ V). “For each u ∈ V,
the adjacency list A[u] contains all the vertices v such that there is an edge {u, v} ∈ E“
(Cormen et al., 2009).
Figure 7: Section of an adjacency list for the graph representing the project's hypothetical
city railway network.
A[Bayswater] = {Paddington, Notting Hill Gate}
A[Notting Hill Gate] = {Bayswater, High Street Kensington, Queensway}
A[Edgeware] = {Paddington}

3.3.3. Incidence List
The incidence list is a variation of an adjacency list where each A[u] contains all edges
{u, v} ∈ E incident to the vertex u (Goodrich and Tamassia, 2001).
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Figure 8: Section of incidence list for the graph representing the project's hypothetical city
railway network.
A[Bayswater] = {(Bayswater, Paddington, 2), (Bayswater, Notting Hill Gate, 3)}
A[Notting Hill Gate] = {( Notting Hill Gate, Bayswater, 3), (Notting Hill Gate, High Street Kensington, 2),
(Notting Hill Gate, Queensway, 1)}
A[Edgeware] = {(Edgeware, Paddington, 2)}

3.3.4. Adjacency Matrix
If integers {0,1,…,n−1} represent vertices, then each cell of the 2D adjacency matrix n x n,
references an edge. “The cell A[x][y] holds a reference to the edge (u,v), if it exists, where u
is the vertex with index x and v is the vertex with index y” (Cormen et al., 2009).
The reference holds a value of 1 in an unweighted graph, or the value of the weight of the
edge. A[x][y] holds either 0 or null if the edge does not exist.
Figure 9: Section of a weighted adjacency matrix for the graph representing the project's
hypothetical city railway network.
SloanSquare

Victoria

StJamesPark

Westminster

Embankment

Temple

SloanSquare

0

3

0

0

0

0

Victoria

3

0

1

0

0

0

StJamesPark

0

1

0

2

0

0

Westminster

0

0

2

0

2

0

Embankment

0

0

0

2

0

4

Temple

0

0

0

0

4

0

3.3.5. Incidence Matrix
The incidence matrix is similar to the adjacency matrix as it also holds references
(or weights) of adjacent edges. The difference is that instead of being n x n, where n
is the number of vertices, it is m x n, where m is the number of edges.
3.3.6. Directed vs. Undirected Graphs
Any representation described above can be used for directed and undirected graphs.
Undirected graphs usually use the convention of listing the edge twice as if there were two
directed edges. For example, a list then contains A[Queensway] = {(Queensway, Lancaster Gate)}
and A[Lancaster Gate] = {(Lancaster Gate, Queensway)} whereas an adjacency matrix is then
diagonally symmetrical.
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Graph Representation of the Project's Hypothetical City Railway

Network
In general, different algorithms are better suited to different graph representations.
Firstly, it is important to determine:
•

If the graph s able to be manipulated as the algorithm executes (adding/removing
vertices, edges, weights and so on), or:

•

If the graph is hard coded and operations are going to be carried out using the data.

•

Secondly, the most appropriate representation depends on the density of graph.

Graphs with a density close to 0 (i.e. graphs with few edges) are known as sparse graphs
while graphs with a density close to 1 (i.e. graphs where most vertices are connected via
edges) are known as dense graphs (Dasgupta et al., 2006).
Railway networks are sparse graphs, as are most real-world graphs (Goodrich et al., 2014),
which can be demonstrated by the example in Table 9 using data obtained from the
project's hypothetical city railway network graph.
Table 9: Number of vertices (order |V|) and edges (size |E|) of the graph representing
the project's hypothetical city railway network graph.
Number of vertices

