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As computer networks grow larger and more complex there is a need for a new, 

simpler kind of approach to configuring them. Software Defined Networking 

(SDN) takes the control plane away from individual nodes and centralizes the 

network control by utilizing a flow based traffic management. In this thesis the 

suitability of SDN in a small ISP (Internet Service Provider) network is 

considered for an alternative to the current traditional core network and access 

network OSSs (Operations Support System), mainly to simplify the network 

management but also to see what else would SDN offer for such an environment. 

Combining information learned from a theoretical study on the matter to a more 

practical experiment of SDN network simulation using Mininet simulation 

software and OpenDayLight SDN controller software does this. Although the 

simulation shows that SDN is able to provide the functionality needed for the 

network, the immaturity of the technology suggests that for a small ISP network 

there is no need to utilize SDN just yet. For when SDN becomes more 

commonplace a brief transition plan is introduced.  
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Tietoverkkojen kasvaessa suuremmiksi ja monimutkaisemmiksi tarvitaan 
uudenlaista, yksinkertaisempaa lähestymistapaa niiden konfiguroimiseen. 
Software Defined Networking (SDN) poistaa yksittäisen verkkolaitteen älyn ja 
keskittää sen kontrollerilaitteeseen käyttäen “flow” tyyppistä liikenteenohjausta. 
Tässä diplomityössä pohditaan SDN:n sopivuutta pienen ISP-verkon (Internet 
Service Provider) käyttötarkoituksiin vaihtoehtona perinteiselle runkoverkolle ja 
liityntäverkkojen omille hallintasovelluksille, lähinnä hallinnan 
yksinkertaistamiseksi, mutta myös mielenkiinnosta SDN:n muihin ominaisuuksiin 
ja niiden hyödyntämiseen tällaisessa verkossa. Työssä yhdistetään SDN-käsitteen 
selventäminen teoreettisella tutkimuksella käytännön kokeeseen jossa SDN:n 
toimintaa selvitetään Mininet SDN-simulaattorin ja OpenDayLight SDN-
kontrolleriohjelmiston avulla. Vaikka simulaation perusteella näyttäisi, että SDN 
pystyy toimittamaan tarvittavan toiminnallisuuden verkkoon, teknologian 
kypsymättömyys kuitenkin puoltaa sitä, että pienen ISP:n ei kannata vielä ottaa 
SDN:ää tuotantokäyttöön. SDN:n yleistymistä silmälläpitäen lopuksi esitellään 
kuitenkin lyhyt suunnitelma SDN-siirtymään.  
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1. Introduction  
 

Haminan Energia is an energy provider firstly and an ISP secondly. It has been 

functioning as a local energy provider for over a hundred years, currently 

providing electricity and natural gas to the city of Hamina and surrounding areas. 

 

The ISP history of Haminan Energia spans over the past 11 years at first 

providing wireless connectivity over a citywide WLAN (Wireless Local Area 

Network) network called Haminetti in 2003. A few years later in 2007 Haminetti 

was expanded with WiMAX (Worldwide Interoperability for Microwave Access) 

outside the city of Hamina. In 2011 the company began building a fiber network 

in a larger scale to provide FTTH (Fiber to the Home) and FTTB (Fiber to the 

building) within the city of Hamina (Haminan Energia Oy, n.d.). 

 

1.1 Background for the Thesis 
 

The network of Haminan Energia has been growing steadily over the years with 

investments in new technologies and through necessity of adding intellect into its 

main production networks. New technologies have brought on a need for the 

network administrators to learn and know various separate management systems 

and their respective quirks. As the network keeps expanding, the number of end-

users rising, issues with ease of management and performance begin to arise. 

Instead of individually managing all core network nodes, the management could 

be consolidated under one entity and preferably so that one could operate it with 

less than specialized engineer level of proficiency. 

 

The current network is an extended star topology where the core network consists 

of various vendors’ switches with a single collector switch/router in the middle. 

The access nodes are also from various vendors mainly with one vendor per 

customer access technology. Logically different technologies are separated into 

different IP (Internet Protocol) subnets aggregated over flat layer 2 networks; the 
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requirements for the network equipment’s’ features is not great. Every core 

network device is individually managed and each of the access technologies runs 

its own OSS to control the nodes in it, this causes a very fragmented management 

of the network. The bandwidth requirement varies depending on the time of the 

day remaining moderate even in the busiest hours. Network security is handled 

with simple access-lists and customer traffic is not limited in any way. Figure 1 

shows the principle of the network’s topology; in reality there are more nodes and 

more access technologies with more OSSs. Figure 2 highlights the management 

connections in the current network and their messiness. 

 

	  
Figure 1 Haminan Energia’s Current ISP Network 
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Figure 2 Management Connections in the Current Network 

 

1.2 The Challenge of Keeping up to Date 
 

For the core network the network administrators have to have knowledge of each 

individual node’s configuration and how the nodes work together to make the 

network work. For this they need to be familiar with various device 

manufacturers’ configuration interfaces and configuration logic. This has been the 

more manageable part as the network design and configuration is in the hands of 

only a couple of people who cooperate. 

 

However the operations related to ISP customers are in many cases done by 

operators. This means that the operators, who don’t possess deeper knowledge of 

the technologies and don’t necessarily deal with them daily, also have to learn for 

each type of access technology that individual network’s configuration interface, 
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configuration logic and limitations (for example if multicast (IPTV, Internet 

Protocol Television) can be provisioned in that network) to be able to do everyday 

tasks like opening and closing services and troubleshooting minor faults reported 

by customers. With changes to access technologies all of the previously learned 

tricks become obsolete. Combined with changes of the operators themselves the 

problem arises; not all of them know how all of the technologies work at an 

acceptable level at all times. 

 

The challenge isn’t purely technological as the current network still works and 

most likely can be scaled to even larger a network. And it isn’t just the complexity 

and the lack of scalability that follows from it; it’s also the inconvenience and 

difficulty of learning to manage such a huge assortment of varying systems and 

devices. 

 

1.3 The Purpose of the Thesis 
 

This study in SDN was conducted to help devise alternatives for the future 

development of the network. Not to necessarily offer a ready solution but to see 

what the state of the art is and if it would be a viable option for such a network in 

the future; can it do what is required in the network’s current state and how could 

it make it better. The format and style of the thesis have been chosen with real 

world engineers in mind, to provide some clarity between the promises of SDN, 

what it currently is and how it works technically speaking. 

 

The questions this thesis aims to answer are: 

 

1.  Can and should SDN be utilized in this kind of an environment? 

2.  What are SDN’s capabilities and intended uses? 

3.  How to transition from a traditional network to SDN? 

 

Related topics that won’t be discussed are SDN’s core technical details (on code 

level), any SDN application’s inner workings in detail, details of applying SDN to 
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anything but this kind of an ISP network. This is to keep the focus in applying 

SDN to the real world using currently existing or just around the corner 

technology. 

 

1.3.1 Execution of the Thesis 

 

As in the case of any new technology it is first important to understand what are 

it’s capabilities and intended uses. This can be achieved through a theoretical 

study of research conducted on the matter, studying manuals and finally by 

practical experimentation. With this knowledge it can be judged whether and how 

the transition toward SDN should be done. 

Time estimate for the thesis spans four months from September 2014 until 

January 2015. First two months are used for gathering material, learning about 

SDN and practicing the simulation tools. Second two months are used for writing 

the report and conducting the actual experiments. From these conclusions of 

SDN’s suitability can be drawn. Research methods used are theoretical research 

and practical application using simulation tools. 

 

1.3.2 Structure of the Thesis 

 

The thesis begins with a short review of how others have researched SDN in the 

not so distant past. To clarify the concept a theoretical study of SDN; what is it 

and why is it? Then the components of SDN that make it work. History to see 

how it came to be, current development, who is working on it and how is it 

advancing. Next is current adaptation of SDN, where is it already used. What 

other research has been done on the matter. And lastly comes a theoretical 

evaluation of transition models to SDN. 

 

The practical part is about finding out about the currently available SDN software 

and its application. It begins with preparation for the simulation: finding and 

setting up the needed software. There are many available SDN controllers so a 
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quick evaluation between some of them must be done before choosing one for 

closer inspection. After the components are chosen for the simulations to be run 

are introduced; what will be done and how. Next the simulations are run and their 

results noted and analyzed. 

 

When both the theoretical and the practical part are done some recommendations 

can be made for and against implementing SDN to the network in question. A 

conclusion of the whole thesis is compiled and then finally ideas for future 

research on the subject are presented. 
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2. Theoretical study of SDN 
	  

As SDN is praised as “the next big thing” there has been a lot of research on the 

matter especially in 2014. Like this thesis, many people are trying to see “if it fits” 

into various scenarios. Some have developed applications but that part seems 

fragmented; no de facto standard applications have arisen yet. 

 

Before implementing SDN the concept must be understood, how SDN differs 

from traditional networking and what are the components it is made from. When 

considering applying SDN into an existing network the transition path must be 

first planned. 

	  

2.1 Previous Research in SDN 
 

To see how the concept behind SDN evolved over the years “The Road to SDN: 

An Intellectual History of Programmable Networks” by Feamster et al. (2013) 

goes through all previous technologies similar to current SDN and explains how 

each of them contributed to the idea. This is the paper quoted on many other 

research papers as the one that explains best how SDN came to be. It does a good 

job of explaining all the underlying concepts and what SDN is about and what it is 

not about. It also reminds that however good an idea SDN is many similar 

technologies have been tried in the past and it won’t become a success unless 

people find real life use cases for it. 

 

“Software Defined Networking Concepts” by Foukas et al. (2014) is a paper 

detailing the components of SDN and as such clarifies what a SDN system 

consists of. To understand what SDN does it is good to understand the 

components that do it. As is common SDN discussed in the paper is SDN 

implemented by using OpenFlow. Some real life scenarios of SDN are mentioned, 

for example how SDN might be used in data center and cellular networks where it 

is at its best. 
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The applications and challenges of SDN are discussed in the paper “Software 

Defined Networking: State of the Art and Research Challenges” by Jammal et al 

(2014).  The application detailed most is the data center network, how SDN is 

able to improve the performance and reliability over a traditional network. The 

relationship of SDN and NFV (Network Functions Virtualization) is discussed. 

