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The principle of load balancing is to distribute the data load more evenly over the network in order to
increase the network performance and efficiency. With dynamic load balancing the routing is updated at
certain intervals. This thesis was developed to evaluate load balancing methods in the IP-network of
TeliaSonera.

Load balancing using short path routing, bottleneck load balancing and load balancing using MPLS have
been evaluated. Short path routing is a flow sharing technique that allows routing on paths other than the
shortest one. Load balancing using short path routing is achieved by dynamic updates of the link
weights. Bottleneck is in its nature a dynamic load balancing algorithm. Unlike load balancing using
short path routing it updates the flow sharing, not the metrics. The algorithm uses information about
current flow sharing and link loads to detect bottlenecks within the network. The information is used to
calculate new flow sharing parameters. When using MPLS, one or more complete routing paths (LSPs)
are defined at each edge LSR before sending any traffic. MPLS brings the ability to perform flow
sharing by defining the paths to be used and how the outgoing data load is to be shared among these.

The model has been built from data about the network supplied by TeliaSonera. The model consists of a
topology part, a traffic part, a routing part and cost part. The traffic model consists of a OD demand
matrix. The OD demand matrix has been estimated from collected link loads. This was done with
estimation models; the gravity model and an optimisation model.

The algorithms have been analysed at several scenarios; normal network, core node failure, core link
failure and DWDM system failure. A cost function, where the cost increases as the link load increases
has been used to evaluate the algorithms. The signalling requirements for implementation of the load
balancing algorithms have also been investigated.
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Abstract 
 
The principle of load balancing is to distribute the data load more evenly over the 
network in order to increase the network performance and efficiency. With dynamic 
load balancing the routing is updated at certain intervals. Load balancing has been an 
issue in the international research for a long time. However, though theoretical studies 
have been many, the technique is only implemented in simplified versions. This thesis 
was developed to evaluate load-balancing methods in the IP-network of TeliaSonera.  
 
Load balancing using short path routing, bottleneck load balancing and load balancing 
using MPLS have been evaluated. Short path routing is a flow sharing technique that 
allows routing on paths other than the shortest one. Load balancing using short path 
routing is achieved by dynamic updates of the link weights. Bottleneck is in its nature 
a dynamic load balancing algorithm. Unlike load balancing using short path routing it 
updates the flow sharing, not the metrics. The algorithm uses information about 
current flow sharing and link loads to detect bottlenecks within the network. The 
information is used to calculate new flow sharing parameters. When using MPLS, one 
or more complete routing paths (LSPs) are defined at each edge LSR before sending 
any traffic. MPLS brings the ability to perform flow sharing by defining the paths to 
be used and how the outgoing data load is to be shared among these. 
 
The model has been built from data about the network supplied by TeliaSonera. The 
model consists of a topology part, a traffic part, a routing part and cost part. The 
traffic model consists of a OD demand matrix. The OD demand matrix has been 
estimated from collected link loads. This was done with estimation models; the 
gravity model and an optimisation model.  
 
The algorithms have been analysed at several scenarios; normal network, core node 
failure, core link failure and DWDM system failure. A cost function, where the cost 
increases as the link load increases has been used to evaluate the algorithms. The short 
path algorithm generates the lowest total cost during failure in all scenarios. But the 
algorithm has a slow convergence time, both during and after the failure. The 
bottleneck algorithm is a stable algorithm and it has a short convergence time. 
However, the total cost is only slightly decreased and the update directly after the 
error gives an undesirable cost peak. The MPLS algorithm is the algorithm with the 
shortest convergence time. But the resulting routing is heavily oscillating and the cost 
is only slightly decreased. 
 
The signalling requirements for implementation of the load balancing algorithms have 
also been investigated. The short path algorithm updates the link weights. Each node 
needs information about the link loads of the outgoing links and their present weight. 
The bottleneck algorithm changes the load sharing at every node. Information needed 
is the current link load and current bottleneck load sharing The MPLS load balancing 
algorithm changes the load sharing between the predefined paths. Information needed 
by the edge router is the load of the most congested link in the path and the current 
flow sharing. 
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1 Introduction 

1.1 Background 
Internet is today a well spread technique and an information technology used by 
many. The Internet infrastructure in Sweden is highly developed. As the number of 
customers as well as the dependence of Internet increase, the more pressure is set to 
the Internet Service providers. The customers demand good service, high bandwidth 
and a well functioning system. As the number of customer’s increases the Internet 
Service Providers need to extend their infrastructure. It is also of importance that the 
network is robust in cases of error situations. Load balancing is a method to use the 
existing infrastructure more efficiently. The traffic gets more evenly spread in the 
network and congestion is avoided. Load balancing can also be useful at error 
situations, it redirect the traffic more efficiently than the standard routing protocol 
does.  
 
Load balancing has been an issue in the international research for over 25 years. 
However, though the theoretical studies have been many, the technique is only 
implemented in simplified versions. 
 
At TeliaSonera load-balancing methods have been studied a longer time.  Simulation 
of load balancing algorithms have been performed on small fictive networks. This 
thesis was developed to evaluate load-balancing methods in the IP-network of 
TeliaSonera. 

1.2 Objective 
The purpose of this master thesis is to evaluate the performance of different load 
balancing methods in a model of TeliaSonera’s IP-network. Load balancing using  
short path routing, bottleneck load balancing and load balancing using MPLS should 
be analysed. The load balancing algorithms are to be evaluated at different scenarios, 
such as link or node failure. The analysis should be performed in a realistic model of 
TeliaSonera IP-network. The model requires that a realistic traffic matrix is generated 
from actual traffic data. The signalling requirements for implementation of load 
balancing should also be investigated. 

1.3 Method 
The method used is a commonly used method in simulation projects. At first a 
literature study is performed, then the objectives are formulated. Thereafter the system 
is investigated and the model is specified. The collection of data about the system and 
the creation of the model follow this. Then the simulation experiments are performed 
and analysed. Finally conclusions are drawn. During the whole project process the 
work is documented. The method is illustrated in Figure 1.1.  
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Figure 1.1. The project method  

1.4 Report outline 
In Chapter 2 the fundamentals of routing are explained. The fluid flow model is 
defined in Chapter 3 and in Chapter 4 the load balancing algorithms are defined. 
Chapter 5 describes the system that is to be modelled and Chapter 6 specifies the 
model. The model is described in Chapters 7, 8, 9 and 10. Chapter 11 and 12 covers 
the analysis. In Chapter 13 the conclusions are presented. All abbreviations used in 
this report are presented in Appendix A. 
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2 Routing fundamentals 
This chapter covers some basic concepts in routing and briefly explains how routing 
protocols function in general. 

2.1 Basic concepts 
When transporting data from source to destination in a network, a routing protocol 
can determine which path should be used. A routing protocol is a set of rules that 
control how routing decisions are made.  
 
Every router has a routing table. The routing table tells the router in which direction it 
shall forward data destined for every possible destination. More specifically, the 
routing table tells the router to which outgoing interface it will forward data, based on 
the destination address of the data in question.  
 
A routing table can be static or dynamic. A static routing table is only changed when 
manually reconfigured. A dynamic routing table is automatically updated when 
changes in the network topology are detected. In large networks of today, dynamic 
routing tables are used to ensure network functionality. Dynamic routing tables are 
maintained by routing protocols. 
 
There are two different routing strategies; hop-to-hop routing and multi-hop routing. 
In hop-to-hop routing, every router makes its forwarding decisions independently. As 
a result, every router along the path from origin to destination controls the forwarding 
direction. A router along the path knows only which router is the next step in the path 
and no router has knowledge of the complete path; the data propagates hop by hop. 
 
In multi-hop routing, the complete path from origin to destination is determined prior 
to sending any data. A router along the path forwards the data according to the 
predefined path and does not make any independent forwarding decisions. Some hop-
to-hop routing protocols are introduced in Section 2.2 and a method for multi-hop 
routing is described in Section 2.5. 

2.2 Routing protocols 
There are many different kinds of routing protocols. Here, some of the most 
commonly used hop-to-hop routing protocols are introduced. 

2.2.1 Distance vector routing 
The most commonly known distance vector routing protocol is the Routing 
Information Protocol, RIP. RIP uses a simple method to create and maintain the 
routing tables. The protocol counts the number of hops to the destination to determine 
the best path to the destination. The path calculation is based on distance vector 
routing. This involves that each router maintains information of the distance from 
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itself to every destination. The path from origin to destination with the smallest 
number of hops will then be chosen. 

2.2.2 Link state routing 
In link state routing, each router maintains a packet which contains the names of the 
neighbouring routers and the costs involved to get there. This packet has different 
names depending on which routing protocol is intended. It is known as a Link State 
Packet, LSP, or alternately as a Link State Advertisement, LSA. From now on, the 
term LSP will be used to describe this data. 
 
Every router periodically listens for changes in its neighbouring area and updates its 
LSP whenever something has changed. These changes could, as an example, be link 
failures, updated link weights or the detection of a new neighbour router. Whenever 
the LSP of a router is updated, the router in question distributes its LSP to every other 
router in the network. When a router receives an LSP from another router in the 
network, it checks if it has any previously received LSP from the same sender, and 
saves the most recent LSP. The received LSPs are then used to create a complete map 
of the topology, from which it can compute routes to each destination.[1] 
 
Open Shortest Path First, OSPF, is a link state routing protocol. In OSPF, each link in 
the network is given a cost, also referred to as a weight. The set of these weights is 
called the metric of the network. The metric is used to determine the shortest/best path 
from every origin to every destination. The weight of a link is set manually by a 
network administrator, and is often set to be inversely proportional to the capacity of 
the link. This is done to make more traffic flow on links with high capacity than links 
with low capacity.  
 
When several shortest paths exist, a random path can be chosen. However, modern 
routing protocols offer the possibility to use ECMP, which is the abbreviation of 
Equal Cost Multi Path. ECMP is a flow sharing technique that allows the flow to be 
divided evenly among outgoing links composing shortest paths of equal length.  
 
A routing protocol that is very similar to OSPF is IS-IS, Intermediate System to 
Intermediate System. IS-IS is a popular protocol used by many Internet Service 
Providers, ISP’s[1]. IS-IS is like OSPF a link state routing protocol and uses shortest 
path calculations to make path decisions. 

2.3 Autonomous Systems 
As mentioned in the previous section, routers exchange their knowledge of the 
network topology with each other in order to make the best routing decisions possible. 
However, when a network reaches a certain size, co-ordinating the routing within the 
network becomes too much to handle. To solve this problem, a network may be 
divided into parts called Autonomous Systems, ASes. An AS is a sub-network under 
the authority of a single administration, see Figure 2.1[2]. 
  
The routing inside of an AS is known as interior routing and the routing outside of an 
AS, i.e. between ASes, is known as exterior routing. Different rules for the routing 
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procedure, i.e. different routing protocols, are used in interior and exterior routing. 
The functionality of exterior routing is not covered in this report.  
 
The process of sending data between different ASes is known as peering or transiting. 
Data is peered when it is originated in one AS and terminated in another, without 
having passed any other ASes in between. Data is transited when it is originated in 
one AS, then routed through one or more ASes before terminating in another AS. 
 
The Internet is built up by many interconnected ASes administered by different 
network operators. The data flows between these ASes are governed by agreements 
between the operators. As an example, some operators may allow peering traffic to 
and from other ASes, but disallow transiting data through it’s AS. 

 
Figure 2.1. Autonomous systems 

2.4 Traffic engineering 
Traffic Engineering, TE, is a way to enhance the performance of a network. Traffic 
engineering consists of both performance evaluation and performance optimisation of 
a network [3]. 
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The major goal with TE is to enhance the performance on both the routing and the 
resource level of the network. This can be achieved by finding a way to utilise the 
existing network more economically. Another aspect of TE is to enhance the 
reliability of the network to make it less vulnerable. This can be achieved by 
improving the network survivability in case of error or network infrastructure failures. 
 
TE performance optimisation can be achieved by capacity management and traffic 
management. The traffic performance is commonly measured in delay, packet loss 
and throughput. Capacity management includes capacity planning, routing control and 
resource management. Resources are bandwidth, buffer space and computational 
resources of the routers. 
 
One traffic management method is queue management. Another method is called load 
balancing and is a method to control and optimise the routing function to be able to 
route the traffic through the network in the most efficient way. Load balancing will be 
further described in Chapter 4 of this report. 
 
The purpose of TE is not to reach a onetime goal, but a continuous process of 
improving the network. The objectives of TE may change over time when new 
technologies emerge or new requirements set in. At the same time different networks 
may have different optimisation objectives. 