|V|

52

-

of degree 1

deg(v)=1

1

-

of degree 2

deg(v)=2

41

-

of degree 3

deg(v)=3

5

-

of degree 4 or more

deg(v)>=4

5

|E|

63

(|V|*|V-1|)/2

1,326

D=

0.05

Number of edges
-

theoretical maximum

-

(if all vertices

were

connected
Graph density

2*|E| .
|V|*|V-1|
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3.4.1. Incidence List as the Ideal Graph Representation for the Network of City Train Lines
A list representation is more suitable for the representing the project’s Graph
as it is considerably more space efficient than a matrix representation. For example, for
the case in point, there would be only 61 non-null values in the matrix of 1,711 cells.
Also, a list representation of a sparse graph is much more efficient when considering
performance.
For example, one of the main operations in the algorithm for the shortest route is the
iteration through adjacent vertices. The time complexity for this operation in a list for a
vertex v ∈ V is O(deg(v)), where deg(v) is the degree (the number of adjacent vertices) of a
vertex v. The time complexity for this operation in a matrix of n vertices is O(n-1).
In the project's hypothetical city railway network this means iterating over a maximum of 4
adjacent vertices, but mostly only 2 vertices (when using a list), compared to 58 (when using
a matrix) at every iteration.
The adjacent list has been chosen over the incident list as a reference to a vertices’ adjacent
edges can be held in an array list. However, this is not to say that an incidence list is any less
appropriate due to the fact there are numerous ways to program the same algorithm.
Figure 10 shows a section of the design of the graph representing the project's hypothetical
city railway network related to the District line. The section contains two sets; a set of
vertices and a set of edges, satisfying mathematical definition of a graph G = (V, E).
Figure 10: A section of the design of the graph representing the project's hypothetical city
railway network (related to the Blue line).
G={
{
Edgeware, Paddington, Bayswater, Notting Hill Gate, High Street Kensington, Queensway, Earls’ Court
},
{
A[Edgeware] = {Paddington},
A[Paddington] = {Edgeware, Bayswater}
A[Bayswater] = {Paddington, Notting Hill Gate}
A[Notting Hill Gate] = {Bayswater, High Street Kensington, Queensway}
A[High Street Kensington] ={Notting Hill Gate, Earl’s Court}
}
}
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Design of the Main Algorithms

3.5.1. Shortest Path Algorithm
Dijkstra's algorithm is one of the most important algorithms for the shortest path problem.
The following pseudocode (Figure 11) describes Dijkstra’s algorithm. The first step is the
initialisation:
•

A distance of source is set to 0.

•

A predecessor (a reference to a previous vertex on a path) of source is set
to undefined.

•

A distance of all other vertices v ∈ V is set to infinity (or a large number; sometimes
the sum of all weights is used).

•

A predecessor of all other vertices v ∈ V is set to undefined.

•

An empty set is created for visited vertices which will be gradually filled with vertices
with their final, i.e. the shortest, distance.

•

A set of unvisited vertices is created containing all vertices.

Figure 11: Pseudocode of Dijkstra's algorithm initialisation.
distance[source] = 0
predecessor[source] = undefined
distance[vi] = infinity
predecessor[vi] = undefined
Visited = {}
Unvisited = {source, v1, v2, …, vn}
At the second step (Figure 11) the actual iterations are run. In each iteration:
•

A vertex u ∈ Unvisited is chosen from the set of unvisited vertices –
the one with minimal distance (the source vertex during the first iteration).

•

The vertex u is moved from the set of Unvisited to the set of Visited vertices.

•

Relaxation is conducted for every vertex v ∈ Unvisited (which is still unvisited)
adjacent to u – by comparing and choosing the minimum of:

the current temporary distance of the adjacent vertex v;
the sum of the distance of the vertex u and the weight of the edge between u and v – in this
case u is also assigned as the predecessor of v.
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Figure 11: Pseudocode of Dijkstra's algorithm iterations
repeat while Unvisited is not empty:
u = vertex from Unvisited with min distance
remove u from Unvisited, move to Visited
repeat for each v from Unvisited adjacent to u
// RELAXATION
if (distance[u] + weight(u,v) < distance[v])
distance[v] = distance[u] + weight(u,v)
predecessor[v] = u

In this case the algorithm will find the shortest paths to all other vertices. The loop can
be finished earlier, as soon as the target vertex is marked as Visited. An example of the
progress of Dijkstra's algorithm calculating the shortest path from source vertex S to target
vertex T on the graph in figure 12 is shown in 10.
Figure 12: Example of Dijkstra's algorithm (showing the distances of vertices
from the vertex S being gradually replaced by more accurate values in red).
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Table 10: Example of Dijkstra's algorithm
Iteration