The challenges of SDN when implementing the concept to a real life use case are 

made apparent and how some of them have been solved. The case they make is 

that SDN works really well in some scenarios but not in all of them. Caution 

should be exercised when trying to implement SDN in enterprise networks. 

 

The development of SDN software and hardware isn’t nearly finished but one 

aspect that is often forgotten as long as the system works is network security. 

Schehlmann et al. (2014) have evaluated the safety of SDN architecture compared 

to traditional networking in the paper “Blessing or Curse? Revisiting Security 

Aspects of Software-Defined Networking.” Mainly the centralized nature of SDN 

is both its greatest strength and weakness; complete control of the network from a 

single point. It is concluded that SDN at this point looks to be more good than bad 

but as the products mature it should be taken care that network security is 

considered in their functions. 

 

Overcoming the challenge of moving to a SDN network can be done in various 

ways, Vissicchio et al. (2014) provide ideas on how to do it in the paper 

“Opportunities and Research Challenges of Hybrid Software Defined Networks.” 

As almost all existing network are not SDN enabled in anyway there will be a lot 

of trouble in the future for network administrators to figure out how their network 

can be most efficiently transitioned to SDN. Before the practical part of the 

transition a transitional model must be agreed on. The paper evaluates the 

usefulness of each model for a different scenario and how the model can be 

developed to be a long-term solution if needed. Running a hybrid network brings 

its own challenges but is necessary in most cases. 

 



	   18	  

For testing SDN most research has been using the Mininet SDN network 

simulator. De Oliveira et al. (2014) go through basic use and test the scalability of 

it in the paper “Using Mininet for Emulation and Prototyping Software-Defined 

Networks.” Mininet is a simple but powerful tool for simulating a SDN network. 

When used as a supporting document to the official documentation this paper 

helps getting used to using Mininet. Mininet’s usability for simulation is 

evaluated and alternative simulation programs presented. In the paper there is also 

a performance test of Mininet using a tree topology that supports the success of 

Mininet as the simulator of choice for SDN. 

 

There hasn’t been a comprehensive comparison of SDN controllers, but “On 

Controller Performance in Software-Defined Networks” by Toontoonchian et al. 

(2012) has a few of them performance tested which could help in selecting one 

even though it is a bit dated as the technology evolves so fast. It is concluded that 

the performance of the controllers, in requests per second, is surprisingly good. 

However they state that measuring overall performance of SDN is not as simple 

as just seeing if a single controller can handle the workload and that multiple 

controllers should be used in larger networks. 

 

Trying to fit SDN in the ISP network mold has been the subject of a few papers. 

Kerpez et al. (2014) explore propagating SDN all the way to the access nodes in 

the paper “Software-Defined Access Networks.” According to the paper the 

benefits of extending SDN to access nodes are the same as with other networks: 

cheaper hardware with better performance, scalable and flexible central 

configuration. In addition it would enable new business models for ISP customers, 

like NaaS (Network as a Service) and better fault diagnostics assuming the CPE 

(Customer Premises Equipment) is also SDN enabled. 

 

As performance of SDN in real-life applications is a concern Kong et al. (2013) 

have conducted experiments using real ISP traffic in the paper “ Performance 

Evaluation of Software-Defined Networking with Real-life ISP traffic” to see how 

SDN components fare under stress. The experiment was conducted using a traffic 
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capture from a real life tier 1 ISP network that was then run through a SDN 

enabled network. Then they analyzed the results with emphasis on SDN specific 

parameters like controller processing and flow entry installation delay. It was seen 

that the problem lies more in the performance of the switches rather than the 

controller. 
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2.2 The Concept of SDN 
	  
The most common way to define the concept of Software Defined Networking is 

“SDN separates the control plane (which decides how to handle the traffic) from 

the data plane  (which forwards traffic according to decisions that the control 

plane makes)” and “consolidates the control plane, so that a single software 

control program controls multiple data-plane elements (Feamster et al., 2013).” In 

contrast to traditional inflexible networks where both planes are tightly connected 

and the control spread to individual devices (Foukas et al., 2014). In short: 

centralized control over an abstracted network. 

 

SDN brings new ideas to the old traditional networking world. Many would say 

nothing is wrong now, the current way of networking works. SDN doesn’t try to 

fix traditional networking but instead takes a different approach to how networks 

are defined. What SDN is promising is simpler centralized control of the network; 

instead of proprietary text based configuration an intuitive graphic approach 

(Vissicchio et al., 2014), flexible logical and physical network topologies with 

more emphasis on what instead of how. Though in the SDN world the physical 

topology is not as important it allows the administrator to “slice” the network by 

allocating wanted nodes as part of a networks topology so that only those nodes 

will be used. As has been seen from server virtualization decreasing the amount of 

hardware in the network while increasing software can achieve many good things. 

Also with traditional network equipment their capabilities are predefined by not 

only their hardware setup but also by their firmware; for a different purpose a 

different firmware might be required. The devices are (Commercial of the Shelf), 

the user can’t (with reasonable effort) modify the device’s functionality 

(Vissicchio et al., 2014). This also leads to paying for too many features in the 

device when you only need some, with SDN the hardware will be cheaper as it 

does not have to have those features built in it (Santa Monica Networks, 2014). 

 

What traditional networks do best is layer 2 and 3 hop by hop forwarding, the 

development of specialized hardware for that has been going on for a long time. 
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Where SDN comes in is making up for the features traditional networks are 

lacking in; configuring a whole large network, QoS (Quality of Service) and 

security policies, optimal bandwidth and link utilization and other than destination 

based routing. And the things traditional networks cannot do at all; truly dynamic 

QoS and load balancing, layer 3 + layer 4 based routing, service insertion. SDN is 

good for making complicated things easily. When considering SDN think whether 

you need any of these features or if you can do without (Santa Monica Networks, 

2014). 

 

2.2.1 The Components of SDN 

 

	  
Figure 3 SDN Components (Simplified from (Foukas et al., 2014)) 

 

 

The SDN architecture consists of three main components seen in figure 3; 

applications, control plane (controller) and data plane (switches). Applications 

provide functions to the network via the Northbound API (Application 

Programming Interface) of the controller, which then implements the functions on 
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the physical switch network via the Southbound API (Foukas et al., 2014). For the 

Northbound API there is no standard yet (Java OSGi (Open Service Gateway 

Initiative) and REST (Representational State Transfer) are used for example), 

Southbound API standard has been generally accepted as OpenFlow (Santa 

Monica Networks, 2014). 

 

Applications in SDN are what basic and advanced network functionalities are 

called in traditional networking. As all devices in the network (except the 

controller) are dumb functions like switching, routing, firewall, QoS etc. need to 

be handled by the controller. Instead of installing a firewall to the network the 

administrator installs the firewall application on the controller and then defines 

the functionality wherever needed (service insertion). 

 

What makes it all work for SDN is the controller software also referred to as the 

network operating system. The controller sees all the network resources and 

allocates them as needed or requested by the network administrator or 

applications. By centralizing network management knowledge of each individual 

node and their configuration is no longer needed by the administrator. Network 

management can shift from micro to macro management. The bad side of 

centralized management is of course the introduction of a single point of failure. 

This can be avoided by using multiple controllers with multiple links to the 

network; the physical or logical location of the controller(s) in the network is 

irrelevant. Having multiple controllers may also be used to solve the issue of 

distance (latency) between faraway nodes and a controller in a large network 

(Foukas et al., 2014). 

 

Pure SDN switches lack the control plane and as such rely on the controller to 

provide them with the necessary information for what to do with any given 

packet. Forwarding rule tables are received from the controller and are used to do 

routine forwarding. Whenever a packet not fitting to the current rule set arrives 

the switch must consult the controller for what to do. This allows for centralized 

management of the network but on the other hand places a lot of requirements for 
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the availability and performance of the controller (Foukas et al., 2014). Hybrid 

switches can do both SDN and traditional network functions. 

 

The grand idea is to be able to use any application with any controller with any 

switches. However as the technology hasn’t matured yet the applications are 

connected with the controller and not all the switches support all (OpenFlow) 

features. Having total compatibility between vendors would prevent so-called 

vendor lock-in where once you populate your network with a vendor’s equipment 

it is hard in the future to switch to another due to proprietary features (Santa 

Monica Networks, 2014). 

 

2.2.2 The History of SDN 

 

Although the term SDN is fairly new the concept of control and data plane 

separation has been tried before for example in early telephony networks and 

Active Networking of the 1990’s (Feamster et al., 2013). However the technology 

or the user hasn’t been ready before. The solutions were too hard for the end-users 

to use and also the problems have not been as prominent as now so there wasn’t 

enough motivation to develop commercial solutions for real life network 

scenarios, only for research purposes (Foukas et al., 2014). In other words there 

was no actual need for network programmability.  

 

Time will tell if it’s ready this time, at least now the industry support is 

considerable as can be seen from the contributors behind the SDN controller 

projects (The Linux Foundation, 2014a). The enabling technologies for SDN, 

more bandwidth, more processing power and virtualization, have advanced to the 

point where it is now possible to start considering large scale implementation of 

programmable networking (Foukas et al., 2014). At the same time the need for 

programmability has become a real thing in real life networks, especially in data 

centers where the need for flexible, high throughput links is apparent but also in 

other environments too (Foukas et al., 2014). 
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2.2.3 The Development of SDN 

 

Many separate instances have started development in SDN in recent years. These 

include Internet Engineering Task Force (IETF) and Software-Defined 

Networking Research Group (SDNRG) (Foukas et al., 2014). The emphasis of 

this thesis is on the products of the Open Networking foundation (ONF) as much 

of the research and all of the available software is based on them. ONF is run by 

many major networking and related companies such as Facebook, Deutche 

Telekom, Google and NTT. Since 2011 ONF has developed an open protocol 

called OpenFlow for software-based control (OpenFlow controller) of the data 

plane (OpenFlow switch) for all interested parties to use. Since 1.0 (major 

features include IPv4 (Internet Protocol version 4) in December of 2009 

OpenFlow has evolved to 1.1 (VLAN (Virtual Local Area Network), MPLS 

(Multiprotocol Label Switching)), 1.2 (IPv6 (Internet Protocol version 6), 

multicontroller), 1.3 (version negotiation) the current version 1.4 (synchronized 

tables) released in October of 2013 (Ren & Xu, 2014). Most implemented 

versions in hardware and software are 1.0 and 1.3. 

