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belastning. Med hjälp av denna metod lyckades vi höja nätverkets prestanda
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Chapter 1

Introduction
Transport is a fundamental part of the globalised society we live in today. As
different stages of production are centralised in geographically distant areas,
the transport of goods between these centres becomes a strain on available
resources. And as we as a society get more conscious about the availability of
our resources, and the sustainability of our way of life, we start to put more
weight on the usage of these limited resources. This means that we strive to
utilise them to their fullest.
With access to additional information we are able expand the possibilities
by which systems and algorithms can optimise their real world performance.
The more information a system has of the respective real world state, the
more accurately it is able to model it and adapt its actions accordingly. Thus
we can usually improve performance and save resources by utilising more
of the available data. This is one of the main ideas behind the intelligent
transport [8] term, which describes the attempt to improve the performance of
transport systems through better informed and more coordinated decisions.
What this means is that by building systems which utilise internal as
well as external data, we can increase the interoperability between systems
or parts of systems to increase overall performance. This is possible on
different levels of transport networks, such as cooperation of cars and traffic
lights to minimise breaking, or coordination of global shipment routes and
warehouse positioning. Everything counts in the pursuit for reduced costs.
In this thesis we focus on the possibilities of increasing packet transport
network efficiency by utilising available knowledge of the network state in
packet routing algorithms. In short, we provide the routing algorithms of
the network with increased information on the network state and study how
the utilisation of the added data affects the performance of the network.

1
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2

Problem statement

The general problem of routing packets in transport networks is in itself
nothing new. The shortest path problem is a basic part of graph theory, with
multiple solutions and countless applications in different fields. But while the
general problem is well known, the different special cases of the problem are
not as thoroughly studied. Therefore the main goal of this thesis is to examine
how the performance of transport networks can be improved by providing
the packet routing algorithms with additional data on the network state.
Specifically, how the effectiveness of the network increases when taking into
account information on the capacity load of the connections of the network.
But in order to actually utilise the available data to increase the effectiveness of the network we need to produce and measure specific algorithms
that provide the shortest path for the packets travelling in the network. This
is where the main work of this thesis lies. The routing algorithms used define the way the data is utilised, and provide a way for us to measure their
potential benefits.
As algorithms for the actual shortest path problem are abundant, the
real problem boils down to defining what is a good path in the context of
the network model. This can be further reduced to defining the cost of a
path in the network, which will be minimised by the shortest path routing
algorithm. This all depends on the model of the network, which needs to be
specified in order to give the cost of a path any meaning.
With a model of the network, and the cost of a path in the network, we
will be able to define methods for actually executing the model. And based
upon these methods, we construct a simulation environment in which we
are able to run the implemented routing algorithms. This will enable us to
gather measurements of the network performance in different scenarios while
using different routing algorithms, which finally gives us a indication of the
potential benefit of the used information.
After a final solution for the routing algorithm choice, we still want to
assure that the results are usable in practical situations. For this we measure
the routing algorithm running times in varying network sizes to see how well
they would fare in larger scale production environments.
The main problem of studying the effect of the increased information
utilisation is thus divided into smaller tasks. Through the definition of the
cost of a path and the model of the network the study finally culminates in
the measurement of the performance of the networks with different routing
algorithms.
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3

Contributions

The main contributions of the work done in this thesis include the introduction of a novel routing algorithm based upon traditional shortest path
routing algorithms. The capacity reserving routing algorithm utilises the
capacity load state of the network to route packets around any congestion
points in the network, and balance the load over multiple paths with available capacity. This both decreases the cost of individual packets travelling
in the network, as well as increases the overall throughput of the network
under high packet loads.
In addition to the introduction of the capacity reserving routing algorithm, this thesis presents a model of packet transport networks, along with
methods for simulating, measuring and comparing them. The usefulness of
these methods extend beyond routing algorithm performance measurements
performed in this thesis. The same methods can be directly applied to other
tasks such as planning future networks or predicting the behaviour of current
ones in specific situations.

1.3

Thesis structure

The rest of this thesis is divided into seven chapters out of which the first
four approach the problem of packet routing at incrementally lower levels of
abstraction, and the latter three evaluate, discuss and conclude the results
produced. Each of the different levels of abstraction aim to give a solution
to one or more of the subproblems stated in section 1.1.
We start off in with a high level overview of the background of the fields
of transport and routing algorithms in chapter 2. This includes introduction
of the basic building blocks of a transport network and the economics around
it, giving a context for the costs of transportation. Additionally, a summary
of previous work and current state of routing algorithms that we will base
our constructive work on.
In chapter 3 we construct a transport network model based on the knowledge from the previous chapter, but one which is specific to the type of
packet transport we are focusing on in this thesis. As a part of constructing the model we identify, label and describe the specific active entities in a
transport network that will be used in later chapters.
The methods in which we utilise the model from the previous chapter will
be introduced in chapter 4. This includes description of the specific ways in
which we aim to build, simulate, route and measure the transport network
model.
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Actual implementation of these methods is described in grater detail in
chapter 5. Here we go over the ways in which the network behaviour and
the routing algorithms are represented as computer programs used for the
simulation of the network model. This is the lowest level of abstraction, and
in the greatest detail, the network model and simulation is described in this
thesis.
The results of the previous chapters are evaluated in chapter 6. This is
achieved by simulating the network activity using different routing methods
and comparing the measured efficiency. The measurements are plotted and
explained in this chapter. In addition to the network performance, the running time of the routing algorithms are studied to validate their feasibility
in practical applications.
In chapter 7 we focus on the implications of the results from the previous
chapter. We also take a look at how the methods could be applied into real
world situations and what the possible benefits would be.
Finally, this thesis is concluded in chapter 8 with a summary of the work
done. Additionally, we explore some ideas of how the research could be
continued in possible further work.

Chapter 2

Background
This chapter describes the background for this thesis from two perspectives.
Firstly, the field of logistics and transport is introduced in section 2.1 to give
the reader a basic knowledge of the application environment of the routing
algorithms, and their potential benefits in real world scenarios. Different
network structures are also introduced, and the network structure used in
this thesis is identified.
Secondly, a brief introduction into the history of shortest path and routing
algorithms is given in section 2.2, along with current usages in the field
of transport. Additionally, notes on previous work in load-aware routing
algorithms are included.

2.1

Transport and logistics

Logistics is the management of resource flows within a company. It is the
glue that binds together the main operational areas of production, distribution and marketing; and thus more than simple shuffling of goods [25].
Logistics is an umbrella term for all the effort in a company that is put into
having the right resources, in the right place, at the right time. In addition
to material management, logistics encompasses areas such as supply chain
management, warehouse management and information management [27].
With the help of logistics a company ensures that customer demand is
met, production plants are utilised and that warehouses are not filling up,
nor sitting empty. With successful logistics the largest possible amount of
resources see the largest possible amount of utilisation, giving the company
larger profit margins and more revenue. Logistics can account for up to
10% of the total company expenses and actual transport taking up 4%, with
values are even higher on a national scale [24].
5
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Transport is a central part of logistics. It deals specifically with the movement of physical goods from point A to point B, and logistics include numerous situations where physical goods need to move between places [20].
For example, getting raw materials from suppliers to production facilities,
components from factories to warehouses, and finished products from warehouses to retail distribution. While the different situations all have separate
requirements on volumes, durations and costs; they all share in common the
fact that they utilise some transport network services to transfer the goods
to their destinations.
Transport can generally be divided into two categories: passenger transport and freight transport. The distinction has to be made since there are
greatly different requirements for each. For example, while all modes transport naturally aims for a timely delivery, large deviations from timetables are
far more critical in passenger transport than in freight transport. In addition
to this, both categories usually require separate vehicles and containers for
transport, with different density classes and other requirements.
The movement of goods can be achieved by multiple different modes of
transport. The most common are flight, ship transport, rail and truck. Other
examples include pipes, cable and space transport. The different modes of
transport still have a common structure with loaded vehicles travelling between interlinked stations. The set of stations and their interlinked connections form a transport network.
It is often necessary to utilise more than one mode of transport for goods
to reach their destinations. For example, a shipment between continents
usually travels by truck to and from an airport, and by plane between the
airports. This is termed multimodal transport. The basic structure of the
network model is retained, dispite the usage of multimodal transport. Packages still travel form hub to hub along the edges of the network, with different
modes of transportation on different edges, and transloading between these
occurring at the hubs.

2.1.1

Transport costs

Transport is a field of business in the same sense as any other. Transport companies get revenue from customers using their transport services
for their logistics solutions, and they have expenses from the wages, fuel
costs and other operational costs. Naturally a company will want to increase
its revenues by acquiring more and larger customers, while decreasing their
expenses by minimising their resource usage. Increasing the revenues is a
marketing problem, but decreasing the transport expenses is in many ways
an engineering problem.
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We break down the costs of transport to find the metrics that produce
the cost expenses for the company. After identifying the metrics, we will be
able decrease them. The different costs of transport can be categorised as
internal and external costs [13]. In the following, normal business operational
costs are not taken into account since they are not directly affected by the
actual packet transport, which are the main point of interest in this thesis.
The costs identified for transport are:
Internal costs also called market costs, are costs directly included in the
price of transport, and which the transport service provider directly
pays. These costs include among others:
Fuel costs The cost of fuel required to operate vehicles.
Wage costs Wages for vehicle operators and hub workers managing
packet loading and routing.
Time costs Costs for prolonged transport, and delays. Includes costs
for maintaining integrity of goods such as security or refrigeration,
as well as customer dissatisfaction costs caused by delays.
Vehicle costs Costs related to acquiring and maintaining a vehicle
fleet.
External costs are costs directed to parties other than the transport company. These costs usually originate from the use of public sector resources by private sector companies. Such resources include rail and
road networks, harbours and in some extent unpolluted air.
Pollution costs Most modes of travel pollute the air in some way,
leading to decreased air quality and any complications related to
this.
Noise costs Costs caused by noise generated from transport, which
inconveniences any nearby third parties.
Congestion costs Usage of road networks lead to increased congestion, which either increase costs for other users of the network, or
costs of improving the network throughput.
Accident costs Linked to congestion costs, accident costs increase
with the utilisation of the network and is related the safety of the
drivers and equipment used.
Naturally, none these costs can easily be decreased without affecting some
other cost. For example, decreasing the transport time by having vehicles
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travel at higher speeds would drive up the fuel costs due to increased consumption at higher speeds. Alternatively fuel costs could be decreased by
using larger vehicles which are able to transport a larger amount of goods,
but this would again increase the transport time as the vehicles would need
to wait until they are at full capacity to bring in savings from their increased
size. Because of this interdependency between the different costs, they have
to be weighted and balanced to produce a reduced total combined cost.
The costs of transport listed above can each be linked to a metric of a
single consignment transported from its origin to its destination. In addition to static costs related to the consignment there are also three distinct
variables that affect the total cost of the consignment. Here we assume that
the network of transports is already in place, or are accounted into the static
costs.
Static cost Fixed costs related to every packet. This include packaging
costs, bureaucratic costs and wages for pick-up and delivery workers.
Distance The total distance travelled by the goods affects the costs of fuel
and pollution.
Changes The number of transloading performed during the packet journey
affects costs of hub worker wages and station fees.
Duration Costs based on packet delivery time, such as time costs and customer satisfaction.
The aim of any transport service is to minimise these metrics, which will
directly decrease the costs associated with the transports. The values can
be minimised in multiple different ways: by changing the network structure,
the fleet configuration, station equipment, path choices, and so on.
Like the costs before, the above metrics are usually linked to each other as
well. Taking the absolutely shortest path might not yield the least amount
of changes, and the shortest duration might yield a far greater distance.
Naturally, these relations are heavily dependent on the network structure.
In addition to the costs being directly linked to packet metrics, the choice
of path can also affect the expenses of a company in other ways. Since the
routing choices of the packets has the ability to affect the total throughput of
the network: improving the routing algorithm has the ability to increase the
capacity of the network. In practice this would mean increased utilisation,
and decreased need for expanding the vehicle fleet capacity.
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Figure 2.1: Five main transport network strategies.