Distance to vertex

Predecessor of vertex

Visited set

Unvisited set

S

V1

V2

T

S

V1

V2

T

Initialisation

0

∞

∞

∞

–

–

–

–

{}

{S, V1, V2, T}

1

0

4

7

11

–

S

S

S

{S}

{V1, V2, T}

2

0

4

7

10

–

S

S

V1

{S, V1}

{V2, T}

3

0

4

7

9

–

S

S

V2

{S, V1, V2}

{T}

End

0

4

7

9

–

S

S

V2

{S, V1, V2, T}

{}

3.5.2. Algorithm for returning the Shortest Path as a List of Sequential Vertices
During each iteration of Dijkstra's algorithm, a vertex is moved from the unvisited set
to the visited set. Upon this movement, the distance associated with that vertex is its
shortest distance from a source. Its predecessor, is its final reference to a previous vertex on
the shortest path.
As Dijkstra's algorithm returns only the value of the length of the shortest path and assigns
predecessors to vertices, the actual shortest path (a sequence of vertices) needs
to be reconstructed by another algorithm. This is done by retrieving the predecessor
of the target, then retrieving the predecessor of the predecessor etc. until the source vertex
(that has no predecessor) is reached, as described in Figure 13. This algorithm essentially
reverses a list of vertices so that the list reads as all vertices the path consists of from source
to destination.
Figure 13: Pseudocode of the algorithm composing the shortest path from the result of
Dijkstra's algorithm.
u = target
repeat while vertex u is defined:
add vertex u to the sequence of vertices
u = predecessor[u]
the shortest path = the reversed sequence of vertices
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3.5.3. Algorithm Generating Information about a Path
In order to display information about a path in a timetable-like format, it is necessary to find
the interchange stations, times spent on individual lines, and the cost of the journey. This is
done by the algorithm described by the pseudocode in Figure 14.
Note that a set was chosen to house the price of the journey, obtained from the related
time zone object. A set allows only unique values to be added to it meaning a calculation of
the sum of the values will result in the total cost of the journey which is the total cost of all
the zones the journey passes through.
Figure 14: Pseudocode of the algorithm generating interchange stations, the times spent in
between stations (including any potential transfers) and the cost of the journey
// INITIALISATION
create a list of lines

// lines used on a journey

create SET of prices

//holds unique values of price, dictated by zones

create a list of times

// spent on lines or in transfer during a journey

create a list of interchanges

// that also includes source and target stations

add line of the source to the list of lines
add 0 to the list of times
add source to the list of interchanges
//CALCULATE PRICE
repeat for every vertex in the path
add “price” to list of SET of prices
repeat for every price in the SET of prices
increase the latest ‘price of journey’ by adding the next value in the set of prices
// ITERATIONS
repeat for every vertex in a path
if (vertex's line equals previous vertex's line)
increase the latest value in the list of times by the time between vertex
and the previous vertex
else
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add "Transfer" to the list of lines
add a new value to the list of times equal to the time between vertex
and the previous vertex
add vertex's line to the list of lines
add a new value of 0 to the list of times
add previous vertex to the list of interchanges
add current vertex to the list of interchanges
Figure 15: An example output of the algorithm generating detailed information about a path
from the station Whitechapel to Bethnal Green in the hypothetical city railway network.
Interchanges: [Whitechapel, Mile End (District), Mile End (Central), Bethnal Green]
Journey Lines: [District, Transfer, Central]
Time Spent on lines: [2, 5, 3] // Times are related (parallel) to lines

3.6.

Architectural Design of Individual Classes

The project's design is based on the most common method that utilises a combination of
three core components – Vertex, Edge and Graph.
3.6.1. Line
A Line is an object representing a train line that stores:
•

A name of a line.

•

A line colour; A string containing an ANSI escape for the corresponding colour of the
line.

3.6.2. Vertex
A Vertex is an object representing a graph’s vertex and the projects case, a railway station,
that stores:
•

A name of a train station/vertex.

•

A reference to a Line in cases of networks with lines. A vertex has an associated line.