 

OpenFlow is a southbound protocol in the SDN architecture. Its operation is based 

on the use of flow tables in which it is defined what a SDN switch does to the 

traffic that it receives, not unlike routing tables in traditional switches. Flows, 

however, are much more flexible and allow packet matching with more conditions 

and more options for packet modification after. Flows can be used to dynamically 

change network traffic on the fly (Jammal et al., 2014). 

 

There are of course vendor specific implementations too, like Cisco’s One XNC 

(Cisco, 2014) and HP’s SDN (HP, 2014a) and Juniper Networks’ Contrail 

(Juniper, 2014), which more or less offer the same functionalities as the open 

source versions with added proprietary features. Cisco One XNC leaves more 

intelligence to the switches, which allows them to function independently without 

the controller with the main idea being that what traditional networking does well 

it can keep doing and then enhance the network using SDN’s possibilities. This 
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goes against the principles of SDN but may be advantageous when connectivity to 

the controller is lost. HP has set up an SDN app store for first and second party 

applications to be used with its controller (HP, 2014b). Juniper Networks 

promises compatibility with other solutions as well. This and the fact that the 

open source projects are backed by the major telecommunications vendors shows 

that there is definite interest in the SDN concept throughout the industry. 

 

Even though there is a definition for SDN there are different ideas what it means 

in practice among the vendors, developers and the users; these include grand goals 

like doing what VMware did for servers, to enable innovation in the network, to 

solve problems with scalability, management and performance. 

 

2.2.4 The Adaptation of SDN 

 

The adaptation path of SDN has gone from research networks to data centers and 

is now looking for more ground to conquer. In research networks SDN enables 

researchers to dynamically allocate resources (“slice”) from an existing network 

for their own use to test, for example, new protocols and services in much larger 

scale than usually possible (Foukas et al., 2014). 

 

In data centers SDN allows for the network to scale further more easily and 

security in SDN is more flexible for a network where the hosts keep changing 

places. The dynamic allocation of links helps to get most out of the bandwidth in 

a data center and if needed the network administrator can also do it by hand more 

easily than in traditional networking (Jammal et al., 2014). 

 

Cloud computing has allowed infrastructure, platform and software to be sold as a 

service. SDN enables the missing piece Network as a Service (NaaS) where a 

customer can buy, for example, resources from the network where his cloud 

service is running and control them as they were his own, maybe even with his 

own SDN controller (Jammal et al., 2014), (Santa Monica Networks, 2014). 
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Mobile networks have been moving to being completely IP based, there SDN can 

be utilized to track data usage as it allows for more detailed flow monitoring 

(Santa Monica Networks, 2014). One environment with extremely high 

bandwidth requirements is a TV production network where huge amounts of raw 

footage needs to be moved in the network, here SDN will allow for a more easily 

configurable and better utilized mesh network. 

 

The products available right now are very limited and some have devised their 

own such as Google’s B4 WAN (Wide Area Network) (Jain et al., 2013) using in-

house version of OpenFlow software and hardware between their data centers 

allowing them to utilize the network at a much higher rate than is commonly 

attainable with traditional networking. Facebook on the other hand utilizes SDN 

to allow for a much more flexible and fast development of the network than with 

traditional networks (Santa Monica Networks, 2014). 

 

The expectations of service providers for SDN’s future according the survey 

conducted by Heave Reading reveals that what most of them want from SDN are 

agility of the network especially in the IP core and the new business models it 

brings. Every company also either already has experimented with or even 

implemented SDN or will do so in the future. The SDN market is expected to start 

growing in 2015 and to gain major popularity by the end of 2018 (Cisco, 2014b). 

 

It seems that the telecommunications world as a whole hasn’t got a clear idea of 

SDN and is waiting for it to mature to be applied into real life scenarios in a wider 

scale with commercially available products and not only in special cases devised 

by the huge companies themselves. 

 

2.2.5 Network Security in SDN 

 

Considering the security of the network adaptation of SDN has both advantages 

and disadvantages. The centralized control of SDN makes configuring and 

monitoring security features easier. And since all the decision-making resides in 
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one entity it allows for different security components for example a spam filter to 

share it’s information with a firewall efficiently. The controller can forward 

packets very specifically with many parameters; this can also be used as a security 

measure. As the concept of SDN is very different from traditional networking it 

omits some of existing network security threats. The developers of SDN must take 

care that they don’t create new kinds of vulnerabilities (Schehlmann et al., 2014). 

 

2.2.6 NFV as a Part of SDN 

 

When talking about SDN the terms Network Virtualization and Network 

Functions Virtualization (NFV) usually pop up at some point. At its’ simplest 

Network Virtualization means the use VLANs; multiple static logical networks 

running on one physical network and as such is not a new invention. NFV 

however refers to virtualization of such functions as NAT (Network Address 

Translation) and intrusion detection; much like the applications in SDN. NFV can 

be seen as a part of SDN but it can exist on its’ own too (Foukas et al., 2014). 
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2.3 How to Transition to SDN 
 

It is rarely possible to build a completely new network from scratch. In most cases 

there is an existing, traditional, network that needs to evolve to an SDN enabled 

network. Utilizing hybrid SDN where SDN elements replace traditional network 

components gradually can do the transitional phase. And in many cases this 

means that the best way to go is not to try to replace the whole network; in these 

cases traditional networking is the best solution. For example within automation 

and industrial networking the requirements for the network are extremely basic. 

 

Moving from traditional networking to SDN now has its difficulties; availability 

and interoperability of the equipment is still uncertain, the requirement of new 

expertise for the different kind of network design and at this point in time the lack 

of ready made solutions means that to implement SDN you are willing to invest in 

somewhat experimental technology with no guarantee of a long term solution 

(Vissicchio et al., 2014). If you are not familiar with software development it 

might be hard to acquire suitable SDN applications for your needs without 

developing them by yourself. 

 

In the transition phase it would be very useful to have networking equipment 

where you can have traditional and SDN functionality in the same device. That 

would allow for a smooth change from the one to the other. In the best case 

scenario old equipment could be software upgraded to support SDN, whether this 

vendors will support this remains to be seen. (Mininet Team, 2014) 

 

While SDN makes and effort to centralize and streamline network management 

hybrid SDN means that you will have to have two different management methods 

running at the same time adding complexity to the network and its management. It 

would be best to eventually move on to a completely SDN network to realize the 

full potential of centralized management. 
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2.3.1 The Transitional Models from Traditional Networking to SDN 

 

The research paper “Opportunities and Research Challenges of Hybrid Software 

Defined Networks” (Vissicchio et al., 2014) proposes four different models to 

implement hybrid SDN each with its own strengths and use cases. 

 

(a) Topology-based. 

 

Traditional and SDN exist as physically and logically isolated zones within the 

network and converse with each other as they would with any remote network. 

This model would fit any network that has already been divided into smaller, for 

example, regional parts. The parts can be independently switched to SDN while 

the other parts keep operating normally. 

 

(b) Service-based. 

 

Traditional and SDN overlap at least partially physically. Network services 

provided originally by the logical traditional network are gradually moved on to 

the SDN side so that both networks can still access them. This method allows for 

first implementing SDN nodes into the key points of the network to for example 

enable SDN’s ability to utilize a looped topology. 

 

(c) Class-based. 

 

Traditional and SDN overlap completely physically. Network traffic is divide into 

classes and then class-by-class moved from the logical traditional to the SDN side 

of the network. Retaining the traditional network would allow the traffic to be 

moved back if for some reason some kind of traffic wouldn’t behave correctly 

within the SDN network. 

 

(d) Integrated. 
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In the integrated model at first the SDN controller controls the traditional network 

nodes and then over time the nodes are changed to SDN nodes. This allows 

implementing SDN quickly to an existing network. However this kind of interface 

between the SDN controller and the traditional nodes does not exist yet. 
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3. The Application of a SDN Controller 
 

To test SDN in practice is not straight forward as the technology is still very 

young. There are actual physical devices available but not widely nor cheaply. 

The main component of a SDN network, the controller (software), on the other 

hand has many alternatives readily available for download for free. 

 

The lack of actual devices is easily remedied with the use of suitable simulation 

software. Mininet (Mininet Team, 2014) has been found in many research papers 

(de Oliveira et al., 2014) to be the simulation software to use for all SDN 

simulations. It is a very simple and lightweight application that scales to 

moderately large networks, a 511-node network were tested in the paper “Using 

Mininet for Emulation and Prototyping Software-Defined Networks.” Mininet can 

be used to define a SDN enabled topology using a relatively simple python script. 

To help coding handicapped users an unofficial GUI (Graphical User Interface) 

has been developed that can be used to form the scripts for you called Miniedit 

(Gee, 2014). Another online alternative is VND (Fontes, 2014). 

 

Of the available SDN controller software a few of the more popular examples 

were chosen to be tested briefly before choosing one for the actual simulation. 

These were OpenDayLight Hydrogen, OpenDayLight Helium, Floodlight, 

Floodlight Plus, Pox, and Ryu. They were chosen by their popularity in research 

papers and chatter in SDN related articles and discussion. 

 

3.0.1 Description of the Experiment 

First all the controllers were tested with Mininet to see how they are installed and 

how their basic operation has been handled; are they viable to be used by a 

network administrator in their current state or are they still too experimental. 