2.1.2

Transport networks

The multimodal transport networks in use vary largely in their topologies.
The network might acquire very different structures depending on the modes
of transport used, the level of integration between the modes, and the costs
linked to each step in a delivery. Five main network types as defined by
Hesse [12] are visualised in figure 2.1 and described below.
Point-to-point 2.1a. Each consignment is directly transported from consignor to consignee without any change of container or vehicle. One
could think of taxis and cycle courier as point-to-point network operators.
Corridor 2.1b. Similar to point-to-point networks in the sense that there is
a specific path from consignor to consignee, but where there is a need
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to change vehicle or mode of transport. For example, a truck and ferry
combinations.
Hub-and-spoke 2.1c. A network spanning multiple locations. Two types
of transports occur: low volume transports to and from hubs, and high
volume transports between hubs. Small networks might suffice with
a single hub which handles all packets, but larger networks require
multiple hubs that are tightly connected with high volume transports.
This is how most international transport services such as TNT and
UPS operate.
Fixed routing 2.1d. A network created by predefined fixed routes that the
vehicles travel. Consignments travel along the routes from station to
station, and make appropriate route changes at the stations to reach
their destinations. Railway and bus networks usually work in this way.
This is the main type of network inspected in this thesis.
Flexible routing 2.1e. Similar to fixed routing networks but with the possibility to flexibly alter the routes according to the demand of the network. This requires a much higher level of integration between the
vehicles and the consignment management to efficiently reroute the
vehicles to optimal paths.

2.2

Shortest path problem

The problem of finding the shortest path in a network has probably existed as
long as there have been roads or other passages for transport. Choosing the
right branch in a junction is never a trivial task, and doing it for each junction
along the whole path even less so. One of the first formal description of the
shortest path problem can be found in Bellmans ‘On a routing problem’ [4].
The methods for finding the shortest path in a graph vary largely depending on how the problem and context is restricted, and what kind of answer
is ultimately sought after. For example, finding the shortest path from point
A to point B in a unweighted undirected graph can be solved easily with a
breadth-first search starting from either point [23, Ch. 5]. But if the edges
are weighted, and especially if negative weights are allowed, the methods for
finding the solutions become more complex. Additionally, if the required
solution is not just the single shortest path form point A to point B, but
the shortest paths to all points from point A, or even all paths between all
points, then the methods applied usually change as well.
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The most common scenario is finding the shortest path between two
points in a directed positively weighted graph. This is because most naturally occurring networks are these type of networks, and there is usually
only a need to retrieve one shortest path at a time. The most common use
case for this is any mode of transport, be it transport of tangible goods or
abstract information, where there is a specific designated recipient. The best
known solution to this specific version of the shortest path problem is Dijkstra’s algorithm, published in 1959 [7]. The efficiency of the algorithm was
later improved by Fredman and Tarjan in 1984 [9] with the use of Fibonacci
heap based priority queues, but the original idea was still retained.

2.2.1

Journey planners

A common extension to the problem is the inclusion of the temporal dimension, which enables the usage of shortest path routers for planing public
transport journeys. Constraining the transport to specific points in time
changes the problem significantly [6]. This means that instead of having free
connections between the nodes, a specific edge between two nodes can only
be travelled at specific time, according to timetables that accompany the
network. This creates a larger cause-and-effect chain for the chosen paths,
where a certain path can look promising in the beginning, but where the
traveller would in the end fail to reach a node in time for a crucial departure.
The general increase in algorithmic efficiency and available computational
power during the last century has enabled the widespread usage of these kind
of routing solutions in public transport. This can be seen in the increased
amount of journey planners available in multiple municipal areas. Almost
all larger regional transport services provide journey planners for their bus
and train networks [15]. And recently even Google has incorporated public
transit journey planners into their mapping and directions services.
These journey planners provide greater service than just giving the shortest path for the journey: they also provide the user with the timetable data,
which would otherwise be bothersome to manually search to find a suitable
path. In this way the shortest path routers appear as tools like search engines that provide information form a network, instead of simply algorithmic
solutions to specific problems.

2.2.2

Packet routing

Routing algorithms in the goods transport industry vary heavily on the network type used. Some network types such as point-to-point and corridor
do not provide any possibilities for path alternatives, and all packets must
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follow the same path. Hub-and-spoke networks might provide some routing
options on inter-hub transports, but these are mostly statically routed with
predefined high-volume transports [20, Ch. 9].
The only network types described here that actually provide the possibility for dynamic packet routing are the networks employing fixed or flexible
routed topologies. And even these routed networks may use static routing
which is tightly connected to the network design. So the importance of a
routing algorithm in travelling a network is dependant on the structure of
the network. If the network is very sparsely connected, or if there are only
few redundant routes in the network, then the possibilities of improvement
in the area of packet routing may be very slim. The smaller amount of possible routes there are in a network, the smaller the significance of the routing
algorithm is. These types of networks are on the other hand improved by
tweaking the network structure and transport routes to better accommodate
the transportation needs of the network.
The actual routing can be performed in different ways, and the methods can be divided into two categories, both with their own benefits and
weaknesses:
Manual routing Highly adaptable to unexpected situations, but requires a
lot of human resources. Human limitations and errors make it infeasible
for large networks, since the capacity for a human to remember or access
vast route and timetable data is limited.
Automated routing Automatically routes packets according to consignment data entered into a computer system. This is efficient, but not
necessarily adaptable to special circumstances. Routing methods described in this thesis are all automated routing methods. The automated routing methods usually use some alteration of Dijkstra’s algorithm to provide a lowest cost path suggestion. The cost may be
calculated from anything from distances or durations, to number of
mode changes or country borders crossed [19].

2.2.3

Load-aware routing algorithms

Reserving capacity for travelling passengers or goods is not in any way a new
idea. The concept of tickets and place reservations have been used since the
dawn of public transport. But there lies a difference between only making
reservations for departures, and using this information for making intelligent
routing choices.
Passengers are more adaptive than physical packets in coping with fully
booked departures and transport congestions. They are able to autonomously
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choose different routes other than fully booked ones, and reroute themselves
when they encounter congestion points. But they are not that efficient in
searching the large amount of available data on all the routes and departures,
and need to instead resort to heuristics in form of instincts.
Capacity reserving, capacity aware, and load-aware are all names used
for routing algorithms that are to utilise available information on the current
reservations or capacity load of a network. Research around these topics is
frequently published in the field of ad-hoc communication networks, where
the routing of the communication connections is a dynamic and resourceaware task [2, 17]. But this is largely separate from the field of transport,
and has different requirements for the solution to the problem.
The ad-hoc communication networks are not, by definition, suitable for
maintaining a centralised whole view of the network. Ad-hoc networks are
decentralised networks consisting of loosely connected equally valued peers,
preventing the peers form forming a holistic view of the network. This makes
them unable to perform optimal per-packet routing, and will only change
paths when the active ones start to degrade. It also means that they cannot
do proper capacity reserving, and thus not calculate future loads for future
departures. Our model of the packet transport network on the other hand
aims to retain and utilise this kind of complete view of the network.

Chapter 3

Transport network model
As we saw in the previous chapter, there are different types of transport services, utilising different types of networks to provide the services. Although
they all exist for the sole purpose of moving goods, they work in vastly different ways. We should thus choose and describe the one type of network
that is specific to the area of routing algorithms handled in this thesis. This
lays a the ground work needed to build up the simulations and routing algorithm implementations, which are needed to measure the effects of capacity
reserving in the network.
This chapter describes the network and packet models used by the routing
algorithms, and provide a framework for the information required for them
to efficiently find good paths in an actual network. This means, that the aim
of the model is to provide the basic structure that enables packet routing
and performance measurement in the network. Anything unrelated to this
would increase the model complexity, without contributing anything to the
information provided for the routing algorithms.
The model is largely based on physical transportation networks where the
vehicles, transporting the goods in the network, have predefined schedules
and routes. This could be railway networks where the trains need schedules
for track allocation, or ship routes where the harbour time needs to be predefined to decrease congestion. The common factor is that they have individual
vehicles, transporting specific amounts of goods, at specific points in time.
The level of abstraction of the network model is set to the packet routing
level, to keep it simple enough, and to focus on the main aspect of this thesis.
Since the packet routing options in these networks will not directly affect
things such as vehicle safety, road congestion, vehicle delays or breakdowns,
worker overtimes and so on; the abstraction level was set above the actual
driving of vehicles, and the actual transport of packets from one station to
another is taken as a given.
14
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Naturally, there are some specific areas that are certainly affected by the
packet routings but are not directly included in the model, such as increased
fuel consumption on higher packet loads, or periodical congestion on certain
routes caused by third parties. These are abstracted away in the metrics for
the packet costs described in chapter 2, and the timetables of the network.
Utilising the capacity information for routing requires a specific kind of
network. This is a central network with uniform goods, such as standardised units with constant size and weight. Additionally, the vehicles providing
transport capabilities to the network need to be static, so that there is the
possibility of surplus capacity. The network should thus be a timetable departure type network. This could for example, be a passenger transport network
that, in addition to its main purpose, transports other goods; or a network
that has such strict network usage that there are predefined departures on
the legs, regardless of the amount of goods to transport.
The distinction about what kind of network is used needs to be made,
since the routing algorithms would not have any real function in certain types
of networks, where the actual network topology already provides trivial paths
for the packets. In these types of networks the optimisation is more geared
towards restructuring the network and the vehicle routes, in contrast to only
affecting the packet path choices, which is an entirely different field.

