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                                           ABSTRACT  

  

As the Internet takes an increasingly central role in our communications infrastructure, the slow 

convergence of routing protocols after a network failure becomes a growing problem. During 

failures, the forwarding paths in a network change, the forwarding tables in the routers need to be 

updated. During the update process, transient link overflows may occur if it is not performed in 

an orderly manner. Congestion is a problem encountered during transient link updates, therefore 

to assure congestion avoidance during planned link failures in IP networks, we demonstrate the 

use of an orderly link cost update algorithm to achieve optimum routing hence avoiding 

congestion. In this dissertation we present the use of an orderly link cost update method on the 

Pan European and Germany Network model to avoid congestion during planned link failures. 

We present a method to obtain the updatable links that do not cause any link overflows. To 

identify which links need to be orderly updated is a huge permutation problem which ISPs 

(Internet Service Providers) have been struggling to overcome due to its complexity. Using this 

method, high load links were established. These are nodes with high link load coupled with high 

degree order. The objective is to split and move traffic from overloaded links to other links of the 

network. Using this method, Optimum routing was achieved for the Pan European and Germany 

network model. The results show that using the proposed link cost update method, there are 6 

critical links which can be used to achieve optimum routing. We show that using our approach, 

we can achieve 100% optimum routing. We use AKITA simulator to implement our algorithm.   

  

Keywords: Congestion, Backup Topology, TCP/IP    
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                            CHAPTER 1 - INTRODUCTION  
1.1. INTRODUCTION  

Ideally unlimited bandwidth for every user connected to the network is desired. This is the dream 

not only of the users but the network engineers also. Reality is however different as we have 

limitations on the available bandwidth. Limitations that are not only because of the transport 

protocol but also the medium for transferring information (i.e. Copper wires, Air, etc.). Since 

resources are limited and user demands are growing exponentially, there is need to control the 

way users’ network resources are used. In today’s telecommunications, traffic is converged i.e. 

data, voice and IP traffic combined. This makes resource sharing in a network a very critical 

problem in today’s networks. Due to stringent Service Level Agreements (SLA) between Service 

Providers and their customers (Verma, 2004), it is imperative that customers have service at all 

times. However Service providers need to carry out Routine maintenance from time to time to 

upgrade, repair or replace some components of their network (Teixeira and Rexford, 2006). 

During these maintenance works services may be lost for long periods of time. In this research 

we shall study a congestion avoidance mechanism for planned failures.  

Congestion is said to occur in the network when resource demands exceed the capacity and 

packets are lost due to too much queuing in the network (Jain et al., 1998). During congestion, 

network throughput may drop to zero and the path delay may become very high. A congestion 

control scheme helps the network to recover from the congestion state. The problem of 

congestion control is more difficult to handle in networks with connectionless protocols than in 

those with connection-oriented protocols.   

A congestion avoidance scheme allows a network to operate in the region of low delay and high 

throughput (Jain et al., 1998).  . Such schemes prevent a network from entering the congested 

state in which packets are lost. Congestion avoidance is a prevention mechanism while 

congestion control is a recovery mechanism.  
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1.2. PROBLEM STATEMENT  

Performing link cost updates is a permutation problem, but selecting a congestion free link cost 

update during a transient period for huge permutations is a big challenge for ISPs. The network 

model shown in figure 1.1 showing the initial and target link costs for traffic engineering 

purposes is used to illustrate the problem. It can be seen that only 3 links need their link costs 

updated from 1 to 2, namely links 3 – 7(A), 4 – 6(B) and 1 – 5(C).Therefore there are 3 different 

links i.e. A, B and C to use in the permutations. The permutations for 3 different links A,B and C 

is 6 (i.e. ABC,ACB,BCA,BAC,CAB,CBA),therefore there are 6 possible link cost updates when 

3 links are updated from the initial link costs to target link costs. However the permutations 

results become very huge as the number of updatable links increase and finding a sequence order 

for link cost updates is not practical. Finding such a sequence order is considered NP Hard (Jin et 

al., 2014).The Simulator used uses a permutation with COST 266 which requires us to identify 

and update 6 different updatable links. Traffic for a Pan European Network model is simulated 

using the link cost update algorithm. A network model with traffic matrices and a topology is 

available. A method to orderly update link costs to avoid link overflows after each link cost 

update until reaching the target link costs is used. The key idea  is identifying the High Load 

Link, and then selecting  a link to which a link cost update can be effected to induce the splitting 

of traffic to keep the maximum load to a minimum level or/and within the link capacities 

(Tembo,2013). The aim is to move traffic from congested links to other links of the network. The 

question is that which 6 links when updated will give us the required optimum routing?  

    

                                  Figure 1.1 Model showing Initial and Target Link costs  
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For example in figure 1.2 using route optimization method (Fortz and Thorup,2000) whilst 

depending on the order of link cost updates, the problem of link overflow in link 3 – 7 during the 

transient state can be avoided. The best solution would be by first updating link 3 – 7 then 

updating link 1 – 5 to avoid link overflow. However updating link costs of many different links 

from initial link to target link costs for traffic engineering purposes is a big challenge for ISPs. 
For Evaluation we use COST 266 (Pan European and Germany network models)  

  

  

  Figure 1.2: Example – Use of Link Cost Updates to avoid Link Overflow (Tembo, 2013)  

1.3. OBJECTIVES OF THE RESEARCH  

This research intends to show that the proposed algorithm provides a solution to the current 

problem of congestion avoidance in IP networks in the event of planned failures. Planned 

failures are type of failures that arise from routine maintenance, network expansion, software 

upgrades to the systems etc. Furthermore, for most ISPs, fast convergence in case of failures is a 

key problem that must be solved (Iannaccone et al., 2004), (Francois et al., 2005). Research on 

congestion avoidance schemes with numerous publications has been conducted by a number of 

researchers, therefore an analysis of some of these congestion avoidance algorithms. This can be 

found under the related works section in the simulation methodology section. Lastly for the 

selected network models namely the Germany and Pan European models, it shall be shown that  
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using the proposed algorithm, optimum routing can be achieved.  The objectives of the research 

are;  

1. Show that optimum routing can be achieved for the network models in question. Note that 

the proposed method can be used for any network model. 

2. Use the updatable link leaf node (ULLN) method to avoid congestion and obtain the links 

which give us optimum routing i.e. when there is minimum maximum load in the network 

 

The research questions that will be answered in this dissertation are; 

1. How does the proposed method avoid congestion? 

2. Does the induction of traffic splitting keep the maximum load to a minimum level or 

within link capacities? 

3. Is optimum routing i.e. zero congestion achieved? 

4. What is the contribution of this research? 

 

We propose a priority link cost update sequence order method to update link costs to avoid link 

overflows after each link cost update until reaching the target link costs. 

 

1.4. CONCLUSION AND   DISSERTATION STRUCTURE  

There have been a lot of studies conducted to investigate the failure recovery after either a link or 

node failure. This dissertation addresses some of the problems related to failure and congestion 

recovery. This dissertation provides the analysis and implementation discussion of the algorithm, 

and presents simulations to test their performance with various types of traffic. Chapter 1 gives 

an introduction to the problem and gives a subtle distinction between congestion control and 

congestion avoidance. Chapter 2 looks at the literature review and gives a thorough 

understanding of the problem .The fundamentals of the interior gateway protocols i.e. OSPF are 

discussed. Related works are reviewed and I argue how our proposed method stands out among 

the current congestion avoidance methods. Chapter 3 looks at the simulation methodology used 

for the research, the algorithm and the simulation process together with the conditions. The 

results are discussed and analyzed in chapter 4 and the conclusion with future works are 

presented in the 5
th

 chapter.  
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                  CHAPTER 2 – LITERATURE REVIEW  
 

2.1. INTRODUCTION  

Configuration changes are a common source of instability in networks, leading to outages, 

performance disruptions, and security vulnerabilities. Even when the initial and final configurations 

are correct, the update process itself often steps through intermediate configurations that exhibit 

incorrect behaviors (Reitblat et al., 2012). Related works in this area will be reviewed. This 

dissertation looks at interior gateway protocols and how congestion can be avoided during planned 

failures within a single autonomous system. The basics of interior gateway protocols aswell as an 

overview of the OSPF routing protocol which is predominately deployed in today’s networks will 

also be reviewed.  This dissertation will focus on the network layer which is where congestion 

occurs.  

Figure  2.1. Shows the 7 layers of the OSI model.  

                                                           

                              Figure 2.1: The 7 layer OSI model (Larry and Bruce, 2003) 

A Brief description of the functions of each layer is outlined below;  

• Layer 1 (Physical Layer) – The physical layer of the OSI model defines connector and 

interface specifications, as well as the medium (cable) requirements. Electrical, 

mechanical, functional, and procedural specifications are provided for sending a bit 

stream on a computer network.  

 

 

 



6 

 

 

 

• Layer 2 (Datalink Layer) – the datalink layer allows a device to access the network to 

send and receive messages ,offers a physical address so a device’s data can be sent on the 

network ,works with a device’s networking software when sending and receiving 

messages  and also Provides error-detection capabilities (Bonaventure,2011). 

• Layer 3 ( Network Layer) – the network layer of the OSI model, provides an end-to-end 

logical addressing system so that a packet of data can be routed across several layer 2 

networks (Ethernet, Token Ring, Frame Relay, etc.). Note that network layer addresses 

can also be referred to as logical addresses. These logical addresses are called Internet 

Protocol addresses (IP). The main focus of our research was on the network layer of the 

OSI. The main objective of the network layer is to allow end systems, connected to 

different networks, to exchange information through intermediate systems called routers 

(Larry and Bruce, 2003).  Figure 2.2. Shows the network layer in a reference model. The 

unit of information in the network layer is called a packet.  

  

  

 Figure 2.2:  The network layer in the reference model (Larry and Bruce, 2003) 

  

• Layer 4 (Transport Layer) – the transport layer of the OSI model, offers end-to-end 

communication between end devices through a network. Depending on the application, 

the transport layer either offers reliable, connection-oriented or connectionless, best effort 

communications (Larry and Bruce, 2003). 

• Layer 5 (Session Layer) – the session layer, provides various services, including tracking 

the number of bytes that each end of the session has acknowledged receiving from the 

other end of the session (Bonaventure, 2011).   
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• Layer 6 (Presentation Layer) – the presentation layer is responsible for how an 

application formats the data to be sent out onto the network. This layer basically allows 

an application to read (or understand) the message.  

• Layer 7 (Application Layer) – the application layer provides an interface for the end user 

operating a device connected to a network. This layer is what the user sees, in terms of 

loading an application (such as Web browser or e-mail); that is, this application layer is 

the data the user views while using these applications.  