Keeping in mind the requirements for the operation of the current network, basic 

switching and routing, that the controller should be able to handle the controllers’ 

basic capabilities were tried out. Then when a controller was chosen its abilities 



	   32	  

were tested with more complex topologies. In order to get more familiar with the 

simulation software testing was begun with a very simple topology that was then 

gradually extended to a bigger network, both logically and physically, to see if the 

basic functions of the current network could be met; this is the bare minimum 

requirement to even consider implementing SDN. 

 

3.0.2 The Setup of the Experiment 

 

Mininet simulation software comes as a pre-built virtual machine (VM) image 

(Mininet Team, 2014). This VM was run on a Macintosh running OS X 10.10 

with Oracle Virtual Box software (Oracle, 2014). (Dainese, 2013) The VM was 

allocated two 1.7 GHz Intel Core 7 processors and 4 gigabytes of RAM (Random 

Access Memory). The different controllers were then installed on the same VM.  

 

The network design was modeled with the company’s production network 

(current and future) in mind. IPv4 was used because limitations of the software. 

However in the simulations conducted difference between IPv4 and IPv6 would 

not have made a difference; Mininet uses hostnames, as is almost mandatory with 

IPv6, so the under laying IP version does not matter, however only controllers 

running OpenFlow 1.2 or greater have IPv6 support. 

 

3.1 The Experiment 
 

To begin with the current Mininet 2.1.0 VM was downloaded. The image was run 

using Virtual Box. The idea is that it is a complete working Ubuntu 14.04 64 bit 

machine you can use to simulate an SDN network. Wireshark (Wireshark 

Foundation, 2014) is included for capturing and analyzing the simulated network 

traffic, OpenFlow packets can be found using the “OF” filter. In practice some 

more parts are needed. For example it does not include any X window system, 

which is needed if you intend to use any additional graphical applications. 
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3.1.1 The Controllers Considered for the Experiment 

 

OpenDayLight Hydrogen & Helium (The Linux Foundation, 2014a) 

General Information 

 

OpenDayLight is a Linux foundation 

project supported by many of the big 

names in networking such as Cisco, 

HP, Juniper and VMWare. It is 

expected to be one of the most popular 

controller platforms. 

 

When testing was begun only the 1.0 

version called Hydrogen of 

OpenDayLight was available. Later on 

the second release version called 

Helium and a SR-1 update (no version 

number) was released and it superseded 

Hydrogen in the testing so any 

information referring to practical usage 

of OpenDayLight is referring to 

Helium. Hydrogen supports OpenFlow 

1.3 (with an add-on), Helium 

OpenFlow 1.3 natively. The 

applications for OpenDayLight are 

written in Java. 

 

Available Documentation 

 

A comprehensive installation guide is 

provided for each version of 

OpenDayLight, the installation method 

changes between versions from yum 

install to Karaf distribution. Hydrogen 

has also pre-built VMs available, 

Helium will most likely get them in 
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time. 

 

For basic usage Hydrogen has a wiki 

with only a few pages, as it was the 

first base version of the controller for 

whoever wanted to test it. Helium has a 

more detailed user guide to get started. 

However it is fragmented and requires 

time and in depth knowledge to be of 

use. There’s also a developer guide, 

which details the inner workings of the 

controller. 

 

Operation 

 

Hydrogen has in built functions, 

Helium is run as a Karaf distribution 

and any additional parts can be 

installed within the running 

distribution.  

 

Available Applications 

 

Basic SDN and switching functionality 

is included. Of the more advanced 

applications included Defense4All, a 

DDoS (Distributed Denial-of-Service 

(attack)) detection and protection app, 

and SNMP4SDN, SNMP (Simple 

Network Management Protocol 

monitoring, can be mentioned. 

 

GUI  

A dynamically formed GUI is 

available; it includes whichever 
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functionalities are installed. Shows the 

current topology of the network. 

 

 

 

Floodlight (Project Floodlight, 2014), Floodlight Plus (SDN Hub, 2014) 

General Information 

 

Floodlight is a mainly Big Switch 

Networks sponsored project; it uses the 

same core engine as their SDN 

controller. Latest version available at 

the time was 0.90. Floodlight Plus is a 

development of Floodlight with added 

OpenFlow 1.3 support by SDNhub.org. 

In addition to Linux, Floodlight also 

runs on OS X. 

 

Available Documentation 

 

Documentation for Floodlight is in 

wiki form. There isn’t that much 

information and most of the pages are 

one to two years old. Additional 

tutorials are available for Floodlight 

Plus on SDNhub’s website (SDN Hub, 

2014). 

(NTT Ryu Project Team, 2013) 

 

Operation 

 

Floodlight can be downloaded from 

Github and built or a pre-built VM is 

available. Floodlight Plus is also 

available on Github. 

 

Available Applications Included with the Controller are three 
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 simple applications; Circuit Pusher, for 

creating permanent flows between two 

devices, Firewall for access lists and 

Load Balancer for ping, TCP 

(Transmission Control Protocol) and 

UDP (User Datagram Protocol) flows. 

 

GUI 

 

A simple GUI is included to show the 

devices in the network, the flows and 

the topology. 

 

 

 

Pox (Nicira, 2014) 

General Information 

 

The NOX/POX project stems from 

Nicira’s first ever SDN controller 

software NOX released in 2008. POX 

is a python version of NOX, which was 

made in C++. Latest version available 

was “carp.” It only supports OpenFlow 

1.0 and can be run on Linux, OS X and 

Windows. 

 

Available Documentation 

 

Main documentation for POX is a wiki 

page but it is mainly aimed at 

developers. As NOX/POX has been 

around longer than most SDN 

controllers it has been used in many 

projects and tutorials found online. 

 

Operation POX can be installed from Github, 
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 downloaded as a pre-built VM from 

SDNHub or it can be found pre-

installed in the Mininet VM. 

 

Available Applications Included applications are simple L2 

(Layer 2) switch, L3 (Layer 3) learning 

switch, Spanning Tree, OpenFlow 

components etc. 

 

GUI 

 

No GUI is included with POX but third 

party GUIs are available. 

 

 

 

Ryu (NTT Ryu Project Team, 2014) 

General Information 

 

Ryu was developed by NTT. The 

controller is written in Python. Latest 

version was 3.14. OpenFlow up to 

version 1.4 is supported. 

 

Available Documentation 

 

Ryu’s wiki is aimed at the SDN 

application developer. In addition to 

this there’s a freely available Ryu book 

(NTT Ryu Project Team, 2013) that 

goes into detail of how the controller 

actually works with examples and 

source code. It starts with basic 

operation and then goes to describe the 

included SDN applications. 

 

Operation Downloads are available through pip or 
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 Github. 

 

Available Applications 

 

The applications included with Ryu 

concentrate on basic network 

functions; Switch, Traffic monitor, 

Router, Firewall etc. 

 

GUI 

 

Only an extremely simple topology 

viewer is included. 

 

 

3.1.2 The Selection of a Controller for the Experiment 

 

The features that mattered the most for this kind of testing were usable, up to date 

documentation, basic functionality (basic switching and routing) and ease of use. 

Performance and advanced functions were secondary. As it was not completely 

clear in the beginning of the testing what an actual SDN controller should do and 

how it should be configured the more obscure ones, for example requiring 

learning a programming language, were dropped first. This lead the selection to 

the GUI oriented controllers that provide the user with easier access to the 

controllers’ functionality. The immaturity of the controllers could be easily seen 

when compared to Cisco One XNC (Santa Monica Networks, 2014), a 

commercially developed alternative later tested on a training course. Cisco One 

XNC is based on OpenDayLight. 

 

The only controller that met the expectation of what the controller should be able 

to perform and how it could be configured, with a reasonable amount of training, 

was OpenDayLight in both Hydrogen and Helium versions. Even such a simple 

task as switching was not included in all of the controllers tested. One of the 

major features that make SDN so attractive an alternative, using a looped 

topology in its favor, seemed to bet a hard task. As OpenDayLight is also 
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supported by many of the major vendors and has very good documentation 

compared to most of the other controllers it was chosen to be the controller used 

in the simulations. 
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3.2 The Simulation Software used for the Experiment 

 
Mininet Basic Operation (de Oliveira et al., 2014) 

 

The SDN network simulator Mininet can use either a CLI command parameter 

defined or a custom file defined topology. Detailed descriptions of the custom 

files are discussed in the next part. Only custom topologies were used. Running a 

custom topology created using Miniedit can be done with the command 

 
sudo ./script.py 

 

Useful commands within Mininet listed in table 1. 

 

help Prints available commands 

nodes Prints available nodes 

hx ping hy Use host hx to ping host hy 

pingall Ping all hosts with all hosts in sequence 

iperf hx hy Measure TCP performance between the hosts hx and hy 

xterm hx Establish an xterm session to host hx or a switch 

dpctl View and alter a switch’s flow table 

exit Exit Mininet 

Table 1 Mininet Commands 

 

Setting up OpenDayLight Hydrogen and OpenDayLight Helium 

 

Setting up OpenDayLight Hydrogen is straightforward. Download the package, 

extract the package, run it. OpenDayLight Helium requires the installation of 

some additional components to function. 

 

The installed features listed in table 2. 
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4. The Topologies Used in the Experiment 
 

Topologies of different sizes and complexities were constructed to simulate basic 

functions found in the current network and to make use of some SDN specific 

functions. 

 

4.1 Version 1 Connectivity Test [Appendix I] 

 

To begin the testing a very simple custom defined topology consisting of two 

SDN switches and two hosts were used just to see how Mininet works in 

connecting the nodes together as seen in figure 4. The functionality simulated here 

is basic switching capability. Mininet allows for topology definition via command 

Feature Description 

odl-l2switch-switch-ui 
 

Provides L2 (Ethernet) forwarding 
across connected OpenFlow switches 
and support for host tracking 
 

odl-OpenFlowplugin- 
flow-services-ui 
 

OpenFlow Flow Programming 
Enables discovery and control of 
OpenFlow switches and the topology 
between them 
 

odl-restconf 
 

RESTCONF API Support 
Enables REST API access to the MD-
SAL including the data store 
 

odl-mdsal-apidocs 

 

Required for the GUI 

odl-dlux-core 

 

GUI core 

Table 2 OpenDayLight Helium Features 



	   42	  

line parameters but this becomes a limiting factor very fast, which is why even the 

simplest topology was created using a custom script. 