3.1

Network model

The network model used consists of four different entities. Stations, which are
the hubs of the network that connect to each other, and to the world outside
the network. Routes, that connect the stations to each other. Timetables,
which define at which times the routes are driven. And lastly, departures,
which are single entities in the timetables, representing a single trip taken
by a vehicle. The different entities are described in greater detail below. An
example network based upon this model can be seen in figure 3.1.
For simplicity, the network in the figure only contains routes with one
leg. In the actual networks used in the simulation, routes with multiple legs
are used. One could imagine additional intermediate nodes along the edges,
which would constitute to a single route with multiple legs.
The network model does not attempt to directly represent a specific type
of transport network seen in real life. The specific criteria is that the departures always travel at specified times, and not in an ad hoc way. This
means that model can represent any network with strict schedules, such as
bus networks, railway networks or ferries more accurately than lorry or taxi
delivery networks which usually use dynamic routing which adapts to the
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Figure 3.1: Example network.
current transport requirements.
The model assumes that the state of the network is known at all times by
a some central authority. This means that all stations, routes, departures,
timetables, packets positions and capacity loads are usable by the routing
algorithms when searching for the cheapest route. With the widespread usage of delivery tracking [14], this is in no way an unreasonable requirement.
If real-time information about packet positions and departure capacity usages are not available to the routing algorithms, then they can effectively
be estimated by keeping track of reserved slots on each coming departure,
according to the incoming packet routing requests.
Since the packets in a packet transportation network are not able to
move by themselves, without travelling on a specific departure, the model
is limited to connected networks to operate properly. This is in contrast to
many journey planners, where the passengers being routed are able to take
themselves to nearby disconnected stations, albeit at an increased costs.

3.1.1

Stations

Stations are the basic building blocks of the network. They are the interface
to the real world, meaning that anything entering or leaving the network does
it through a station. Stations are also at the centre of travelling within the
network, they are the hubs where anything travelling in the network passes
through.
If one considers the underlying graph of the network, then a station would
be represented by a node. On the other hand in a real world situation the
station would roughly equal a bus stop, a train station or a ship harbour.
The network size is usually represented as the number of stations in the
network. The more stations the network has, the larger it usually is, both in
a geographical sense, as well as in a functional sense.
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Routes

In order to connect stations to each other, the network contains routes. Each
route travels through multiple stations, stopping at each one to let any traveller hop on, or off, the route. Routes are directional, meaning that if one can
travel in a certain direction in the network, then it does not directly imply
that one can travel in the opposite direction.
As each route can have multiple stations, the route is divided into multiple
legs, where each leg is the part of the route that goes from one station to
another. The number of legs in a route is the route length. Each leg has a
distance and a duration. These are defined by the geographical locations of
the stations in the network.
Continuing with the graph analogy, a route would be represented by a
chain of edges in the graph. And a leg of a route would be represented by an
edge in the graph. In real life the route could be a bus line, a ferry line or a
railway line. In a ferry example the route would probably only have one leg
though.
The number of routes and their lengths affect the connectedness of the
network. The more routes there are, and the more legs each route has,
the more edges there will be in the underlying graph. This means that
anything travelling in the network has more alternatives for finding paths in
the network, which increases the possibility for shorter paths.

3.1.3

Departures

Since the routes only specify the lines along which travellers in the network
can travel, we need some entity to perform the actual transport. For this
we introduce departures. They are instances of generic vehicles that move
travellers in the network. Each departure has a route along which it travels,
and a starting time at which it leaves from the first station. Each departure
also has a certain capacity, which represents the amount of cargo it can
transport at a time.
The graph analogy does not extend into the realm of transport networks
and departures. In the real world a departure could be a bus departure, or
any other vehicle departure.

3.1.4

Timetables

As the network runs on a predefined schedule, the routes need a timetable to
specify at which times the departures leave, and arrive, at the stations. For
this, each route has a timetable which defines at which times the departures

CHAPTER 3. TRANSPORT NETWORK MODEL

18

occur. The timetable contains all the departure and arrival times of all legs
on a route. Using the timetable the travellers, or routing algorithms, can
estimate the times at which they will be arriving at their destination.
In the scope of this thesis the timetables follow a daily cycle, with departures leaving at the same times of the day every day. This could, if needed,
be extended to weekly or monthly cycles, but would not give any real benefit
to the model in our usage.

3.2

Packet model

Once we have a network model in which we are able to transport goods, we
need to specify what the goods are and, how they behave. In our model we
use a single goods type, called a packet. Each packet has an origin station
at which it enters the network, and a destination station where it exists the
network. The packet only exists in the network during its journey between
these two stations, and is removed after arrival at its destination.
For the packet to get from its origin to its destination, it must travel using
the route departures provided by the network. The packet starts by choosing
a route at the origin station, and getting on the next free slot on a departure
of that route. If the next departure is full, then the packet needs to wait for
the next departure. When the departure arrives at the appropriate station
the packet leaves the departure and is transloaded to the next planned route,
and waits for the next departure on that route. This continues until the
packet arrives at its destination.
Each packet consumes one unit of capacity in the departure it is travelling
on. If the capacity of a departure is full, then no more packets are allowed to
enter the departure until some packets have left the departure. The capacities
of the departures, along with the connectedness of the network, together
define the total capacity of the network.
The set of routes a packet is loaded to, and the stations it leaves on,
defines the path the packet takes from origin to destination. The choice of
path is specified by the routing algorithm used to find the best path. The
different routing algorithms are described in more detail in section 4.3.
From the different types of packet transportation network models available,
this one was chosen to provide a versatile environment to study the effect of
the routes on the network performance. This type of routed packet network
model gives the packet routing algorithm enough freedom of choice to be
able to provide a measurable change in the efficiency. This was a conscious
choice, to bring out the largest potential utility of the capacity information.
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Other models, such as those without timed departures, would have simplified the network to a point where the cost function would become trivial.
Additionally, the addition of capacity information usage would only have
transformed it to a maximum flow problem [23, Ch. 6]. The timetables and
departures gives a depth to the problem, in which the capacity information
provides a larger possibility of increased performance.

Chapter 4

Applying the model
In this chapter we introduce all the methods necessary to implement and
measure the effects of the routing method improvements introduced in section 1.2. First, in order to make any measurements at all, we require networks
and a simulation context in which to apply the routing algorithms. These
are, based on work in chapters 2 and 3, described in sections 4.1 and 4.2.
After this, section 4.3 takes a more formal look at the different routing algorithms used in the final simulations and measurements. Section 4.4 focuses
on what kind of data is available in the simulations, and how we can use the
data to measure the performance of the routing algorithms.

4.1

Random networks

For us to be able to execute the planned simulations, we need a set of networks
to run them on. These could either be gathered form public available data of
real world networks, or by generating them randomly. The problem with the
real world examples appeared to be a too small amount of networks, with
too inconsistent structure for reliable simulation. For the measurements in
this thesis we chose to use randomly generated ones, in order to have a large
enough set to run the simulations on. Additionally, random networks enable
us to more efficiently find networks with specific desired properties. Since
there is no ‘average’ network to simulate, we chose to run simulations on
multiple networks and average the results.
The networks used in the simulations is based on the model form section 3.1, and consist of stations, routes, and departures. The packets move
from station to station using departures that travel on predefined routes between the stations. Each route consists of legs between stations, with each
leg having a duration and a distance. Since the network of stations is not
20
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fully connected, packets travelling between stations usually need to change
to other departures at some point in their journey. This transloading takes
a given amount of time, specific to the station where it is performed.
As the network structure plays a large role in the way packets can be
routed within them, it is crucial to use real-life-like network models for constructing the random networks. To achieve this, we decided to use the
Barabási–Albert model [3] to produce scale-free networks. The advantage
of these networks is that they contain nodes of varying sizes with a degree
distribution following the power law. This means that the resulting network will contain both highly connected, and sparsely connected nodes, just
as there are large and small cities. The model has been used previously by
Berliant [5] for modelling transport networks. The actual routes of the transportation network are generated as random walks in the network produced
by the Barabási–Albert model.
The routes of the network travel at a daily cycle, with a certain amount of
departures per day, and the same timetable repeating for simulations longer
than one day. This enables the simulation to model the day and night rhythm
of departures and network capacity. The day part of the cycle has more and
faster connections, while during ht night the packets will usually be waiting
for next day departures.
The characteristics of the network affects the ability of the routing algorithm to improve based on the usage of capacity information. For example,
the connectedness of the network plays a large part in this, as it enables more
possibilities to reroute packets around congestion points in the network.
Additionally, the amount of surplus capacity in the network limits the
usability of the possible performance increase. If no departures are near
saturation, then there is no loss form it. This means that no improvements
can be made by the information of departure capacity loads, since they do
not matter with abundant capacity.
The models and methods for building these networks are chosen to provide a good enough scenario for the router to act upon, in order to give an
indication of the potential benefits. This is because using a network without any possible variations wouldn’t give us any information as to how the
capacity reserving router might affect the network.
The topology of the used network still resembles that of networks occurring in the real world. Using uniform random networks could provide even
better chances for the router to thrive, as the connections would be more
evenly spread, but wouldn’t reflect the real world applications with the same
accuracy. The usage of the Barabasi-Albert model ensures that the networks
will act in natural ways, and that the results from the thesis will be close to
the real world.
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When generating a random network such as the ones in this thesis, one
needs to specify different parameters which affect the resulting networks
structure. Most parameters are defined as, usually normally distributed,
random distributions so that each station and route is generated an own
separate value. In these networks they are:
Network size The amount of stations that will be present in the network.
Edge count The amount of edges per station, along which routes can travel.
Routes per station The number of routes originating from each station.
Stations per route The length of each route in number of stops. The
number of routes per station and stations per route defined the total
amount of edges in the network, and thus the connectedness of the
network.
Number of departures The amount of departures on each route per day.
Departure time The time when the departures leave from their first station.
Route capacity The number of packets that each departure can transport
at a time.
Transloading duration The amount of time it takes for a packet to change
from one route to another at a station.
Station size An abstract value for the size of an station, used as an weight
when generating values such as transloading duration and routes per
station for the station. Originates from the degree of the node in the
Barabási–Albert model.

4.2
4.2.1

Simulating networks
Discrete event simulation

In order to simulate the transport network, we need to handle the events occurring during the simulation, and record the effects of these events. Transport networks are largely event based, meaning that the state of the network
changes only at specific points in time; such as a departure leaving, or delivery of a packet. Thus, we can efficiently simulate transport networks using
discrete event simulation [16].
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Figure 4.1: Schematic of a general discrete event simulation.
In a discrete event simulation we maintain a simulation clock and queue of
events that contains all the upcoming events scheduled to happen later in the
simulation. As long as there are events in the queue, the event handler takes
the first event in the queue, processes it, and depending on the type of the
event and the sate of the simulation, may add any amount of new events into
different positions of the event queue. After processing one event, the clock
is incremented to the next event in the queue which is then processed, and so
on, until there are no more events, or the simulation is otherwise determined
to have ended. Usually most simulations end at a predefined point in time,
but it might also end after some specific pre-existing input data has been
handled. A simple schematic of a general discrete event simulator can be
seen in figure 4.1.
Other types of simulations, such as continuous simulation, are also possible, but these provide abstraction levels which might be unnecessary complex
for our needs. A continuous simulation could, for example, collect the exact locations of the departures on the paths at each point in time, but this
would not exactly give any valuable information in the simulation results,
and would thus just introduce unnecessary complexity.
For the simulation to give value to its user, it must output some data
on the simulation. Thus the event handler stores metrics on the events it
processes during the simulation. This simulation data will then be read
and processed after the simulation ends into an report for analysis by the
users. The data measured can range from timing execution of processes, to
frequencies of certain events, to the complete event trace of the simulation
run. All depending on what information is relevant to the specific case at
hand.
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Figure 4.2: Schematic of a transport network simulation.