 

2.2. TCP/IP OVERVIEW  

 

TCP/IP stands for “Transmission Control Protocol / Internet Protocol” (Hunt,1999). It is 

basically a network protocol that defines the details of how data is sent and received through 

network adapters, hubs, switches, routers and other network communications hardware. It was 

developed by the US department of defense for the purpose of connecting government computer 

systems to each other through a global, fault tolerant, network (Bonaventure, 2011). The defense 

department network was opened up to research institutions and eventually the general public to 

create what is now the Internet. The TCP/IP protocol was also placed in the public domain so 

that any software company could develop networking software based on the protocol. Because it 

is the primary protocol used on the Internet, and it is in the public domain, it has become the 

most popular networking protocol throughout the world and is therefore well supported by 

almost all computer systems and networking hardware.   

The TCP/IP protocol is designed such that each computer or device in a network has a unique 

"IP Address" (Internet Protocol Address) and each IP address can open and communicate over  

up to 65535 different “ports” for sending and receiving data to or from any other network device  

(Clark, 2003). The IP Address uniquely identifies the computer or device on the network and a 

"Port Number" identifies a specific connection between one computer or device and another (i.e.  

between two IP Addresses). A TCP/IP "port" can be thought of as a private two-way 

communications line where the port number is used to identify a unique connection between two 

devices (Hunt, 1999). The concept is very similar to any other type of port on the PC (serial,  
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parallel, etc.) except that instead of having a physical connection, the TCP/IP protocol creates a 

"virtual IP port" and the network hardware and software is responsible for routing data in and out  

of each virtual IP port. TCP/IP is modeled in layers. This layered representation leads to the term 

protocol stack, which refers to the stack of layers in the protocol suite. Figure 1.1 shows a 

layered representation of the TCP/IP protocol stack.  

                    

 

                      

 Figure 2.3: The TCP/IP protocol stack: Each layer represents a package of functions 

                                                 (Larry and Bruce, 2003)   

TCP is a connection−oriented transport protocol that sends data as an unstructured stream of 

bytes. By using sequence numbers and acknowledgment messages, TCP can provide a sending 

node with delivery information about packets transmitted to a destination node. Where data has 

been lost in transit from source to destination, TCP can retransmit the data until either a timeout 

condition is reached or until successful delivery has been achieved. TCP can also recognize 

duplicate messages and will discard them appropriately. If the sending computer is transmitting 

too fast for the receiving computer, TCP can employ flow control mechanisms to slow data 

transfer (Gerlach et al., 2004). Internet Protocol (IP) is the most important protocol in the 

internetwork layer. It is a connectionless protocol that does not assume reliability from lower 

layers. IP does not provide reliability, flow control, or error recovery. These functions must be 

provided at a higher level. IP provides a routing function that attempts to deliver transmitted 

messages to their destination. IP is the protocol that hides the underlying physical network by 

creating a virtual network view. It is an unreliable, best-effort, and connectionless packet 

delivery protocol. Note that best-effort means that the packets sent by IP might be lost, arrive  
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out of order, or even be duplicated. IP assumes higher layer protocols will address these 

anomalies (Tembo, 2013). The term IP refers to IP version 4. The IPv4 addresses contained in  

IP packets are 32 bits long. The IP header contains information such as the source or the 

destination addresses of the packet. There is additional information required at the IP layer 

besides the source and destination IP addresses. Figure 2.4 below shows the IP header format 

with the information used at the IP layer to enable reliable delivery of the IP packet.  

         

 
                                  Figure 2.4: IP header Format (Clark, 2003) 

Below are some of the descriptions of some fields in the IP header. I shall discuss only the fields 

relevant to our research.  

• Version—A 4-bit field that identifies the IP version being used. The current version is 4, 

and this version is referred to as IPv4.   

• Length—A 4-bit field containing the length of the IP header in 32-bit increments. The 

minimum length of an IP header is 20 bytes, or five 32-bit increments. The maximum 

length of an IP header is 24 bytes, or six 32-bit increments. Therefore, the header length 

field should contain either 5 or 6 (Clark, 2003)  

• Type of Service (ToS)—The 8-bit ToS uses 3 bits for IP Precedence, 4 bits for ToS with 

the last bit not being used. The 4-bit ToS field, although defined, has never been used. 
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• Time to Live (TTL)—It is possible for an IP packet to roam aimlessly around the 

Internet. If there is a routing problem or a routing loop, then you don't want packets to be 

forwarded forever. A routing loop is when a packet is continually routed through the  

same routers over and over (Clark, 2003). The TTL field is initially set to a number and 

decremented by every router that is passed through. When TTL reaches 0 the packet is 

discarded.  

• IP Precedence— A 3-bit field used to identify the level of service a packet receives in 

the network  

 

 

2.3. INTERIOR GATEWAY PROTOCOLS (IGP)  

  

Inside each network the intra domain routing protocol, or Interior Gateway Protocol (IGP), is 

responsible for selecting the path between the ingress router and the egress router. Intra-domain  

routing protocols compute shortest paths based on “metrics” or “link weights” statically 

configured by network operators. Network operators usually configure link weights to achieve 

some traffic-engineering goal such as balancing the traffic load or minimizing propagation delay 

in the network (Larry and Bruce , 2003). The most common IGPs in large ISPs today are OSPF 

and IS-IS, which are link-state routing protocols. Each router has a complete view of the network 

topology. IGP messages are flooded periodically and in response to topology changes, such as 

link weight changes and equipment going up or down (Clark, 2003). Link weights only change 

when reconfigured by network operators, not dynamically to adapt to changes in network 

conditions such as congestion. Each router runs Dijkstra’s algorithm to compute the shortest 

paths in terms of link weights to every other router and uses the results to build the forwarding 

table. IGPs are used for routing within a routing domain i.e. those networks within the control of 

a single organization (Bonaventure, 2011). An autonomous system is commonly comprised of 

many individual networks belonging to companies, schools, and other organizations. An IGP is 

used to route within the autonomous system, and also used to route within the individual 

networks themselves (Hunt,1999).  

Network operators configure both IGP link weights and BGP policies to control the flow of 

traffic in the network to achieve good network performance and utilization (Clark, 2003). In this 

dissertation the focus is on IGPs.  
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 2.4. LINK STATE ROUTING PROTOCOLS  
  

  

There are two types of routing protocols used predominantly in today’s networks namely  

Distance Vector and Link state routing protocols with the former slowly being phased out (Clark, 

2003). Routing protocols like RIP, IGRP, and EIGRP are distance vector routing protocols 

whereas OSPF and ISIS are classified as link state routing protocols.  

All of the routing protocols mentioned above are interior routing protocols (IGP), which means 

that they are used to exchange routing information within one autonomous system (AS). BGP 

is an example of an exterior routing protocol (EGP) which is used to exchange routing 

information between different autonomous systems on the Internet.  

  

As the name implies, distance vector routing protocols use distance to determine the best path to 

a remote network. The distance is usually the number of hops (routers) to the destination 

network. Distance vector protocols send complete routing table to each neighbor (a neighbor is a 

directly connected router that runs the same routing protocol). They usually use some version of 

Bellman-Ford algorithm to calculate the best routes (Clark, 2003). Distance vector protocols also 

use more bandwidth because they send complete routing table, while link state protocols sends 

specific updates only when topology changes occur (Larry and Bruce, 2003). I focus on OSPF 

routing protocol in this dissertation as it is considered to be simpler due to the fact routing of 

packets is completely determined by a link cost for each path (Tembo , 2013) .  

  

Link state protocols  

  

These algorithms use the principle of a link state to determine network topology. A link state is 

the description of an interface on a router (for example, IP address, subnet mask, type of 

network) and its relationship to neighboring routers (Clark, 2003). The collection of these link 

states forms a link state database. Link state routing protocols are the second type of routing 

protocols. They have the same basic purpose as distance vector protocols, to find a best path to a 

destination, but use different methods to do so. Unlike distance vector protocols, link state 

protocols don't advertise the entire routing table. Instead, they advertise information about a 

network topology (directly connected links, neighboring routers...), so that in the end all routers  
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running a link state protocol have the same topology database. Link state routing protocols 

converge much faster than distance vector routing protocols, support classless routing, send  

updates using multicast addresses and use triggered routing updates (Clark , 2003). They also 

require more router CPU and memory usage than distance-vector routing protocols and can be 

harder to configure.  

Each router running a link state routing protocol creates three different tables:  

• Neighbor table - the table of neighboring routers running the same link state routing    

protocol  

• Topology table - the table that stores the topology of the entire network  

• Routing table - the table that stores the best routes  

Shortest Path First algorithm is used to calculate the best route. OSPF and IS-IS are the link-state  

(i.e. LS) Interior Gateway Protocols (i.e. IGP) that are used in today’s IP networks (Moy,1991). 

We shall only look at OSPF in this dissertation unless otherwise stated. In link-state routing 

protocols, each router is configured to;  

• Establish and maintain adjacencies with direct neighbors were “Neighbors” are supposed 

to be able to reach each other at the link-layer.  

• Distribute information about the state of these adjacencies through the network i.e. a 

router constantly checks its ability to reach its configured neighbors using Hello messages (Moy, 

1991) or failure detection mechanisms such as BFD - Bidirectional Forwarding Detection (Katz 

and Ward, 2007).BFD is a detection protocol designed to provide fast forwarding path failure 

detection times for all media types, encapsulations, topologies, and routing protocols. 

 This ability is then summarized in a Link-State Packet (IS-IS), or Link-State advertisement 

(OSPF). This information is then reliably spread through the network, using flooding in IS-IS 

and OSPF. Routers also distribute in those advertisements reachability information (IP prefixes) 

assigned to locally connected Local Area Networks (LANs).  This information about the state of 

the adjacencies assist the network operator when there is a failure as they are sent across the 

network via neighboring nodes. When the link weights are modified, the link state packets are 

sent to the neighboring nodes. During the update stage, the link state packets are sent to the 

appropriate neighboring node to inform them of the link weight adjustment. 
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2.5. OSPF OVERVIEW  
  

The OSPF protocol is based on link-state or SPF (Shortest Path First) technology. This is a 

departure from the Bellman-Ford base used by traditional TCP/IP internet routing protocols like 

RIP-Routing Information Protocol, IGRP – Interior Gateway Routing Protocol & EIGRP – 

Enhanced Interior Gateway Routing Protocol.  We use SPF to minimize the maximum load on a 

link in this dissertation. 

OSPF routes IP packets based solely on the destination IP address found in the IP packet 

header(Moy,1991).  IP packets are routed "as is" -- they are not encapsulated in any further 

protocol headers as they transit the Autonomous System.  OSPF is a dynamic routing protocol.  