•

An adjacency list of its neighbouring Edges (in the form of, for example, an Array List
of Edges) including the weight of these Edges.
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A reference to a predecessor Vertex (a previous vertex on a path) that is used to find
a path from source to target.

•

A minimum distance field that is used to store temporary and final results
of the shortest path algorithm.

•

A reference to the zone which the vertex is in on the network.

The Vertex class implements the Comparable class and contains the following key methods:
•

A method that accepts a reference to an edge and adds this edge to the list of
adjacent edges.

•

A method that accepts a reference to another Vertex as a parameter and returns
the value of their shared edge if there is any. If not, it returns infinity (implemented
in java as Integer.MAX_VALUE).

•

A comparable method that alphabetizes an array holding all the vertex objects that
make up the graph. This is used to ensure that all stations in the user interface drop
down menu appear alphabetically, meaning any graph can be constructed from
vertex objects and added to the graph in any order.

3.6.3. Edge
An Edge is an object representing a segment between two railway stations that stores:
•

A weight of an edge (such as travelling time on a segment between two stations

•

A reference to an end point Vertex (destination).

In graph theory, an edge is defined by its two vertices: edge e ∈ E is a pair of vertices
e = {u, v} for u, v ∈ V called endpoints (Cerny, 2010). However, as the incidence list is always
associated with a particular vertex, there is no need to duplicate the reference for this
vertex again in its incidence list in the Java code. For example, from the pseudocode:
u.adjacencies = {edge {weight, v}}, the existence of an edge {u, v} with a certain weight
is evident.
3.6.4. Path
A Path is an object representing a path (a sequence of vertices) from a departing station to
an arriving station on a journey that stores:
•

A sequence of Vertices representing a path (in the order from a source to a target).
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•

Total time taken (total length of a path = sum of weights of edges)

•

A list of lines used during a journey on a path.

•

A list of times spent on individual lines related (i.e. parallel) to the list of lines

•

A list of interchange stations (that also contains a source and a target).

•

The total cost of a path.

•

A set of prices, used to hold unique values dictated by the zone the vertex is in.

The Path class contains the following key method:
•

A method with the algorithm generating detailed path information to include
interchange stations, lines the journey proceeds through, total cost of the journey

•

Various print methods, supporting print methods and a string building method used
in the graphical user interface.

3.6.5. Time Zone
This class represents the time zone each vertices is in. It holds:
•

An integer which servesd as a unique identifier for each zone ( zone 1, zone 2 and so
on).

•

A double which is the corresponding price for travelling within that zone.

Note that the cost of a journey that travels through multiple zones is the sum of the price of
each zone.
3.6.6. Graph
The Graph class is the core class of the project's program with information about graphs
and networks. It also contains all major methods including route algorithms. A Graph object
stores:
•

A list of a graph's Vertices.

The Graph class contains the following key methods:
•

A method that accepts a reference to a source vertex and a destination vertex, and
computes the shortest path between the two vertices, using Dijkstra's algorithm.

•

A method that returns the shortest path as a sequence of vertices as described
by the algorithm.
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Design of the User Interface

The project has no requirements for a user interface, therefore the basic version of the
program runs in the IntelliJ IDEA console. However, a simple graphical user interface was
designed using the Swing library in Java (Oracle Corporation, 2016).
3.7.1. The Console Output
Version 2 had no user interface as such, but displayed the results in a timetable like format,
detailing the start and destination stations, total travel time and cost of the journey. It also
included transfer details for the specified journey, as shown below in figure 16.
Figure 16: Example output detailing travel information and transfer details

The program makes use of the Java printf() method (Oracle, 2015) to align text in a much
more readable fashion compared to standard println() methods that use “/t” and “/n” for
formatting. The output was coloured using ANSI escape codes (Jetbrains, 2016) which are
specific to IntelliJ IDEA. The codes use are as follows:
•

Black: \u001B[30m

•

Red: \u001B[31m

•

Green: \u001B[32m

•

Blue: \u001B[34m

•

Grey: \u001B[0m

3.7.2. The Graphical user interface
The Java Swing library (Oracle, 2016) provides a set of components that are used for the
creation of graphical user interfaces. The Swing components, such as buttons, lists, tables,
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panels, combo boxes etc., are platform-independent and support pluggable look and feel
(look and feel like the native applications on the particular operating system the user is
using) (Fowler, 2016).
3.7.3. The Main Screen
The main screen design is shown in figure 17 and consists of the following components:
•

drop-down menus, also known as combo boxes, to select the starting station and the
destination station.