4.2.2

Simulation of transport networks

For the simulation of transport networks we require a more specialised simulation model. We extend the model in figure 4.1 with dispatchers that
populate the event queue with events for incoming packets and departures.
These events are generated as the simulation runs based on the network and
timetables used for the simulation. Additionally, the simulation needs to be
attached to a network which stores the state of the simulation, and to the
routing algorithm that determines the paths the transported packets take.
With these additions we arrive at the model seen in figure 4.2.
The events processed by the handler are thus those of departure and
packet movements. On departures events the handler signals any packets on
the station waiting for the departure to board it, and on arrivals signals any
packets heading for the destination to leave the departure. For events on
packet departures and arrivals, the handler transfers the packets forward to
the next routes and stations. All this information is stored in the network to
keep the state of the simulation up to date. Additionally, the next events of
the packets and routes are added to the event queue to be processed at the
specified time.
On packet departures and arrivals, the handler also stores information of
the packets to the monitoring module. For each arrival and departure, infor-
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mation about the current packet amounts in the system is updated to enable
analysis of capacity usage and network load in the user output. Additionally,
after a packet arrival at final destination, data on the completed path of the
packet is recorded. This includes data such as duration, distance and the
amount of route changes performed by the packet.
Simulating a network by itself, without any packets travelling in it would
not give us any benefit. So for each simulation we must, in addition to
specifying the network, also specify the packets that will be travelling in
the network. The packets in the network model originate at stations in the
network, with random stations as their destinations. The packets in the
simulation are randomly generated during the simulation, at specified intervals at the stations, emulating customers dropping packets off for transport.
Larger stations generate more packets, so each station is given a packet load
as average packets per hour, depending on the station’s size.
Although the departures have a daily cycle, packets are generated at a
steady rate during the whole day. This might not be a realistic case for
packet loads originating from parcel services like postal services directed towards consumers, where there are larger peaks during the day. Instead,
it behaves more like a production facility generating a constant stream of
finished products that need to be delivered as fast as possible through the
network.
It would have been interesting to use actual packet data from some transport service provider, but this data is unfortunately treated as company property and is usually not freely distributable. Additionally, in the same way as
there are no average networks, there are no average packet loads, meaning
that we are better off running multiple simulations on multiple packet loads.

4.3

Routing algorithms

Packets travelling in the network usually have multiple paths to choose from,
some of which are arguably better than others. Metrics are calculated for
each packet in order to measure the ‘goodness’ of the given path. The most
important aspects of the routes are the amount of changes, the duration and
the distance; usually in that specific order of importance. Packet routing,
performed by the routing algorithms, is the process of finding a cheap path
for a packet destined to travel from its origin station to a destination station.
This packet routing problem, based on the model in section 3.2, is a variant
of the shortest path problem introduced in section 2.2.
In this section, we describe three routing algorithms that are compared
for their performance in packet networks. They all share the same basic
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principle of building a partial shortest path tree, and choosing the path with
the lowest cost. They thus differ mainly in the way they calculate the costs
of the path alternatives, which is what actually defines their behaviour. The
cost function for the algorithms takes three parameters: distance travelled,
changes made and time taken. From these values it calculates a single cost
for the path alternative. We denote the cost function as c(d, c, t).
The shortest path router is used as a baseline router. The weighted cost
router is used as a representation of the widely used routing methods of
today [21]. And the capacity reserving router introduces a novel method of
routing the packets by utilising capacity load information from the network.
All of the algorithms are optimal in their own sense that they find the
path with the cheapest cost in the network. This means that they find the
best path according to their own specification of the cost. This does not
necessarily mean that the paths they find lead to optimal performance of the
network, since the specification might not reflect the overall behaviour of the
network correctly.

4.3.1

Shortest path

When pondering about travelling from a place to another, one usually comes
to the first conclusion that the shortest path is best path. The shortest
path minimises the total distance of the journey; and assuming constant
velocity, also the travel time. The shortest path routing algorithm does
this, and simply finds the path from origin to destination that leads to the
shortest distance. It does not take into account any timetables, nor sate of
the network. The cost function could then be defined as:
c(d, c, t) = d
In figure 4.3 we have created an example network containing transport
lines between stations, and a timetable of the departures similar to the one in
figure 3.1b. The packet is scheduled to travel from the origin node nO to the
destination node nD . We can directly see that there are three paths available
from origin to destination: the top path (nO , n1 , n2 , n3 , nD ), the bottom path
(nO , n4 , n5 , nD ) and the middle path (nO , n4 , n2 , n3 , nD ).
The shortest path router would suggest the packet to take the top path,
since the accumulated distance is the shortest. The path has a distance of
160, 3 changes and a duration of 7 hours giving a total cost of 160. As we
can see it does not take into account the amount of stops in between, nor the
slow timetable of the transports. One might argue that this is not the best
path in the network, since it takes too long, and has too many changes.
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Figure 4.3: Shortest path router behaviour in a sample network.

4.3.2

Weighted cost

The shortest path routing seemed to be a bit too focused on taking the
absolutely shortest path, and did not see the big picture. The shortest path
might be the best one in some scenarios, but in the general case it is seldom
the fastest. A person travelling the network would not intuitively choose the
absolutely shortest path, but would instead take into account the number
of changes and departure timetables. And since we have this information at
hand, we should definitely use it in some way.
Using the cost breakdown and metrics identified in section 2.1.2 we can
construct a cost function of the packet in the form ct = cs +d∗cd +c∗cc +t∗ct .
Here the cost for each individual packet consits of the static cost, distance,
duration and number of changes. The static cost cannot be directly affected
by the path choice, so this leaves the three metrics left to minimise.
Combining the information on distance, number of changes and path
duration we can produce a smarter algorithm that behaves in a more humanly
logical way. The weighted cost router takes as parameters weights for the
three different metrics; distance, changes, duration. It uses them to calculate
a cost for each path as the weighted sums of the values. The cost function is
defined as
c(d, c, t) = d ∗ wd + c ∗ wc + t ∗ wt
The weights given to the algorithm thus heavily alter the behaviour of
the algorithm. For example, setting wchan and wdur to zero would give us a
shortest path router. The fine tuning of the parameters is a task in itself and
depends on the nature of the network and the real world cost of the respective
resources. The algorithm could also be modified to include non-linear costs
for the metrics to introduce deadlines or limits after which costs increase at
1
, wc = 2 and
a higher rate. In this thesis we will use the weights wd = 0.01 km
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Figure 4.4: Weighted cost router behaviour in network.
wt = 1 h1 . This divide of costs means that one hundred kilometres of distance
costs as much as one hour of journey time, in addition to the time taken to
travel the distance; and that the change of route costs as much as two hour
wait. These values are not directly based on hard data from actual transport
networks, but are based on observations of the general function of transport
networks. The actual values of the cost function neither directly affects the
performance of the routers, as long as they are within feasible limits.
This routing algorithm is similar to how most of the journey planners such
as the HSL Reittiopas [11] work. Although they differentiate the distances
travelled by foot from those travelled in transit. But in the same way they
optimise over both the duration and amount of changes.
Continuing with the same example network and timetable the weighted
cost router would suggest the lower path, as seen in figure 4.4. This path
has a distance of 220, 2 changes and a duration of 5h totalling in a cost of
11.2. It is longer in distance, but shorter in duration compared to the path
suggested by the shortest path router. In most situations this is considered
an improvement.
This behaviour makes the weighted cost router sacrifice a short distance,
in favour of shorter duration and smaller amount of changes. That means
that the router balances the load of the packets away from the shortest paths
in the network, and spreads them over the shortest durations.

4.3.3

Capacity reserving

The weighted cost router already provided acceptable routes in the network.
But what would happen if the packets the algorithm has ordered to route
cannot all fit into the scheduled departures. Luckily, the router is able to
know how many packets are travelling on which departure, since the router
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Figure 4.5: Capacity reserving router behaviour in network.
is the one ordering them there. If the router keeps track of the amount of
packets routed on each departure, and knows the capacities of the departures, the router can conclude when a specific departure is full. And when a
departure is full, it can divert the packet onto another route to avoid having
the packet wait for the next departure.
Apart from reserving seats on the departures for the packets, the capacity
reserving router works in the same way as the weighted cost router. It has
the same cost function, and routes the packet onto the exactly same path
until any of the departures start filling up. After this point, the packets are
routed along lines that still have sufficient capacity available.
Reserving capacity on a departure is nothing new; air planes, ships and
trains use this daily to when selling tickets. The novel part is that this
information, be it either from tickets sold or any other reservations made
beforehand, is used to route new packets to faster places. Of course passengers are able to foresee these kinds of problems, and will find their own ways
around a network; but parcels set on a specific path might not be.
If the public transport journey planners provide easy access to the timetable
and route data. Then, similarly, the capacity reserving routing provides the
same easy access to the current capacity situation.
Once again, using the same example network and timetable as previously,
we see how the router works. But this time, let us assume that the transports
form nO to n1 , and from n4 to n5 , can only carry a small amount of packets
compared to the other routes, thus causing bottlenecks in the system. The
reserving router notices these bottlenecks when the transports capacity fill
up, and use other routes to bypass the bottlenecks.
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In the example, the first 20 packets will take the same bottom path as
the weighted cost algorithm. When it the bottom path is full the next 20
packets will take the top path, after which the next 60 packets will take the
middle path, although it would otherwise be the costliest. In this way, the
algorithm is able to have all packets delivered on time, without having any
packet wait for later departures. The algorithm thus utilises the maximum
available capacity to route packets from origin to destination.
The capacity reserving routing algorithm finds the maximum flow of the
network [23, Ch. 6], form the origin to the destination. This of course differs
from the original maximum flow problem, in that there are other packets
travelling in the network, and they do so on timed departures. But the idea
of the solution is similar nonetheless.

4.4

Measuring performance

This section describes the methods used for measuring the performance of
a transport network simulation, and comparing the performance between
different simulation runs. First, in section 4.4.1 we look at the specific measurements we want to use to compare the performance, and in section 4.4.2
we look at how we should go about in comparing the performance.