It quickly detects topological changes in the AS (such as router interface failures) and calculates 

new loop-free routes after a period of convergence (Raj and Ibe, 2007). This period of 

convergence is short and involves a minimum of routing traffic. In a link-state routing protocol, 

each router maintains a database describing the Autonomous System's topology.  This database 

is referred to as the link-state database. Each participating router has an identical database.  Each 

individual piece of this database is a particular router's local state (e.g., the router's usable 

interfaces and reachable neighbors). The router distributes its local state throughout the 

Autonomous System by flooding. OSPF is a link state protocol(Hunt,1999). As with other link 

state protocols, each OSPF router executes the SPF (shortest Path First) algorithm to process the 

information stored in the link state database. A better selection of the OSPF link weights can 

lead to efficient network utilization (Fortz et al.,2002). The algorithm produces a shortest-path 

tree detailing the preferred routes to each destination network. OSPF provides a number of 

features not found in distance vector protocols. Support for these features has made OSPF a  

widely-deployed routing protocol in large networking environments. The following have 

contributed to the continued acceptance of the OSPF standard:    

- Equal cost load balancing: The simultaneous use of multiple paths provides more 

efficient utilization of network resources. The algorithm used for this research also 

applies load balancing but in a different way from the traditional OSPF. 

- Traditional OSPF equally shares the load without considering network conditions i.e. 

            Utilization levels. The Algorithm used in this research considers congestion before 

            splitting  traffic. As shown in figure 2.5.1., Link AC has 60% traffic whilst Link 

            AB  was 40%. We have 30% traffic been introduced at node A. Traditionally 
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          OSPF will equally Split the 30% for both Links AB and AC, therefore AC will 

          have 75%   percent load whilst  AB will have 55%. AC will have a higher load  

and this can lead   to congestion. 

 

 

     

                                Figure 2.5.1: Traffic splitting ratios under OSPF  

 

The proposed method splits traffic according to link state conditions. Link AC has a 60%          

traffic load whilst AB. Has 40% traffic as shown in Figure 2.5.2 . The 30% traffic 

injected in To node A will not be split equally but will be split to attain load balancing as        

shown in Diagram 2.5.2. It can be seen that the proposed method aims to achieve load        

balancing after traffic is split and therefore congestion is reduced or avoided. The link     

costs of the links  are used to  determine the traffic splitting ratios .During the simulation        

process, the updating of   updatable links was dependent on the link cost of that particular        

link. The ultimate goal is to achieve minimum maximum load links 

 

 

                

                          Figure 2.5.2: Load balancing using proposed algorithm  
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2.6 RELATED WORKS 

 

There have been a number of studies based on different approaches to avoid congestion and link 

overflows. In (Raza et al., 2009) and (Raza et al., 2011), Raza et al propose a theoretical 

framework to formalize the problem of minimizing a certain disruption function (e.g., link 

congestion) when the link weights have to be changed. The authors also propose a heuristic to 

find an ordering in which to modify several IGP weights within a network, so that the number of 

disruptions is minimal.They look at the sequence of link weight rescheduling whilst we look at 

link weight splitting. In (Vanbever et al., 2011) Vanbever et al proposed a migration strategy that 

enables operators to perform network-wide changes on an IGP configuration seamlessly, rapidly, 

and without compromising routing stability. Their strategy relies on effective techniques for the 

computation of a router migration ordering and on a provisioning system to automate most of the 

process. In (Reitblat et al., 2011), Reitblat et al study the problem of consistent network updates 

in “Software Defined Networking.” They propose a set of consistency properties and show how 

these properties can be preserved when changes are performed in the network. Unfortunately this 

work only applies to logically centralized networks. Logically centralized networks refers to 

SDN – Software defined Networks which is a new paradigm in which a logically-centralized 

controller manages a collection of programmable switches. The controller responds to events 

such as topology changes, shifts in traffic load, or new connections from hosts, by pushing 

forwarding rules to the switches, which process packets efficiently using specialized hardware 

(Mclurg et al., 2015). Shi et al (Shi et al., 2009) propose an update order that avoids transient 

routing loops and takes the congestion and link overflow into consideration. They study the 

initial and final forwarding paths to obtain the overflow-free updatable nodes. They also take 

into consideration a method of analyzing the forwarding tables before and after the updates to 

establish a loop free order. Francois et al (Francois et al., 2007) present a proposal to avoid 

transient loops by progressively increasing the link cost of the link by one, of times before it can 

be shut down. This study however concentrates on loop avoidance and not congestion avoidance. 

More Recent approaches like Zupdate (Liu et al.,2013) and SWAN-Software Driven Wide Area 

Networks (Hong et al.,2013) attempt to solve the problem by introducing a sequence of 

intermediate configurations, among which, the update from a former stage to the latter must 

always be congestion-free. To ensure such a stage sequence exists, they require part of the link 

capacity to be left vacant, which results in a great waste of link capacities (Zheng et al., 2013). 

Furthermore, the intermediate configurations they introduce will greatly complicate the update  
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process, and might even disturb user’s QoS (Quality of Service)—e.g., an intermediate path 

might have a larger latency than both the initial and target ones. Our method in contrast involves 

identification of a high load link and inducing traffic splitting. This splitting of traffic helps in 

avoiding capacity wastage. In contrast, Dionysus (Jin et al., 2014) and ATOMIP ( Luo et 

al.,2015) address the challenges by scheduling updates in thoughtful orders without bringing in 

additional stages in contrast our proposed method induces traffic splitting to keep the maximum 

load to a minimum level or within link capacities. Dionysus and ATOMIP schedule updates in a 

thoughtful order without any additional stages. This order arrangement provides a more practical 

solution, however a congestion free operating sequence may not always exist. The Updates 

studied in Dionysus and ATOMIP are more concerned with the update order and the update 

time. Dionysus is a network update scheduler for fast and consistent network updates. Operators 

have to carefully perform network updates in order to eliminate undesirable behaviors like loops, 

black holes, policy violations and congestion that may happen during the transient period (Jin et 

al., 2014). Dionysus is a network update scheduler that adapts to runtime conditions. The 

intermediate stages introduced using our method – ULLN (Updatable Link Leaf Node) is purely 

focused on High Load Node identification and Traffic splitting thereby avoiding congestion. 

This also leads to reduced capacity wastage as all links will be utilized. However despite some 

similarities in our work with (Raza et al., 2011) and (Hong et al., 2013), our proposed method 

leads to the identification of 6 links which give us optimum routing at any given moment. The 

end result is optimization of the network during a planned failure. Also the intermediate stages 

introduced in these works involve identification of congested links/nodes and selecting the lesser 

congested links. Our method involves identification of congested links/nodes and inducing 

traffic splitting to maintain the maximum load at a minimum or within link capacities. 

The approaches described have several limitations, as they only work in link-state routing 

protocols such as OSPF or IS-IS and they only work with single link failures. Our algorithm 

shows that using appropriate transient link cost update sequence order for link costs for 

updatable links reduces transient link overflows.  

 

 

 

 



17 

 

 

 

 2.7. CONCLUSION  

In this chapter, an overview of the routing protocols for conducting the research was given 

including an overview of link state and distance vectors. A relationship between the layers in the 

OSI model was also reviewed. However the research main focus is congestion avoidance in IP 

networks during planned failures. Most research work is centered on congestion control schemes 

in IP networks. This work is focused on algorithms deployed in networks to reroute traffic 

during a planned failure. Pre-computation of routes in a network to avoid congestion and routing 

loops is key. The problem is not only to protect against as many possible link failures as 

possible, but also to use the lowest number of backup FIBs (Forwarding Information Base) as 

possible. This is different from our study on congestion avoidance during maintenance 

operations where the changes in network topology and forwarding paths are known. Most of the 

prior works reviewed focus on the sequencing or ordering of the updates during a failure without 

necessarily taking congestion avoidance into respect. Those that consider congestion, focus on 

link weight rescheduling and update time. This leads to capacity wastage for links not being 

considered for link adjustments as well as increased CPU and memory utilization for the nodes. 

Link weight rescheduling is similar to link weight splitting but the objective of this research was 

identification of high load nodes with the subsequent high load links. Link rescheduling involves 

the sequential identification of link updates. I therefore propose to use the ULLN – updatable 

link leaf node method for congestion avoidance during a planned failure. 
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 CHAPTER 3:  SIMULATION METHODOLOGY  

 3.1. INTRODUCTION  

In this chapter the methods used to conduct the research will be explained. A description of  the 

tools, the materials used and the simulation environment plus the conditions in which the 

simulations were conducted will be given. The research methods and methodologies will be 

briefly described. A further highlight on the two main approaches of research classified as 

qualitative and quantitative approach will be availed, followed by the detailed discussion of the 

methodology that was used during the research.  

  

The technique used to systematically solve the research problem is known as research 

methodology. It can also be comprehended as a discipline of studying how research is done 

logically. Research methods refer to all methods and techniques which are applied during the 

research conduction. This implies that all those methods which are applied by the researcher in 

the course of carrying out his research problem are termed as research methods.  

  

3.2. THOERY   

In communication networks, a topology is usually a schematic description of the arrangement of 

a network, including its nodes and connecting lines (Dally and Towles, 2004). There are two 

ways of defining network geometry: the physical and the logical topologies.  

The physical topology of a network is the actual geometric layout of the connecting nodes. There 

are several common physical topologies, as described below.  

Topology can be considered as a virtual shape or structure of a network. The topology does 

not correspond to the actual arrangement of the devices or actual elements on the network.  

Any particular network topology is determined only by the graphical mapping of the 

configuration of physical and/or logical connections between nodes (Dally and Towles, 2004) 

The study and analysis of network topology involve the use of graph theory, distances 

between nodes, physical interconnections and transmission.  

A node in the network has one or more links to one or more nodes in the network. The mapping 

of these links and nodes in a graph results in a geometric shape that may be used to describe the 

physical topology of the network. The mapping of the data flow between the nodes in the  
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network determines the logical topology of the network. The physical and logical topologies may 

or may not be identical in any particular network.   

  

3.3. SIMULATION MATERIALS AND ENVIRONMENT  

The materials used for conducting the simulations were the respective traffic matrices i.e. Voice, 

IP, Data and Total Traffic obtained from (Gerlach et al., 2004). Total Traffic is an addition of all 

the 3 types of traffic for each topology. We use 2 different topology models, the Pan European 

and the Germany network models. We use COST266 (An actual Pan European and Germany 

network).The models differ in terms of average node degree, path length as illustrated in table 

3.3.1.  The methodology involves simulation of the Germany and Pan European network 

topologies using Akita12v2 installed on a Linux Operating system. The Simulations were carried 

out for Voice, data, IP and total traffic to determine which links carry maximum and minimum 

traffic and hence determine the most and least congested nodes in the respective topologies. The 

links with maximum traffic loads will then be selected for updating after which the simulations 

would be conducted again after updating the maximum load links. The key idea is to induce 

traffic splitting thereby minimizing the maximum link loads. A forwarding tree diagram would 

then be constructed using the routing information resulting from each update, this would also 

help in determining the maximum and minimum link loads. The forwarding tree specifies the 

forwarding path to a given destination from all routers in the network (Tembo, 2013).Our 

method provides a Quantitative Evaluation of the Maximum Link Load.  