2.5 MultiProtocol Label Switching 
The Internet Engineering Task Force, IETF, initiated the formation of Multi Protocol 
Label Switching, MPLS, in 1997[4]. The IETF is the organisation that defines the 
standards for common Internet operating protocols, such as the Transmission Control 
Protocol/Internet Protocol, TCP/IP. MPLS is basically an improvement of several 
earlier techniques, such as Cisco’s tag switching, IBM’s Aggregate Route Based IP 
Switching, ARIS, and Toshiba’s Cell-Switched Routing, CSR [4].  
 
The goal when creating MPLS was to bring the speed of layer 2 switching into layer 3 
routing[4]. The term layer aims at the different levels of abstraction with which a 
network can be divided into. A popular model for this is the Open System 
Interconnection, OSI. The model was defined by the International Organisation for 
Standardisation, ISO. The network addresses in layer 2 are non-hierarchical while the 
addresses in layer 3, for example IP, are hierarchical. Hierarchical addressing allows 
for smarter routing. 

2.5.1 Fundamentals of MPLS 
MPLS is a method for multi-hop forwarding of packets through a network. As the 
name implies, a router using MPLS makes its forwarding decisions based on labels. 
MPLS can be implemented in a whole network or a part of a network. One of the 
benefits of MPLS is that the routers can make their forwarding decisions based on the 
contents of a label, rather than by a complex route lookup based on the destination IP-
address. 
 
MPLS compatible routers are called Label Switch Routers, LSR’s. An MPLS network 
is composed by edge LSR’s and internal LSR’s, see Figure 2.2. When a data packet 
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reaches the ingress edge LSR, a label is attached to the packet. This label contains 
information of the entire path through the MPLS network, the path is called a Label 
Switched Path, LSP. Notice that the abbreviation LSP earlier in this report had a 
different meaning. Any use of the abbreviation LSP in the following parts of this 
report will aim at the most recently introduced term Label Switched Path. 

Figure 2.2. MPLS network structure 
 
After having attached the label, the edge LSR forwards the data to the LSR that is 
defined as the next hop of the LSP. Every following LSR then forwards the data 
packet according to the path information contained in the label. Every LSR along the 
path also strips of the existing label and replace it with a new. At the egress LSR the 
label is stripped from the original data and the packet exits the MPLS network. 
 
In addition to containing the LSP, the label contains information of priority, Quality of 
Service (QoS) information and possibly also information of Virtual Private Network 
(VPN) membership. The LSRs use a label distribution protocol to communicate and 
agree on the forwarding meaning of the labels [5].  
 
MPLS can be used to create VPNs. A VPN is a service to provide customers with 
private IP networks, without using a leased line. VPN’s can be created with MPLS or 
by combining the IP Security Protocol, IPSec  and tunnelling. The main difference 
between an IPSec tunnelled VPN and an MPLS VPN is the complexity. With IPSec, 
tunnels need to be created between each pair of source and destination, with VPN 
information at each router. But with MPLS, VPN information only has to be 
processed at the ingress- and egress-routers in the network. However, VPNs created 
with IPSec tunnelling includes a built in encryption, which MPLS VPN’s do not. 

2.5.2 Traffic Engineering in MPLS 
Initially, the most important function in MPLS was to allow for fast forwarding of 
data in networks using layer 3 addressing schemes such as that of IP. Today, normal 
IP-forwarding is possible at very high speeds as a result of improved router hardware 
[6]. Because of this, combined with the fact that traffic engineering has grown more 
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popular, the primary advantage of MPLS today is its possibilities for traffic 
engineering.  
 
MPLS can be used for traffic engineering because MPLS provides the ability to define 
explicit paths through the network. One or several paths can be predetermined 
between each pair of edge LSR’s and flow sharing can be performed between these 
paths. It is also possible to set performance characteristics for a certain class of traffic 
[4].  
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3 The fluid flow model 
This chapter defines some notations and symbols used to describe a network and its 
qualities. These notations are used when mathematically describing networks in the 
following chapters. 

3.1 Basic definitions 
This section presents a general way of describing a network. A network consists of 
routers interconnected by links. A network is often represented as a directed graph, 
i.e. a number of nodes that are interconnected via a number of directed arcs. The 
nodes represent the routers and the arcs represent the links of the network. 
 
A node, n, is a member of the set N (n∈N) that represents all the nodes in the 
network. In the same way an arc, a, is a member of the set A (a∈A) that represents all 
the arcs in the network. Using these notations, the network can be described as (N,A).  
 
The data sent through the network can be represented by flows. This is represented by 
the notation fa, which describes the amount of data per time unit that flows on arc a at 
a certain time. 
 
The fluid flow model defines: 
 

n  a node 
a  an arc/link 
na  the terminal node of link a 
N  the set of all nodes in the network 
A  the set of all arcs in the network 
(N,A)  a graph representing a network 
fa  the flow on arc a 

 
The symbols used to describe networks and network components in this report are 
given below: 
 
    a node  
 
    an arc/link 
 
          or  two arcs/links 
 
    a network 
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3.2 Extended definitions 
The general network notation only describes the basic characteristics of a network. To 
be able to describe a larger number of network characteristics, the fluid flow model 
needs to be extended.  
 
The capacity of a link is limited by the bandwidth of the link. Arc, a, has capacity ca. 
The capacity of an arc is measured by the amount of data that the arc can handle per 
time unit. The capacity is commonly given in the unit bits/s.  
 
As mentioned earlier, the data sent through the network can be represented as flows of 
data. However, the introduction of the capacity concept demands an extension to the 
flow concept. The notation o

af  represents the amount of data per time unit that is 
offered to an arc a at a certain time. The notation c

af  represents the amount of data 
per time unit that is actually carried by an arc a at a certain time. If the flow offered to 
an arc is larger than its capacity, the difference between the offered flow and the 
capacity is lost and the carried flow equals the capacity (see Equations 3.1 and 3.2). 
The loss at arc a is represented by ηa and is measured in amount of data lost per time 
unit.  
 
The notation o

al  represents the load that is offered to arc a and the notation c
al  

represents the load that is carried by arc a. The load of an arc describes the relation 
between the flow and capacity of that arc at a certain time (see Equations 3.3 and 3.4). 
The letter D is used to describe the Origin to Destination, OD, demand matrix. Dn,t 
represents the demanded flow of data from node n to node t, the OD-pair (n,t), at a 
certain time and is measured in amount of data per time unit. Note that the demanded 
flow Dn,t is not necessarily the amount of flow from node n that reaches node t; some 
of the flow may be lost on the way. 
 
The notation wa represents the weight of arc a. The weight for an arc is the cost for 
sending one unit of data over the arc and is used to calculate path lengths by the 
routing protocol. The notation pn,t is used to describe a path from node n to node t. A 
path is an ordered list of arcs. The notation dn,t represents the distance from node n to 
node t. The distance from node n to node t is the sum of the weights of all arcs that 
make up the shortest possible path from node n to node t.  
 
To be able to describe flow sharing between outgoing links, the notation θ is used. 
θn,a,t is the flow sharing parameter, and is equal to the share of the flow at node n that 
is destined for node t and that is forwarded over arc a. 
 
The extended fluid flow model defines the following characteristics: 
 

n   a node 
a   an arc/link 

an   the terminal node of arc a 
N   the set of all nodes in the network 
A   the set of all arcs in the network 
( )AN ,   a network 
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ac   the capacity of arc a 
o

af   the flow that is offered to arc a 
c

af   the flow that is carried by arc a 

aη   the flow that is lost at arc a 
o
al   the load that is offered to arc a 
c
al   the load that is carried by arc a 

tnD ,   the flow demanded from node n to node t  
 aw   the weight of arc a 
 tnp ,   a path from node n to node t 
 pn   the terminal node of path p 
 pw   the length of path p 
 tnd ,   the distance from node n to node t 

tan ,,θ  the share of the flow at node n that is destined for node t and 
that is forwarded over arc a (0≤ tan ,,θ ≤1).  

 
The Equations 3.1 and 3.2 describes the relationship between capacity, flow and loss:  
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otherwise
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The Equations 3.3 and 3.4 describes the offered and carried load of a link: 
 

a

o
ao

a c
f

l =        (Equation 3.3) 

 

a

c
ac

a c
f

l =        (Equation 3.4)  
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4 Load balancing 
This chapter describes the load balancing concept and defines the three load 
balancing methods covered in this report. 

4.1 Introduction 
As mentioned in Section 2.4, load balancing is a form of TE. The purpose of load 
balancing is to use the present network infrastructure more efficiently. Today, data in 
an IP-network is most commonly routed on the shortest path, possibly using ECMP 
for flow sharing. This can result in high usage of some links, while other links are 
used far below their capacity.  A network with too high usage of some links results in 
decreased performance for the whole network. High usage might cause congestion 
which might result in loss of data, reduced throughput and high delay. The principle 
of load balancing is to distribute the data load more evenly over the network in order 
to increase the network performance and efficiency. With load balancing a deferral of 
link capacity extensions might be possible. It can also simplify manual management 
of the network and allows more flexible network topologies. [7]  
 
The term load balancing can have different meanings. Load balancing can be referred 
to as the overall goal of redirecting data flows in a network, and is the definition used 
in this report. But load balancing can also be referred to when describing the traffic 
flow being split over several paths at an individual router. In this report the term flow 
sharing will be used to describe this.  
 
Load Balancing can be performed with different methods. One method is to change 
the weights to get the traffic routed on other paths. Another method is to change the 
flow sharing itself. It is also possible to combine these two methods.  

4.1.1 Static and dynamic load balancing 
Load balancing can be performed both statically and dynamically. Load balancing is 
static when the flow sharing parameters are calculated/set without respect to the 
current traffic data. The static flow sharing parameters can be calculated from 
collected typical traffic data. After implementation they may be updated manually. A 
benefit of static load balancing is that a larger manual control of the system is 
maintained.  
 
Load balancing is dynamic when the flow sharing parameters are continuously 
recalculated and implemented in the network. The data used for the calculation may 
be data of current link loads, current metrics and current flow sharing. At link failures, 
traffic disturbances are likely to occur. Dynamic load balancing can minimise these by 
adapting the routing to the prevailing situation by updating the flow sharing 
parameters.  
 
When implementing dynamic load balancing, it is important that the load balancing 
algorithm is reliable and functions in any possible topological and traffic state. The 



Evaluation of Load Balancing Algorithms in IP Networks - A case study at TeliaSonera 

  
20 

loss in network performance due to malfunctioned load balancing can easily grow 
much larger than the possible gain [7]. 
 
Dynamic load balancing requires automatic routing updates at certain intervals. The 
updating procedure should be based on traffic measurements. For the load balancing 
to be meaningful there must be a correlation between the traffic in the different 
measure intervals. Otherwise the load balancing might cause decreased network 
performance. 
 
There are some aspects to take into account when choosing the update interval for a 
dynamic load balancing algorithm: 
 
• Convergence time. The more often updates are made; the faster the routing can 

react to changes and eventually converge to a stable state. 
 
• Amount of signalling. Every time a load balancing update is to be made, the 

routers in the network must have topology and traffic data at hand in order to 
make their updating decisions. This data must be signalled across the network. If 
updates are made at tight intervals, the signalling may produce a great amount of 
additional data in the network. 

 
• Processing power. The calculations needed to update the routing may be time 

consuming if the routers don’t have enough processing power. The updating must 
be performed at intervals that allow each router to perform these calculations. 

 
• Propagation speed of signalling. The data used for the updating decisions must 

reach its destinations before any updating can be performed. 
 
• Timing the updates. If some routers perform their updates before others, traffic 

disturbances might occur. As an example, if the routers have different knowledge 
of the network topology, routing loops may occur. 

 
• Relevance of measurement data. If the updating decisions are based on 

measured traffic data, this data may be more or less reliable depending on the 
chosen updating interval. If the updating interval is to small, the measured data 
may mirror normal fluctuations in the traffic flows, instead of showing the larger 
trend. 

4.2 Load balancing using short path routing 
Short path routing is a flow sharing technique that allows routing on paths other than 
the shortest one. The short path algorithm is defined by Per Lindberg in [7]. A 
parameter α (0<α<1) determines how much longer than the shortest path a certain 
route is allowed to be for it to be included in the flow sharing. Load balancing using 
short path routing is achieved by dynamic updates of the link weights. It is also 
possible to dynamically update the parameter α. Short path routing is a hop-to-hop 
routing algorithm, which means that every node only controls one step of the 
forwarding.  
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Traffic destined for node t is at any node n flow shared on the outgoing link a (see 
Figure 4.1) in proportion to: 
 

( )( )
a

atntn
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a
⋅−− α,,,0

      (Equation 4.1) 

 

Figure 4.1. Short path flow sharing 
 
For any link a to get a positive share of the outgoing flow from node n destined for 
node t, Equation 4.2 must be true: 
 

tnatn dwd
a ,, <⋅+α       (Equation 4.2) 

 
As defined in Section 3.2, the set A represents all links in the network. Let the subset 
to A, An (An∈A), represent all outgoing links from node n. The share of the traffic at 
node n destined for node t that is routed on link a is described by the short path 
routing flow sharing parameter SP

tan ,,θ : 
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The flow sharing parameter is determined with respect of how much longer the path 
in question (the short path) is compared to the shortest path. Any path longer than the 
shortest path never gets a larger share of the flow than the shortest path.  
 