4.4.1

Available data

To get a view of how the system performs during a simulation run we gather
data during the simulation. For the transport network simulations we are
mainly interested in the metrics relating to the packets travelling in the network. In order to see how the different metrics from section 2.1.1 behave in
our simulated environments, we ran an example simulation with a small network and packet load using a weighted cost router described in section 4.3.2.
Here, we are mostly interested in the paths chosen for the packets, and
the way they affect the cost of the packets; as well as, the efficiency of
the network. An overview of the paths taken by the packets can be seen
from measurements of the distances, duration and amount of changes in the
paths. The behaviour of the network as a whole is visible from various packet
counters during the running of the simulations.
Figure 4.6 contains visualisations of the data collected. In the figure we
can see the amount of changes the packets have taken, the distances they
have travelled and the durations taken, as well as the amounts of packets in
different states in the system.
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Figure 4.6: Example simulation data
Changes In figure 4.6a, we can see the amount of changes taken by the
packets during the simulation. Most of the packets find a path to
their destination with one or two routes, while all packets reach their
destination in at most five departures. The distribution of the number
of changes is a direct result of the Barabási–Albert model the network
is based upon, which maintains short paths between most nodes.
Distances The distance of the packets travelled is seen in figure 4.6b. The
distances follow a similar pattern to those of the number of changes,
partially because the number of changes required correlates to the distance driven. The fluctuations at around the 50, 100 and 150 km marks
are directly due to the network structure and packet flow, where the
routes of the network have specific distances and specific routes are
more heavily travelled. This distance histogram is in a way of signature of the network structure.

CHAPTER 4. APPLYING THE MODEL

32

Durations Figure 4.6c on the packet transport durations might require
some additional explanation on how to interpret the plot. It resembles
a histogram, with the x-axis divided into bins. The x-axis represents
the total duration of the package, from entry into the system to the
delivery of the packet. The y-axis represents the cumulative duration
of all packets that fall within a specific bin, divided by the total duration of the packet. For the blue line of total duration, this means that
the value on the y-axis directly equals the amount of packets with the
specific duration. For the travel duration, it represent the ratio of the
total time spent travelling.
From the plot we can see that the travel duration closely resembles the
distance travelled, mainly because the departures travel at relatively
constant speeds. The waiting duration of the packets on the other
hand is noticeably larger, which means that the packets use a large
part of their time waiting for their next departures, which is directly
affected by the number of routes and departures in the network, as well
as the weights of the routing algorithm.
Amounts In figure 4.6d we can follow different packet counters over the duration of the simulation. In blue we have the total amount of packages
that have entered the system, which is directly affected by the number
of packets generated by the simulation. In red we have the amount of
packets that are still on their way to their destinations, which should be
low in a well-functioning system. In green we have the amount of packets that reached their destination, which should be steadily growing
with the amount of sent packages. Orange plot represents the amount
of capacity provided by the departures currently driving; notice the
daily cycle. And finally, in purple we have the capacity used, which
means the total amount of packets in all departures travelling from
station to station.
Notice the warm-up time during the first 12 hours of the simulation,
during which the departures and packets find their normal daily pace of
movement. It is crucial to identify the length of the warm-up time in analysis,
and take care that it does not affect any decision making.
In addition to the warm-up time, there is also a cool-down time. This
time represents the duration which it takes for packets already travelling in
the network to reach their destination. This is important as duration data
can only be reliably measured for packets that have reached their destination.
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Figure 4.7: Example simulation data for an overloaded system.

4.4.2

Comparing performance

To compare performance between simulations we need another simulation
run. For this we took the same network, but with a larger amount of packets
generated into the system. Figure 4.7 contains the results from this simulation.
Comparing the results visually we can see that the number of changes
and distances of the packets have not changed remarkably, since the router
used for the simulation does not take into account the load of the system,
meaning that all packets will be taking the precisely same path as in the
previous simulation.
The durations of the packets, on the other hand, have clearly increased
in the second simulation. This is due to the fact that the increased amount
of packet has filled the capacity of the departures, causing some packets to
have to wait for the next departures.
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From subfigure 4.7d we can see the most dramatic difference between the
two simulations, which is that the amount of packets in transit is steadily
increasing during the simulation. This is an indication of an overloaded
system. In order to measure this inability of the system to handle the packet
load, we introduce a sustainability metric of the system. The sustainability
measures the ratio of packets entering the system to packets exiting the
system. So a value of 1 means that the same amount of packets are entering
and leaving the system, a sign of a sustainability. Any value larger than 1
means that there are more packets entering the system than what the system
is capable of handling, meaning that departure queues, along with the delays,
are growing during the measurement interval.
With the help of the sustainability metric, we can measure at what point
the network is saturated and cannot transport as many packets as are entering it. Using this measure we can then get a value for the efficiency of the
network, by measuring over multiple simulations at which load the network
will saturate. A network that can handle a larger amount of packets has a
higher throughput. And a packet router that increases the network throughput is more efficient, compared to one that produces a smaller throughput
for the network.
As the basic distribution of the values are rather similar in both network
simulations, we do not need to include the distribution information in the
data comparisons. So to compare performance, we do not necessarily have to
include as much data per simulation as in the previous figures. Instead, we
can simply use the average values of the different measurements and compare
them instead. In this way we get more easily comparable results, as can be
seen in table 4.1.
Measurement

Example 1

Example 2

Changes
Distance
Duration
Sustainability

1.2
115
8.1
1.0

1.2
117
13.3
1.6

Table 4.1: Averages of metrics for example simulations in figures 4.6 and 4.7.

Chapter 5

Simulation implementation
Chapters 3 and 4 introduced a model and methods of how a transport network, along with routing algorithms, would work. This chapter aims to
provide a way to validate these methods by describing proof-of-concept implementations of these, which will be simulated later in chapter 6.
This chapter is split into two sections: section 5.1 explains the implementation of the simulation methods of section 4.2, and section 5.2 describes the
actual routing algorithm implementations.
The simulation framework and routers described here were built from
ground up, as custom software specially for the measurements in thesis.
While there are well suited network simulation and routing software available
under public licenses, we nonetheless opted to use self-made constructions
instead. This was motivated by easy access to internal components of the
simulation, in order measure different metrics during the development of the
simulator. This way, we also get a more practical overview of the behaviour
of the constructed system. As it turned out,this became valuable knowledge
in planning and performing the evaluations in the next chapter.
All custom software was implemented using the Python programming
language [26]. It was chosen for its power of expression, lightweight environment, extensive libraries and fast development pace, making it especially
handy for scientific proof-of-concept work. Additionally, the availability of
the practical SimPy simulation framework weighted positively in Pythons
favour. Both of these factors made the original choice of constructing the
simulation by hand an easier job than originally anticipated.
All software described in this chapter, and used in later chapters, can be
requested by contacting the author. The software is owned by Trimico Oy,
and is not freely distributable.
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Simulator implementation

The basic simulation framework used to implement the transport network
simulation is provided by the SimPy [18] software package. It facilitates tasks
such as simulation execution, measurement and event passing. It maintains
the discrete event simulation queue, and schedules the pieces of code to be
run for each specific event in the queue. This makes for an useful base upon
which to build the domain specific behaviour of the simulation actors.
SimPy uses a process based approach where the simulator actor classes
inherit a SimPy process class. Each actor class has a specific activate()
method, which performs the simulation actions of the instance. It takes care
of halting the execution of the method at points when the process is waiting
for something else to happen, be it a specific duration to pass or an event
to fire. SimPy achieves this execution halting by having the activate()
methods return continuations, using the Python generators and the yield
keyword [22]. This works by having the process yield a delay condition,
which the SimP framework stores in the event queue, after which it moves
the execution to the handler of the next event in the queue.
The basic structure of the implementation can be seen in figure 5.1. The
core of the network contains five classes: Network, Route, Departure, Station
and Packet. These build up the essential parts of the simulation. In addition
to these classes there are classes outside the simulation package, such as the
Router classes providing the routing behaviour in the routing package, and
utility classes in the simpy package.
The simulation centres around the packets travelling in the network. This
is noticeable from the fact that the packet class is the only one interfacing
with the packets outside of the simulation. The choice to use the packet as
the anchor point originates from the thesis point of view that the behaviour
of the network is static, and the only variable is the behaviour of the packet.
So by altering the paths of the packet, we aim to change the metrics, and
thus cost of the packets.
Below are the classes of the UML class diagram explained in greater detail, along with their connections to other classes. The actual implementation
of the simulation obviously contains additional boilerplate classes to handle
tasks such as configuration management, simulation control and measurement output. These are not particularly interesting, and do not contribute
directly to the implementation of the simulation model, nor the router algorithms, and are thus left out of this thesis.
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Figure 5.1: UML class chart of implementation architecture. Classes marked
with a P act as SimPy processes.

CHAPTER 5. SIMULATION IMPLEMENTATION

38

Network The network class behaves as a simple container of all data stored
within the network model. This includes the routes and the stations,
which link further to the other classes. The network provides other
classes with access to these objects, and is tasked with starting their
simulation executions.
The network also provides a static method for generating random networks based on the methods in section 4.1, which is used to produce
the networks for the simulation according to user-configured parameters. The generated networks are directly in-memory, and no network
serialisation is available. Reproducibility of results is provided by seeds
given to the random generators. The methods used to generate the random networks are described in more detail in 4.1.
Usage of real world data sets was considered, and implemented, by
using publicly available data in the General Transit Feed Specification [10]. The problems with these data sets were that the networks
were not connected, meaning that there are no paths from each station
to each other station. This is because most public data sets are public transit networks where the traveller needs to walk by foot between
some of the stations. The problem in using these networks for packet
transport is that the packets are unable to move between the stations
on their own, regardless of how close they would be to each other.
Route Routes are created by the network class during the network generation. They stores the transport connections between the stations as
well, as the timetable information of the transport departures. Each
route consist of a set of legs, along which the route travels when visiting each of the stations on the route. The legs are not classes of their
own, but stored in multiple lists of stations, departures and distances.
The class also keeps track of all departures of the route, and provides
methods to retrieve the next departures of the route at specific stations.
Although the model actually permits unidirectional routes, the implementation enforces all routes to be bidirectional, resulting in a directed
network where each also has an opposite edge. This modification was
added in the implementation phase in order to ensure grater probability
of achieving connected networks form the random network generation
process. The connectedness of the network would otherwise become
problematic at smaller sizes, or with larger amounts of simulated networks as the probability of disconnected nodes grows.
The routes also act as SimPy processes in the way that they produce
and execute Departure processes, at times defined by the timetable
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data embedded in the route. This ensures that all departures scheduled in the network timetables are instantiated, and departing in the
simulation, at the right times. All departures needed for the simulation could be instantiated at the start of the simulation, but would eat
up unnecessary resources as most of the departures would stand idle.
Additionally it would not make it possible to set the simulation ending
criteria to be based on anything else than the simulation time. While
this certainly is the most common scenario, it is not the only one.
Departure A departure is a single instance of a drive on a route. Each departure instance has a time which specifies which departure of a route
it is, and at which times it will arrive at the stations. The departure
instances are created by the route instance to hold departure specific
information. The most important information contained in the departure are the set of packets travelling on the departure, and any further
capacity reservations made for the departure. This enables the simulation to track the capacities of the departures, and ensure that no extra
packets can travel on the departure after it is full.
Even the departure acts as a process in the SimPy process model. This
in order for it to time the departure and arrival events of the legs on
the route. The driving duration is nothing more than an event in the
event queue identifying when the departure arrives at a station, so no
‘active’ driving is performed.
Each departure contains an list of events for each arrival and departure
at a station. The packets travelling on the departure subscribe to these
events, in order to be notified when to enter or leave the bus and continue execution. Upon departure from a station, the departure notifies
as many packets as the departure can hold to get on the bus. And
upon arriving at a station, the departure notifies all events listening to
the arrival event to leave the bus.
Station Stations build the actual core of the network, as they are the origins
and destinations of the packets travelling there. Each station contains
a list of outgoing legs, which is used by the routing algorithms to find
suitable routes for the packets to travel on.
In addition to the route connections, the stations also handle the task
of producing new packets into the simulation. Each station has a probability distribution, according to which it produces new packet at random intervals. To achieve this, the Station class is also implemented as
a SimPy process, waiting for random duration between packet instantiations.
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Packet Packets are generated by the stations, and routed across the network
by the routing algorithms. Upon instantiation each packet is assigned
a random other station in the network as its destination. In order to
arrive at the destination the packet rides departures by registering to
their departure and arrival events.
The packet class is the only one that interfaces with the Router class.
On instantiation, after receiving a destination station, the packet requests a path from the Router class, which provides a list of legs the
packet should take in order to reach the destination. The packet then
blindly follows these instructions, without making any changes nor
reroutings during the journey.
It is also the class that measures most of the metrics recorded in the
simulation. Upon receiving the path from the router, it stores some
metrics on the path such as the distance and number of changes. Later,
when arriving at the destination, the packet stores the total duration
and costs of the path. It also keeps a count on the total number of
packets in different states of travel during the simulation.
Router The router finds paths for all packets requesting them. It uses the
origin and destination objects of the packet to find a path from the
underlying network. This is an abstract class in the sense of the simulation, and actual implementations are described in detail in greater
detail in section 5.2. All the implementations need to do is implement
the route() method that takes the packet information as parameters,
and returns a list of legs leading the packet to its destination.
Monitor The Monitor class stores measurements form the Packet class
during the simulation. All of the measured data is stored as timevalue pairs, which enables for more detailed analysis of the data postsimulation. The data is then serialised in binary format using the
Python pickle module for later investigation. Usually the data is
used for averages and variances, but there needs to be a possibility to
cut warm-up and cool-down times from the data after the simulation,
before averaging results for display.