As the number of updatable links increase in a network, the permutations required become 

astronomical. The table 3.1 gives an example of results for given updatable links 

            

 TOPOLOGY NODES LINKS UPDATABLE 

LINKS 

PERMUTATIONS 

1 ABILINE 11 28 3 6 

2 COST 239 11 50 6 720 

3 COST 239 11 50 14 8.718 x      

4 COST 266 26 100 19 1.216 x      

 

     Table 3.3.1: Example of permutation results for given updatable links (Tembo, 2013) 
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The simulator used limits the permutations to only 720 thereby giving us only 6 updatable links 

for optimum routing. 

The following materials were used;  

A personal computer equipped with the following characteristics was used for the simulations:  

• Windows 7 home premium  

• System Rating: 2.0 Windows Experience index  

• Processor: Intel® Celeron ® CPU 820@ 1.70 GHz  

• RAM: 2.00 GB  

• System type: 32-bit operating system  

 

The network topologies with respective traffic matrices are shown in the tables and diagrams 

below;  

 

 

 

  

                            Figure 3.3.1: Germany network (17 nodes) (Gerlach et al., 2004) 
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                             Figure 3.3.2: Pan-European network (28 nodes) (Gerlach et al., 2004)  

 

                                

  

                               Table 3.3.2:  Topological parameters (Gerlach et al., 2004) 
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             Table 3.3.3:    Traffic Parameters related to base year 2004 (Gerlach et al., 2004) 

Traffic matrices for Germany  

The Germany network has 17 nodes with 26 links. The following tables show the various traffic 

matrices used for simulating Germany network.  

  

  

 

 
 Table 3.3.4: Germany network topology matrix  

 

 

 

Lusaka H HH B L N M UI S Ka Ma F K D E Do No HB

H 1 1 1 0 0 0 0 0 0 1 0 0 0 1 0 1

HH 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1

B 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

L 1 0 1 1 0 0 0 0 0 1 0 0 0 0 0 0

N 0 0 0 1 1 0 1 0 0 1 0 0 0 0 0 0

M 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0

UI 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0

S 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0

Ka 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0

Ma 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0

F 1 0 0 1 1 0 0 0 0 1 1 0 0 0 0 0

K 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0

D 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0

E 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0

Do 1 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0

No 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1

HB 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1

GERMANY NETWORK WITH 17 NODES
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Table 3.3.5: Germany voice traffic matrix (Gbit/s) (Gerlach et al., 2004) 

  

  

 

Table 3.3.6: Germany Data traffic matrix (Gbit/s) (Gerlach et al., 2004) 
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 Table 3.3.7: Germany IP traffic matrix (Gbit/s) (Gerlach et al., 2004) 

 

 

  

Table 3.3.8: Germany total traffic matrix (Gbit/s) (Gerlach et al., 2004) 
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Traffic matrices for Europe  

The European network has 28 nodes with 41 links. The following tables show the matrices that 

were used for simulating the European network.    

      

   Table 3.3.9 European network topology matrix  
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 Table 3.3.10: Europe voice traffic matrix (Gbit/s) (Gerlach et al., 2004) 

 

  

 

 

Table 3.3.11: Europe Data Traffic matrix (Gbit/s) (Gerlach et al., 2004) 
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Table 3.3.12: Europe IP Traffic matrix (Gbit/s) (Gerlach et al., 2004) 

  

  

  

  

  

 Table 3.3.13: Europe Total traffic matrix (Gbit/s) (Gerlach et al., 2004) 
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3.4. SIMULATION PROCESS  

During the Simulation, the following steps and procedures were followed;  

After determining the maximum link load, it was then updated accordingly and the process was 

repeated until the optimum results were obtained .The total traffic matrix was simulated first 

after which the traffic was separated to determine whether the algorithm is traffic dependant or 

not. To determine the maximum, minimum and average link load for each traffic matrix, the 

following steps were executed using the Akita simulation tool:  

 lugodo@lugodo-Aspire-E1-531:~$ cd Desktop/  

 lugodo@lugodo-Aspire-E1-531:~/Desktop$ cd akita12v2/  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2$ cd germany  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/germany$ cd createRi  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/germany/createRi$ make make: Nothing to be 

done for `all'.  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/germany/createRi$ cd  

 lugodo@lugodo-Aspire-E1-531:~$ cd Desktop/  

 lugodo@lugodo-Aspire-E1-531:~/Desktop$ cd akita12v2/  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2$ cd germany  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/germany$ ./createRi/createRi 

./data/germany.csv out.ri  

 

 

 

 

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/germany$ perl measure_link_usage.pl  

./data/germany_voice_tm_grv.csv ./data/germany.csv out.ri  

 lugodo@lugodo-Aspire-E1-531:~/Documents/akita12v2$ ./test.sh  

 $init = data/germany.csv   

 $fin = data/germany-test.csv   

 $tm = data/tm_grv.csv   

 $dir = out   

 $index = 4                                                      

 $factorial=24   

 open file ./out/0/   

 hello max util = 0.1829952   

 hello max util = 0.1829952   

 hello max util = 0.1626904   hello max util = 0.1626904  

The above steps apply for the Germany network; the following steps were applied for the pan  

European network;  

 lugodo@lugodo-Aspire-E1-531:~$ cd Desktop/  

 lugodo@lugodo-Aspire-E1-531:~/Desktop$ cd akita12v2/  
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 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2$ cd europe  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/ europe $ cd createRi  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/ europe /createRi$ make  

make: Nothing to be done for `all'.  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/ europe /createRi$ cd  

 lugodo@lugodo-Aspire-E1-531:~$ cd Desktop/  

 lugodo@lugodo-Aspire-E1-531:~/Desktop$ cd akita12v2/  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2$ cd europe  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/ europe $ ./createRi/createRi ./data/ 

europe.csv out.ri  

 lugodo@lugodo-Aspire-E1-531:~/Desktop/akita12v2/ europe $ perl measure_link_usage.pl  

./data/ europe _voice_tm_grv.csv ./data/ europe.csv out.ri  

 lugodo@lugodo-Aspire-E1-531:~/Documents/akita12v2/createTransition$ cd ..   

 lugodo@lugodo-Aspire-E1-531:~/Documents/akita12v2$ ./test.sh   

 $init = data/european.csv   

 $fin = data/european-test.csv   

 $tm = data/tm_grv.csv   

 $dir = out   

 $index = 4                                                      

 $factorial=24   

 open file ./out/0/   

 hello max util = 0.0781368   

 hello max util = 0.0658008   

 hello max util = 0.0658008  
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ALGORITHM 

 
The algorithm used for the simulations is shown in figure 3.3.3 below; 

 

 

 

               
 

           Figure 3.3.3: ULLN – Updatable Link Leaf Node Algorithm (Tembo, 2013) 

 

 The following steps were followed to conduct the simulations; 

1. Input the information of the network topology i.e. initial & target link costs together with 

information of the actual traffic matrix. In my case the actual traffic was the total traffic for 

Germany and Europe. The isolated traffic i.e. actual Data, Voice and IP was also used. 

2. Identify the high load link i.e. the link with the maximum load in the network. Then using the 

destination node, a forwarding tree is constructed. 

3. From the forwarding tree constructed, leaf nodes and updatable links connected to the leaf 

nodes are identified .The updatable links are the ULLN – updatable link leaf nodes. The value 

of the ULLN is verified i.e. ULLN > 1, otherwise we proceed to update the only identified 

updatable link. If the ULLN > 1,we determine which updatable link once updated gives the 

lowest maximum load. An example of a forwarding tree is shown in figure 3.3.4 below. The 

routing information used for making the forwarding trees are in the appendix. 
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                            Figure 3.3.4: An example of a forwarding tree  

 

4. We verify if there are any other updatable links to be updated within the topology matrix .If 

there are more updatable links, we continue with step 1 through step 4 otherwise we exit and 

confirm the link cost update sequence order.  

 

  

 3.5. CONCLUSION  

 

Using the simulated results, the simulation results /data were collected and analyzed as illustrated 

under results and discussions. Three scenarios were observed namely;  

• congestion – this where congestion was observed  

• No Congestion – when there was no congestion but the results were still not optimum, 

some link overflows  

• Optimum – in this scenario there was no congestion observed, optimum routing was 

achieved i.e. 6 links were obtained providing us with zero congestion  
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CHAPTER 4:  RESULTS AND DISCUSSIONS  
  

4.1. INTRODUCTION  

This chapter presents the results and discussions simulations from the previous chapter. The 

results collected from the simulations are analyzed and discussed in details with the main focus 

been on the achievement of optimum routing for both network topologies.  

  

4.2. 1
st
 LINK COST UPDATE  

Using Akita12v2 for the simulations, brute force approach was used to determine the update 

sequence order for all the permutations. The input data involves the network topology with 

known initial link costs and known target link costs. The traffic matrix was also added.   

 After obtaining optimum results (Optimum routing), the algorithm was tested by separating the 

traffic, as the results obtained were for the total traffic. Total traffic is simply a summation of all the 

3 types (IP, Data & Voice) of traffic as shown in formula 4.10. Traffic was separated and optimum 

results were obtained for individual traffic (Data, mobile and voice).so the algorithm is not traffic 

dependant. Total traffic is summation of all the traffic in the network.  

                Total traffic = IP traffic + Data traffic + Voice traffic                               (4.10)      

4.3. RESULTS  

The results of the simulations are discussed in the sections below. In this section, we intend to 

give some detailed explanations and interpretations of the obtained results.  

  

4.3.1. PAN EUROPEAN NETWORK                                              

After the first update, the results show congestion as seen in figure 4.3.1, all links are having zero 

optimum routing i.e. all 24 links have congestion. Congestion occurs when the transient 

maximum load exceeds that of the initial state. The idea is to correctly identify links for link cost 

update that can minimize the maximum load. A forwarding tree is constructed to select links 

connected to the leaf nodes for link cost update.    
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             Figure 4.3.1: Congestion after the 1
st
 LCU for Pan European Network  

After a number of updates, it can be seen in figure 4.3.2 that optimum routing is achieved for the 

pan European network, with all links having zero congestion.          

                            

   

Figure 4.3.2:100% optimum routing achieved i.e. All patterns are below the overflow threshold 
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To verify if the algorithm is traffic dependent, the traffic was isolated i.e. the total traffic was a 

summation of data, IP and Voice traffic combined. After achieving optimum routing for the Pan 

European network, traffic was isolated and the results are shown in figures 4.3.3 for Data Traffic 

isolation, figure 4.3.4 for IP traffic isolation and Figure 4.3.5 for Voice traffic isolation.  