Equation 4.2 assures that no routing loops are created since no data at node n is ever 
forwarded to a node na located further from the destination node t than the node n.  
 
As described, short path routing is a flow sharing routing algorithm. To use it for load 
balancing, the link weights are updated at regular intervals. This is done with respect 
to the link loads; so that a link with high load gets its weight increased and a link with 
a low load gets its weight decreased. 

na n t 

pn,t 

a tna
p ,  



Evaluation of Load Balancing Algorithms in IP Networks - A case study at TeliaSonera 

  
22 

4.3 Bottleneck load balancing 
Bottleneck load balancing is in its nature a dynamic algorithm. Unlike load balancing 
using short path routing, it updates the flow sharing, not the weights. The algorithm 
uses information about current flow sharing and link loads to detect bottlenecks 
within the network. The information is used to calculate new flow sharing parameters. 
How often a recalculation and implementation is required depends on things such as 
the traffic fluctuations and desired response time. The bottleneck algorithm is defined 
by Per Lindberg in [8]. 
 
Bottleneck load balancing uses bottleneck parameters to describe the level of 
congestion on every node and link in the network. The positive parameter Rt

n 
represents the bottleneck load at node n, where t is the destination node. The positive 
parameter Ra,t represents the bottleneck load at link a, where t is the destination node. 
These parameters are used to calculate the bottleneck load balancing flow sharing 
parameter BN

tan ,,θ . 
 

BN
tan ,,θ  the share of the flow at node n that is destined for node t and is 

forwarded over link a 
 

taR ,   the bottleneck load of link a, where node t is the destination 
n
tR   the bottleneck load of node n, where node t is the destination 

 
The bottleneck load parameters are generated from the current flow sharing 
parameters and the current link loads. The link loads used could be the offered loads, 
la

o
, or the carried loads, la

c. Calculating the bottleneck load parameters is a recursive 
process starting at the destination node t. 
 
Let the subset to A, An (An∈A), represent all outgoing links from node n. Equations 
4.4, 4.5 and 4.6 are then used to calculate the bottleneck parameters: 
 
 

0=t
tR         (Equation 4.4) 

taR , = Max ( )an
ta Rl ,       (Equation 4.5) 

n
tR = ∑

∈

⋅
nAa

tatan R ,,,θ  if tn ≠      (Equation 4.6) 

 
Equation 4.4 initiates the bottleneck load parameter for the destination node. Equation 
4.5 defines the bottleneck load for link a to be the maximum of the load on link a and 
the bottleneck load of node na. Equation 4.6 defines the bottleneck load for node n to 
be a weighted sum of the bottleneck values of the outgoing arcs.  
 
The principle of bottleneck load balancing is to distribute the load more equally in the 
entire network by eliminating bottlenecks. A link with high bottleneck load should 
therefore get its share reduced at the next iteration. The share of the flow at node n 
that is forwarded over link a at the next update should be proportional to tan ,,θ / taR , . 
This however might cause generation of values close to zero, which is not desirable 
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because it may cause the algorithm to behave unstable. The small positive constants ε 
and δ are introduced to avoid this. Traffic destined for node t is at any node n flow 
shared on outgoing link a in proportion to: 
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To make sure that no routing loops may occur, the distance from the node na to the 
node t must be smaller than the distance from the node n to the node t, i.e. tntn dd

a ,, < . 

The definition of the bottleneck load balancing flow sharing parameter, BN
tan ,,θ , is: 
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The statement tntn dd

a ,, <  in Equation 4.8 can be further restricted to only allow 
routing on paths of lengths equal to the shortest path between node n and node t by 
changing it to: tnatn dwd

a ,, =+  
 
The bottleneck load balancing algorithm is dynamic because it uses current traffic 
information to balance the load. Implementation of the bottleneck load algorithm 
requires definition ofε andδ and the iteration interval. It also requires functions for 
link load signalling through the network. 

4.4 Load balancing using MPLS 
When using MPLS, one or more complete routing paths (LSPs) are defined at each 
edge LSR before sending any traffic. MPLS brings the ability to perform flow sharing 
by defining the paths to be used and how the outgoing data load is to be shared on 
these. 
 
If several best label switched paths (paths of lengths equal to the shortest length) 
exists, the flow sharing can be determined by a few different methods. One method is 
to distribute the load randomly over available equal cost paths. Another method, least 
fill, distributes the load randomly over available equal cost paths, but with 
consideration of available bandwidth. The third method, called most filled, is to 
distribute the load over one LSP first, then on the next one. [9] 
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The flow sharing technique used in this thesis work is a variant of the least fill 
method. The load is shared between LSPs with equal shortest lengths, with 
consideration to the available capacity of each LSP. To calculate the flow sharing 
parameters for each LSP, a variant of the bottleneck algorithm is used: 
 

MPLS
tpn ,,θ  the share of the flow at node n that is destined for node t and is 

forwarded over path p 
pl  the load (offered or carried) of the highest loaded link in the 

LSP p 
tpR ,   the bottleneck load of LSP p, where node t is the destination 

n
tR  the bottleneck load of node n (where n is an edge LSR), where 

node t is the destination node 
 
Let P be the set of all LSPs in the network (p∈P) and the subset to P, Pn,t (Pn,t∈P), 
represent all outgoing LSPs from node n. Equations 4.9, 4.10 and 4.11 are then used 
to calculate the bottleneck parameters for the paths and the edge nodes: 
 

0=t
tR         (Equation 4.9) 

ptp lR =,        (Equation 4.10) 
n
tR = ∑

∈

⋅
tnPp

tptpn R
,

,,,θ  if tn ≠      (Equation 4.11) 

 
Traffic destined for node t is at any edge node n flow shared on the outgoing path p in 
proportion to Equation 4.12, where tpn ,,θ is the current share of the flow at node n 

destined for node t being forwarded over path p. tpn ,,θ  may be equal to MPLS
tpn ,,θ . 
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The traffic destined for the destination node t is at any edge node n shared on the 
outgoing path p according to: 
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  (Equation 4.13) 

 
 
Equation 4.13 does not consider the lengths of the paths, only their bottleneck factors. 
Because the LSPs in MPLS can be set up in an arbitrary way, which LSPs are chosen 
becomes important for the effectiveness of the load balancing. 
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The requirement tndw ,p =  could be added to Equation 4.13 to make sure that flow is 
only routed on paths that have lengths equal to the shortest distance between node n 
and node t. This however, would be a serious limitation in the functionality of load 
balancing using MPLS. Another possibility is to weigh the flow sharing according to 
the length of the LSP in question.  



Evaluation of Load Balancing Algorithms in IP Networks - A case study at TeliaSonera 

  
26 

5 System description 
In this chapter, the system studied in this report is described. All information 
presented in Section 5.1 is based on information in the TeliaSonera Annual Report of 
2003 [10]. 

5.1 TeliaSonera 
TeliaSonera is a multinational data- and telecommunications operator with its 
headquarters in Stockholm, Sweden. TeliaSonera provides services for carrying and 
packaging of voice and data in the Nordic and Baltic countries, Russia and selected 
Eurasian markets. TeliaSonera also provides carrier services between destinations in 
Europe and across the Atlantic. 
 
Key facts 2003, global: 
Net sales:  SEK 81 772 million 
Operating income:  SEK 13 140 million 
Number of employees:  26 694 
Number of customers: 49 million (27 million in associated companies) 

5.1.1 TeliaSonera in Sweden 
In Sweden, TeliaSonera provides a full range of services and is the market leader in 
fixed and mobile services and Internet services. In 2003, broadband services could be 
offered to 78% of the households and 86% of the business customers. TeliaSonera 
also sells network services to other operators in Sweden under the Skanova brand. 
 
Key facts 2003, Sweden: 
Net sales:  SEK 42 364 million 
Operating income: SEK 11 150 million 
Number of employees: 10 712 
Number of customers: 4 266 000 (Mobile) 
   6 173 000 (Fixed voice) 
   1 277 000 (Internet access) 

5.1.2 TeliaSonera International Carrier 
TeliaSonera International Carrier is a wholesale provider of network services for fixed 
and mobile operators, carriers and service providers. The carrier operation offers IP 
and voice services and high capacity bandwidth to destinations in Europe and across 
the Atlantic on wholly owned infrastructure. TeliaSonera International Carrier 
operates in 22 countries; Sweden, Norway, Denmark, Finland, Russia, Estonia, 
Latvia, Lithuania, Poland, Czech Republic, Hungary, Austria, Switzerland, Germany, 
The Netherlands, Belgium, France, United Kingdom, Ireland, Spain, Italy and the 
United States. 
 
Key facts 2003, International Carrier: 
Net sales:  SEK 4 892 million  
Operating income: SEK -298 million 
Number of employees: 555 
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5.2 System overview 
The purpose of this thesis work is, as explained in Section 1.2, to evaluate load 
balancing in a model of the IP-network of TeliaSonera. To define this model, the 
system to which the model refers must first be examined. 
 
The system in question is TeliaSonera’s IP-network covering Sweden, TeliaNet. The 
system can be divided into tree parts; the network topology part, the routing part and 
traffic part. 
 
The network topology is built of routers, switches and transmission systems. An IP-
network can be divided into different layers, as in the OSI-model. With respect to the 
OSI-model the system is the network layer, which is the layer where IP-routing is 
performed. This means that the network part of the system consists of OSI model 
layer 3 routing equipment (such as routers) and the transmission system 
interconnecting this equipment. As stated in Section 3.1, the routing equipment will 
hereafter be described as nodes and the cables as links.  
 
The traffic part of the system consists of the data-flows in the network and the routing 
part consists of the rules that governs these data-flows. 

5.3 Topology of TeliaNet 

5.3.1 TeliaNet in perspective to the Internet 
The network that is studied in this report is TeliaNet. TeliaNet is the part of 
TeliaSonera’s international network that covers Sweden. TeliaSonera’s international 
network also covers parts of Europe and USA. 
 
As described in Section 2.3, a network consists of one or more autonomous systems. 
In this case, TeliaNet is an AS, which is connected to the rest of TeliaSonera’s 
network via the AS TeliaSonera International Carrier, TSIC. TSIC functions as a 
transit network and relays data between the different parts of TeliaSonera’s 
international network. 
 
TeliaNet is connected to the rest of the Internet both via TSIC and directly to other 
network operators in Sweden. Figure 5.1 shows how TeliaNet is related to the rest of 
the Internet. 
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Figure 5.1. TeliaNet’s relation to the rest of Internet 

5.3.2  Topological principle 
The topology of TeliaNet has a strictly hierarchical structure. The network is divided 
into three levels that each performs different parts of the overall task of the network. 
The three levels are access, distribution and core level. The peering task can also be 
treated as a level, the peering level (see Figure 5.2). 

 
Figure 5.2. The topological principle of TeliaNet 

5.3.3 Access Level 
It is at the access level that most of TeliaNet’s customers are connected. Nodes in this 
level are called access nodes. The purpose of an access node is to gather many 
customers at a single point of access to TeliaNet.  
 

5.3.4 Distribution Level 
The level over the access level is called the distribution level. A node at the 
distribution level is called a distribution node or hub node. The term used in this 
report will be distribution node. A distribution node is connected to a number of 
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access nodes via low capacity links. Typically, the capacity of a link between a 
distribution node and an access node is 100 Mbit/s. A distribution node often also has 
connections to customers and other network operators. These links usually have 
capacities of 100 Mbit/s. There are 64 distribution nodes in TeliaNet. 

5.3.5 Core Level 
The nodes at core level are called core nodes. A core node relays traffic between the 
distribution nodes to which it is connected to and other core nodes and peering-nodes. 
No customers are connected at the core level, but there are some nodes used for 
network management that are connected directly to core nodes. The link capacity 
between a core node and a distribution node is in most cases 2,5 Gbit/s. The 
corresponding figure for a link between a core and a peering node is 10 Gbit/s. There 
are 16 core nodes in TeliaNet.  

5.3.6 Peering level 
The nodes at the peering level are called peering nodes or gateway nodes. Peering 
node will be the term used in this report. A peering node is connected to a core node 
in TeliaNet, and to some node in another AS. The peering nodes relay traffic between 
TeliaNet and other networks, such as TSIC. There are 6 peering-nodes in TeliaNet. 
Four of these nodes are connected to TSIC and the other two are connected to other 
network operators.  