•

A button that when clicked shows basic information regarding the journey.

•

A large image of the train network.

Figure 17: Programs main screen

3.7.4. The Basic Journey Information Screen
Upon selecting a departure station and destination station from the drop down menus, ans
clicking ‘Show Journey Information’, the following screen appears (figure 8).
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Figure 18: Basic information screen

Clicking the ‘Go Back’ button closes the basic Journey Information window, returning to the
main screen. Clicking the ‘Transfer Details’ button, as suggested gives more detailed
information regarding the transfers
3.7.5. The Transfer Details Screen
The third window shows information regarding transfers and is similar in design the console
output which can be seen in Figure 19.
Figure 19: Transfer Details Screen
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Agile Software development was used for this project. The initial stages of analysis and
design helped to create a minimum viable prototype that was improved upon for
subsequent versions, until a program was obtained that met all requirements with some
additional features not required by the project specification.

4.2.

Development Steps

The length of the Agile development cycles were approximately one to three weeks. During
each cycle a rough plan was created which included features to be included in the program.
These features were then analysed, designed, implemented, tested and evaluated.
A minimum viable prototype was created which was gradually built upon. Four versions
where created with the minimum viable prototype being version 2. Version 2 ran in IDE
console and could correctly calculate the shortest route and price of this route between any
two stations on a simplified map.
Version 3 built upon version 2 to include a larger map of 4 different lines with varying
number of stations, including interchange stations. This map was based loosely on zone one
of the London underground which was then split into 2 zones (not based on London
underground.
The final version of the program includes a graphical user interface programmed using the
Java Swing library.

4.3.

Implementation of Individual Classes

4.3.1. The Time Zone, Line, Vertex, Edge, Path and Graph Classes
The classes were implemented according to the design outlined in chapter 4 (Design).
The main components use Array Lists of objects as their core data structures. The Path class
also utilizes a Hash Set. This was preferred over an Array List for the specific
implementation, as it only allows unique values to be stored within it. Thus ensuring the
calculation of the journey price (outlined in chapter 4) was always correct.
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4.3.2. The Test Basic Map Class
This class was used to test the basic operations of the application on a simple map
consisting of 2 different coloured lines, 2 time zones, 10 vertices (1 interchange vertices)
and 9 edges. An image of this basic map is included below (Figure 19) to show the evolution
of the network used in the project.
Figure 19: Basic Map used for initial testing

Zone 2

Zone
1

The main method creates the map from vertex, line, time zone and edge objects, and calls
methods to run the shortest path algorithm and print out information regarding the route.
It was mainly used to verify that Dijkstra’s Algorithm correctly traversed the graph from
source to destination, outputting the correct path. It also verified that the Algorithm could
generate a path in any direction, for example, A-B and B-A and that the Algorithm could
correctly deal with interchange stations (again in both directions).
4.3.3. The Create London Map Class
This Class creates the Trains Hypothetical Network in graphical form, again from vertex line,
time zone and edge objects. The following steps are carried out in order;
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1. Two Time Zone objects are created each with an integer used to identify the zone
and a double holding the price for travelling within that zone. The project has only 2
zones however any number of zones can be created for larger maps.
2. 4 Line objects are created each with a unique name and an ANSI escape character to
give each line a different colour.
3. The vertex objects are then created with a unique name and a reference to the
corresponding line and time zone that the vertex sits on.
4. Edge objects are then created with a reference to the destination Vertex destination
of the edge) and the edge weight which is the time it takes to travel along the edge.
5. Edges are then added to the list of Adjacent Edges Array List for each vertex,
including interchange edges. A 5-minute change time was arbitrarily selected as the
time it takes to travel between different lines at the same station.
6. A reference to all the vertices are added to an Array List which is then ordered
alphabetically using the Collections.sort() method which implements Comparable
A new Graph is then created using the Array List of Vertices and returned to the
main method contained in the London Map Test Class, which will be discussed in the
next section.
4.3.4. The London Map Test Class
This class houses the Main method for starting the program if the Graphical User Interface is
not required.
Contains two strings for the start and end vertices, calls to methods to search for vertices
according to the Strings, create the London Map, performs Dijkstra’s algorithm on the map,
generate path information and output details of the journey to the console.