   
            Figure 4.3.3: Traffic isolation results for Data on the Pan European Network 

     

              Figure 4.3.4: Traffic Isolation results for IP Traffic _ Pan European Network 
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              Figure 4.3.5: Traffic Isolation results for Voice Traffic _ Pan European Network 

 

 

 

 

 

 The results of the traffic isolation show that for the pan European network model, the algorithm was 

not traffic dependent. However this is inconclusive as the algorithm needs to be applied to various 

traffic models from various sources. The figure 4.3.6 below shows the maximum link loads for the 

separated traffic modes i.e. Data, IP, Voice and Total Traffic for the Pan European model. Table 

4.3.1 gives a summary of the number of links, nodes, updatable nodes and the number of 

permutations required per update for each network respectively.  

 

 

Topology  Nodes   Links  Updatable Links  Permutations  

European  28  41  6  720  

Germany   17  26  6  720  

   

Table 4.3.1: Permutation results for given updatable links  
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                   Figure 4.3.6: Maximum Link Loads IP, Data, Voice and Total Traffic   

The figure 4.3.7 shows the link utilization for the ideal Total traffic scenario for the Pan 

European network  

 

 

  

                                    Figure 4.3.7 Total traffic Link Utilization Europe  
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 4.3.2. GERMANY NETWORK  

 The simulation results for the Germany network are discussed in this section.  

After the first LCU, Congestion was observed in the results as shown in figure 4.3.8.  

               

Figure 4.3.8: 100% Congestion - Impossible to achieve optimum routing in this setup (1st LCU) 

Several updates were performed until there was zero congestion was achieved. The results can be 

seen in figure 4.3.9.  
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                                          Figure 4.3.9: No congestion _ Not Optimum  

Further simulations and updates were performed until optimum routing was achieved. This is 

shown in Figure 4.3.10.     

    

            Figure 4.3.10: Optimum Routing – 0% Congestion as all links give optimum routing 
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Traffic was separated to test the dependency of the algorithm on isolated traffic i.e. Data, Voice 

and IP. The results are shown in figures 4.3.11, 4.3.12 and 4.3.13. Only Data traffic (figure 

4.3.11) was able to achieve optimum traffic. This goes on to show that the algorithm is in fact 

Traffic dependent. More simulations were required for each traffic type to obtain optimum 

routing. Figure 4.3.14 shows the link utilization for the total traffic. However for this dissertation 

the main objective was to achieve optimum routing for the Total Traffic.    

 

                               Figure 4.3.11:  Data Traffic isolation_ Germany   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

 

 

 
                                         Figure 4.3.12:  IP Traffic isolation_ Germany   
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                                Figure 4.3.13: Voice Traffic isolation_ Germany   

  

 

                              Figure 4.3.14: Link Utilization _ Total Traffic Germany  
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4.4. DISCUSSION  

The results show that optimum routing achieved for both networks for the total traffic matrices. it 

was also noted that for all traffic matrices, during the 1
st
 LCU, congestion was observed. 

Congestion occurs when the transient maximum load exceeds that of the initial state. However 

when traffic was isolated and simulated, the results were inconclusive. For the Pan European 

network, it was observed that all the 3 types of traffic matrices gave optimum routing after the 

simulation. Optimum routing is when there is a minimum maximum load in the Network. 

However for the Germany network, the results were inconclusive as only the Data Traffic matrix 

resulted in optimum routing. More simulations were required to obtain optimum routing for the 

IP and Voice traffic respectively. It can therefore be concluded that the algorithm is indeed 

Traffic dependent. The results for optimum routing i.e. total traffic for both networks, show that 

we have no link overflows and all the patterns give optimum routing conditions. Therefore the 

optimum routing performance of 100% is achieved. Optimum routing is defined as achieving 

the minimum maximum link utilization during the transient period of link cost updates 

(Tembo ‘et al’, 2012).   
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CHAPTER 5:CONCLUSION AND FUTURE WORK  
  

5.1. INTRODUCTION  

In this chapter, a summary of the research work and discuss the possible future works to enhance 

our works is given. The related works, differences in approach and results are also discussed in 

comparison to our research.  

 5.2. SUMMARY  

 A priority link cost update sequence order has been presented to perform transient link cost updates 

when several links need to be updated for traffic engineering purposes. To find the best solution to 

this problem is not a practical computation time. We proposed an orderly update of links costs 

without the need to perform any practical complex permutation computations. The Priority Link Cost 

Update Sequence Order algorithm can be used to solve such practical problems in computation time. 

Hence the need of a full search is avoided as we achieve our objective of avoiding transient link 

overflows and subsequent congestion during transient link cost updates. From the results it has been 

illustrated that using our algorithm on the given topologies, there exists a 6 links which provide 

optimum routing during a planned failure. This is useful to ISPs as it assists in traffic engineering 

related works as traffic can be prioritized accordingly to take advantage of the 6 links providing 

optimum routing conditions. Congestion can therefore be avoided whenever routine maintenance 

works are carried out in the network. For the Pan European and Germany network, 6 links giving 

optimum routing have been identified using our algorithm. The algorithm can be used on any 

network model and produce optimum routing if applied correctly.  The research questions can be 

summarized as follows; 

1. How does the proposed method avoid congestion? 

Congestion is avoided at each stage by identifying high load nodes/links and inducing traffic 

splitting .Prior works have been centered on link rescheduling (Raza et al., 2011),loop 

avoidance schemes( Fortz  et al.,2000).Dionysus and ATOMIP focus on the update order 

with emphasis on the update time. SWAN (Liu et al.,2013) introduce a sequence of 

intermediate configurations which results in link capacity wastage as to ensure such a 

sequence exists requires parts of the link capacities to be left vacant. The ULLN method is a 

simpler method of identifying high load nodes/links and inducing traffic splitting until the 

link capacities are at a minimum o within the link capacities. 
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2. How does the induction of traffic splitting keep the maximum load to a minimum level 

or within the link capacities? 

During the simulations, high load nodes were identified and the updatable leaf nodes attached 

to that particular high load node were updated to split the traffic. Each resulted in traffic 

splitting. The key was the establishment of how many updatable links are connected to the 

leaf node in the forwarding tree. 

3. Is optimum routing i.e. zero congestion achieved? 

As shown in figures, optimum routing was achieved for both the pan European networks 

and the Germany network. Optimum routing is achieving the minimum maximum link 

utilization during the transient period of link cost updates. All patterns are below the 

overflow threshold. 

4. What is the research contribution? 

We have presented a priority link cost update sequence order as a new method to perform 

transient link cost updates when several different links need to be updated for traffic 

engineering purposes. The algorithm presented eliminates the need for a full search. Each link 

cost update helps search for a high load node leading to traffic splitting. The optimum routing 

gives us 6 optimum links in any given network which can be used during planned works. 

Using this method, we were able to show that using an appropriate link cost update sequence 

order of link cost for updatable links minimizes transient link overflows (Kamrul and Oki, 

2011). 
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5.3. RECOMMENDATIONS AND FUTURE WORK   

  

We have shown that by using our proposed algorithm on the given network model, we can 

achieve optimum routing thereby avoiding congestion in IP networks. We have shown that there 

exists a number of links in the network such that when orderly and sequentially updated, 

optimum routing is achieved. Using our algorithm, we were able to simulate and identify 6 links  

for the pan European and Germany network models which when updated gives 100% optimum 

routing with no link overflows. Our method uses a link cost update sequence order method to 

update link costs to avoid link overflows with a view to achieve optimum routing conditions. 

Our simulation results show that the proposed scheme is effective in reducing the maximum link 

load in the network after failures. Most works have been centered on loop avoidance during the 

convergence period with very few works looking at congestion avoidance during planned 

maintenance routines. Our works provide an opportunity to researchers to take an interest and 

investigate congestion avoidance schemes deeply. Future works will endeavor to apply the 

algorithm on larger networks and with heavy traffic loads. All network models have their 

limitations. It would be important to test the algorithm on some local network models with actual 

traffic. The new SDN paradigm is another interesting area which would be a good platform to 

test the algorithm. 
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APPENDIX 

  

 

 Source code for the Algorithm 

 #!/usr/bin/perl 

# mrcResEvalv3.pl  

# usage : %./autoEval.pl <initial topology> <final topology> <tm> <directory> <index> 

# <initial topology> :  

# <final topology> :  

# <tm> : traffic matrix 

# <directory> : all sets of link cost (e.g. out/ directory) 

# <index> : number of transient patterns 

# open input file 

$init = "$ARGV[0]"; 

$fin = "$ARGV[1]"; 

$tm = "$ARGV[2]"; 

$dir = "$ARGV[3]"; 

$index = "$ARGV[4]"; 

print "\$init = $init\n"; 

print "\$fin = $fin\n"; 

print "\$tm = $tm\n"; 

print "\$dir = $dir\n"; 

print "\$index = $index\n"; 

# create loop num 

$factorial = 1; 

$n = $index; 

while ($n > 1) { 

 $factorial = $factorial * $n; 

 $n = $n - 1; 

} 

print "\$factorial=$factorial\n"; 

@mu_matrix = (); #  

 

for ($i = 0; $i < $factorial; $i++) {  

 @files = &GetFilelist("./$dir/$i/", csv, 0) or die "open mrc file error"; 

 print "open file ./$dir/$i/\n"; 

 $nums = @files; 

 for ($j = 0; $j < $nums; $j++) { # 

  # RI 

  my $ret = `./createRi/createRi ./$dir/$i/$j.csv out.ri`; 

  my $ret2 = `perl measure_link_usage.pl $tm $init out.ri`; 

             open MU, "max_usage.dat" or die "open error max_usage.dat"; 

  $mu = <MU>; 

  chomp ($mu); 

  print "hello max util = $mu\n"; 
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  $mu_matrix[$i][$j] = $mu; 

  close (MU); 

   

#  exit; 

  

 } 

} 

 

# print matrix 

open OUT, ">result.csv" or die "open error result.csv"; 

print OUT ","; 

for ($j = 0; $j < $factorial; $j++) { 

 print OUT "$j,"; 

} 

print OUT "\n"; 

for ($j = 0; $j < $nums; $j++) { 

 print OUT "$j,"; 

 for ($i = 0; $i < $factorial; $i++) { 

  print OUT "$mu_matrix[$i][$j],"; 

 } 

 print OUT "\n"; 

} 
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Raw Data for figures 3.3.6 and 3.3.5  