5.3.7 Path diversification principle 
TeliaNet is designed to provide redundant paths through the network. To accomplish 
this, the network is divided into two parts and all nodes and links are colour-coded. 
The two parts each function by its own and together they provide a network where 
there practically always is an alternate path. 
 
The core and distribution levels are built according to a principle that TeliaSonera 
calls the RGB-principle [11]. This principle implies that every core and distribution 
node is assigned to be either red or blue and every link is assigned to be red, blue or 
green.  
 
The coloured nodes are grouped in pairs. Each pair consists of a red and a blue node. 
Corresponding links in the two halves have equal capacity. The principle is that the 
red nodes are connected with red links and the blue nodes are connected with blue 
links. In some cases the distribution nodes are also connected to a core node of the 
opposite colour of the distribution node. This is done via a link of the same colour as 
the core node in question. Furthermore, the links of the red half are physically 
diversified to the links of the blue half to provide some protection from physical link 
failures. 
 
A green link is used to connect nodes in the same pair. All distribution nodes have 
connection between the pairs, but pairs of core nodes are only connected in some 
cases.  
 
The peering nodes are uncoloured. Every peering node is connected to a core node 
pair; i.e. a peering node is connected to both a red and a blue core node. 
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The access nodes are all uncoloured and are not grouped in pairs. In some cases, an 
access node is connected only to one distribution node, but in most cases an access 
node is connected to both a blue and a red distribution node. Figure 5.3 shows the 
diversification principle implemented in TeliaNet. 
 

 
Figure 5.3. The diversification principle of TeliaNet 

5.4 Traffic characteristics of TeliaNet 

5.4.1 Data flows 
Most of TeliaNet’s customers are connected at the access level, and some are 
connected at the distribution level. As a result of this, most of the traffic is originated 
and terminated at the access level. The data flows travels up in the hierarchy from the 
access level, through the distribution level to the core level and goes down in the 
hierarchy to the distribution level and then the access level. However this is not valid 
for the traffic between access nodes connected to the same distribution node, where 
the traffic only travels up to the distribution node before going down. 
 
The access level local traffic, i.e. the traffic between customers connected to a 
common access node, is routed by the access node directly to the destination 
customer. Any traffic destined anywhere else is sent upward in the hierarchy to a 
distribution node. Thus, because of the hierarchical structure of the network, the 
access level local traffic does not burden on the rest of the network, see Figure 5.4. 

D D

A A A A A A A A A A A A 

Core node-pair Core node-pair 

Distribution 
node-pair 

Distribution 
node-pair 

P

C 

C C

C 

D D 



Evaluation of Load Balancing Algorithms in IP Networks - A case study at TeliaSonera 

  
31 

 
Figure 5.4. The access level local traffic 
 
At the distribution level, traffic from access nodes connected to the same distribution 
node is distributed locally. Any traffic destined for any other part of the network is 
relayed to the core level. The distribution nodes can also have customers connected, 
where traffic is originated and destined.  
 
The core level’s purpose is to forward traffic between different distribution nodes and 
from and to peering nodes. The management nodes attached at core level also 
contribute with some traffic flow to the network. However, this contribution is very 
low as compared to the total network traffic. 
 
The peering nodes transfer data between TeliaNet and other ASes. is never used as a 
transit network. In TeliaNet all traffic entering TeliaNet at the peering nodes is bound 
for customers in TeliaNet.  

5.4.2 Traffic variations 
The amount of traffic in the network varies over time. The daily variation in traffic for 
a specific link is presented in Figure 5.5. This variation is typical for the whole 
network. The amount of traffic in the network is typically at its minimum between 4 
and 7 a.m. and reaches its maximum between 8 and 10 p.m. 
 

 
Figure 5.5. Daily flow variations for a link 

 
On a weekly basis, the traffic varies with the similar daily distributions every day of 
the week. This is shown in Figure 5.6. However, on some links the traffic amount is 
slightly different at weekends; a tendency toward this is also seen in the Figure 5.6.    
 

A 

Rest of 
TeliaNet 

Case 1: 
Local origin to 

local destination 

customers 

A 

Rest of 
TeliaNet 

 

customers 

A

Rest of 
TeliaNet 

Case 2: 
Local origin to 

non-local destination 

customers 

 



Evaluation of Load Balancing Algorithms in IP Networks - A case study at TeliaSonera 

  
32 

 
Figure 5.6. Weekly flow variations for a link 

5.5 Routing in TeliaNet 

5.5.1 Weights 
To handle the routing, TeliaSonera uses the routing protocol IS-IS with ECMP. 
Routing in IS-IS requires that each link is given a weight. The weights are used to 
calculate the shortest path from source to destination. TeliaSonera's principle to assign 
weights is to assign weight 10 on all links, except those between distribution nodes 
and access nodes, where weight 63 should be used [12]. In TeliaNet there exist some 
exceptions; in about 5% of the cases the weights are assigned to a smaller value than 
recommended. This is done purposely to direct the data flows over certain paths. 
 
The purpose when setting the weights in this manner is to make the flows of data 
behave as described in Section 5.4.1. Because of the way the weights are set; no 
traffic will after having entered the core level, return to a lower level and then again 
enter the core level.  

5.5.2 MPLS usage in TeliaNet 
MPLS is implemented in TeliaNet to provide VPN services to its customers. VPN’s 
are not exclusively created in MPLS, IPsec is also used. The method used depends on 
the customer’s requirements. MPLS is easier to configure; a new MPLS user is easily 
added to the present infrastructure and MPLS is therefore less expensive. However, 
IPsec has the benefit of a built-in encryption. [6] 
 
MPLS has been implemented in TeliaNet since the beginning of year 2003. In 
TeliaNet, MPLS is implemented in the entire core and distribution levels. At the 
access level, MPLS is enabled on some specific assigned routers. TeliaNet uses the 
Label Distribution Protocol, LDP, defined in [5]. The labels are stored in the Label 
Information Base, LIB. For compatibility reasons, any MPLS compatible router is 
also able to handle data packets without any attached label. If no label is attached to a 
data packet, the packet is routed using the IS-IS protocol.[6] [13] 
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6 Model specification 
A model of the system is used in the evaluation process. In this chapter, this model is 
specified.   

6.1 Level of detail 
Because of the immense complexity of the real system, a simplification of the model 
compared to the system is necessary. 
 
In accordance with the fluid flow model defined in Chapter 3, the topology is 
modelled in form of a directed graph. This means that the modelled network is 
composed by nodes and links (arcs) and that the traffic of data packets is modelled as 
flows of data units per second, measured in bits/s.   
 
Another delimitation made is that the full topological span of the system, TeliaNet, is 
not transferred to the model. Load balancing is evaluated in the central parts of the 
network, composed by the distribution, core and peering nodes along with the links 
that interconnect these nodes. The access level is excluded from the model. 
 
Because this report only deals with load balancing in TeliaNet and not in TSIC, load 
balancing of the data flows from TSIC to TeliaNet is not considered. Consequently, 
load balancing between TeliaNet and TSIC is only performed on data flows flowing 
toward TSIC, but not data flows flowing toward TeliaNet. 
 
The traffic demand pattern, is very complex because it is dependent upon human 
behaviour. For example, when a user wants to download data, the same data may exist 
in several locations on the Internet. If this is the case, the user will probably want to 
download the data from the source that gives him the highest transfer-speed. This 
means that several alternative routes address the same demand and that the user may 
change his traffic pattern when network utilisation changes. Because this behaviour is 
hard to model, the traffic demands implemented in the model are independent of 
network utilisation. 
 
For dynamic load balancing to function, signalling of information between the routers 
is necessary. The signalling part is left out of the model and is analysed separately in 
Chapter 12.  
 
In the model, time is represented discretely. The time span is divided into a limited 
number of intervals. In every interval the condition of the network is constant.  

6.2 Model structure 
Four submodels compose the model of the system. One model is used to represent the 
topology of the network, one describes the traffic demands, one handles the routing 
and another models the costs involved for the prevailing situation (see Figure 6.1).  
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The topology model represents the network topology by a directed graph. 
Specifically, the topology model is made up by tables of data that describes how the 
nodes and links are interconnected. It also describes link characteristics such as 
capacity and weights. The topology model is further described in Chapter 7. 
 
The traffic model represents the network traffic demand as an OD demand matrix. 
The OD demand matrix describes the quantity of data flow that is demanded from 
every origin node to every destination node at a specific time. Chapter 8 describes the 
traffic model. 
 
The cost model describes the resulting cost for a certain network situation, it reflects 
the network performance. The cost model gives a measurement that can be used to 
compare different situations and algorithms. The cost function is a mathematical 
function. Chapter 9 of this report covers the cost model.  
 
The routing model models the routing algorithms. The algorithms implemented are 
the shortest path routing algorithm with ECMP (used by IS-IS) and the three load 
balancing algorithms to be evaluated. Given a topology and a traffic model, the 
routing model returns the resulting link flows and losses. The routing model is a 
software written in the Java programming language. The routing model is described in 
Chapter 10 of this report. 
 

Figure 6.1. Model structure 

6.3 Assumptions 
When performing load balancing updates in the model, each router is assumed to have 
the information available. In reality, signalling is needed to achieve this. 
 
When sending data from TeliaNet to TSIC, the assumption is made that data may be 
sent to any of the four TSIC peering nodes that are connected to TeliaNet. In this 
report, these nodes are considered equally suited for this purpose. In reality however, 
traffic may be peered over specific links based on which node is the origin and which 
node is the destination, or based on some other criteria. 
 
Furthermore, it is assumed that when data is sent from the TSIC AS to a node in the 
TeliaNet AS, TeliaNet has no control over which TSIC peering node the data will be 
routed through. From TeliaNet’s point of view, the data will emerge at any of the four 
TeliaNet peering nodes connected to TSIC. In reality, the AS TeliaNet can control this 
by using a technique called Multi Exit Discriminator, MED, in its routers using the 
Border Gateway Protocol, BGP [6]. Since this is disregarded in the model, it will not 
be further discussed. 
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It is assumed that all routing in TeliaNet is currently performed according to the 
shortest path with ECMP routing algorithm used by the IS-IS routing protocol. The 
reason for this is that the traffic model would otherwise be very difficult to create. In 
reality, other rules and protocols affect the current routing in TeliaNet. An example of 
this is the use of MPLS to offer VPN services to the customers.  
 
Another assumption made is that no traffic in the network is lost under normal 
circumstances. The result of this is that the only time any traffic is lost is when a link 
is used over its capacity. The traffic lost is then exactly equal to the offered flow 
exceeding the capacity. In practice, traffic may also be lost as a result of random 
traffic variations, firewall rules and timed out packets. A packet is timed out when its 
Time To Live, TTL, timer reaches zero. The TTL of a data packet is initialised to a 
certain value and at every hop, the TTL timer is subtracted by 1. 
 
Furthermore, it is assumed that routing loops never occur. In reality, routing loops 
may exist if some routers have different knowledge of the topology than others. 

6.4 Model input and output 
To be able to evaluate different load balancing algorithms, the model has to deliver 
some suitable output. This output is the flow and loss at every link in the network and 
the total cost for the given situation. The cost represents the traffic disturbance due to 
congestion in the network. This cost will provide a foundation for the evaluation of 
the load balancing algorithms. 

 
Figure 6.2. Model input and output 
 
For the model to deliver the output, some input need to be given to the model. The 
input to the model is the simulation run length, the topological scenario, the traffic 
scenario and the routing options. The simulation run length specifies the number of 
iterations to be simulated. The topological scenario defines any changes of the 
network topology. As an example, the topology scenario defines such events as link or 
node failures or that some links have higher capacity than usual.  
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The traffic scenario specifies the amount of demanded traffic in the network. The 
traffic scenario could as an example be set to reflect the traffic at low traffic or at the 
busy hour of a day. 
 
The model also has to be given information of which routing algorithm to use. This is 
implemented to provide the possibility to compare different load balancing algorithms 
to the normal routing strategy. If the routing algorithm uses load balancing, the model 
also has to be provided information of the load balancing algorithm’s parameters. 
Such a parameter could, as an example, be the updating interval of the load balancing 
algorithm. 

6.5 Data collection 

6.5.1 Data requirements 
To build a model of TeliaNet requires a large amount of data. It requires information 
about all nodes and their type, placement and colour. The capacity, weight, colour and 
information of the flow of each link also have to be known.   

6.5.2 Data source 
The topology of TeliaNet is graphically represented in an internal web-based 
interface. Through this interface, information about the nodes, the node types, links, 
link capacity etc can be found. In the graphical interface, there is also information 
available about the traffic flow on each link. The daily, weekly, monthly and yearly 
minimum, average and maximum flows are presented for each link.  
 