4.4.

Implementation of Graphical User Interface

As previously stated, the Project has no requirements for a user interface however one has
been implemented as an extra feature.
It has been implemented using the Java Swing Library and consists of three main windows:
•

The main screen window (Figure 17, chapter 3)
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The journey information window (Figure 18, chapter 3)

•

The transfer details window (figure 19, chapter 3)
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The implementation of these is as follows:
•

The main window is a JFrame which has the properties including title, visibility, size,
location, resizeability etc.

•

Within the JFrame there are a number of components including JTextFields, JLabels,
JComboBoxes, JButtons, ImageIcons etc.

•

The FlowLayout is used for all the windows as this is the default layout manager for
every JPanel. It simply lays out components in a single row, starting a new row if its
container is not sufficiently wide.

4.4.1. The Main Window
The program starts by running the Launch Program Class. This creates a new Main Screen
Window object of a set size. The Main Screen Window Class then calls the Create London
Map Class and displays the Main Window on screen. This window shows two combo boxes
where the user selects the start and end stations for their particular journey, a button and
an image of the Hypothetical Train Network.
Upon clicking the ‘Show Transfer Details’ the start and end stations are obtained from the
combo box and used to call the Perform Dijkstra’s Algorithm Method.
Journey Information and Transfer Details are printed to the console and are also displayed
in the next two windows, details of which are outlined below.
4.4.2. The Journey Information Window
When the ‘Show Journey Information’ button is clicked, a new frame is created and filled
with an 'uneditable' Text Area and two buttons.
The Text Area is populated with basic journey information which is generated by calling the
JFStringBuilder() method in the Path Class. This shows the start and destination stations,
journey time in minutes and total cost of the journey.
The buttons are clickable and serve different purposes. The first button will create another
window which will show detailed information regarding the transfers required for the
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journey. And the second button will close the Journey Information window and go back to
the Main Screen enabling the user to select another route.
4.4.3. The Transfer Details Window
When the ‘Transfer Details’ button is clicked, a new frame is created and filled with an
'uneditable' Text Area and another button
The Text Area is populated with basic journey information, as above, generated by calling
the JFStringBuilder() method in the Path Class. Further information regarding journey
transfers is also generated by calling the JFStringbuilder2() method which is also shown in
the text Area.
The back button is clickable. When clicked, the button will close the Transfer Detail window
and go back to the Main Screen enabling the user to select another route.
4.4.4. Closing the Program
The windows with results can be closed or left opened without affecting the program.
This is important as the program can be used further, continuing to display routes between
other vertices on the same graph, if the user wants information on a different journey.
The program shuts down (and closes all windows) whenever the main screen window
is closed, by closing the window with a mouse click or a keyboard shortcut). The program
can also be closed from the intelligent Development Environment.

5. Testing
This chapter details the testing process of The City Routing program and discusses whether
the application has achieved the objectives identified in Chapter 1. The main methods of
testing the application included the developer performing unit testing of the application
during the implementation stage followed by two external testers, testing the final version
of the application.

5.1.

Manual-Functional Testing

‘Manual-Functional Testing’ was carried out whereby the tester assumed over the role of
the end-user and tested the software to identify any unexpected behaviour. Input was
provided and the results examined and verified against manually calculated shortest routes
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from the map graphic, by eye. A significant number of test cases were carried out in order
to determine if the program performed as required.
As the development of the application used an agile methodology approach, the testing of
the application followed a similar path, with each cycle being tested by the developer. This
ensured that code developed within each worked as it should, before moving on to the next
cycle.
5.1.1. Testing using various Graphs
In total three ‘graphs were used when developing the program, each with increase
complexity;
•

A simple graph which consisted of one line with four stations

•

Same as above only the graph could be traversed in both directions

•

A graph with two lines and 8 stations (1 interchange station)

•

A final graph, based on zone 1 of the london underground with 4 lines and 52
stations.