EUROPE 

link 0-0 : 0  0  

link 0-1 : 0  0  

link 0-2 : 0  0  

link 0-3 : 0  0  

link 0-4 : 0  0  

link 0-5 : 0  0  

link 0-6 :   0.059572  

link 0-7 : 0  0  

link 0-8 : 0  0  

link 0-9 : 0  0  

link 0-10 : 0  0  

link 0-11 :  0.044914  

link 0-12 :  0.054107  

link 0-13 :   0.030364  

link 0-14 : 0  0  

link 0-15 : 0  0  

link 0-16 : 0  0  

link 0-17 : 0  0  

link 0-18 : 0  0  

link 0-19 : 0  0  

link 0-20 : 0  0  

link 0-21 : 0  0  

link 0-22 : 0  0  

link 0-23 : 0  0  

link 0-24 : 0  0  

link 0-25 : 0  0  

link 0-26 : 0  0  

link 0-27 : 0  0  

link 1-0 : 0  0  

link 1-1 : 0  0  

link 1-2 : 0  0  

link 1-3 :   0.008466  

link 1-4 : 0  0  

link 1-5 : 0  0  

link 1-6 : 0  0  
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 link 1-7 : 0  0  

link 1-8 : 0  0  

link 1-9 : 0  0  

link 1-10 : 0  0  

link 1-11 : 0  0  

link 1-12 : 0  0  

link 1-13 : 0  0  

link 1-14 : 0  0  

link 1-15 : 0  0  

link 1-16 : 0  0  

link 1-17 : 0  0  

link 1-18 : 0  0  

link 1-19 : 0  0  

link 1-20 : 0  0  

link 1-21 :   0.007055  

link 1-22 : 0  0  

link 1-23 : 0  0  

link 1-24 : 0  0  

link 1-25 : 0  0  

link 1-26 : 0  0  

link 1-27 : 0  0  

link 2-0 : 0  0  

link 2-1 : 0  0  

link 2-2 : 0  0  

link 2-3 : 0  0  

link 2-4 : 0  0  

link 2-5 : 0  0  

link 2-6 : 0  0  

link 2-7 : 0  0  

link 2-8 : 0  0  

link 2-9 : 0  0  

link 2-10 : 0  0  

link 2-11 : 0  0  

link 2-12 : 0  0  

link 2-13 : 0  0  

link 2-14 :   0.021412  

link 2-15 :   0.005226  

link 2-16 : 0  0  

link 2-17 : 0  0  

link 2-18 : 0  0  

link 2-19 : 0  0  

link 2-20 : 0  0  

link 2-21 : 0  0  

link 2-22 : 0  0   link 4-7 : 0  0  
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link 2-23 : 0  0  link 4-8 :   0.012787  

link 2-24 : 0  0  link 4-9 : 0  0  

link 2-25 : 0  0  link 4-10 : 0  0  

link 2-26 : 0  0  link 4-11 : 0  0  

link 2-27 : 0  0  link 4-12 :  0.056845  

link 3-0 : 0  0  link 4-13 : 0  0  

link 3-1 :  0.005475  link 4-14 : 0  0  

link 3-2 : 0  0  link 4-15 : 0  0  

link 3-3 : 0  0  link 4-16 : 0  0  

link 3-4 : 0  0  link 4-17 :   0.032721  

link 3-5 : 0  0  link 4-18 : 0  0  

link 3-6 : 0  0  link 4-19 : 0  0  

link 3-7 :   0.008752  link 4-20 :   0.013941  

link 3-8 : 0  0  link 4-21 : 0  0  

link 3-9 : 0  0  link 4-22 : 0  0  

link 3-10 : 0  0  link 4-23 : 0  0  

link 3-11 : 0  0  link 4-24 : 0  0  

link 3-12 : 0  0  link 4-25 :   0.038289  

link 3-13 : 0  0  link 4-26 : 0  0  

link 3-14 : 0  0  link 4-27 : 0  0  

link 3-15 : 0  0  link 5-0 : 0  0  

link 3-16 : 0  0  link 5-1 : 0  0  

link 3-17 : 0  0  link 5-2 : 0  0  

link 3-18 : 0  0  link 5-3 : 0  0  

link 3-19 : 0  0  link 5-4 : 0  0  

link 3-20 : 0  0  link 5-5 : 0  0  

link 3-21 : 0  0  link 5-6 : 0  0  

link 3-22 : 0  0  link 5-7 : 0  0  

link 3-23 : 0  0  link 5-8 : 0  0  

link 3-24 : 0  0  link 5-9 : 0  0  

link 3-25 : 0  0  link 5-10 : 0  0  

link 3-26 :   0.002828  link 5-11 : 0  0  

link 3-27 : 0  0  link 5-12 : 0  0  

link 4-0 : 0  0  link 5-13 : 0  0  

link 4-1 : 0  0  link 5-14 : 0  0  

link 4-2 : 0  0  link 5-15 :   0.012903  

link 4-3 : 0  0  link 5-16 : 0  0  

link 4-4 : 0  0  link 5-17 : 0  0  

link 4-5 : 0  0  link 5-18 : 0  0  

link 4-6 : 0  0  link 5-19 :   0.023161  
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link 5-20 : 0  0   link 7-5 : 0  0  

link 5-21 : 0  0  link 7-6 : 0  0  

link 5-22 : 0  0  link 7-7 : 0  0  

link 5-23 : 0  0  link 7-8 : 0  0  

link 5-24 : 0  0  link 7-9 : 0  0  

link 5-25 : 0  0  link 7-10 : 0  0  

link 5-26 : 0  0  link 7-11 : 0  0  

link 5-27 : 0  0  link 7-12 : 0  0  

link 6-0 :   0.063697  link 7-13 : 0  0  

link 6-1 : 0  0  link 7-14 : 0  0  

link 6-2 : 0  0  link 7-15 : 0  0  

link 6-3 : 0  0  link 7-16 : 0  0  

link 6-4 : 0  0  link 7-17 : 0  0  

link 6-5 : 0  0  link 7-18 : 0  0  

link 6-6 : 0  0  link 7-19 : 0  0  

link 6-7 : 0  0  link 7-20 :  0.009714  

link 6-8 : 0  0  link 7-21 : 0  0  

link 6-9 : 0  0  link 7-22 : 0  0  

link 6-10 :  0.040438  link 7-23 : 0  0  

link 6-11 : 0  0  link 7-24 : 0  0  

link 6-12 : 0  0  link 7-25 :   0.005731  

link 6-13 : 0  0  link 7-26 : 0  0  

link 6-14 : 0  0  link 7-27 : 0  0  

link 6-15 : 0  0  link 8-0 : 0  0  

link 6-16 : 0  0  link 8-1 : 0  0  

link 6-17 : 0  0  link 8-2 : 0  0  

link 6-18 : 0  0  link 8-3 : 0  0  

link 6-19 :  0.034341  link 8-4 :   0.013102  

link 6-20 : 0  0  link 8-5 : 0  0  

link 6-21 : 0  0  link 8-6 : 0  0  

link 6-22 : 0  0  link 8-7 : 0  0  

link 6-23 : 0  0  link 8-8 : 0  0  

link 6-24 : 0  0  link 8-9 : 0  0  

link 6-25 : 0  0  link 8-10 : 0  0  

link 6-26 : 0  0  link 8-11 : 0  0  

link 6-27 : 0  0  link 8-12 : 0  0  

link 7-0 : 0  0  link 8-13 : 0  0  

link 7-1 : 0  0  link 8-14 : 0  0  
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link 7-2 : 0  0  link 8-15 : 0  0  

link 7-3 :  0.006694  link 8-16 : 0  0  

link 7-4 : 0  0  link 8-17 : 0  0  

 

link 8-18 :   0.00588   link 10-3 : 0  0  

link 8-19 : 0  0  link 10-4 : 0  0  

link 8-20 : 0  0  link 10-5 : 0  0  

link 8-21 : 0  0  link 10-6 :  0.039096  

link 8-22 : 0  0  link 10-7 : 0  0  

link 8-23 : 0  0  link 10-8 : 0  0  

link 8-24 : 0  0  link 10-9 : 0  0  

link 8-25 : 0  0  link 10-10 : 0  0  

link 8-26 : 0  0  link 10-11 : 0  0  

link 8-27 : 0  0  link 10-12 :   0.019314  

link 9-0 : 0  0  link 10-13 : 0  0  

link 9-1 : 0  0  link 10-14 : 0  0  

link 9-2 : 0  0  link 10-15 : 0  0  

link 9-3 : 0  0  link 10-16 : 0  0  

link 9-4 : 0  0  link 10-17 :   0.031764  

link 9-5 : 0  0  link 10-18 : 0  0  

link 9-6 : 0  0  link 10-19 : 0  0  

link 9-7 : 0  0  link 10-20 : 0  0  

link 9-8 : 0  0  link 10-21 : 0  0  

link 9-9 : 0  0  link 10-22 : 0  0  

link 9-10 : 0  0  link 10-23 :   0.01464  

link 9-11 :   0.002616  link 10-24 : 0  0  

link 9-12 : 0  0  link 10-25 : 0  0  

link 9-13 :   0.001952  link 10-26 : 0  0  

link 9-14 : 0  0  link 10-27 : 0  0  

link 9-15 : 0  0  link 11-0 :   0.044442  

link 9-16 : 0  0  link 11-1 : 0  0  

link 9-17 : 0  0  link 11-2 : 0  0  

link 9-18 : 0  0  link 11-3 : 0  0  

link 9-19 : 0  0  link 11-4 : 0  0  

link 9-20 : 0  0  link 11-5 : 0  0  

link 9-21 : 0  0  link 11-6 : 0  0  

link 9-22 : 0  0  link 11-7 : 0  0  

link 9-23 : 0  0  link 11-8 : 0  0  

link 9-24 : 0  0  link 11-9 :   0.003088  

link 9-25 : 0  0  link 11-10 : 0  0  

link 9-26 : 0  0  link 11-11 : 0  0  

link 9-27 : 0  0  link 11-12 : 0  0  
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link 10-0 : 0  0  link 11-13 : 0  0  

link 10-1 : 0  0  link 11-14 : 0  0  

link 10-2 : 0  0  link 11-15 : 0  0  

 