Information has been collected from the web-based interface as well as from a 
database covering parts of the information needed. Unfortunately, complete access to 
the underlying database for the graphical interface was not possible. Consequently a 
project database had to be constructed. Information for the project database has been 
collected from the original database and from the web-based interface. The 
information about the weight of each link was found in the database. 
 
A large amount of data needed to be collected from the web based interface. Some 
information in the web-based interface has been extracted by hand, such as node and 
link information, link capacity and colour of both links and nodes.  
 
The data collection was time consuming and in order to obtain all the data needed, a 
script was programmed to extract essential information from the web-based interface. 
The script was used to collect information of the traffic flows at each link. 
 
The flow at a link is in the web-based interface given both as outgoing traffic at the 
sending node and incoming traffic at the receiving node. The information of the 
outgoing flows was chosen to build the model. The flow information collected for 
each link is the average flow of a month during the autumn of 2004.   
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6.5.3 Data reliability 
Because of the immense amount of data needed and the way this data had to be 
collected, some errors may unfortunately be included in the final model. As an 
example, it was discovered that the stated outgoing flows were not always equal to the 
stated incoming flows of a node. Furthermore the link flow data sometimes differed 
depending on where the data was collected. In addition to this, the spelling of the 
nodes was not always consistent. This resulted in problems for the script. However, a 
lot of work has been done to make the model free from errors. Thorough validation of 
the model has been performed in collaboration with TeliaSonera.  
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7 Topology model 
This chapter introduces some topological concepts used in the report and describes 
how the topology model is built. 

7.1 Topological concepts 
To represent traffic entering and exiting the network in the model, every node has a 
sink- and a source magnitude. The source magnitude of a node is equal to the amount 
of data that enters the network through that node. The sink magnitude is equal to the 
amount of data that exits the network through that node. The source and sink 
magnitudes of a node are time dependent and represent the instantaneous data flow in 
data units per second. 
 
Every node in the model is either an edge node or an internal node. Traffic flow enters 
and exits the network at the edge nodes. No traffic enters or exits the network at 
internal nodes. Consequently the source and sink magnitudes is zero at all internal 
nodes. In the model there are 22 internal nodes and 110 edge nodes; the total number 
of nodes in the model is 132. 
 
For every link the incoming and outgoing flow in both ends is available. The link flow 
measured is the outgoing flow on each link. The data was sometimes inconsistent and 
the outgoing flow in one end of the link was not always the same as the incoming 
flow in the other end. There was also a difference between the incoming and outgoing 
flow of a node. To adjust for this, virtual nodes have been created. If a node receives 
more data than it sends, a virtual sink node is attached to the node. In the opposite 
case, if the node sends more data than it receives, a virtual source node is attached. 
The additional data is defined to terminate at or to be originated at the virtual node. 
Furthermore, virtual nodes can be used to replace a group of nodes in order to 
simplify the topology model. Of the total of 132 nodes, 46 are virtual nodes and 86 
are non-virtual nodes. There is a total of 368 links in the model. 

7.2 Distribution-level 
As described in the Section 6.1, the access level is not included in the model. This 
means that all distribution nodes in the system will be represented as edge nodes in 
the model. The source magnitude of a distribution node is equal to the sum of the link 
flows on the links from the distribution node to the connected core nodes and any 
other connected distribution node. In the same way, the sink magnitude of a 
distribution node is calculated based on the link flows on the links from core and 
distribution nodes. With this, any local access level traffic is not included in the 
model. 
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7.3 Core-level 
All core nodes are internal nodes and have the sink and source magnitudes zero. All 
management nodes connected directly to a core node are replaced by two virtual 
nodes. One of the virtual nodes represents the sink of the nodes and the other 
represents the total source. By doing this replacement, the number of non-core nodes 
on the core level is decreased, see Figure 7.1.  
 

 
Figure 7.1. Virtual node replacement 

7.4 Peering-level 
In Section 6.3, the load balancing possibilities of the data flows between TeliaNet and 
TSIC were investigated. The conclusion was that only data from TeliaNet to TSIC 
would be load balanced in this thesis project.  
 
The TSIC peering nodes are the only TSIC nodes that are included in the model, they 
are so called edge nodes. The amount of data that flows on the links between the 
TeliaNet peering nodes and the TSIC peering nodes equals the total demanded flow of 
data between TeliaNet and the AS TSIC. In order to take care of this, an adjustment of 
the model is needed. The adjustment implies that the links from the TeliaNet peering 
nodes to the TSIC peering nodes get redirected to a virtual node, called Peering TSIC 
Sink. This virtual node inherits the prospective of the four TSIC peering nodes. The 
result of this is that the new virtual node has an incoming flow from TeliaNet that 
equals the sum of the flow from the four TeliaNet peering nodes to the TSIC peering 
nodes. The node Peering TSIC Sink is in fact a sink of a magnitude equal to the 
summed sink magnitudes of all four TSIC peering nodes. 

Figure 7.2. Virtual peering node replacement 
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The adjustment also implies that the nodes Peering TSIC 1, Peering TSIC 2, Peering 
TSIC 3 and Peering TSIC 4 are made obsolete and replaced by the virtual nodes 
Peering TSIC 1 Source, Peering TSIC 2 Source, Peering TSIC 3 Source and Peering 
TSIC 4 Source. These new virtual nodes inherit the source magnitudes of their 
predecessors, see Figure 7.2.  

7.5 Verification  
The topology model has been verified by comparing the link and node list with the 
figures in the web-based interface. All nodes and links have also been plotted by hand 
to ensure that the topology model follows the defined topology principle. 
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8 Traffic Model 
The traffic model is the part of the model that describes the traffic demands. Since a 
detailed traffic model for TeliaNet did not exist at the time this project started, one 
had to be estimated. This chapter describes the methods used for this estimation and 
the evaluation of these methods. 

8.1 Problem definition 
The traffic model is constituted of two parts. The first part is the OD demand matrix 
described in Section 3.2. This part describes the typical network traffic demand and is 
time independent. Generating an OD demand matrix based on data of measured link 
flows and knowledge of the network topology is an incompletely defined problem. 
Since the demand between any two nodes in the network needs to be found and the 
network consists of 132 nodes, the OD demand matrix consists of 17424 (1322) 
unknown variables. The known variables are the link flows of all 368 links in the 
network; this makes the number of known variables significantly smaller than the 
unknown. 
 
Because of this the OD demand matrix had to be estimated. For a certain set of link 
flows, several OD demand matrices may be possible and because of this, the work 
must be oriented to find the most probable one. Two approaches have been tested to 
find a probable OD demand matrix; a gravity model approach (Section 8.2) and an 
optimisation model approach (Section 8.3). 
 
The second part of the traffic model describes how the demands in the OD demand 
matrix vary over time. This is treated in Section 8.5. 

8.1.1 Source and sink magnitude 
As described in Section 7.1, the source and sink magnitudes of each node are used to 
represent traffic entering and exiting the network in the model respectively. The 
notation e

nm  represents the source magnitude of node n and is equal to the total 
amount of flow that enters the network through node n. The sink magnitude of a node 
is equal to the total amount of flow that exits the network through that node. In this 
report, the sink magnitude of node n is represented as x

nm . The sink or source 
magnitude of a node can never be a negative number. 
 
 e

nm   the source magnitude of node n 
 x

nm   the sink magnitude of node n 
 
Since all data that enters the network also must exit the network, the following 
balancing Equations must be satisfied: 
 

∑ =
n

x
ttn mD ,  , t∀       (Equation 8.1) 
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The source and sink magnitudes are determined by looking at the incoming and 
outgoing flows for every node where data is originating or terminating; that is in this 
case the edge nodes. The source magnitude of an edge node is equal to the sum of the 
link flows of all outgoing links. The sink magnitude of an edge node is equal to the 
sum of the link flows of all links going to that node.  
 
The average source and sink magnitudes were calculated from the average link flows 
of a month. This means that the source and sink magnitudes calculated represent the 
monthly average demands.  

8.2 Gravity model approach 
The gravity model is a simple method for estimating OD matrices. It has for example 
been used by operators to estimate OD matrices for telephony and IP networks [14]. 
The gravity model uses the sink and source magnitudes of the nodes, and their relation 
to the total network traffic, to estimate a traffic matrix. 
 
The gravity model estimates the demand between node n and node t as [14]: 
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∑,       (Equation 8.4) 

 
The gravity model implies that the amount of data that node n sends to node t is 
proportional to the amount of data that is originated at node n, compared to the total 
network traffic. 
 
This model however, does not take into consideration that TeliaNet is never used as a 
transit network. Because no traffic is transferred via TeliaNet, the demand between 
any peering nodes must be equal to zero. Furthermore the traffic from any node to 
itself is also always zero. To handle this problem, an altered version of the gravity 
model is needed. 

8.2.1 Altered gravity model 
To cope with the fact that the demand between some nodes must be zero, Equation 8.4 
is altered. The subsets to N; Bt ( Nt∈ ), are introduced to represent allowed OD pairs. 
The set tB  includes all nodes that are allowed to send data to node t. In addition to Bt, 
the vector of balancing variables, S are introduced. S are the variables that balances 
the demand for every OD pair so that the demand for some OD pairs is allowed to be 
zero. The evolved gravity model is defined as: 
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To determine the S variables, Equation 8.2 is combined with Equation 8.5 in the 
following way: 
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The Equation above can the be written as: 
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The S variables are then defined as in Equation 8.7 below. 
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 (Equation 8.7) 

 
Where Fn is the set of nodes that node n send data to and that any node with positive S 
values is allowed to send to. H is the set of nodes that have a positive S sum and Jt is 
the set of nodes that send data to node t and has negative S sums. 
 
The Equations 8.5, 8.6 and 8.7 provide an estimation of the traffic matrix and comply 
with the balancing equations 8.1, 8.2 and 8.3.  

8.3 Optimisation model approach 
The problem of finding a suitable traffic matrix given information of link flows can be 
defined as an optimisation problem. The problem is to find an OD demand matrix that 
minimises the difference between the measured and estimated link flows. The method 
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can also take a preferable traffic matrix in consideration to generate a more suitable 
traffic matrix from the collected data.  
 
This optimisation model is defined and implemented in Matlab by Clas Rydergren 
[15]. This method requires the possible OD pairs to be predefined. The OD pairs have 
been defined by the principle that every node with a source magnitude larger then 
zero may send data to a node with a sink magnitude larger then zero, with the 
following exceptions:  
 

• A node may never send data to itself. 
• A peering node may never send data to another peering node, because 

TeliaNet is not used as a transit network.  

8.3.1 Starting approach 
Let i represent an OD pair (i.e. a set of two nodes) and the set I represent all allowed 
OD pairs (i∈I). The OD demand matrix D, is in this approach represented as the 
vector g. Let g be the estimated demand vector and ĝ  the preferable demand vector. 
The value of gi ( igi ∀≥ for  0 ) equals the estimated demand for the OD pair i. 
 
The matrix P represents the current routing configuration in TeliaNet. The value of 

aiP ,  ( aiP ai ,for  10 , ∀≤≤ ) represents the ratio between the total demand of OD pair i 
and the fraction of that demand that is routed over link a. As an example; aiP ,  equals 1 
if all demanded flow for OD pair i is routed over link a. The matrix P is calculated 
using information of the network topology and the current routing configuration of 
TeliaNet. 
 
The vector f represents the estimated link flows and f̂  represents the measured link 
flows. The vector f is dependent of the estimated demand vector g and the route data 
vector P. 
 
Using these notations, the problem of estimating an OD demand matrix is defined by 
the minimising function Z subject to Equations 8.9, 8.10 and 8.11: 
 

( ) ( ) ( )ffEggEfgZ ˆ,ˆ,,Min 21 ⋅+⋅= µµ    (Equation 8.8) 
 
s.t. ( ) afgP

i
aiai ∀=⋅∑ ,     (Equation 8.9) 

 
 igi ∀≥   0       (Equation 8.10) 
 
 afa ∀≥   0       (Equation 8.11) 

 
The function ( )yxE ,  describe the distance between the arguments x  and y . The 
function E is measured with the entropy measurement stated in Equation 8.12. If x  
and y  differ significantly, ( )yxE ,  is larger than if x  and y are more similar. The 
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parameters 1µ  and 2µ determine which influence the measured link loads and the 
preferred traffic matrix should have for the final traffic matrix.  
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Equation 8.8 can now be described as: 
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(Equation 8.13) 

 
The problem is simplified by setting 1µ  to 1. This can be done because 1µ  and 2µ  are 
weighting parameters and only the relationship between them is of importance. 
However, the problem is still incompletely defined and therefore needs to be relaxed, 
this is done in the next section. 