5.2

Routing algorithm implementations

Each packet entering the simulation needs a plan on how to travel in the
network. To retrieve this plan the packet requests from the router a path
from the packets current location to its destination. The router then uses the

CHAPTER 5. SIMULATION IMPLEMENTATION

41

packet station data to access the network information and search for the best
path. The actual router selection is handled by the configuration boilerplate
code, which is left out from this description.
To provide validity of the routing methods described in section 4.3, we
implemented proof-of-concept router implementations that work with the
simulation structure of the previous section. The implementations are for
the abstract Router class seen in the UML class chart 5.1.
Since the three routing methods covered in this thesis are largely similar,
they also share a lot of common code. Thus we implemented a common
shortest path searcher class based on Dijkstra’s algorithm [7], which is the
de-facto shortest path solving algorithm. This class handles the network
traversal and final path generation. The actual router implementations are
then only tasked with defining the costs of the stations in the network.
Section 5.2.1 describes the common route() method of the routing class.
Sections 5.2.2, 5.2.3, and 5.2.4 describe the additions to the class that define
their routing behaviours for a shortest path router, a weighted cost router
and a capacity reserving router.

5.2.1

Basic Dijkstra’s algorithm implementation

The general Dijkstra’s algorithm router was implemented as a Python class,
with one public method route(location, destination) that returns a list
of legs a packet should travel along to get from the given location, to the given
destination, at the given time. The parameters originate from the packets
requesting the path, and the result is used by the packet when deciding which
routes to travel along.
Code listing 5.1 show Python-style pseudo-code of the Dijkstra’s algorithm implementation used for the routers. It basically uses a priority queue,
implemented as a heap, to keep the unvisited stations in order of calculated
cost.
The route() method calls an abstract method get cost() on line 18.
This method is not present in the abstract class, but is left for the subclasses to implement. The function takes a leg, from the current station to
a neighbouring station, and returns the calculated cost of this transfer. The
algorithm then adds this cost of the leg and the total cost of the station, in
order for it to be a new candidate for the lowest cost of the station at the
end of the leg.
On line 13 the method calls a helper method get path(), which returns the calculated shortest path. This is simply done by traversing the
Station.connection links set for each traversed station on line 21. The
legs of the routes become the legs of the shortest path.
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class DijkstraRouter :
def r o u t e ( l o c a t i o n , d e s t i n a t i o n ) :
i n i t i a l i z e nodes and queue
queue . push ( l o c a t i o n )
while u n v i s i t e d i s not empty :
c u r r e n t = queue . pop min ( )
i f current is v is i te d :
continue
i f current is destination :
return g e t p a t h ( d e s t i n a t i o n )
f o r l e g in c u r r e n t . o u t g o i n g :
neighbour = l e g . d e s t i n a t i o n
i f not n e i g h b o u r . v i s i t e d :
cost = current . cost + get cost ( leg )
i f cost < neighbour . cost :
neighbour . cost = cost
neighbour . connection = l e g
queue . add ( c u r r e n t )
c u r r e n t . v i s i t e d = True

Listing 5.1: Dijkstra’s algorithm implementation pseudocode
To calculate station costs the implementation uses legs as the transitions
between the stations. The legs contain all information of the distances and
timetables between the stations. A leg is thus the part of a specific route
that travels from one station to the next.
The Python heapq data structure was used as the prioroty queue. It is
implemented as a binary heap, which means it is not as fast as, for example, a
Fibonacci heap. But is simpler, and available in the Python standard library.

5.2.2

Shortest path router

The shortest path router implements the abstract general router class. It
does this by implementing the get cost() method, with code that simply
returns the distance of the leg. This way the calls to this method, on line 18
of the route() method in listing 5.1, accumulate to be the distance of the
path.
The simple pseudo code for the method can be seen in listing 5.2. Here,
the leg object directly contains the needed distance, which it gets from the
parent route. So all it needs to do is to return the distance.
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class ShortestPathRouter ( DijkstraRouter ) :
def g e t c o s t ( l e g ) :
return l e g . d i s t a n c e

Listing 5.2: Shortest path router implementation pseudo-code

5.2.3

Weighted cost router

While the shortest path router was able to implement the cost function concisely since it only takes into account the distance of the leg, the weighted
cost router requires more complexity in order to calculate the wait and travel
durations of the legs.
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c l a s s WeightedCostRouter ( D i j k s t r a R o u t e r ) :
def g e t c o s t ( l e g ) :
previous leg = leg . origin . connection
distance = leg . distance
changes = l e g . has changed route ( p r e v i o u s l e g )
arrival time = previous leg . arrival time
departure time = leg . next departure time ( arrival time )
wait duration = departure time − arrival time
travel duration = leg . duration
duration = wait duration + travel duration
distance cost = distance weight ∗ distance
c h a n g e s c o s t = changes weight ∗ changes
duration cost = duration weight ∗ duration
return d i s t a n c e c o s t + c h a n g e s c o s t + d u r a t i o n c o s t

Listing 5.3: Weighted cost router implementation pseudo-code
In addition to the distance, the weighted cost function takes into account
the number of changes and the duration of the path. To do this it needs to
gather these metrics, and use them calculate the weighted cost. This can be
seen in the pseudo-code of listing 5.3, on line 4. The distance is retrieved in
the same way as in the shortest path router.
To check if the packet has changed routes between the legs the method
compares the current leg with the previous leg of the departure station. The
returned value of has changed route() is 1 if the route changed between the
legs, and 0 if not. The implementation of this method is a simple equality
comparison of the legs route objects.
To calculate the duration of the leg, the method must get both the waiting
duration until the next departure, and the duration of the actual drive of the
leg. The wait duration can be calculated from the difference between the
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arrival time of the previous leg, and the departure time of the current leg.
The next departure time() method on line 8 finds the next departure of
the route travelling the leg, and returns the time of departure. The actual
drive duration of the leg is stored within it.
After retrieving the required metrics the weighted cost can be calculated
on rows 13 to 15, using weights from user configurations, and finally returned
on line 17.

5.2.4

Capacity reserving router

The capacity reserving router works much in the same way as the weighted
cost router. The only difference is that the shortest path calculated by the
algorithm needs to be reserved for the packet travelling the path.
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c l a s s C a p a c i t y R e s e r v i n g R o u t e r ( WeightedCostRouter ) :
def g e t p a t h ( d e s t i n a t i o n ) :
path = s u p e r . g e t p a t h ( d e s t i n a t i o n )
f o r l e g in path :
leg . reserve capacity ()
return path

Listing 5.4: Capacity reserving router implementation pseudo-code
To reserve the path upon finishing the traversal, the capacity reserving
router overrides the get path() method of the general Dijkstra router, and
iterates over each leg in the path reserving capacity for a single packet on
each of the legs. This can be seen in the code listing 5.4, on lines 5 and
6. For this to work, the next departure time() needs to be aware of the
capacities of the departure at the leg, and provide the departure time of the
next departure with free capacity.
This implementation style is obviously quite tightly coupled with the simulation implementation, with the router directly updating the data structure
of the network. This means that this type of calculation would not work in a
concurrent environment. For a real world implementation, the router could
keep its own timetable and capacity data structures which would de-couple
the router from any simulation or network state data storage. Alternatively,
the router could simply use available network reservation data directly, provided by some other part of the system as a whole.

Chapter 6

Measurements and results
In order to measure the benefits of capacity reserving, compared to traditional weighted cost routing, a simulation experiment is set up using the
methods and implementations from chapters 4 and 5. In section 6.1 of this
chapter, we compare the effects of the three implemented routing algorithms
on the efficiency of simulated networks. This gives us results on how well
the usage capacity reserving information improves the throughput of the
network.
In addition to this, we present the running times of the routing algorithm
implementations in section 6.2. We do this in order to assert that the computational effort put into managing the extra information does not make the
algorithms impractical due to increased computational costs. This does thus
not actually affect the results of the thesis, but is included to strengthen the
applicability of the results in practical situations.