link 11-16 : 0  0   link 13-1 : 0  0  

link 11-17 : 0  0  link 13-2 : 0  0  

link 11-18 : 0  0  link 13-3 : 0  0  

link 11-19 : 0  0  link 13-4 : 0  0  

link 11-20 : 0  0  link 13-5 : 0  0  

link 11-21 : 0  0  link 13-6 : 0  0  

link 11-22 : 0  0  link 13-7 : 0  0  

link 11-23 : 0  0  link 13-8 : 0  0  

link 11-24 : 0  0  link 13-9 :  0.001479  

link 11-25 : 0  0  link 13-10 : 0  0  

link 11-26 : 0  0  link 13-11 : 0  0  

link 11-27 : 0  0  link 13-12 : 0  0  

link 12-0 :   0.050455  link 13-13 : 0  0  

link 12-1 : 0  0  link 13-14 : 0  0  

link 12-2 : 0  0  link 13-15 : 0  0  

link 12-3 : 0  0  link 13-16 : 0  0  

link 12-4 :   0.065801  link 13-17 : 0  0  

link 12-5 : 0  0  link 13-18 : 0  0  

link 12-6 : 0  0  link 13-19 :   0.018197  

link 12-7 : 0  0  link 13-20 : 0  0  

link 12-8 : 0  0  link 13-21 : 0  0  

link 12-9 : 0  0  link 13-22 : 0  0  

link 12-10 :   0.014011  link 13-23 : 0  0  

link 12-11 : 0  0  link 13-24 : 0  0  

link 12-12 : 0  0  link 13-25 : 0  0  

link 12-13 : 0  0  link 13-26 : 0  0  

link 12-14 : 0  0  link 13-27 : 0  0  

link 12-15 : 0  0  link 14-0 : 0  0  

link 12-16 : 0  0  link 14-1 : 0  0  

link 12-17 : 0  0  link 14-2 :   0.019672  

link 12-18 : 0  0  link 14-3 : 0  0  

link 12-19 : 0  0  link 14-4 : 0  0  

link 12-20 : 0  0  link 14-5 : 0  0  

link 12-21 : 0  0  link 14-6 : 0  0  

link 12-22 : 0  0  link 14-7 : 0  0  

link 12-23 : 0  0  link 14-8 : 0  0  

link 12-24 : 0  0  link 14-9 : 0  0  

link 12-25 : 0  0  link 14-10 : 0  0  
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link 12-26 : 0  0  link 14-11 : 0  0  

link 12-27 : 0  0  link 14-12 : 0  0  

link 13-0 :   0.030364  link 14-13 : 0  0  

 

link 14-14 : 0  0   link 15-27 : 0  0  

link 14-15 : 0  0  link 16-0 : 0  0  

link 14-16 : 0  0  link 16-1 : 0  0  

link 14-17 : 0  0  link 16-2 : 0  0  

link 14-18 : 0  0  link 16-3 : 0  0  

link 14-19 :   0.03431  link 16-4 : 0  0  

link 14-20 : 0  0  link 16-5 : 0  0  

link 14-21 : 0  0  link 16-6 : 0  0  

link 14-22 : 0  0  link 16-7 : 0  0  

link 14-23 : 0  0  link 16-8 : 0  0  

link 14-24 : 0  0  link 16-9 : 0  0  

link 14-25 : 0  0  link 16-10 : 0  0  

link 14-26 : 0  0  link 16-11 : 0  0  

link 14-27 :   0.027319  link 16-12 : 0  0  

link 15-0 : 0  0  link 16-13 : 0  0  

link 15-1 : 0  0  link 16-14 : 0  0  

link 15-2 :   0.006966  link 16-15 : 0  0  

link 15-3 : 0  0  link 16-16 : 0  0  

link 15-4 : 0  0  link 16-17 :   0.035256  

link 15-5 :  0.011163  link 16-18 : 0  0  

link 15-6 : 0  0  link 16-19 : 0  0  

link 15-7 : 0  0  link 16-20 : 0  0  

link 15-8 : 0  0  link 16-21 :   0.028173  

link 15-9 : 0  0  link 16-22 : 0  0  

link 15-10 : 0  0  link 16-23 : 0  0  

link 15-11 : 0  0  link 16-24 : 0  0  

link 15-12 : 0  0  link 16-25 : 0  0  

link 15-13 : 0  0  link 16-26 : 0  0  

link 15-14 : 0  0  link 16-27 :   0.035396  

link 15-15 : 0  0  link 17-0 : 0  0  

link 15-16 : 0  0  link 17-1 : 0  0  

link 15-17 : 0  0  link 17-2 : 0  0  

link 15-18 : 0  0  link 17-3 : 0  0  

link 15-19 : 0  0  link 17-4 :  0.012217  

link 15-20 : 0  0  link 17-5 : 0  0  

link 15-21 : 0  0  link 17-6 : 0  0  

link 15-22 : 0  0  link 17-7 : 0  0  

link 15-23 : 0  0  link 17-8 : 0  0  
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link 15-24 : 0  0  link 17-9 : 0  0  

link 15-25 : 0  0  link 17-10 :  0.037776  

link 15-26 : 0  0  link 17-11 : 0  0  

 

link 17-12 : 0  0   link 18-25 : 0  0  

link 17-13 : 0  0  link 18-26 : 0  0  

link 17-14 : 0  0  link 18-27 : 0  0  

link 17-15 : 0  0  link 19-0 : 0  0  

link 17-16 :   0.042896  link 19-1 : 0  0  

link 17-17 : 0  0  link 19-2 : 0  0  

link 17-18 : 0  0  link 19-3 : 0  0  

link 17-19 : 0  0  link 19-4 : 0  0  

link 17-20 : 0  0  link 19-5 :   0.024901  

link 17-21 : 0  0  link 19-6 :  0.039807  

link 17-22 : 0  0  link 19-7 : 0  0  

link 17-23 : 0  0  link 19-8 : 0  0  

link 17-24 :   0.017976  link 19-9 : 0  0  

link 17-25 : 0  0  link 19-10 : 0  0  

link 17-26 : 0  0  link 19-11 : 0  0  

link 17-27 : 0  0  link 19-12 : 0  0  

link 18-0 : 0  0  link 19-13 :   0.017724  

link 18-1 : 0  0  link 19-14 :   0.027577  

link 18-2 : 0  0  link 19-15 : 0  0  

link 18-3 : 0  0  link 19-16 : 0  0  

link 18-4 : 0  0  link 19-17 : 0  0  

link 18-5 : 0  0  link 19-18 : 0  0  

link 18-6 : 0  0  link 19-19 : 0  0  

link 18-7 : 0  0  link 19-20 : 0  0  

link 18-8 :   0.006195  link 19-21 : 0  0  

link 18-9 : 0  0  link 19-22 : 0  0  

link 18-10 : 0  0  link 19-23 :  0.004731  

link 18-11 : 0  0  link 19-24 : 0  0  

link 18-12 : 0  0  link 19-25 : 0  0  

link 18-13 : 0  0  link 19-26 : 0  0  

link 18-14 : 0  0  link 19-27 : 0  0  

link 18-15 : 0  0  link 20-0 : 0  0  

link 18-16 : 0  0  link 20-1 : 0  0  

link 18-17 : 0  0  link 20-2 : 0  0  

link 18-18 : 0  0  link 20-3 : 0  0  

link 18-19 : 0  0  link 20-4 :   0.025175  

link 18-20 : 0  0  link 20-5 : 0  0  

link 18-21 : 0  0  link 20-6 : 0  0  
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link 18-22 :   0.001234  link 20-7 :   0.007971  

link 18-23 : 0  0  link 20-8 : 0  0  

link 18-24 : 0  0  link 20-9 : 0  0  

 

link 20-10 : 0  0   link 21-23 : 0  0  

link 20-11 : 0  0  link 21-24 : 0  0  

link 20-12 : 0  0  link 21-25 : 0  0  

link 20-13 : 0  0  link 21-26 :   0.004142  

link 20-14 : 0  0  link 21-27 : 0  0  

link 20-15 : 0  0  link 22-0 : 0  0  

link 20-16 : 0  0  link 22-1 : 0  0  

link 20-17 : 0  0  link 22-2 : 0  0  

link 20-18 : 0  0  link 22-3 : 0  0  

link 20-19 : 0  0  link 22-4 : 0  0  

link 20-20 : 0  0  link 22-5 : 0  0  

link 20-21 : 0  0  link 22-6 : 0  0  

link 20-22 : 0  0  link 22-7 : 0  0  

link 20-23 : 0  0  link 22-8 : 0  0  

link 20-24 :   0.001617  link 22-9 : 0  0  

link 20-25 : 0  0  link 22-10 : 0  0  

link 20-26 : 0  0  link 22-11 : 0  0  

link 20-27 : 0  0  link 22-12 : 0  0  

link 21-0 : 0  0  link 22-13 : 0  0  

link 21-1 :  0.010046  link 22-14 : 0  0  

link 21-2 : 0  0  link 22-15 : 0  0  

link 21-3 : 0  0  link 22-16 : 0  0  

link 21-4 : 0  0  link 22-17 : 0  0  

link 21-5 : 0  0  link 22-18 :  0.001549  

link 21-6 : 0  0  link 22-19 : 0  0  

link 21-7 : 0  0  link 22-20 : 0  0  

link 21-8 : 0  0  link 22-21 : 0  0  

link 21-9 : 0  0  link 22-22 : 0  0  

link 21-10 : 0  0  link 22-23 : 0  0  

link 21-11 : 0  0  link 22-24 : 0  0  

link 21-12 : 0  0  link 22-25 :   0.013374  

link 21-13 : 0  0  link 22-26 : 0  0  

link 21-14 : 0  0  link 22-27 : 0  0  

link 21-15 : 0  0  link 23-0 : 0  0  

link 21-16 :   0.023476  link 23-1 : 0  0  

link 21-17 : 0  0  link 23-2 : 0  0  

link 21-18 : 0  0  link 23-3 : 0  0  

link 21-19 : 0  0  link 23-4 : 0  0  
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link 21-20 : 0  0  link 23-5 : 0  0  

link 21-21 : 0  0  link 23-6 : 0  0  

link 21-22 : 0  0  link 23-7 : 0  0  

 

link 23-8 : 0  0   link 24-21 : 0  0  

link 23-9 : 0  0  link 24-22 : 0  0  

link 23-10 :   0.01259  link 24-23 : 0  0  

link 23-11 : 0  0  link 24-24 : 0  0  

link 23-12 : 0  0  link 24-25 : 0  0  

link 23-13 : 0  0  link 24-26 :  0.004886  

link 23-14 : 0  0  link 24-27 : 0  0  

link 23-15 : 0  0  link 25-0 : 0  0  

link 23-16 : 0  0  link 25-1 : 0  0  

link 23-17 : 0  0  link 25-2 : 0  0  

link 23-18 : 0  0  link 25-3 : 0  0  

link 23-19 :   0.004731  link 25-4 :   0.038289  

link 23-20 : 0  0  link 25-5 : 0  0  

link 23-21 : 0  0  link 25-6 : 0  0  

link 23-22 : 0  0  link 25-7 :  0.005416  

link 23-23 : 0  0  link 25-8 : 0  0  

link 23-24 : 0  0  link 25-9 : 0  0  

link 23-25 : 0  0  link 25-10 : 0  0  

link 23-26 : 0  0  link 25-11 : 0  0  

link 23-27 :   0.006913  link 25-12 : 0  0  

link 24-0 : 0  0  link 25-13 : 0  0  

link 24-1 : 0  0  link 25-14 : 0  0  

link 24-2 : 0  0  link 25-15 : 0  0  

link 24-3 : 0  0  link 25-16 : 0  0  

link 24-4 : 0  0  link 25-17 : 0  0  

link 24-5 : 0  0  link 25-18 : 0  0  

link 24-6 : 0  0  link 25-19 : 0  0  

link 24-7 : 0  0  link 25-20 : 0  0  

link 24-8 : 0  0  link 25-21 : 0  0  

link 24-9 : 0  0  link 25-22 :  0.013689  

link 24-10 : 0  0  link 25-23 : 0  0  

link 24-11 : 0  0  link 25-24 : 0  0  

link 24-12 : 0  0  link 25-25 : 0  0  

link 24-13 : 0  0  link 25-26 : 0  0  

link 24-14 : 0  0  link 25-27 : 0  0  

link 24-15 : 0  0  link 26-0 : 0  0  

link 24-16 : 0  0  link 26-1 : 0  0  

link 24-17 :   0.011123  link 26-2 : 0  0  
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link 24-18 : 0  0  link 26-3 :   0.001895  