8.3.2 Lagrange relaxation approach 
The constraints of Equation 8.9 are Lagrange relaxed and the Lagrange relaxed 
problem is defined as: 
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s.t. igi ∀≥   0   
 
 afa ∀≥   0  
 
 aa ∀≥   0λ       (Equation 8.15) 
  

A minimum of the objective function can be found by finding a stationary point to the 
Lagrange function L [16]. A stationary point is found by deriving L with respect 
to ig and af and setting the derivatives to zero.  
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Setting ( )aaΧ λ−= exp  gives: 
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Equation 8.17 can then be written as: 
 

2
1ˆ µ

aaa ff Χ⋅=        (Equation 8.19) 
 
 
Equation 8.9 can now be written like: 
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This implies that the optimality conditions can be expressed as non-linear equations 
and that these may be solved using an iterative balancing method: 
 

i. Initiate all aΧ  to for example 1 for a∀  
ii. Iterate through a∀ . At each iteration; let aΧ  be variable and let the 

otherΧ be fixated at their current value. Use Equation 8.20 to determine value 
of aΧ . 

iii. Break if all equations are nearly fulfilled, if not repeat step ii.  
 
The optimisation model approach is implemented in MatLab code and the results are 
evaluated in the next section. 

8.4 Evaluation of the estimated OD demand matrices 
To evaluate the OD demand matrices estimated is Sections 8.2 and 8.3, the resulting 
link flows for these matrices must be calculated. The estimated matrices may then be 
evaluated by their ability to generate link flows close to the measured link flows.  
 
Calculating the link flows given an estimated OD demand matrix is done using the 
current network topology and routing data.  The P matrix introduced in Section 8.3.1 
withhold this information and Equation 8.9 is used to calculate the generated link 
flows. 
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To compare the estimated traffic matrices numerically, the Mean Absolute Error, 
MAE (Equation 8.21), and Mean Relative Error, MRE (Equation 8.22), 
measurements are used. The MAE states the mean distance between estimated and 
measured link flows over all links. The MRE is equal to the mean relative distance 
between estimated and measured link flows. The notation A  represents the number 
of links in the network.  
 

MAE = 
A

ff
a

aa∑ − ˆ

      (Equation 8.21) 

 
 

MRE = 
A

f
ff

a a

aa∑ −
ˆ

ˆ

      (Equation 8.22) 

 
The MRE measurement can not be used when the measured link flow is 0. Hence of 
total 368 links, 31 links with measured value 0 have been eliminated from the set A 
for this measure. However of all estimations, there were only two cases where the 
estimated link flows did not match the measured flows in the cases the value of this 
was 0. 
 
The total network demand is also evaluated. To make a good estimation of a real OD 
demand matrix, the sum of the estimated demand must be close to the sum of the 
measured demand. 
 
To illustrate the absolute and relative error for every link, a graph can be made. The 
graph shows the estimated link flow as a function of the measured link flow for every 
link. A perfect estimation would in such a graph be represented as the linear curve 
where aff aa ∀= for  ˆ . 

8.4.1 Evaluation of the gravity model 
The evaluation of the gravity model gives the result presented in Table 8.1 and Figure 
8.1 
 

Estimation model MAE (Mbit/s) MRE Total demand (%) 
Gravity model 98.42 8300.67 100 

Table 8.1. Result of evaluation of traffic matrix generated by gravity model 
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Figure 8.1. Illustration of the gravity model results.  

8.4.2 Evaluation of the optimisation model 
The results of the estimation of the optimisation model depend on the parameter 2µ . 
If 2µ is set to a large value more consideration will be taken to the measured link loads 
than the preferable traffic matrix and vice versa. In this case a preferable traffic matrix 
does not exist. When evaluating the traffic matrix, different values of 2µ  have been 
tested. The result is shown in Table 8.2. 
 

Estimation model MAE (Mbit/s) MRE Total demand (%) 
Optimisation model (µ2= 5) 91.00 662.65 74.08727 
Optimisation model (µ2= 10) 66.00 650.18 81.85331 
Optimisation model (µ2= 13) 60.31 648.13 82.68135 
Optimisation model (µ2= 20) 52.06 643.99 83.39146 
Optimisation model (µ2= 35) 45.30 651.82 84.00622 
Optimisation model (µ2= 45) 43.58 630.45 86.77138 
Optimisation model (µ2= 50) 42.67 1418.44 89.39352 
Optimisation model (µ2= 75) 44.51 1108.91 90.38968 
Optimisation model (µ2= 100) 43.66 698.65 92.64547 
Optimisation model (µ2= 125) 44.35 884.82 94.56001 
Optimisation model (µ2= 150) 52.06 2021.55 95.59381 

Table 8.2. Result of evaluation of traffic matrix generated by optimisation model 
 
The result of each estimation has also been plotted with respect to 2µ , see Figure 8.2, 
8.3 and 8.4. 
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Figure 8.2. Mean absolute error for the optimisation model 
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Figure 8.3. Mean relative error for the optimisation model 
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Figure 8.4. Total demand for the optimisation model 
 
As seen in Figure 8.2, the MAE is smallest when 2µ = 50, but a 2µ value between 35 
and 125 is considered acceptable. The MRE is lowest at 2µ = 45, but values of 2µ < 
45 and 2µ =100 are considered acceptable, see Figure 8.3. Figure 8.4 shows that the 
total demand is increasing toward 100% as 2µ  is increasing.  

µ2

µ2
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8.4.3 Conclusion 
After evaluating the gravity model, the result shows that the model gives a poor 
estimation of the traffic matrix. The optimisation model, independent of the value of 

2µ , gives a more satisfactory result. But choosing which 2µ  value to use is not 
trivial; different evaluation measurements point out different 2µ  values as the best 
result. After consideration 2µ = 100 is chosen. It gives a traffic demand of 92.6% and 
at the same time the error values are small. The mean absolute error is 43.66 Mbit/s 
and the mean relative error is 698.7. The link flows for the chosen traffic matrix is 
plotted in Figure 8.5. 
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Figure 8.5. Illustration of the optimisation model results, 2µ =100.  

8.5  Estimating the OD demand matrix variations 
The estimated OD demand matrix is based on average monthly values and describes 
the average demand for every OD pair. However, in a real system, the traffic demand 
varies over time. As described in Section 5.4.2 the demanded traffic varies 
periodically. However, since the fluctuating traffic demands in the end depend on user 
behaviour, the demanded traffic also varies stochastically for every OD pair. 
 
The approach chosen involves that these two kinds of variations are treated separately. 
The periodic variations are treated in Section 8.5.1 and the stochastic variations are 
treated in Section 8.5.2. 
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8.5.1 Periodic demand variations 
In order to model the demand during high and low traffic, the periodic variations of 
one day are required. The variations in demand are reflected in the variations in 
network traffic. Because of this, the demand variations can be deduced from the 
traffic variations.  
 
The variations in traffic on a link depend of the variations in demand of the OD pairs 
that use that link. To create a demand variation that is representative for the whole 
network, variation data from ten links was collected. The data was collected at 
distribution nodes on links interconnected with a core node. All data was collected on 
the same day and for 24 hours. 
 
For every link, the flow at every time was compared to the average flow of that link 
during the studied day; i.e. the traffic variations were normalised compared to the 
average flow. In Figure 8.6 all collected link flow variations are plotted along with the 
average variation plotted as a bold-type line. 
 

0%

20%

40%

60%

80%

100%

120%

140%

0 2 4 6 8 10 12 14 16 18 20 22 24
Time of day

C
ur

re
nt

 fl
ow

 re
la

tiv
e 

to
 a

ve
ra

ge
 fl

ow

 
Figure 8.6. Daily traffic variations 

8.5.2 OD pair individual demand variations 
To make the traffic model behave more realistic an additional distribution is desirable. 
The additional distribution would account for the small fluctuations in flow on every 
link. It would also make the traffic on a link behave independently of other links.  
 
Two methods have been considered to model these fluctuations. The first method is to 
create a series of OD demand matrices using the method described in Section 8.3. If 
this was to be done based on measured instantaneous link flows instead of average 
link flows, the small bursts in demand may be modelled. This implies that link flows 
of all links in small intervals of time needed to be collected, which would be a very 
time-consuming process.  
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Another problem with this method is that the correlation of link flows between two 
consecutive time intervals may not be discovered if the chosen interval is too large. 
This problem may however be reduced by using the OD demand matrix generated at 
the previous interval as a preferable traffic matrix in the estimation. 
 
The second method considered was to collect a few samples of link flows at small 
intervals and then either calculate a stochastic distribution or split the flows even over 
those OD-pairs that send data over the specific link. This is not suitable because the 
measured link flows are sums of the flows for all OD-pairs over the specific links. 
The flow might fluctuate even more than measured because the sum might even up. 
The method can also generate unrealistic fluctuations on the core level. 
 
After considering these two methods the conclusion was that the first method would 
be more suitable to use, but that it would not be implemented in the model due to time 
limitations.  

8.5.3 Conclusion 
Because of time limitation, the stochastic demand variation model is not implemented 
in the traffic model.  The only variation model used is the periodic variation function 
described in Section 8.5.1. The periodic demand variation model can be used to model 
traffic demand during different times of the day. The result is that simulations may be 
performed with constant traffic demands. 
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9 Cost model 
This chapter defines the cost model used in the evaluation of the load balancing 
algorithms. 

9.1 Introduction 
To be able to evaluate the simulation results, a measurement of how link load is 
experienced is needed. This measurement is expressed as a congestion cost function. 
The cost of a link depends on the offered flow and the link capacity. The principle is 
that if the load of a link is low, the cost should be low, and if the load is high the cost 
should also be high. 
 
A common way to describe the link congestion cost is to use a piece-wise linear 
increasing convex function. An example of this is Equation 9.1, which is used in [17] 
and [18]. Equation 9.1 is plotted in Figure 9.1 for a link with a capacity of 1 data unit 
per time unit. 
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   (Equation 9.1) 
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Figure 9.1. A cost model 
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The cost function described by Equation 9.1 aims at minimising the total cost by 
minimising the cost for every link. However, in some cases it might be desirable to 
have a high congestion on one link, in order to obtain a lower total congestion. 
Furthermore, the use of different traffic service classes may allow for a greater delay 
(caused by congestion) for certain low prioritised traffic, if it may cause that higher 
prioritised traffic is offered an adequate service [6]. In the next section, a cost model 
that is better adjusted for the traffic quality goals of TeliaSonera is presented. 

9.2 Definition 
The following congestion cost model is defined by Per Lindberg at TeliaSonera [19] 
and provides a better portrayal of the availability demands of TeliaNet than that of 
Equation 9.1. It is based on the idea that for loads up to a certain level, 0p ; the delay 
increases linearly and proportional to the flow. The second interval is for offered 
loads between the levels p0 and p1, where the load of a link is near 100% or higher. 
The cost function in this interval is increasing with the square of the flow. The third 
interval is when the offered load is larger than p1. Here the overload on the link is so 
severe that the service is considered useless for the customers and the cost function is 
defined as linear with the slope of v1. The value of v1 therefore represents the cost for 
loosing one unit of data. 
 
Definition of the congestion cost function, ( )o

aa fC : 
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    (Equation 9.2) 
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=      (Equation 9.3) 

 
 0v  congestion cost per data unit offered to a link with low load 
 1v  congestion cost per data unit offered to a totally congested link  
 0p  lower load threshold  
 1p  upper load threshold; links having a higher load is totally congested 
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9.2.1 Chosen parameters 
According to [19], traffic on links in TeliaNet having offered loads up to 80% is only 
considered to be slightly delayed; therefore p0 is set to 0.8. The cost associated with 
sending one data unit over such a link, v0, is set to 0.05. Links having offered loads of 
200% or more are considered completely congested and all data offered to such a link 
is lost. Therefore the parameter p1 is set to 2. The cost for sending one data unit over a 
completely congested link is set to 1. These values are then used to calculate the value 
of the parameter b in Equation 9.3: 
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The cost function is plotted in Figure 9.2 for a link with capacity 1: 
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Figure 9.2. The cost model 
 



Evaluation of Load Balancing Algorithms in IP Networks - A case study at TeliaSonera 

  
56 

10 Routing model 
This chapter describes the routing model. The routing model returns flow and loss 
data, based on a chosen network, routing and traffic scenario. 

10.1 General routing model 
As mentioned in Section 6.2, the routing model is written in Java. Given information 
of network topology and traffic demands; the routing model calculates the link flows 
and link losses for a chosen routing algorithm. The routing model is built so that all 
routing algorithms share a common set of general functions.  
 
The routing model uses a discrete time space. The routing simulation runs from the 
chosen start time to the chosen end time. At every point in time, i.e. iteration, the 
routing model uses the prevailing network topology and traffic demands to make its 
calculations and produce its output. The model then iterates and performs the same 
tasks at every simulated point in time. 
 