 

	  
Figure 4 Version 1 Topology 

 

This and all other Python scripts created using Miniedit first then developed by 

adding and modifying parameters. 

 

Script Explanation (of the important parts): 

 
net = Mininet( topo=None, 
               build=False, 
               ipBase='10.0.0.0/8') 
 

In the definition of the net ipBase defines the IP network to be used in the nodes, 

here 10.0.0.0/8. 

 
    info( '*** Adding controller\n' ) 
    c0=net.addController(name='c0', 
                      controller=RemoteController, 
                      ip ='10.0.2.15', 
                      port=6633) 
 

A remote controller c0 is defined to be found at IP address 10.0.2.15 port 6633 

that is the VM NIC’s IP address. 

 

 
s1 = net.addSwitch('s1', cls=OVSKernelSwitch) 
 

Switch 1 named s1 is defined as an OVSKernelSwitch, Open VSwitch type of 

SDN switch. 
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h1 = net.addHost('h1', cls=Host, ip='10.0.0.1', 

mac='10:00:00:01:00:00', defaultRoute=None) 

 

Host 1 named h1 is added and given the IP 10.0.0.1 and the MAC 

10:00:00:01:00:00 to make easier to manage. 

 
net.addLink(h1, s1) 
 

A link between h1 and s1 is created. If no other parameters are defined it will be a 

“perfect” link with no delay or loss and with bandwidth only limited by the 

hardware the simulation is running on. 

 
net.get('s1').start([c0]) 

 

The switch s1 is set to be controlled by the controller c0. Note that in Mininet the 

switches are connected to the controller this way and not via “physical” links. 

 

4.2 Version 2 Looped Topology [Appendix II] 
 

One of the most intriguing qualities of SDN is the possibility of using a partially 

(or fully) meshed network without having to worry about loops; on the contrary 

the controller can utilize all links automatically. The topology displayed in figure 

5 consists of five switches with links to all adjacent switches and a host behind 

each of the edge switches for testing connectivity. This topology simulates not 

only switching but also a new feature that could be implemented to make the 

current network better; more links between nodes makes for a faster, more reliable 

network. To make the topology work the controller was also added and then used 

to test the basic functionality of the network. 
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Figure 5 Version 2 Topology 

 

Script Explanation 

 
    h1s1 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(h1, s1, cls=TCLink, **h1s1) 

 

Links are defined to have a bandwidth of 1000 Mbit/s, delay of 1 ms and zero loss 

to make them more lifelike. 

 

4.3 Version 3 A Larger Number of Nodes [Appendix III] 

 

Version 3 topology pictured in figure 6 is an extension of the theme of version 2. 

More switches, their links and connected hosts are added to increase complexity 

to see how the SDN controller is able to sort out the loops in its favor and if there 

is any effect on the performance of the network. The purpose of this simulation is 

to see that the controller doesn’t choke straightaway when the topology is a bit 

more complex. 
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Figure 6 Version 3 Topology 

 

Script Explanation 

 

At this point it becomes apparent that when the amount of nodes and links in the 

network increases the Python script becomes long fast. And it is much harder to 

understand the topology just by looking at the script; a picture of the simulated 

topology is essential. If a larger network needs to be simulated this is better done 

using a Python script that automatically generates more nodes. 

 

4.4 Version 4 Utilizing Flows [Appendix IV, (Dainese, 2013)] 

 

What separates SDN from traditional networking from a configurational 

standpoint is the use of flows to define the functionality within the network 

instead of managing individual nodes to achieve functionality. How to actually do 
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this requires a change of perspective on the matter. For instance a SDN controller 

can also be used as a router when defined by proper flows like in the topology 

seen in figure 7. This simulates what routing does in a traditional network. 

Defining a whole routing table this way would be extremely laborious but for the 

scope of this thesis this is enough to see that the functionality is there. 

 

	  
Figure 7 Version 4 Topology 

Script Explanation 

 
h1 = net.addHost('h1', cls=Host, ip='10.0.1.1/24', 

mac='10:00:01:01:00:00', defaultRoute='via 10.0.1.254') 

 

The host h1 will have a default route via 10.0.1.254. 

 

In addition to the script the host h3 needs to have its interfaces’ IPs defined after 

Mininet has started with the commands: 

 
mininet> h3 ifconfig h3-eth0:1 10.0.1.254 

mininet> h3 ifconfig h3-eth0:2 10.0.2.254  
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5. Running the Simulations 
 

5.1 Simulation 1 Connectivity Testing 
 

Mininet is run from an XTERM window and it needs to be run as the root user. 

 
mininet@mininet-vm:~/mininet/topo$ sudo ./version0.py  

 

Simulation 

 

As the controller has not been started yet there is no connectivity between the 

hosts. 

 
mininet> h1 ping h2 

PING 10.0.0.2 (10.0.0.2) 56(84) bytes of data. 

From 10.0.0.1 icmp_seq=1 Destination Host Unreachable 

From 10.0.0.1 icmp_seq=2 Destination Host Unreachable 

From 10.0.0.1 icmp_seq=3 Destination Host Unreachable 

 

OpenDayLight controller is run from another XTERM window. 

 
mininet@mininet-vm:~/distribution-karaf-0.2.1-Helium-

SR1/bin$ sudo ./karaf 

                                                                                   

 

From the OpenDayLight GUI the topology does not yet include anything else 

except the switches (figure 8). 
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Figure 8 OpenDayLight GUI View of the Simulation 1 Topology 

 

Now there is connectivity between the hosts. 

 
mininet> h1 ping h2 

PING 10.0.0.2 (10.0.0.2) 56(84) bytes of data. 

64 bytes from 10.0.0.2: icmp_seq=1 ttl=64 time=1004 ms 

64 bytes from 10.0.0.2: icmp_seq=2 ttl=64 time=2.86 ms 

64 bytes from 10.0.0.2: icmp_seq=3 ttl=64 time=0.612 ms 

64 bytes from 10.0.0.2: icmp_seq=4 ttl=64 time=0.088 ms 

64 bytes from 10.0.0.2: icmp_seq=5 ttl=64 time=0.085 ms 

 

After the hosts have send some traffic into the network the controller is able to see 

them (figure 9). 
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Figure 9 OpenDayLight GUI View After Traffic of the Simulation 1 

Topology 

 

Capturing the traffic using Wireshark reveals how the controller first connects 

with the switches and inquires about their capabilities as seen in the capture in 

figure 10.  
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Figure 10 Wireshark Switch Capability Inquiry 

 

When the hosts start communicating at first the controller transmits the packets 

within OpenFlow packets as seen in the Wireshark capture in figure 11 and 12. 

See Appendix V for bigger versions of Figures 11-13. 

 

	  
Figure 11 ARP within OpenFlow 

 

	  
Figure 12 ICMP within OpenFlow 

 

Later on the hosts can ping each other without the need for the controller to 

interfere as seen in the Wireshark capture in figure 13. 

 

	  
Figure 13 Plain ICMP 

 

From the GUI you can see how much traffic has gone through a node (figure 14) 
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Figure 14 Node Traffic Statistics as seen from the GUI 

 

Performance of the network between two hosts can be measured using iperf. 

However as the bandwidth of any has not been capped the performance is as much 

as the simulating platform can deliver. 

 
mininet> iperf h1 h2 

*** Iperf: testing TCP bandwidth between h1 and h2 

*** Results: ['14.3 Gbits/sec', '14.3 Gbits/sec'] 

mininet> iperf h2 h1 

*** Iperf: testing TCP bandwidth between h2 and h1 

*** Results: ['15.2 Gbits/sec', '15.3 Gbits/sec'] 

 

Connectivity between the hosts has been established using the switches controlled 

by OpenDayLight. 

 

5.2 Simulation 2 Looped Topology 
 

When starting the version 1 topology the controller churns it for about 60 seconds 

before it is able to remove all loops. The switches send LLDP (Link Layer 

Discovery Protocol) packets over OpenFlow to sort the topology out as seen in the 

Wireshark capture in figure 15 and 16. See Appendix V for bigger version of 

Figure 15. 

 

	  
Figure 15 LLDP within OpenFlow 
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Figure 16 LLDP Packet Details 

 

After the topology is sorted there is connectivity between all hosts. The GUI 

topology viewer shows the connections between the nodes (figure 17). 

 
mininet> pingall 

*** Ping: testing ping reachability 

h1 -> h2 h3 h4 h5  

h2 -> h1 h3 h4 h5  

h3 -> h1 h2 h4 h5  

h4 -> h1 h2 h3 h5  

h5 -> h1 h2 h3 h4  

*** Results: 0% dropped (20/20 received) 

mininet> h1 ping h5 

PING 10.0.0.5 (10.0.0.5) 56(84) bytes of data. 

64 bytes from 10.0.0.5: icmp_seq=1 ttl=64 time=1.33 ms 

64 bytes from 10.0.0.5: icmp_seq=2 ttl=64 time=1.54 ms 

64 bytes from 10.0.0.5: icmp_seq=3 ttl=64 time=1.35 ms 
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Figure 17 OpenDayLight GUI View of the Simulation 2 Topology 

 

Even without any limitation to the link speed between nodes the simulation 

hardware used could not provide speeds much over 100 Mbit/s. 

 
mininet> iperf h1 h4 

*** Iperf: testing TCP bandwidth between h1 and h4 

*** Results: ['95.5 Mbits/sec', '101 Mbits/sec'] 

 

mininet> iperf h1 h5 

*** Iperf: testing TCP bandwidth between h1 and h5 

*** Results: ['101 Mbits/sec', '107 Mbits/sec'] 

 

When artificially limiting the link speed to 1 Gbit/s the performance gets even 

worse. 
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mininet> iperf h1 h4 

*** Iperf: testing TCP bandwidth between h1 and h4 

*** Results: ['44.0 Mbits/sec', '49.1 Mbits/sec'] 

 

mininet> iperf h1 h5 

*** Iperf: testing TCP bandwidth between h1 and h5 

*** Results: ['44.1 Mbits/sec', '47.3 Mbits/sec'] 

 

 

The controller was able to sort the topology out to provide connectivity between 

all hosts even though there were many loops. The performance of the network 

dropped drastically, in part due to the limited hardware running the simulation and 

the controller, but also showing that OpenDayLight Helium does not handle loops 

too well. 