link 24-19 : 0  0  link 26-4 : 0  0  

link 24-20 :  0.011108  link 26-5 : 0  0  

link 26-6 : 0  0  

link 26-7 : 0  0  

link 26-8 : 0  0  

link 26-9 : 0  0  

link 26-10 : 0  0  

link 26-11 : 0  0  

link 26-12 : 0  0  

link 26-13 : 0  0  

link 26-14 : 0  0  

link 26-15 : 0  0  

link 26-16 : 0  0  

link 26-17 : 0  0  

link 26-18 : 0  0  

link 26-19 : 0  0  

link 26-20 : 0  0  

link 26-21 :   0.002436  

link 26-22 : 0  0  

link 26-23 : 0  0  

link 26-24 :   0.007525  

link 26-25 : 0  0  

link 26-26 : 0  0  

link 26-27 : 0  0  

link 27-0 : 0  0  

link 27-1 : 0  0  

link 27-2 : 0  0  

link 27-3 : 0  0  

link 27-4 : 0  0  

link 27-5 : 0  0  

link 27-6 : 0  0  

link 27-7 : 0  0  

link 27-8 : 0  0  

link 27-9 : 0  0  

link 27-10 : 0  0  

link 27-11 : 0  0  

link 27-12 : 0  0  

link 27-13 : 0  0  

link 27-14 :  0.032313  

link 27-15 : 0  0  

link 27-16 :   0.032453  
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GERMANY  

  

link 1-11   0     link 3-16   0    

link 1-12   0    link 4-0   0    

link 1-13   0    link 4-1   0    

link 1-14   0    link 4-2   0.027229    

link 1-15   0    link 4-3   0.004408    

link 1-16   0    link 4-4   0    

link 2-0   0    link 4-5   0    

link 2-1   0    link 4-6   0    

link 2-2   0    link 4-7   0    

link 2-3   0    link 4-8   0    

link 2-4   0.024289    link 4-9   0    

link 2-5   0    link 4-10   0    

link 2-6   0    link 4-11   0    

link 2-7   0    link 4-12   0    

link 2-8   0    link 4-13   0    

link 2-9   0.035616    link 4-14   0    

link 2-10   0    link 4-15   0    

link 2-11   0    link 4-16   0    

link 2-12   0    link 5-0   0    

link 2-13   0.062737    link 5-1   0    

link 2-14   0    link 5-2   0    

link 2-15   0    link 5-3   0    

link 2-16   0    link 5-4   0    

link 3-0   0    link 5-5   0    

link 3-1   0    link 5-6   0    

link 3-2   0    link 5-7   0    

link 3-3   0    link 5-8   0    

link 27-17 : 0  0  

link 27-18 : 0  0  

link 27-19 : 0  0  

link 27-20 : 0  0  

link 27-21 : 0  0  

link 27-22 : 0  0  

link 27-23 :  0.004862  

link 27-24 : 0  0  

link 27-25 : 0  0  

link 27-26 : 0  0  

link 27-27 : 0  0  
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link 3-4   0.007613    link 5-9   0.11076    

link 3-5   0    link 5-10    0.109836    

link 3-6   0    link 5-11   0.020703    

link 3-7   0    link 5-12   0    

link 3-8   0    link 5-13   0    

link 3-9   0.024296    link 5-14   0.062483    

link 3-10   0    link 5-15   0    

link 3-11   0    link 5-16   0    

link 3-12   0    link 6-0   0.018449    

link 3-13   0    link 6-1   0.005418    

link 3-14   0    link 6-2   0    

link 3-15   0    link 6-3   0    

 link 0-0   0    

link 0-1   0    

link 0-2   0    

link 0-3   0    

link 0-4   0    

link 0-5   0    

link 0-6   0.028578    

link 0-7   0.021932    

link 0-8   0    

link 0-9   0    

link 0-10   0.029766    

link 0-11   0    

link 0-12   0    

link 0-13   0    

link 0-14   0    

link 0-15   0    

link 0-16   0    

link 1-0   0    

link 1-1   0    

link 1-2   0    

link 1-3   0    

link 1-4   0    

link 1-5   0    

link 1-6   0.011122    

link 1-7   0.058867    

link 1-8   0    

link 1-9   0    

link 1-10   0    
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link 6-4   0     link 8-9   0    

link 6-5   0    link 8-10   0    

link 6-6   0    link 8-11   0.080892    

link 6-7   0.020127    link 8-12   0    

link 6-8   0    link 8-13   0    

link 6-9   0    link 8-14   0    

link 6-10   0    link 8-15    0.004894    

link 6-11   0    link 8-16   0    

link 6-12   0    link 9-0   0    

link 6-13   0    link 9-1   0    

link 6-14   0    link 9-2   0.095439    

link 6-15   0    link 9-3   0.028519    

link 6-16   0    link 9-4   0    

link 7-0    0.003609    link 9-5   0.07657    

link 7-1   0.001834    link 9-6   0    

link 7-2   0    link 9-7   0    

link 7-3   0    link 9-8   0    

link 7-4   0    link 9-9   0    

link 7-5   0.084442    link 9-10   0    

link 7-6   0.003601    link 9-11   0    

link 7-7   0    link 9-12   0    

link 7-8   0    link 9-13   0    

link 7-9    0.029589    link 9-14   0    

link 7-10   0.007326    link 9-15   0    

link 7-11   0    link 9-16   0    

link 7-12   0    link 10-0   0.057551    

link 7-13   0    link 10-1   0    

link 7-14   0    link 10-2   0    

link 7-15   0    link 10-3   0    

link 7-16   0    link 10-4   0    

link 8-0   0    link 10-5   0.026313    

link 8-1   0    link 10-6   0    

link 8-2   0    link 10-7   0.029427    

link 8-3   0    link 10-8   0    

link 8-4   0    link 10-9   0    

link 8-5   0    link 10-10   0    

link 8-6   0    link 10-11   0    

link 8-7   0    link 10-12   0    

link 8-8   0    link 10-13   0    

 

link 10-14  0.032304     link 13-2   0    
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link 10-15   0    link 13-3   0    

link 10-16   0    link 13-4   0    

link 11-0   0    link 13-5   0    

link 11-1   0    link 13-6   0    

link 11-2   0    link 13-7   0    

link 11-3   0    link 13-8   0    

link 11-4   0    link 13-9   0    

link 11-5  0.091431    link 13-10   0    

link 11-6   0    link 13-11   0    

link 11-7   0    link 13-12   0    

link 11-8   0.010108    link 13-13   0    

link 11-9   0    link 13-14   0    

link 11-10   0    link 13-15   0    

link 11-11   0    link 13-16   0    

link 11-12   0    link 14-0   0    

link 11-13   0    link 14-1   0    

link 11-14   0    link 14-2   0    

link 11-15   0    link 14-3   0    

link 11-16   0    link 14-4   0    

link 12-0   0    link 14-5   0    

link 12-1   0    link 14-6   0    

link 12-2   0    link 14-7   0    

link 12-3   0    link 14-8   0    

link 12-4   0    link 14-9   0    

link 12-5   0.025026    link 14-10   0    

link 12-6   0    link 14-11   0    

link 12-7   0    link 14-12   0.16269    

link 12-8   0    link 14-13   0    

link 12-9   0    link 14-14   0    

link 12-10   0    link 14-15   0.077037    

link 12-11   0    link 14-16   0    

link 12-12   0    link 15-0   0    

link 12-13   0    link 15-1   0    

link 12-14   0.007558    link 15-2   0    

link 12-15   0    link 15-3   0    

link 12-16   0.001818    link 15-4   0    

link 13-0   0    link 15-5   0    

link 13-1    0.062737    link 15-6   0    
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                                    0,10:10,6,0:  

                                    0,11:11,0:  

                                    0,12:12,0:  

                                    0,13:13,0:  

                                    0,14:14,19,6,0:  

                                    0,15:15,5,19,6,0:  

                                    0,16:16,17,10,6,0:  

                                    0,17:17,10,6,0:  

                                    0,18:18,8,4,12,0:  

                                    0,19:19,6,0:  

                                    0,20:20,4,12,0:  

                                    0,21:21,16,17,10,6,0:  

                                    0,22:22,25,4,12,0: 

                                    0,23:23,10,6,0:  

                                    0,24:24,17,10,6,0:  

                                    0,25:25,4,12,0:  

                                    0,26:26,24,17,10,6,0:  

                                    0,27:27,14,19,6,0:  

                                    1,0:0,6,10,17,16,21,1:  

                                    1,2:2,14,27,16,21,1:  

                                    1,3:3,1:  

                                    1,4:4,17,16,21,1:  

                                    1,5:5,19,14,27,16,21,1:  

                                    1,6:6,10,17,16,21,1:  

                                    1,7:7,3,1:  

                                    1,8:8,4,17,16,21,1:  

                                    1,9:9,13,19,14,27,16,21,1:  

                                    1,10:10,17,16,21,1:  

                                    1,11:11,0,6,10,17,16,21,1:  

                                    1,12:12,4,17,16,21,1:  

                                    1,13:13,19,14,27,16,21,1:  

                                    1,14:14,27,16,21,1:  

  

ROUTING INFORMATION   

EUROPE  

  

0,1:1,3,7,20,4,12,0:  

0,2:2,14,19,6,0:  

0,3:3,7,20,4,12,0:  

0,4:4,12,0:  

0,5:5,19,6,0:  

0,6:6,0:  

0,7:7,20,4,12,0:  

0,8:8,4,12,0:  

0,9:9,11,0:  

           

1,15:15,2,14,27,16,21,1:  
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