The routing model needs the topology, traffic and cost models to function. The 
topology model, which is time invariant, is made time variant by adjusting it 
according to a scenario. Together, the topology data and the scenario data dictate the 
network topology for any point in time, see Figure 10.1. 

 
Figure 10.1. The composite of time variant topology data 

  
The routing model functions as described in Figure 10.2. At every iteration, route data 
is calculated. How the route data looks depends on which routing algorithm is used. 
The route data states how data will be routed in the network. The route data is then 
used to calculate the offered link flows. The term event is used to describe topology 
changes. 
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Figure 10.2. Functionality of the routing model 
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10.1.1 Route data calculation 
The route data calculation provides the information necessary to route the traffic 
through the network. In IP routing, the route data informs each node how it should 
forward incoming data flows on its outgoing links, depending on which node is the 
destination node. In MPLS, the route data simply specifies the LSPs and how each 
node is to use these in its data forwarding.  
 
Two kinds of route data calculations are needed for each load balancing algorithm; 
one is the actual load balancing algorithm and the other is a supporting routing 
algorithm that is non-load balancing. The load balancing route data calculation bases 
its calculation upon information of the topology and measured link flows. The non-
load balancing route data calculation bases its calculation solely on information of the 
topology and current routing. The non load balancing, or event triggered, route data 
calculation is only performed in the initialisation of the routing and when the 
information of the network topology has changed; i.e. when it is triggered by an event. 

10.1.2 Flow and loss calculation 
The flow and loss at each link in the network at a certain time are calculated based on 
the prevailing traffic matrix and route data. The calculation is also based on a 
simplification that involves that data loss only occurs when the offered flow of a link 
is larger than its capacity; see assumption in Section 6.3 and Equations 3.1 and 3.2. 
Furthermore, the OD-pair specific flow and loss at each link needs to be defined: 
 
 iaq ,  the part of the demanded flow for OD pair i that is offered to link a 
 iar ,  the loss at link a for OD pair i 
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The flow and loss calculation is based on the assumption that the loss at a link is 
spread equally among the affected OD pairs. The calculation is based on the following 
algorithm: 
 

i. Route data without any capacity limitations. 
ii. Identify links that have carried loads larger than 100%. 

iii. Identify the OD-pairs that send data over these links. 
iv. Calculate flow and loss for the overloaded links where the data flow on the links 

haven’t earlier passed any other overloaded link. 
v. Route data with the calculated losses. 

vi. If any links are still overloaded, go to step ii. 
 
An example of this calculation is presented in Appendix B. 
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10.2 Shortest path routing with ECMP 
Shortest path routing with ECMP is the routing algorithm that is currently used in 
TeliaNet. This algorithm is non-load balancing and is implemented in the routing 
model to allow for comparison with the load balancing algorithms. 
 
This routing algorithm updates the route data only when the network topology 
changes, i.e. when a new link or node is discovered or when a link or a node fails. 
When any of these events occur, every node updates its routing table based on the 
new topology information. 
 
In shortest path routing with ECMP, every node splits its incoming data equally over 
the outgoing links that offer the shortest paths to the destination. 

10.3 Load balancing using short path routing 
Load balancing using short path routing uses the short path routing algorithm to 
accomplish load sharing and manipulation of the link weights (metrics) to accomplish 
load balancing in the network. The link weights are changed based on measurements 
of the offered link load on each link. 
 
When the network topology has changed, a quick update must be made to ensure that 
the routing agrees with the current network topology. This update can not afford to 
rely on sustainable link load measurements to be available. Partly, this is because it 
will take some time for each node to receive link load measurement data, and another 
reason is that the measured data might not reflect the current situation if measured to 
quickly after the event.  Because of this, when an event occurs, a non-load balancing 
update is performed. In short path load balancing, this means that no weight update is 
performed.  

10.3.1 Load balancing route data calculation 
A load balancing update in short path routing changes the link weights in order to 
balance the network load. Each node updates the link weights on its outgoing links 
based on measurements of the capacities and the offered flows for these links. The 
offered flow data are mean values over a predetermined period of time. In the model, 
this period equals one iteration. 
 
The updating of the link weights is based on the cost function (Equation 9.2) 
described in Chapter 9 of this report. Since the cost function describes the total link 
cost as a function of the offered flow, the derivative of the cost function describes the 
cost per data unit as a function of the offered flow. The derived cost function is: 
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To be able to compare this function with the link weights, a function that describes the 
link weights is introduced below: 
 

( ) o
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aa fwf ⋅=σ       (Equation 10.3) 
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o
aa wf ='σ        (Equation 10.4) 

 
Because the derived cost function and the derived weight function (the link weight) 
describes the cost per data unit, the two functions can be compared. 
 
Figure 10.3 shows the cost function and the weight function for a link with a capacity 
of 10 data units and a link weight set to 0.7, the parameters p0, p1, v0 and v1 have the 
values presented in Chapter 9. 
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Figure 10.3. Cost and weight functions 

 
The cost function represents the total customer experienced cost for the link and the 
weight function represents the total link cost for the system (the nodes). Since the 
nodes make their routing decisions based on the link weights, the preferable situation 



Evaluation of Load Balancing Algorithms in IP Networks - A case study at TeliaSonera 

  
61 

would be that the customer experienced cost equalled the system cost, which could be 
done by using the cost functions as the weight function for the system. This however, 
is not possible in today’s systems using purely linear weight functions. 
 
In Figure 10.4, the functions from Figure 10.3 are derived. The two functions now 
describe the cost per data unit in the systems and customers perspective. 
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Figure 10.4. Derived cost and weight function 

 
As an example, assume that the link in Figure 10.4 is offered an average flow of 12 
data units per time unit, the system and customer experienced cost per additional data 
unit is then: 
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Equation 10.5 then determines what the new link weight should be set to. Depending 
on how the parameter γ is set ( 10 ≤≤ γ ), the new link weight may be closer to the old 
link weight or closer to the value of the derived cost function. 
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aa ffCf '1'' 1 σγγσ ⋅−+⋅=+    (Equation 10.5) 

 
Routers today, however, can only handle link weights that are made up by integers. 
To be able to handle small changes in link weights, a constant is added in the routing 
model. When performing load balancing using short path routing in the model, all link 
weights are normalised so that the lowest link weight is set to 5000 prior to any 
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routing. The cost function used for updating the link weights is also normalised so that 
the lowest possible value is 5000, this is done by simply multiplying the function with 
100000. The result of this is that a link may have any integer weight between the 
values of 5000 and 321560, which is the maximum value of the derived cost function 
multiplied by 100000. 
 
When the link weights have been updated, all nodes recalculate their routing data 
using the short path routing algorithm (Equation 4.3) and the load balancing update 
has been made. 

10.3.2 Event triggered route data calculation 
When any event occurs, an event triggered routing update is performed. As mentioned 
earlier an event could be such thing as a link failure or the detection of a new link. 
 
In load balancing using short path routing, an event triggered route data calculation 
simply recalculates the route data using the short path routing algorithm (Equation 
4.3). When a link fails, the node to which the link was going out from remembers the 
weight of that link. When the link comes up, i.e. when the node discovers it, it gets the 
same link weight it had before the failure. 

10.4 Bottleneck load balancing 
In bottleneck load balancing, the network is load balanced by eliminating bottlenecks. 
The load balancing update bases its calculations upon measurements of offered link 
loads. As in load balancing using short path routing, a quick route data update must be 
made when any event has occurred. 

10.4.1 Load balancing route data calculation 
When performing a load balancing update in bottleneck load balancing, bottleneck 
parameters are calculated for each destination node according to the Equations 4.4, 
4.5 and 4.6. This calculation is based on the link flow measurements. 

10.4.2 Event triggered route data calculation 
When an event has occurred, an event triggered route data update is performed. This 
is needed because a quick update must be made and there is no reliable measured data 
on offered link loads available for the calculation of new bottleneck parameters. It is 
also necessary because problems may occur when calculating new load sharing 
parameters (Equation. 4.8) when the old load sharing parameter is set to zero. This 
can be the situation when a new link has been discovered. Without forcing a node to 
put some share on such a link may cause this link to never be properly utilised 
because the Equation 4.8 returns zero. 
 
When the event is that a link has failed, the load sharing on that link is set to zero. The 
proportion of the share of the outgoing flow that belonged to that link is then equally 
distributed among the other links that provides efficient routing to the destination 
node. 
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When a new link is discovered, all load sharing parameters at the parent node is set to 
zero. The load sharing parameters at that node is then calculated using the shortest 
path routing with ECMP algorithm. 
 
When the system is first initialised, i.e. before any routing takes place, the route data 
is calculated using the shortest path routing algorithm with ECMP. This is because the 
bottleneck load balancing algorithm cannot calculate any initial load sharing 
parameters by itself, it is made to adjust existing ones.  

10.5 Load balancing using MPLS 
In this approach of load balancing using MPLS, every source node (edge LSR’s) 
shares its outgoing flow between a number of LSPs. This is then made load balanced 
by updating the flow sharing parameters based on measurements on offered link 
flows.  
 
The LSRs that are available for flow sharing to each source node are colour coded 
using the same concept as described in Section 5.3.7. Each source node shares its load 
between a red LSP, a blue LSP and an uncoloured LSP, see Figure 10.5. A red LSP is 
solely made up by red links and a blue LSP only consist of blue links. An uncoloured 
LSP may consist of links with different colours. Each defined LSP is the shortest of 
its kind; there is no other LSP between the same nodes with the same colour that is 
shorter. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.5. Coloured LSPs 

10.5.1 Load balancing route data calculation 
To calculate the load sharing parameters at each node, a simple variant of the 
bottleneck load balancing algorithm is used. Firstly, the offered link flow 
measurements are gathered. Then the highest offered link load on each LSP is 
identified. The load sharing parameters are then calculated with Equations 4.9, 4.10 
and 4.11 by perceiving each LSP as one link. Load balancing is only performed 
between the red and the blue LSP, and only when they have lengths equal to the 
shortest set up LSP. 

 

t s 
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10.5.2 Event triggered route data calculation 
Initially, an LSP of every colour and from every source node to every sink node is 
calculated. If there are more than one possible LSPs from one node to another for a 
certain LSP colour, one of those LSPs is chosen randomly. The load sharing between 
the LSPs at all source nodes is initialised according to the rules below: 
 
• If one of the three LSPs is shorter than all the others ⇒ This LSP is allotted all of 

the outgoing flow. 
• If both the red and the blue LSP have lengths equal to the shortest LSP ⇒ Share 

the outgoing flow equally between the red and the blue LSP. 
 
When any event occurs, the affected LSPs are made obsolete and new ones are 
calculated. The load sharing at affected source nodes is then initialised according to 
the rules stated above. 
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11 Analysis 
In this chapter, the performance of the load balancing algorithms is analysed during 
normal state and simulated network failures. A more detailed view of the results is 
presented in Appendix C. 

11.1 Scenarios 
A scenario describes the network topology and the variations in traffic demand. 
Performance evaluation is performed using four different scenarios. The simulated 
scenarios are: 
 

• Normal network  
• Core node failure 
• Link failure at core level 
• DWDM system failure 
 

In all scenarios, the traffic demand situation reflects a busy hour. To achieve this, all 
values of the traffic demand matrix are multiplied with 1.3. In reality, a network 
failure usually last between 2 to 4 hours [19]. All scenarios have the simulation run 
length 200 iterations. All simulated network failures last from the 50th iteration to the 
100th iteration. Because time is represented as iterations, different updating intervals 
can be evaluated. If an iteration is said to represent a time of 5 minutes, the failures 
last for 250 of the total simulated 1000 minutes. The update interval is further 
discussed in Chapter 12. 

11.1.1 Normal network 
The normal network scenario is interesting to simulate. It gives the possibility to 
evaluate the performance of the load balancing algorithms in the existing system at 
normal functionality. It also gives an idea of the convergence time of the algorithms.  

11.1.2 Core node failure 
A core node failure affects the whole network. The core nodes are not only used for 
traffic from and to the distribution nodes connected to it, but also as run-through for 
traffic destined at distribution nodes connected at other core nodes. A core node 
failure will result in failure of all its connected links. 
 
In TeliaNet the core nodes are connected to one, two or several other core nodes. The 
core nodes are not usually connected to the other one in its pair, except in two cases. 
The underlying distribution nodes are connected to either one core node or both core 
nodes in a pair. At node failure the traffic from and to underlying distribution nodes 
will be redirected to the other core node in the node pair.  
 
In this scenario, a core node with connection to seven core nodes, plus the other core 
node in its pair and one peering node is chosen. The node also has a connection to two 
pairs of distribution nodes. 
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11.1.3 Core link failure 
Core link failure implies that a link between two core nodes is out of order in both 
directions. A link failure might, as an example, occur as a result of interface failure. A 
link failure will affect the node pairs in the both ends of the link. If the malfunctioning 
core link is the only core link attached to the core node, all traffic will be routed via 
the other core node in the pair. If there are other links connected to the troubled core 
node the traffic will instead be routed via those.  