 

5.3 Simulation 3 A Larger Number of Nodes 
 

Starting the version 3 topology with OpenDayLight Helium resulted in the system 

using 100% CPU and never (in 10 minutes) being able to sort the topology out. 

OpenDayLight Hydrogen was able to sort the topology out in about 30 seconds so 

rest of the tests with this topology was conducted using it instead. The reason for 

OpenDayLight Helium’s poor performance with a looped topology remained 

unclear. 

 

Connectivity between hosts was established. 

 
mininet> pingall 

*** Ping: testing ping reachability 

h1 -> h2 h3 h4 h5 h11 h21 h31 h41  

h2 -> h1 h3 h4 h5 h11 h21 h31 h41  

h3 -> h1 h2 h4 h5 h11 h21 h31 h41  
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h4 -> h1 h2 h3 h5 h11 h21 h31 h41  

h5 -> h1 h2 h3 h4 h11 h21 h31 h41  

h11 -> h1 h2 h3 h4 h5 h21 h31 h41  

h21 -> h1 h2 h3 h4 h5 h11 h31 h41  

h31 -> h1 h2 h3 h4 h5 h11 h21 h41  

h41 -> h1 h2 h3 h4 h5 h11 h21 h31  

*** Results: 0% dropped (72/72 received) 

 

OpenDayLight Hydrogen’s GUI allows the user to sort and name the nodes which 

makes it much easier to administer them like figure 18. 

 

	  
Figure 18 OpenDayLight Hydrogen Sorted Topology View 

 

 

Iperf was consistently showing very high numbers for bandwidth between hosts 

h1 and h5 connected to adjacent switches and between hosts h11 and h41 on the 

extreme opposite sides of the network. 

 
mininet> iperf h1 h5 

*** Iperf: testing TCP bandwidth between h1 and h5 
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*** Results: ['14.7 Gbits/sec', '14.7 Gbits/sec'] 

mininet> iperf h11 h41 

*** Iperf: testing TCP bandwidth between h11 and h41 

*** Results: ['13.9 Gbits/sec', '13.9 Gbits/sec'] 

 

To get more realistic values the links were defined as 1 Gbit/s links. This dropped 

the throughput to around 500 Mbit/s for adjacent and 250 Mbit/s for extreme 

opposite hosts. When running the test many times there were some fluctuation as 

can be seen, the reason for this seemed to be random. When running Wireshark at 

the same time the throughput dropped as the number of packets could not be 

handled by the simulation hardware. 

 
mininet> iperf h1 h5 

*** Iperf: testing TCP bandwidth between h1 and h5 

*** Results: ['399 Mbits/sec', '547 Mbits/sec'] 

mininet> iperf h1 h5 

*** Iperf: testing TCP bandwidth between h1 and h5 

*** Results: ['501 Mbits/sec', '510 Mbits/sec'] 

mininet> iperf h1 h5 

*** Iperf: testing TCP bandwidth between h1 and h5 

*** Results: ['508 Mbits/sec', '519 Mbits/sec'] 

 
mininet> iperf h11 h41 

*** Iperf: testing TCP bandwidth between h11 and h41 

*** Results: ['266 Mbits/sec', '293 Mbits/sec'] 

mininet> iperf h11 h41 

*** Iperf: testing TCP bandwidth between h11 and h41 

*** Results: ['257 Mbits/sec', '258 Mbits/sec'] 

mininet> iperf h11 h41 

*** Iperf: testing TCP bandwidth between h11 and h41 

*** Results: ['575 Mbits/sec', '576 Mbits/sec'] 
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From the flow statistics screen in figure 19 it could be seen that the path chosen 

through the network was h11-s11-s2-s4-s41-h41. For example for the switch s11 

the controller has determined that the host 10.0.0.41 can be reached by outputting 

the packets to interface OF|2. 

 

	  
Figure 19 Flow Statistics 

 

Switching back to OpenDayLight Hydrogen allowed the use of this topology. As 

the features required of the controller for these simulations are the same in both 

Hydrogen and Helium, Hydrogen was used for the rest of the simulations. 

 

The link speeds needed to be artificially limited to see any change in bandwidth 

through the network. The controller had input flows into the switches to allow 

connectivity. These paths seemed to remain static and did not utilize all the 

available links and simultaneous flows in the network did not change this. 

 

5.4 Simulation 4 Utilizing Flows 
 

The subnets 10.0.1.0/24 and 10.0.2.0/24 are not able to ping each other. 

 
mininet> h1 ping h2 

 

 

PING 10.0.2.2 (10.0.2.2) 56(84) bytes of data. 

 

--- 10.0.2.2 ping statistics --- 
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86 packets transmitted, 0 received, 100% packet loss, 

time 85247ms 

 

To make the switch s1 route traffic between h1 and h2 the controller will install 

flows on it. These flows will do the following: 

1. Flood ARP packets in the network to allow the hosts to find the router IP at h3 

(IPs 10.0.1.254 and 10.0.2.254, MAC 10:00:00:FF:00:00) 

2. Modify any data coming from h1 (IP 10.0.1.1, MAC 10:00:01:01:00:00) to h3 

with the destination IP of h2 so that its destination MAC is changed to the MAC 

of h2 and it is output to interface 2 of s1. 

3. Modify any data coming from h2 (IP 10.0.2.2, MAC 10:00:02:02:00:00) to h3 

with the destination IP of h1 so that its destination MAC is changed to the MAC 

of h1 and it is output to interface 1 of s1. 

4. All actual traffic to h3 is dropped, it only answers to ARP requests. The 

controller is doing the routing. 

 

When installed the flow table of s1 looks like in figure 20. 

 

	  
Figure 20 Flow Table of s1 

 

Now there is connectivity between the hosts and latency is very low. Bandwidth 

between the hosts is as good as before. 

 



	   59	  

mininet> h2 ping h1 

PING 10.0.1.1 (10.0.1.1) 56(84) bytes of data. 

64 bytes from 10.0.1.1: icmp_seq=1 ttl=64 time=0.840 ms 

64 bytes from 10.0.1.1: icmp_seq=2 ttl=64 time=0.093 ms 

64 bytes from 10.0.1.1: icmp_seq=3 ttl=64 time=0.068 ms 

 
mininet> iperf h1 h2 

*** Iperf: testing TCP bandwidth between h1 and h2 

*** Results: ['544 Mbits/sec', '545 Mbits/sec'] 

 

To, for example, temporarily drop traffic from h11 to h22 but no to h2 a flow like 

in figure 21 with the same parameters as the routing flow between them could be 

dynamically inserted with a higher priority; this way it would be matched instead. 

 

	  
Figure 21 Higher Priority Flow Entry 

 

Using manually defined flows on the controller routing between hosts in different 

subnets was achieved. Doing it this way on any greater scale would be very labor 

intensive. However this shows some of the capabilities of the SDN controller by 

utilizing flows to do something that is done by more intelligent devices in 

traditional networks. 

 

5.5 Analysis of the Simulations’ Results 
 

The requirements for the functionalities of the current network are not complex, 

only basic switching and routing are required. These were simulated with the 

different topologies. The controller was able to perform switching with the 
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included L2 switch module with good performance in the first three simulations. 

However the newer version of the controller, OpenDayLight Hydrogen, 

seemingly choked on the third simulation. Introducing loops in the topologies of 

the second and third simulation required the controller to figure out how to make 

the network functional with multiple paths. This worked as wanted, although it 

remained unclear whether multiple paths would be utilized fully if there were 

more simultaneous flows in the network. 

 

Routing was implemented with the use of flows in the fourth simulation. 

Compared to traditional networking this required more configuration the way it is 

now implemented on the controller, almost like manual packet handling. Of 

course this cannot be the way to do it in real life applications but it shows that 

instead of routing defining flows can be used to manipulate the traffic. If needed 

the definition of flows could be done based on parameters not available to 

traditional routing such as the protocol used. Beyond routing flows can be used to 

do for example firewalling as seen also in the fourth simulation, this feature could 

be used for the purposes of network security if needed in the future 

 

The requirements of basic switching and routing were fulfilled with the additional 

functionality of resolving loops. The current network could be carried out using 

OpenDayLight controller, but a more developed way to define flows would allow 

for a more user-friendly way to manage a larger number of nodes in a network. 

This will most likely be solved in the future development of the controller. The 

control of the whole network can be done entirely from the controller. 
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6. Transitioning to SDN 
 

First of all it should be determined whether there is any particular reason to 

transform the current network to a SDN network in any timespan. As mentioned 

the main strength of SDN lies in its ability to simplify complicated network 

configuration. However the current network is very simple in form and function; 

its configuration does not require constant changes that SDN would allow. 

Haminan Energia is now and will be in the foreseeable future the only user of the 

network; there should be no need to divide the network resources with anyone. 

 

The main problem of the current network is the complicated management spread 

in many places and done in many ways. For this SDN can, at the moment, only 

help by centralizing the control of the core network. For the access network SDN 

is not a viable alternative yet, the focus of the technology has not been in 

provisioning customer lines. The paper “Software-Defined Access Networks” 

(Kerpez et al., 2014) proposes an abstraction layer between the SDN core network 

and the access networks’ proprietary interfaces to allow those nodes to become a 

part of the SDN controller managed network. It remains to be seen if there will be 

this transitional SDAN (Software Defined Access Network) technology or will 

the access technology vendors move straight to SDN enabled devices. SDN’s 

ability to better utilize the links in the network for more bandwidth and 

redundancy could be a good property to have in the future as the network keeps 

gaining more traffic. With a simple network money could be saved on network 

hardware as well; now a higher license level has been needed for only a few 

features it offers, with SDN all the functionality would come from the controller 

and the hardware would be cheap. 