The final graph was modified in some test cases to include extremely large values for price
and edge weights. The program correctly found the shortest route by avoiding the edges
with the extremely high weights.
5.1.2. Testing of the Algorithm
The main algorithms, including Dijkstra’s algorithm, the path information generator
algorithm and the algorithm for returning the shortest path as a list of sequential vertices
were thoroughly tested both when the algorithm’s was created or modified and when
related components where created or modified. The algorithms were tested using each
graph above, thousands of test case were input into the program, covering every type of
journey possible, some of which include;
•

Journey between 2 adjacent stations on the same line

•

Journey between 2 adjacent stations on different lines (1 interchange stations)

•

Journey from the start to the end of each line

•

Journey that travelled on 3 lines (2 interchange stations)

•

Journey that travelled on 4 lines (3 interchange stations)
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Note that all the above where also carried out in the reverse direction to ensure the map
was fully traversable in all directions.
It is worth stating that it was not possible to manually test every combination of journey as
this would take a considerable amount of time. The final version of the Graph has 52
vertices, therefore the number of permutations of journey is 2,652. To further evaulate this
graphs complete accuracy in the future, a script could be written to automatically test all
the permuations.
5.1.3. Testing of the printing methods
The print methods were tested and evaluated upon creation, alongside the algorithms. The
accuracy, layout and ease of understanding where all tested fully.
5.1.4. Testing of the GUI
After observing the above were in correct working order, the next step was to test the
graphical user interface. This mainly ensured the program responded correctly i.e. all clicks
performed the required action with regard to navigating the windows, change the size and
closing the application.
5.1.5. External Testers
No errors were found by the two external testers however their guidance led to some
changes being made to improve output clarity in the console and the graphical user
interface.

5.2.

Evaluation

The entire process of the project, from initial research, through the stages of analysis,
design, development, testing and evaluation has been challenging.
The task was to design implement an algorithm, developed in the Java Programming
language to find the shortest and cheapest route between any two stations in a
hypothetical network of 4 lines.
The project’s task has been successfully completed, together with an additional feature of a
graphical user interface. The city routing program finds the shortest route in any
programmed graph as well as the network created for the project.
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5.2.1. Evaluation of Time Spent on the Project
The recommended time of 600 hours needed for the completion of the project has been
met. This involved research of the best possible design and implementation and testing. An
extra graphical user interface feature was developed that was not required by the project's
task, but was completed within the 600 hours.
5.2.2. Issues Encountered
Apart from the issues associated with the complexity of the design and implementation
of various algorithms, the major issues encountered during the project and their solutions
are summarised in Table 11.
Table 11: Major issues encountered.
Major Issues
Notes and Solutions
Java Libraries were

Java libraries were learned, from online tutorials and Java Docs

utilised for the first

online. Simple practice programs were attempted before applying

time.

the new gained knowledge to the project.

Attempted to

A change of plan was made to start with low complexity features and

program

gradually build upon these to introduce the necessary complexity.

components of high

This allowed the programmer to make incremental steps and test the

complexity in one

features in between sprints, until the feature had been fully

sprint.

implemented.

5.2.3. Suggested Improvements
There are a few features that could be added in future work to improve the program. The
following table (12) summarises these:
Table 12: Improvements that could be made and their benefits
Improvement
Benefit
The program could read data from a text
file or CSV file

The graph need not be hard coded into the
program, meaning users with no knowledge
of programming could use the application

The program could show routes that
require the minimum amount of changes

This would benefit potential travellers who
wish to remain on the same line as far as
possible
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The Program’s image of the network in the
GUI could have clickable stations, which
would auto update the combo boxes

This would make for a much more intuitive
feel during the user experience

The program could work for the whole
London tube map rather than a smaller
version based on zone 1

This would have real world uses as it could
be used by London commuters with ease