6.1

Network performance

We construct a simulation experiment, in order to observe the actual effect of
the usage of capacity reserving methods from chapter 4 in routing algorithms
for transport networks. We use the network model described in chapter 3 as
the level of abstraction in the simulation. The finer details of the simulation
software and routing algorithm implementations used in these simulations
are described in chapter 5.
Results expected from this experiment are twofold. Firstly, the validation
of the behaviour of the simulation and router implementations, meaning that
they exhibit behaviour similar to what can be assumed of the models and
methods. This includes observing the effects of the cost functions used for
the routers on the different metrics. The inclusion of the shortest path router
45
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is in order to verify this behaviour.
Secondly, and more importantly, the experiments attempts to determine
the specific degree by which capacity reserving can improve the performance
of the routing algorithm, and the network in general. This includes observing
any possible decreases in costs, or increases in overall network capacity. This
also includes determining any tradeoffs or negative effects caused by the usage
of capacity reserving.
The efficiency of a routing algorithm was defined in section 4.4.2 as it’s
ability to increase the network throughput; or in other words, it’s ability
to transport multiple simultaneous packets to their destinations. We take
this as the main point of measurement in this evaluation. This means that
the more packets the network can process without saturating, the better the
router performs. Saturation can be measured by the sustainability of the
network, which is measured as the ratio of packet entering to packets exiting
the network during a measured time. We thus perform the experiments as a
series of simulations with incrementally increasing packet loads, in order to
see how many packet the different routers are able to efficiently route in the
networks.
Additionally we need to monitor the cost of the packets, along with other
metrics, in order to see that the router does not start to sacrifice too much
in other regards in order to keep the throughput high. For example, a router
that would drive unnecessary long routes in order to increase the efficiency
only slightly, would in many cases not be a satisfactory result.
The predicted results from the simulation, based on the planned behaviour of the routing algorithms, is that the shortest path router should
provide the distinctively shortest paths, while suffering from a significantly
poorer overall cost. On the other hand, the weighted cost and capacity reserving routers should share the simulation results up until some certain packet
load, at which the results will start to deviate as the departure capacities
start to fill up in certain areas of the network.
For the total network performance, it is predictable that the shortest path
router and the weighted cost router would approximately share the same
results, while the capacity reserving router will be able to better handle an
increased load. At which point this happens, and to what degree, is the
main point of interest in the measurement experiment. There is also a very
real possibility that the network capacity will be adversely affected by the
capacity reserving router, in contrast to the other ones, in situations where
the load is significantly higher than the capacity of the network. In these
situations the extra legs taken by the capacity reserving router might use too
much of the, at this point, scarce transporting resources.
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Simulation setup

The experiment set-up consists of sets of simulations of random transport
networks, using the different routing algorithms. The simulation methods
used are described in more detail in section 4.2 on packet routing simulation.
The simulated networks contain 20 stations, each station having an average
of 5 transport lines leaving from the station, each with an average of 3 stops
along the way. Each line has an average of 6 departures a day, and carries
an average of 15 packets per departure. Each line stops for one minute at
each stations, and each packet takes an average of 45 minutes to transload
to another line at a station.
The values used represent a group of networks with certain attributes.
They, along with the resulting measurements, do thus not represent all possible networks, but instead gives an indication to some possible set of networks and results. The values were specifically chosen to enable the different
routers to present substantial improvements in the network efficiency. This
means providing them with high enough levels of connectedness and variation
to enable multiple different possible paths. This also means that the amount
of packets transported needs to be near the total capacity of the network, in
order to give any value for the capacity load information.
Although these simulations only measure the different routing algorithms
ability to handle packet loads, it is important to note that these are not
the only factors that affect the performance of the network. The size and
connectedness of the network as well as the capacity and frequency of the departures both affect the base performance of the network. These parameters
also affect the behaviours of the routing algorithms.
As the networks are randomly generated, each simulated network has
different characteristics, such as how the stations happen to be grouped, and
how well they happen to be connected. This means that there is no such
thing as an average network, and the same applies for the generated packets.
That is why simulations need to be run for multiple networks and packet
traces, in order to observe the average behaviours of the routing algorithms.
Each network was simulated for 240 hours of simulation time, with packet
loads ranging form 0.1 to 25 average packets per hour per station. A warm-up
time of 48 hours, and a cool-down time of 120 hours were used, meaning that
any packets sent between the 48th hour and the 120th hour were not taken
into account in the visualised results. The large cool-down times are required
for all of the packets sent during the measurement period to reach their
destinations, and provide proper measurements for their complete journey.
Each configuration was run 100 times, with different random networks and
packet traces.

CHAPTER 6. MEASUREMENTS AND RESULTS

140

Mean packet distance

120

Shortest path router
Weighted cost router
Capacity reserving router

100
80
60
40
200

5

15
10
20
Packet load (packets per hour per station)

(a) Data plot

25

48

Load

S

W

C

0.1
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

29.8
29.0
29.7
28.4
29.5
30.5
28.7
31.3
29.4
29.0
29.7
29.9
30.2
29.7
29.4
29.1
29.6
29.4
29.9
30.3
27.9
28.8
30.0
29.4
29.7
29.6

82.8
82.1
83.7
81.7
82.1
83.3
82.3
85.4
82.0
82.5
82.0
83.3
83.3
82.4
82.2
81.9
82.8
82.2
83.9
84.7
80.7
81.6
83.2
82.3
82.7
81.8

83.0
82.3
84.0
82.0
82.6
84.0
83.4
87.3
84.3
86.6
87.3
91.1
92.3
94.4
96.5
99.3
103.1
106.1
111.7
114.4
112.7
117.0
122.1
123.4
128.1
128.7

(b) Data table

Figure 6.1: Mean packet distances for increasing packet loads. Error bars
are the 95% confidence limits of the SEM.

6.1.2

Results

The results from these simulations are presented as averages over the multiple simulation runs. For all measurements except the sustainability of the
network, the average was calculated as the arithmetic mean, and the errors
as the 0.95 confidence limits from the standard error of the mean (SEM) of
the averaged values. None of the measurements can contain negative values, meaning that the distribution isn’t strictly normal, but they are close
enough though to provide usable results. For the sustainability of the network the median was used as the average, and the median absolute deviation
(MAD) as a measure for error. The median was chosen for the sustainability
since it does not follow a standard deviation, and needs a robust measure
for meaningful results. The average averaged results of these simulation runs
are shown in figures 6.1, 6.2, 6.3, 6.4 and 6.5.
Distance Figure 6.1 shows the mean travelled packet distances of the simulated networks, using the three routers. We can directly see that the shortest
path router provides the shortest routes, with an mean path distance of 58
km, compared to 98km of the weighted cost and capacity reserving routers.
The mean distances are static for the shortest path and weighted cost
routers over the increasing packet load, due to the routers always choosing
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Figure 6.2: Mean number of packet changes for increasing packet loads. Error
bars are the 95% confidence limits of the SEM.
the same routes regardless of the network load. The capacity reserving router
on the other hand sees significant increase in distance after the 10 packets
per hour per station mark, as it routes packets around congestion points at
higher network loads.
There are noticeable fluctuation in the average results of the measurements for different network loads. The bumps in the plots seem to occur at
the same points for all routers. This indicates that the source of the fluctuations is the unpredictable and varying nature of the networks used for the
simulations. The amplitude of the differences, even after averaging over 100
networks, just show how much variation the network set contains. This wiggle could be reduced with additional simulation runs and means over larger
data sets, but the trend is in any case evident.
Changes Similarly to the distance results in figure 6.1, the mean number
of changes in figure 6.2 show very static behaviour for the shortest path
and weighted cost routers. The capacity reserving router also exhibits the
same behaviour of re-routing the packages around bottlenecks when a certain
capacity is met. From the results we can see that the divergence point seems
to be at five packets per hour per station, after which both the amount of
changes, and the distances, start to increase for the capacity reserving router.
It is interesting to see that the shortest path router operates remarkably
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Figure 6.3: Mean packet durations for increasing packet loads. Error bars
are the 95% confidence limits of the SEM.
well in the number of changes with an mean of under two changes per packet.
Of course this is directly a property of the underlying network, dependant
on how the routes are placed, and what distances they have. On a different
set of networks, with different parameters, this would probably have looked
quite different.
Although the cost function for the capacity reserving router puts a lot of
weight on the number of changes, the capacity reserving router still needs to
route the packets over more legs to satisfy the time constraints. Nonetheless,
the rate of divergence is clearly smaller compared to the divergence for the
packet distances.
Duration While the packet load did not affect the static routers in the
previous measurements, the duration is clearly affected by the load for all
routers, as can be seen in figure 6.3. For small loads, we see that the shortest
path router takes the longest time as its cost function disregards all notion
of duration. The weighted cost and capacity reserving routers share a significantly smaller duration for small loads, due to the duration relevant weight
in the cost function.
The durations for all routers increase along with the network load, as was
to be expected. The difference is in the degree they are increasing. As was
already noted in the previous figures the capacity reserving router diverges
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Figure 6.4: Mean packet costs for increasing packet loads. Error bars are the
95% confidence limits of the SEM.
from the performance of the weighted cost router at packet load levels of five
packets per station per hour, and above.
It is interesting to note how the gap between the capacity reserving router
and the weighted cost router decreases as the network packet load grows even
higher. This is most likely due to the fact that the capacity reserving router
is, in a sense, wasting unnecessary departure capacity when trying to reroute
past congestion points. This works well for smaller congestions, but when
the complete network is filled up, it only makes matters worse.
Cost Figure 6.4 shows the mean costs of the simulations, which the weighted
cost and capacity reserving routers aim to minimise. These values are largely
dominated by the durations of the packets, and the plots follow the same
shape. Nonetheless, we see that the capacity reserving router is able to decrease the individual packet cost by half under higher packet loads.
The results are slightly biased against the shortest path router, since the
cost function used for calculating the cost in the figure is the same cost
function as used in optimising the other routers. This does not affect the
relation between the weighted cost and capacity reserving routers, which is
the main point of importance in this measurement.
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Figure 6.5: Median of the packet sustainability for increasing packet loads.
The error bars are the MAD.
Sustainability The results presented above mostly relayed information
about the individual packets travelling in the network, and only hinted at
what actually occurred on an network-wide scale. To get a closer look at
the performance of the network, we also measured the sustainability of the
network. Sustainability of a network is the rate at which the amount of
packages increase in the network. A sustainability value of 1 means that the
network can handle the packet load nicely, while anything above means that
the buffers will be filling up. The sustainability was discussed in more detail
in section 4.4.2. The results of the sustainability measurements are seen in
figure 6.5.
We can directly see that the shortest path router is unable to keep up
with the packet load at any level. This is due to the fact that the shortest
legs of the system will be clogged up instantly, since almost all packets travelling larger distances will be routed through some central shortest legs. The
weighted cost and capacity reserving routers on the other hand handle things
better. The cost function spreads the load of the packets on a wider set of
routes that minimise the amount of changes and duration, without sending
all packets to the same departure.
The ability of the capacity reserving router to additionally spread the
load around congested routes, enables it to be sustainable at higher packet
loads than the simple weighted cost router. This can be seen in the data
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table 6.5b, where the capacity reserving router stays sustainable up until a
packet load of 12, compared to the weighted costs routers value of 5. This
provides an increase of 100% to the total network capacity.
Even at higher loads, the sustainability is better for the capacity reserving
although it is not level. This eases the network in occasional spikes, such
as holidays or other special events, where the need surpasses the capacity
momentarily. In these cases, buffers such as storage warehouses will not fill
up as rapidly, and the packets will arrive in a more timely manner.