 

As the practical experimentation shows the function needed for such a simple 

network can already be found in the currently, freely, available SDN controller 

software. The initial configuration of the network was simple and basic operation 

automatic as could be seen from the traffic captures. The performance testing was 

limited but good throughput was achieved considering the hardware, especially 
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when not limiting the bandwidth of the links. Other studies such as “Performance 

Evaluation of Software-Defined Networking with Real-life ISP traffic” have 

shown that the number of nodes can be at least in tens with the current controllers, 

which would be enough to start with and is bound to get better as the technology 

advances. The problem with controller availability is somewhat solvable using 

multiple controllers, however this could not be tested with the available tools and 

might still be a problem in real-life. 

 

The problem comes from finding a reliable enough solution for a real-life use 

where the service and money of real people is at stake. The hardware used in this 

testing was virtual and as such can only provide guidelines for how possible real 

devices would behave. The controller used, even though backed by major 

vendors, has an uncertain future as a open source software as the vendors sell their 

own version of it commercially (Cisco One XNC for example); will the free 

version be developed for how much longer? Also the change to a SDN world can 

be a little rough, moving one’s thought process from configuration of how to 

what. OpenDayLight has done a fairly good job with it’s UI to provide the 

network administrator with a view of the network allow efficient flow 

management and One XNC is one step further with more features. However at 

first the administrator may feel a bit lost with flow management, even for the 

simplest tasks. 

 

The current pre-mainstream state of the SDN art would suggest that a small ISP 

would not benefit from SDN at this point; the cost of implementation is just too 

high now and the shape it will take in commercial products still uncertain. It could 

be that the SDN as we now know it will fail to gain the attention of the 

mainstream and will remain as a tool for specialized networks. As the technology 

matures it should be monitored and considered when making network equipment 

purchases in the future. Most likely it will become more popular as an added 

feature in traditional devices that will allow for a transitional hybrid SDN 

network. 

 



	   63	  

With how the currently available SDN products work the possible transition to 

SDN should be done in phases, though most likely technologies assisting this 

transition will be devised before it. Going by “Opportunities and Research 

Challenges of Hybrid Software Defined Networks” (Vissicchio et al., 2014) 

classification the model Service-Based Hybrid SDN would be the most natural 

way to go. Here the small core network could be first replaced by SDN switches 

as seen in figure 22 to allow for a centralized management, better redundancy 

(availability of physical links might be a limiting factor), better utilization of the 

links and cheaper hardware. 

 

	  
Figure 22 Transition to SDN Core 

 

Further into the future SDN can take over the entire network except the access 

nodes which will stay longer as proprietary technologies and only their 

management will remain outside of the SDN controllers grasp (figure 23). 

Network Services can be still done traditionally or merged into the SDN cloud 

(NFV). 
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Figure 23 SDN Network Except Access Nodes 

 

Finally either by the access nodes supporting SDN or by utilizing the proposed 

SDAN abstraction layer (Kerpez et al., 2014) the whole network would fall under 

to control of the controller as presented in figure 24. This would be the peak of 

easy network control but a lot of work still needs to be done to get there. 
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Figure 24 Full SDN Network 
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7. Conclusion 
 

In theory Software Defined Networking is the answers for ever-growing computer 

networks. The hype and research on the matter has been gaining momentum 

especially in the past year. What others have researched was briefly reviewed. The 

concept of what SDN is was first clarified by going through the idea and 

components behind it. Then the history of SDN like solutions from the past was 

looked through to shed light on why SDN is now coming up. The main 

developments of the technology mainly in the form of OpenFlow were 

introduced. The early adaptation of SDN by do-it-yourself companies and how 

they use it was gone through. Maybe most importantly for one intending to 

transition to SDN the transitional models were presented. 

 

Practically speaking where to begin with implementing SDN is not straight 

forward as the preparation for the simulations proved. The huge amount of 

available SDN controller software and the little amount available SDN switch 

hardware makes it difficult to do testing beyond how SDN works in a limited 

network topology. The simulations run showed that the basic functionality needed 

is there and the SDN concept works, but real-life performance testing could not be 

conducted in the scope of this thesis. The control of the whole network is 

centralized to the controller but learning to configure the controller is another 

challenge for the users, albeit an easier one than knowing many at any given time. 

 

As SDN is just starting to take shape there is a lot of room for additional research. 

Understandably the research so far has been about the concept and basic idea of 

Software Defined Networking. The usefulness of SDN in academia is apparent 

and should still be researched but there is need for more research on using SDN in 

the industry. 

 

To really get SDN into the networking community the interoperability of all SDN 

components must be assured by figuring out the inconsistencies between different 

developers; vendor locked SDN is not true SDN. OpenFlow is now the 
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Southbound API, but Northbound API and SDN application interoperability need 

to be researched and developed so that everyone can benefit. The apparent 

problems in the controller availability, synchronization and performance need to 

be sorted out to improve reliability. Once there are more SDN applications, 

controllers and switches in the market for everyone to buy a review of the 

products should be conducted. How do the vendors’ solutions differ from each 

other, how do they perform in real-life? 

 

The practical side of doing an actual transition to SDN should be documented. 

The idea of the transition is fairly simple but in practice how does one go about 

doing it, what needs to be taken in consideration so the network remains stable 

and available through the process. 

 

From the information gained through theoretical study and the practical 

experimentation suggestions for the implementation of SDN in the Haminan 

Energia ISP network were made. The good is definitely in there but for now 

especially a small company should wait for the maturing of SDN. And of course 

before SDN ever got far there is already talk of SDNv2. Will it be what SDN 

promised to be? 
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9. Appendices 
 

9.1 Version 1 Complete Mininet Python Script 
 
#!/usr/bin/python 
 
from mininet.net import Mininet 
from mininet.node import Controller, RemoteController, 
OVSController 
from mininet.node import CPULimitedHost, Host, Node 
from mininet.node import OVSKernelSwitch, UserSwitch 
from mininet.node import IVSSwitch 
from mininet.cli import CLI 
from mininet.log import setLogLevel, info 
from mininet.link import TCLink, Intf 
from subprocess import call 
 
def myNetwork(): 
 
    net = Mininet( topo=None, 
                   build=False, 
                   ipBase='10.0.0.0/8') 
 
    info( '*** Adding controller\n' ) 
    c0=net.addController(name='c0', 
                      controller=RemoteController, 
                      ip ='10.0.2.15', 
                      port=6633) 
 
    info( '*** Add switches\n') 
    s1 = net.addSwitch('s1', cls=OVSKernelSwitch) 
    s2 = net.addSwitch('s2', cls=OVSKernelSwitch) 
 
    info( '*** Add hosts\n') 
    h1 = net.addHost('h1', cls=Host, ip='10.0.0.1', 
mac='10:00:00:01:00:00', defaultRoute=None) 
    h2 = net.addHost('h2', cls=Host, ip='10.0.0.2', 
mac='10:00:00:02:00:00', defaultRoute=None) 
 
    info( '*** Add links\n') 
    net.addLink(s2, h2) 
    net.addLink(h1, s1) 
    net.addLink(s1, s2) 
 
    info( '*** Starting network\n') 
    net.build() 
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    info( '*** Starting controllers\n') 
    for controller in net.controllers: 
        controller.start() 
 
    info( '*** Starting switches\n') 
    net.get('s1').start([c0]) 
    net.get('s2').start([c0]) 
 
    info( '*** Post configure switches and hosts\n') 
 
    CLI(net) 
    net.stop() 
 
if __name__ == '__main__': 
    setLogLevel( 'info' ) 
    myNetwork() 
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9.2 Version 2 Complete Mininet Python Script 
 
#!/usr/bin/python 
 
from mininet.net import Mininet 
from mininet.node import Controller, RemoteController, 
OVSController 
from mininet.node import CPULimitedHost, Host, Node 
from mininet.node import OVSKernelSwitch, UserSwitch 
from mininet.node import IVSSwitch 
from mininet.cli import CLI 
from mininet.log import setLogLevel, info 
from mininet.link import TCLink, Intf 
from subprocess import call 
 
def myNetwork(): 
 
    net = Mininet( topo=None, 
                   build=False, 
                   ipBase='10.0.0.0/24') 
 
    info( '*** Adding controller\n' ) 
    c0=net.addController(name='c0', 
                      controller=RemoteController, 
                      ip ='10.0.2.15', 
                      port=6633) 
 
    info( '*** Add switches\n') 
    s2 = net.addSwitch('s2', cls=OVSKernelSwitch) 
    s4 = net.addSwitch('s4', cls=OVSKernelSwitch) 
    s1 = net.addSwitch('s1', cls=OVSKernelSwitch) 
    s3 = net.addSwitch('s3', cls=OVSKernelSwitch) 
    s5 = net.addSwitch('s5', cls=OVSKernelSwitch) 
 
    info( '*** Add hosts\n') 
    h1 = net.addHost('h1', cls=Host, ip='10.0.0.1', 
mac='10:00:00:01:00:00', defaultRoute=None) 
    h2 = net.addHost('h2', cls=Host, ip='10.0.0.2', 
mac='10:00:00:02:00:00', defaultRoute=None) 
    h3 = net.addHost('h3', cls=Host, ip='10.0.0.3', 
mac='10:00:00:03:00:00', defaultRoute=None) 
    h4 = net.addHost('h4', cls=Host, ip='10.0.0.4', 
mac='10:00:00:04:00:00', defaultRoute=None) 
    h5 = net.addHost('h5', cls=Host, ip='10.0.0.5', 
mac='10:00:00:05:00:00', defaultRoute=None) 
 
    info( '*** Add links\n') 
    h1s1 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(h1, s1, cls=TCLink, **h1s1) 
    s1s2 = {'bw':1000,'delay':'1','loss':0} 