5.2.4. Benefits for the Users of the City Routing Program
The users can design their own graphs and networks, and hard code this into the
application, and use the City Routing program to calculate the shortest routes. However,
this will only be of use for users with some graph theory knowledge together with
experience using the Java programming language. It can also be used a stepping stone to
further one’s knowledge of Graph Theory, perhaps to gain a solid understanding before
applying the principles to other area’s graph theory applies.
5.2.5. Benefits for Other Interested Parties
As summarised in Table 4, students, researchers and other professionals can use the project
as a stepping stone to graph theory in general and the shortest path problem in particular.
The project presents information on the development of graph theory algorithms and shows
examples of their design and implementation in Java.
The project describes a process of creating an application that helps to solve concrete real
life problems that can be modelled by graph theory. Similar applications can be used
in a wide range of industries beyond transportation, such as computer networking, big data
analysis, the analysis of business processes or social networking.
5.2.6. Cost and Maintenance
There are no costs associated with maintenance of the program.

6. Conclusions
The entire process of the project, from initial research, through the stages of analysis,
design, development, testing and evaluation has been challenging.
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The task was to design implement an algorithm, developed in the Java Programming
language to find the shortest and cheapest route between any two stations in a
hypothetical network of 4 lines. It was decided that the network would include a zonal type
system for ticketing, consistent with real world examples.
The project’s task has been successfully completed, together with an additional feature of a
graphical user interface. The city routing program finds the shortest route in any
programmed graph as well as the network created for the project.
Research was conducted on real life city networks such as the London Underground and the
Paris Métropolitain. This research was used as a basis to create the project’s hypothetical
train network.
Finding the shortest route, and by extension the cheapest route in a transportation network
is a classic application of graph theory. It has been extensively researched, which lead to the
knowledge that Dijkstra’s algorithm would be best suited to this particular application.
Agile Software development was used, encompassing; analysis, design, implementation and
testing. This created a minimum viable prototype that was gradually built upon until the
projects objectives were met.
Four versions where created with the minimum viable prototype being version 2. Version 2
ran in IDE console and could correctly calculate the shortest route and price of this route
between any two stations on a simplified map.
Version 3 built upon version 2 to include a larger map of 4 different lines with varying
number of stations, including interchange stations. This map was based loosely on zone one
of the London underground which was then split into 2 zones (not based on London
underground.
The final version of the program has a graphical user interface programmed using the Java
Swing library.

6.1.

Experience Gained

The entire process of the project, from initial research, through the stages of analysis,
design, development, testing and evaluation has been challenging. The experience gained is
summarized below.
•

Experience in Agile software development and software development in general:
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o How to assess the most important requirements
o How to organise work load into sprints
•

Knowledge of resources for Java software development:
o Java Documents online
o Tutorial websites, videos and forums

•

Knowledge of graph theory:
o Graph theory as a mathematical concept
o Shortest Path Problem

•

Experience in Java:
o How to design and implement graph theory algorithms.
o How to use Sets
o How to printf() and ANSI escape codes to format output
o How to use Java Swing library to design a graphical user interface.

6.2.

Project Progress

The project progressed according to the project plan.
The recommended time of 600 hours needed for the completion of the project has been
met. This involved research of the best possible design and implementation and testing. An
extra graphical user interface feature was developed that was not required by the project's
task.

6.3.

Ideas for Further Development

The City Routing program can be developed further with future work as demonstrated by
the Graphical User Interface extra feature. In addition, the program may be modified to
solve similar graph theory related problems, for example social networking, computer
networking or big data analysis
Ideas for further development of this project could include, amending the program to find
solutions to other graph theory problems, such as the travelling salesman problem.
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Final Note

The project's task has been successfully accomplished. The City Routing program finds the
shortest route and by extension, the cheapest route of the hypothetical city railway network
of four lines as stipulated in the project's task. In addition to this, the algorithms work on
networks with any number of programmed lines, any number of stations, with any number
of zones. In theory the algorithm could work on data obtained for the whole London
Underground, however this has not been attempted or tested. Although not required by the
project's task, a graphical user interface has been added as an extra feature.
Students, researchers and other professionals can use the project as a stepping stone
to graph theory in general and the shortest path problem in particular. The project
describes a process of creating an application that helps to solve concrete real life problems
that can be modelled by graph theory. Similar applications can be used in a wide range of
industries such as computer networking, big data analysis or social engineering.
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Appendix 1 – Full Size Image of Hypothetical Train Network
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