6.2

Algorithm running time

Since finding the cheapest path is not a trivial problem, and since the networks can grow large and routes complex, we cannot assume that the computational requirements of the algorithms are trivial. Thus, it is important to
be aware of the overhead brought on from he more complex methods. Even
the best methods can become infeasible, if they are too complex to perform
in real world applications within reasonable time limits.
All algorithms compared in this thesis are based on Dijkstra’s algorithm,
as described in section 5.2. It has an worst case running time bounded by
O((n + e) log e) using a binary heap for the priority queue, where n is the
number of nodes and e is the number of edges in the network. Dijkstra’s
algorithm builds the whole shortest path tree in that time, but since we only
need the shortest path to a specific node, we end the computation once this
node is reached in the breadth-first search.
From the knowledge that the average number of edges in the shortest path
of a scale-free network is approximately logarithmic to the size of the network [1], we can estimate an average running time for the routing algorithms
in our model. Let us say that the length of the shortest path is l = log n, and
that the branching factor of the network is b. Then each edge added to the
shortest path increases the number of nodes to consider by b. From this we
can deduce that the total number of nodes to consider in the shortest path
search will be logb n, which means that the running time is expected to grow
polylogarithmically with the size of the network.
The additions to the capacity reserving algorithm in section 5.2.4 increase
the computation needed for each node by a constant amount, since the capacities of the path departures need to be checked. This could decrease
performance slightly, but should still stay in the same time complexity.
It is also worth noting that while network size is a big factor in the routing
time, the connectedness of the network also affects this. The more connections the packets have to choose from, the larger the search space grows. In
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the running analysis, the amount of connections affects the branching factor
of the breadth-first search tree. For simplicity the effect of connectedness on
the routing time was not taken into account in these measurements, since
the main point is only to assert the general performance of the algorithms.

6.2.1

Simulation setup

To verify that the algorithms presented here actually are computationally
efficient enough for practical usage in larger networks, we measured the wallclock time of the routing algorithm execution time in simulated situations.
Network sizes of the simulated networks were increased linearly from 10 to
1 000 stations, with each station having an average of 2 routes, which in
order having average lengths of 3. This produces a branching factor of 6
in the shortest path search. The algorithm execution was first warmed up
by routing 100 packets, after which 1 000 packets were routed and timed.
For each network size and routing algorithm, 50 simulations were run with
different random networks and random packets.
The simulations were limited to 1 000 stations, as running the simulation
running times became infeasible long at this point. In a real world applications, the routing algorithms would obviously be completely detached from
any simulation structure, enabling more efficient data structures and faster
performance in larger networks.
Hardware used for the performance measurements was a system with a
Intel Xeon E3-1230 processor running at 3.20GHz and 8 GB of memory. The
system ran Ubuntu 12.04 LTS and CPython, the reference Python implementation, version 2.7.3.

6.2.2

Results

In figure 6.6 we can see the mean running times of the algorithms, for increasing networks sizes. The values seem to follow a linear pattern, which means
the algorithms should scale well with increasing network sizes. Even at 1 000
stations in the network, we have a running time of under 50 milliseconds,
which is still very manageable for real-time routing.
The weighted cost and capacity reserving routers have distinctively different running times, compared to the shortest path router. This means that
adding the time factor to the cost model roughly doubles the amount of work
needed to be done at each step while traversing the network. This is mainly
due to having to check the timetable data for the next available departure
and fetch its arrival times.
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Figure 6.6: Mean running times for the three algorithms in differently sized
networks. Error bars are the 95% confidence limits of the SEM.
It is important to remember, that the algorithm implementations used in
these performance measurements were prototypical in their nature, and implemented in Python using simple unoptimised object-oriented approaches.
Running the routing algorithms independently from the simulation, while
using a more optimised structure and algorithms, would increase the performance even further. Additionally, more specialised and sophisticated routing
algorithms, compared to Dijkstra’s algorithm, could be used as a base for the
implementation.

Chapter 7

Discussion
The previous chapter presented simulations and results comparing the different routing algorithms. The results contained promising values, and in
this chapter we take a look at what implications those results might have
for a transport service provider. We also discuss the rigidity of the methods
used to achieve the results. Furthermore, we take a look at how the methods
could be incorporated into real world usage scenarios.

7.1

Implications of the results

The results from section 6.1 showed that capacity reserving can decrease the
individual packet cost by up to 50%, under heavy load, in certain network
scenarios. Using the specific cost distribution model in the simulations, the
lowered cost was largely due to the decreased packet travel time, at the expense of increased distanced and slightly increased amount of changes. As the
algorithm is able to adapt to the increased load under these circumstances,
according to the cost function at hand, means that similar results should be
seen in other circumstances as well.
A decreased individual packet cost means direct savings for the a network
provider. In the cost model used, the provider would pay slightly more for fuel
due to increased packet mileage, and slightly higher costs for transloading
packets at stations. But these would be earned back from the customer
satisfaction of the decreased packet duration. Of course, this is directly
dependant on the cost model used, and with a different cost splits the results
would be different. But similar results should be seen in total cost reduction
as long as the durations of the packets are taken into account.
Additionally, the results showed that the network was able to withstand
up to 100% higher packet loads, using the capacity reserving router, before
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the amount of packets entering the system outgrew the throughput of the
network. This is a direct consequence of the algorithms ability to distribute
the load of the network across multiple varying paths. This is not bound to
the cost model used, as long as the model takes in anyway into account the
travel time of the packets.
An increased network capacity, by being able to handle a larger load,
means that existing networks will be able to sustain larger utilisation growth
by using capacity reserving, in comparison to using traditional weighted cost
methods. This enables a transport service provider to make large long term
savings since costly network equipment investments can be pushed back, and
any investments put into increased network capacity have a larger effect on
utilisation.
There are only a few situations where he capacity reserving routing could
provide results worse than the traditional weighted cost routing. The differences in the routing algorithms only surface when the capacity of a departure
is full. At this point all packets travelling on that path will be rerouted to
more cost-effective alternatives. This decreases the cost of the packets on this
specific path. On the other hand, the rerouted packages might fill up other
departures, and thus hinder the travel of packages on other routes. This can
actually be seen in the results at maximal loads, where the additional routes
travelled by the packet waste the available resources of the network.
Although the reserving router showed increased performance in the specific network set used in the results, it does not mean that the savings will
be the same for all network structures. The network topology and the cost
model of the packets greatly affects the usefulness of the capacity reserving
methods. As an extreme example acyclic networks, such as hub-and-spoke
networks, will not see the benefit from reserving routing. This is since each
packet has only one possible path from its origin to its destination in these
networks. Or, if the cost model disregards any duration aspects, then any
rerouting of the packets would only increase the costs due to longer distances
and additional changes.
The algorithms are developed specifically for diverse and vast networks
with varying packet routes, meaning that there is little room for micromanagement and per-case optimisation. So in addition to the connectedness of
the network, the degree in which the network and the routes are optimised
to the load of the packets, greatly affects the effectiveness of the capacity
reserving. For example, a transport network with very static consignments
is able to specialise its connections, routes and vehicles to distinctly cater
to the specific consignments shipped in the network. In these cases the reserving router will not have enough head room to reroute packets any more
effectively.
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In addition to using capacity reserving as a tool to improve transport networks, it could also be used to improve more general routing problems. Some
examples were already given of use in load aware communications network
routing algorithms as stated earlier in section 2.2.3, but it could be brought
even further.

7.2

Discussion on methodology

The simulations run in chapter 4 are based on a simple model and randomly
generated networks using randomly generated loads. Although the models
are formed to match real world networks as closely as possible, the results
are only as accurate as the model is. This means that the results the above
implications are based upon, do not necessarily transfer to the real world
scenarios as they are.
The largest caveats to take into account, when considering the methods
used to obtain the results, are two-fold: not using enough real world data,
and not providing any verification of the implementations. The random network models make some assumptions, and are rather simple in some regards.
Without any measured comparison with real world networks, they might not
always provide accurate representations of real world scenarios. The simulation implementations can unfortunately not be made publicly available, and
were only verified by the feasibility of their measurement results.
All in all, this means that the results are indicative but not definitive.
For greater actual data on real world performance, some kind of trials would
need to be done in the environment of final deployment. This could, for
example, mean taking the deployment network and some test load data and
see the difference in performance with different routing methods. In short,
the simulations would need to be run in real world scenarios, and no guarantee
is provided that they will work as-is.

7.3

Usage in applications

The capacity reserving routing algorithm needs a way to follow the network
state. Integration with a system does not require much more than knowledge
of the network structure and timetables. The routing algorithm can, if necessary, simulate the network by itself to keep track of the capacity loads in
the network. Optionally, if the real world data is stored elsewhere, then the
routing algorithm could directly integrate with any provided real world information that might be available. This would be the preferred way to do read
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the network state data, since any deviations from the routing suggestions
would be taken into account.
The packet routing can be done directly at first contact with the packet,
so that the planned path could be sent along any other data on the packet. If
the packet misses a departure or travels off the path, then re-routings could
be requested from the system as needed. This means that parcel labels,
counters and hand-terminals could always show the suggested path of the
packet, giving the manual sorting much needed instructions on where to
send the packet.
The results presented in this thesis make a lot of assumptions on the reliability of the transports in the network. The only precaution against delayed
transport is the transloading time, which sets a minimum duration between
planned arrival at station and the next departure. Any real world application
of the algorithms should take into account misplaced packets, significantly
delayed departures or missing departures, and handle them accordingly.

Chapter 8

Conclusions
In this thesis we set out to improve transport network efficiency by using
packet routing algorithms that take into account the network capacity load
at each point in time. By using this additional piece of information, we hoped
to increase the performance of the network, especially under high packet load.
After identifying the structure and model of network the packet routing
occurs in, we produced the methods needed for executing the model, and
constructed a simulation environment upon which to perform measurements.
We introduced the capacity reserving router, which was able to provide a
significant improvement in network efficiency compared to traditional routing
methods.
The work done in this thesis can be well applied in specific areas areas
of transport and communication, where there is a specific need to be able
to balance peak load over multiple connections. This could include parcel
transport in postal services, or information communication networks such as
mesh packet routing. Additionally, the results might be suitable for use in
the broader field of graph theory, where they might contribute towards a
more general approach for load balancing of specific types of flow networks.
Although the capacity reserving router is in a completed state as it is,
there is still room for future improvements. As an example, each packet has
multiple optional paths, each with their own costs, and the network has a
total cost which is the sum of the packet costs. So instead of minimising the
cost for single packet entering the system, we could minimise the total cost
of the network. In practice, this would mean that new packets entering the
system would be able to alter the paths of packets already travelling in the
system, if such a change would result in a reduced total cost. This would
clearly increase the routing algorithm search space significantly, but could
nonetheless provide practical in smaller instances combined with specialised
caching and heuristics.
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Alternatively, the network data itself could be used to identify packet
load patterns in order to predict future resource needs and route packages
based on this knowledge. All required information would already be available
to the routing system from the incoming routing requests. This would not
require rerouting of packets already in transit, but could still be prove useful
in predicting and avoiding congestions.
The real-time load data maintained by the capacity reserving router could
also be used for other applications. Possible congestion points, and high
payload departures, can be identified beforehand from the made reservations,
giving loaders and drivers additional time to prepare for any exceptional
situations. For example, higher packet amounts may take longer to load or
handle, meaning more time or resources would be needed to perform the
task.
Additions such as these could be included as separate extensions, or
as a combination, depending on how well they perform in which contexts.
Nonetheless, they could provide valuable additions to the underlying framework introduced by this thesis.
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