Appendix	  II,	  2	  
Appendix	  II	  continues	  

	  

    net.addLink(s1, s2, cls=TCLink, **s1s2) 
    s1s3 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s1, s3, cls=TCLink, **s1s3) 
    s3s4 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s3, s4, cls=TCLink, **s3s4) 
    s4s5 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s4, s5, cls=TCLink, **s4s5) 
    s2s5 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s2, s5, cls=TCLink, **s2s5) 
    s2s4 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s2, s4, cls=TCLink, **s2s4) 
    s5s1 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s5, s1, cls=TCLink, **s5s1) 
    s5s3 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s5, s3, cls=TCLink, **s5s3) 
    s3h3 = {'bw':100,'delay':'1','loss':0} 
    net.addLink(s3, h3, cls=TCLink, **s3h3) 
    s4h4 = {'bw':100,'delay':'1','loss':0} 
    net.addLink(s4, h4, cls=TCLink, **s4h4) 
    s2h2 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s2, h2, cls=TCLink, **s2h2) 
    s5h5 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s5, h5, cls=TCLink, **s5h5) 
 
    info( '*** Starting network\n') 
    net.build() 
    info( '*** Starting controllers\n') 
    for controller in net.controllers: 
        controller.start() 
 
    info( '*** Starting switches\n') 
    net.get('s2').start([c0]) 
    net.get('s4').start([c0]) 
    net.get('s1').start([c0]) 
    net.get('s3').start([c0]) 
    net.get('s5').start([c0]) 
 
    info( '*** Post configure switches and hosts\n') 
 
    CLI(net) 
    net.stop() 
 
if __name__ == '__main__': 
    setLogLevel( 'info' ) 
    myNetwork() 
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9.3 Version 3 Complete Mininet Python Script 
 
#!/usr/bin/python 
 
from mininet.net import Mininet 
from mininet.node import Controller, RemoteController, 
OVSController 
from mininet.node import CPULimitedHost, Host, Node 
from mininet.node import OVSKernelSwitch, UserSwitch 
from mininet.node import IVSSwitch 
from mininet.cli import CLI 
from mininet.log import setLogLevel, info 
from mininet.link import TCLink, Intf 
from subprocess import call 
 
def myNetwork(): 
 
    net = Mininet( topo=None, 
                   build=False, 
                   ipBase='10.0.0.0/24') 
 
    info( '*** Adding controller\n' ) 
    c0=net.addController(name='c0', 
                      controller=RemoteController, 
                      ip ='10.0.2.15', 
                      port=6633) 
 
    info( '*** Add switches\n') 
    s1 = net.addSwitch('s1', cls=OVSKernelSwitch) 
    s2 = net.addSwitch('s2', cls=OVSKernelSwitch) 
    s3 = net.addSwitch('s3', cls=OVSKernelSwitch) 
    s4 = net.addSwitch('s4', cls=OVSKernelSwitch) 
    s5 = net.addSwitch('s5', cls=OVSKernelSwitch) 
    s11 = net.addSwitch('s11', cls=OVSKernelSwitch) 
    s21 = net.addSwitch('s21', cls=OVSKernelSwitch) 
    s31 = net.addSwitch('s31', cls=OVSKernelSwitch) 
    s41 = net.addSwitch('s41', cls=OVSKernelSwitch) 
 
    info( '*** Add hosts\n') 
    h1 = net.addHost('h1', cls=Host, ip='10.0.0.1', 
mac='10:00:00:01:00:00', defaultRoute=None) 
    h2 = net.addHost('h2', cls=Host, ip='10.0.0.2', 
mac='10:00:00:02:00:00', defaultRoute=None) 
    h3 = net.addHost('h3', cls=Host, ip='10.0.0.3', 
mac='10:00:00:03:00:00', defaultRoute=None) 
    h4 = net.addHost('h4', cls=Host, ip='10.0.0.4', 
mac='10:00:00:04:00:00', defaultRoute=None) 
    h5 = net.addHost('h5', cls=Host, ip='10.0.0.5', 
mac='10:00:00:05:00:00', defaultRoute=None) 
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    h11 = net.addHost('h11', cls=Host, ip='10.0.0.11', 
mac='10:00:00:11:00:00', defaultRoute=None) 
    h21 = net.addHost('h21', cls=Host, ip='10.0.0.21', 
mac='10:00:00:21:00:00', defaultRoute=None) 
    h31 = net.addHost('h31', cls=Host, ip='10.0.0.31', 
mac='10:00:00:31:00:00', defaultRoute=None) 
    h41 = net.addHost('h41', cls=Host, ip='10.0.0.41', 
mac='10:00:00:41:00:00', defaultRoute=None) 
 
 
    info( '*** Add links\n') 
    h1s1 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(h1, s1, cls=TCLink, **h1s1) 
    s1s2 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s1, s2, cls=TCLink, **s1s2) 
    s1s3 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s1, s3, cls=TCLink, **s1s3) 
 
    s3s4 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s3, s4, cls=TCLink, **s3s4) 
    s4s5 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s4, s5, cls=TCLink, **s4s5) 
 
    s2s5 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s2, s5, cls=TCLink, **s2s5) 
    s2s4 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s2, s4, cls=TCLink, **s2s4) 
 
    s5s1 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s5, s1, cls=TCLink, **s5s1) 
    s5s3 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s5, s3, cls=TCLink, **s5s3) 
    s5h5 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s5, h5, cls=TCLink, **s5h5) 
 
    s3h3 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s3, h3, cls=TCLink, **s3h3) 
    s4h4 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s4, h4, cls=TCLink, **s4h4) 
    s2h2 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s2, h2, cls=TCLink, **s2h2) 
 
    s11s1 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s11, s1, cls=TCLink, **s11s1) 
    s11s2 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s11, s2, cls=TCLink, **s11s2) 
    s11s21 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s11, s21, cls=TCLink, **s11s21) 
    s11h11 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s11, h11, cls=TCLink, **s11h11) 
 
    s21s1 = {'bw':1000,'delay':'1','loss':0}
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    net.addLink(s21, s1, cls=TCLink, **s21s1) 
    s21s2 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s21, s2, cls=TCLink, **s21s2) 
    s21h21 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s21, h21, cls=TCLink, **s21h21) 
 
    s31s3 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s31, s3, cls=TCLink, **s31s3) 
    s31s4 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s31, s4, cls=TCLink, **s31s4) 
    s31s41 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s31, s41, cls=TCLink, **s31s41) 
    s31h31 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s31, h31, cls=TCLink, **s31h31) 
 
    s41s3 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s41, s3, cls=TCLink, **s41s3) 
    s41s4 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s41, s4, cls=TCLink, **s41s4) 
    s41h41 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s41, h41, cls=TCLink, **s41h41) 
 
 
    info( '*** Starting network\n') 
    net.build() 
    info( '*** Starting controllers\n') 
    for controller in net.controllers: 
        controller.start() 
 
    info( '*** Starting switches\n') 
    net.get('s1').start([c0]) 
    net.get('s2').start([c0]) 
    net.get('s3').start([c0]) 
    net.get('s4').start([c0]) 
    net.get('s5').start([c0]) 
    net.get('s11').start([c0]) 
    net.get('s21').start([c0]) 
    net.get('s31').start([c0]) 
    net.get('s41').start([c0]) 
 
    info( '*** Post configure switches and hosts\n') 
 
    CLI(net) 
    net.stop() 
 
if __name__ == '__main__': 
    setLogLevel( 'info' ) 
    myNetwork() 
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9.4 Version 4 Complete Mininet Python Script 
 
#!/usr/bin/python 
 
from mininet.net import Mininet 
from mininet.node import Controller, RemoteController, 
OVSController 
from mininet.node import CPULimitedHost, Host, Node 
from mininet.node import OVSKernelSwitch, UserSwitch 
from mininet.node import IVSSwitch 
from mininet.cli import CLI 
from mininet.log import setLogLevel, info 
from mininet.link import TCLink, Intf 
from subprocess import call 
 
def myNetwork(): 
 
    net = Mininet( topo=None, 
                   build=False, 
                   ipBase='10.0.0.0/24') 
 
    info( '*** Adding controller\n' ) 
    c0=net.addController(name='c0', 
                      controller=RemoteController, 
                      ip ='10.0.2.15', 
                      port=6633) 
 
    info( '*** Add switches\n') 
 
    s1 = net.addSwitch('s1', cls=OVSKernelSwitch) 
 
 
    info( '*** Add hosts\n') 
    h1 = net.addHost('h1', cls=Host, ip='10.0.1.1/24', 
mac='10:00:01:01:00:00', defaultRoute='via 10.0.1.254') 
    h11 = net.addHost('h11', cls=Host, ip='10.0.1.11/24', 
mac='10:00:01:11:00:00', defaultRoute='via 10.0.1.254') 
 
    h2 = net.addHost('h2', cls=Host, ip='10.0.2.2/24', 
mac='10:00:02:02:00:00', defaultRoute='via 10.0.2.254') 
    h22 = net.addHost('h22', cls=Host, ip='10.0.2.22/24', 
mac='10:00:02:22:00:00', defaultRoute='via 10.0.2.254') 
 
    h3 = net.addHost('h3', cls=Host, 
mac='10:00:00:FF:00:00', defaultRoute=None) 
 
 
    info( '*** Add links\n') 
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    s1h1 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s1, h1, cls=TCLink, **s1h1) 
    s1h2 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s1, h2, cls=TCLink, **s1h2) 
    s1h3 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s1, h3, cls=TCLink, **s1h3) 
    s1h11 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s1, h11, cls=TCLink, **s1h11) 
    s1h22 = {'bw':1000,'delay':'1','loss':0} 
    net.addLink(s1, h22, cls=TCLink, **s1h22) 
 
    
 
 
    info( '*** Starting network\n') 
    net.build() 
    info( '*** Starting controllers\n') 
    for controller in net.controllers: 
        controller.start() 
 
    info( '*** Starting switches\n') 
    net.get('s1').start([c0]) 
 
 
    info( '*** Post configure switches and hosts\n') 
 
    CLI(net) 
    net.stop() 
 
if __name__ == '__main__': 
    setLogLevel( 'info' ) 
    myNetwork()
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9.5 Bigger Versions of Figures 11,12,13 and 15 
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