11.1.4 DWDM system failure 
DWDM stands for Dense Wavelength Division Multiplexing and is a fibre optical 
technique to increase the capacity on an optical fibre. With DWDM, multiple signals 
are transmitted simultaneously at different wavelengths on the same fibre. The fibre is 
transformed to multiple virtual fibres and by multiplexing, the total capacity is 
increased. DWDM is independent of the protocol and bit rate, which means that it 
brings the ability to carry different type of traffic at different rates over an optical 
channel. [20] 
 
DWDM systems are used in TeliaNet. A malfunction of the chosen DWDM system 
would result in failure of eight links. 

11.2 Evaluation methods 
The simulation is evaluated using the congestion cost function defined in Chapter 9. 
The costs of all links are summed up at each iteration and plotted with respect to the 
iteration number. 
 
The cost is evaluated visually but also numerically. For each simulation the total cost 
is calculated and compared with the total cost when not using load balancing. The 
error cost is also used to compare. The error cost is defined as the cost increment 
caused by network failure when using the shortest path with the ECMP routing 
algorithm. The lowest, highest and average cost during failure is analysed. The 
average cost before and after failure is also of interest.  
 
When analysing the load balancing algorithms it is also interesting to evaluate their 
ability to decrease the load of the maximum loaded link in the network. Hence a graph 
of max link load versus iteration is used. 

11.3  Shortest path routing with ECMP 
The shortest path ECMP algorithm during normal circumstances results in a fixed 
cost, because the routing is never updated and the cost is therefore never changed. 
When a failure occurs, the traffic gets routed on alternate paths, since the shortest path 
may no longer be available. This results in an increase of the cost during failure 
because the links in the alternate paths get their load increased. In Figure 11.1 the cost 
for shortest path routing with ECMP is shown during the different failure scenarios. 
 
Under normal (failure free) circumstances, the shortest path with ECMP routing 
algorithm results in a cost of approximately 8594 cost units per iteration. The core 
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link failure scenario results in a cost increase of approximately 58.4 cost units. A 
DWDM system failure results in a cost increase of approximately 258.6 cost units. 
The highest cost during failure, an increase of 3040.6 cost units, occurs during core 
node failure.  
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Figure 11.1. Cost of Shortest path ECMP 

11.4  Load balancing using short path routing 

11.4.1 Normal network 
The cost graph of the simulation with the normal network scenario and the short path 
algorithm is viewed in Figure 11.2 (note that SP(x,y) in the Figure means load 
balancing using short path routing with α=x and γ=y).  



Evaluation of Load Balancing Algorithms in IP Networks - A case study at TeliaSonera 

  
68 

8593,602

8593,603

8593,604

1 21 41 61 81 101 121 141 161 181 201

Iteration

To
ta

l C
os

t
ECMP SP(0.7,0.005) SP(0.7,0.008) SP(0.7,0.009) SP(0.7,0.01) SP(0.7,0.015)

SP(0.7,0.02) SP(0.7,0.03) SP(0.7,0.05)

 
Figure 11.2. Cost of short path in initial network 

 
As seen in Figure 11.2, load balancing using the short path algorithm with suitable 
values of α and γ, converges to a slightly lower cost than shortest path with ECMP 
routing algorithm. The method is tested with α set to 0.7 and different values of the γ 
parameter. A low γ value results in a long convergence time and a large γ value results 
in faster convergence. However, the overall effect of short path load balancing in the 
normal network is very small. At stable state the algorithm decreases the cost with 
0.0015 cost units, which is a total decrease of 5108.1 −⋅ percent. 

11.4.2 Core node failure 
In Figures 11.3, 11.4 and 11.5 the cost graph for the simulation with core node failure 
is shown.  
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Figure 11.3. Cost of short path at core node failure 
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Figure 11.4. Close up of cost with short path during core node failure 
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Figure 11.5. Close up of cost with short path after core node failure 
 
During core node failure the short path algorithm takes some time to converge but 
results in a lower cost than shortest path ECMP. It is also interesting to see that a large 
γ value results in an unstable behaviour. The reason is that a larger γ value means a 
larger change of the weight. This may lead to overcompensation and that problem of 
overloaded links arises in other parts of the network. In Figure 11.4 the cost graph is 
zoomed in during the failure and in Figure 11.5 directly after the failure is repaired, 
when the node is available again. Figure 11.6 shows that a γ value that is too high 
gives a heavily oscillating and unstable result. 
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Figure 11.6. Cost of short path at core node failure 
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In Figure 11.4 it is seen that the convergence to a steady state during this failure 
situation at best takes about 25 iterations. The relation between small γ parameter and 
long convergence time as noticed earlier is also valid in this case. The γ value that 
results in the lowest cost, with fast convergence and without oscillating behaviour is 
0.01. The maximum cost decrease during failure with the short path algorithm and γ 
value 0.01 is 274.11 cost units. This is a decrease of the error cost with 9.01 %. The 
average cost decrease during the error is 7.99%. When the core node failure is 
repaired it takes some time for the algorithm to converge to a stable state. The 
algorithm generates a lower cost than ECMP after 50 to 70 iterations, with a γ value 
of 0.01 the number of iterations is 61.  
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Figure 11.7. Cost of load balancing using short path with various α  values during core node failure 
 
The short path algorithm can be adjusted with the γ parameter, but also with the α 
parameter. The α parameter decides how munch longer path that is approved. In 
Figure 11.7 simulation has been done with a fixed γ value of 0.01 and varying α 
values. The simulations show that the α parameter of 0.7 gives the lowest cost. It is 
also interesting to observe that a high α value makes the algorithm behave unstable.  
 
As seen in Figure 11.8, the short path algorithm has the ability to decrease the load on 
the maximally loaded link during a node failure to a load of 90%. This occurs after 
approximately 15 iterations but after approximately 10 iterations the maximum link 
load is below 100%. This means that even though a node failure the routing can be 
rearranged so no links get overloaded. 
 
In Figure 11.8 directly after the failure has been repaired, at the 100th iteration, a peak 
is shown. This is a consequence of that the repaired links are assigned the same 
weights they had before the failure. These weights are lower than the weights of the 
links in the alternative paths, because those weights have been increased during the 
failure. The consequence is that a large quantity of traffic is sent on the repaired links. 
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It this case it takes about 50 iterations for the algorithm to adjust after the failure is 
repaired.  
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Figure 11.8. Load of the maximum loaded link with short path load balancing at core node failure 
 
To adjust for the problems shown in Figure 11.8, a modification of the short path 
algorithm was tested. The method to assign weights to the repaired links was 
modified. Instead of getting their previous weights the repaired links were assigned 
weights that were twice as large as their previous weights. 
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Figure 11.9. Load of the maximum loaded link with a modified version of  short path load balancing at 
core node failure 
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As seen in Figure 11.9, with modified short path algorithm the problem with a load 
peak is avoided. However, as seen in Figure 11.10 the modified short path algorithm 
has a very long convergence time after the error has been repaired.  
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Figure 11.10. Cost of modified version of short path load balancing at core node failure 

11.4.3 Core link failure 
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Figure 11.11. Cost of short path load balancing during core link failure 
 
The benefit of short path load balancing during core link failure is small as shown in 
Figure 11.11. The average improvement is 51057.4 −⋅ . The cost decreases with 
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51020.9 −⋅ cost units at most, which is a decrease of the error cost of 0.000157%.  At 
the first iteration, when the error occurred, a peak is shown. This peak is of 

4102.9 −⋅ cost units. 

11.4.4 DWDM system failure 
In Figure 11.12 the cost of short path algorithm during DWDM failure is shown. 
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Figure 11.12. Cost of short path load balancing during DWDM failure 

 
The short path algorithm with a γ value of 0.009 generates the best average 
improvement during DWDM error, an improvement of 36.89 %. This is at best a cost 
reduction of 109.25 cost units, which is a decrease of the error cost with 42.23%. The 
algorithm takes 71 iterations after the error is repaired to generate a lower cost than 
ECMP. Due to the long convergence time after the failure is repaired the total benefit 
of the short path load balancing algorithm for DWDM failure is only 0.22%. 

11.5 Bottleneck load balancing 

11.5.1 Normal network 
The cost graph of the simulation with the normal network scenario is shown in Figure 
11.14. The bottleneck algorithm converges after only one iteration but it has a steady 
state only 0.0007 cost units lower than shortest path ECMP. This is a total decrease of 

5108.0 −⋅ %. 
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Figure 11.13. Cost of bottleneck load balancing during normal network conditions 

11.5.2 Core node failure 
In Figure 11.14 the cost graph of the bottleneck algorithm during core node failure is 
shown. 
 

8500

9000

9500

10000

10500

11000

11500

12000

1 21 41 61 81 101 121 141 161 181 201

Iteration

To
ta

l c
os

t

ECMP BN

 
Figure 11.14. Cost of bottleneck load balancing during core node error 
 
Bottleneck is a stable algorithm and at failure and after failure it converges in 13 
iterations. At stable state the cost has decreased 46.1 cost units, which is an 
improvement of the error cost with 1.5 % during failure. The average improvement 
during failure is 1.4 %. Directly after the error occurs the bottleneck algorithm results 
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in a peak of 93.9 cost units.  This is a consequence of the application of equal load 
sharing on the neighboring links in case of link failure.  
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Figure 11.15. Load of the maximum loaded link with bottleneck load balancing at core node failure 
 
In Figure 11.15 the link load on the maximum loaded link during core node failure is 
shown. At the first iteration during error the bottleneck load balancing algorithm 
generates a load of 118.23%, slightly lower than ECMP on 118.34%. The load is 
reduced during 4 iterations to a load of 105.32 %. After the error is repaired the 
bottleneck load balancing algorithm converges in 12 iteration to a value slightly lower 
than ECMP. 

11.5.3 Core link failure 
Bottleneck load balancing at core link failure is shown in Figure 11.16. In the first 
iteration after the failure occurred, the cost for bottleneck load balancing is 29.31 cost 
units higher than for ECMP routing. The peak only lasts for one iteration. Then the 
bottleneck algorithm gives a cost reduction of 5106.7 −⋅  cost units at most, which is a 
reduction of the error cost with 0.00013%. The average error decrease is 0.98%. The 
bottleneck algorithm takes 2 iteration after the link is repaired to generate a lower cost 
than ECMP.  
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 Figure 11.16.Cost of  Bottleneck load balancing during  core link failure 

11.5.4 DWDM system failure 
Also in the DWDM system failure case, the bottleneck load balancing results in a cost 
peak at the first iteration after the failure, see Figure 11.17. The peak is of 225.16 cost 
units. The maximum decrease during failure is 24.9 cost units, which is a reduction of 
the error cost with 9.63 %. The average benefit of bottleneck load balancing during 
error is 19.48 cost units, which is 8.01 %. 
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Figure 11.17. Cost of bottleneck load balancing during DWDM system failure 
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11.6  Load balancing using MPLS 

11.6.1 Normal network 
 
The MPLS bottleneck initial cost is higher than the shortest path ECMP cost. But 
MPLS converges quite fast and only after four iterations the algorithm results in a cost 
0.0007 cost units lower than shortest path ECMP. This is a total decrease of 

5108.0 −⋅ %. MPLS during normal network is shown in Figure 11.18. 
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Figure 11.18. Cost of MPLS load balancing during normal network conditions 

11.6.2 Core node failure 
The cost function for MPLS at core node failure is shown in Figure 11.19. Load 
balancing with MPLS at core node failure gives an oscillating result. The cost 
decrease alternates between 3 and 28 cost units, which is an improvement of the error 
cost with 0.10% to 0.92 %. The average improvement of the error cost is 0.66%. The 
reason to the oscillating cost is that an adjustment of the flow sharing for one 
overloaded link leads to overloaded links in other parts of the network. When the 
failure is repaired MPLS converges quickly, after only 5 iteration MPLS generates a 
cost lower than ECMP. 
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Figure 11.19. Cost of MPLS load balancing during core node failure 
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Figure 11.20. Close up of cost generated by MPLS load balancing during core node failure 
 
The load on the maximum loaded link during core node failure and use of MPLS is 
shown in Figure 11.21. The maximum load is oscillating between 105.33% and 
122.20%. After the error is repaired, the maximum load converges to a value lower 
than ECMP in 4 iterations. 
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Figure 11.21. The load of  the maximum loaded link with MPLS load balancing during core node 
failure 

11.6.3 Core link failure 
The cost of MPLS during core link failure is shown in Figure 11.22. MPLS during 
core link failure results in a cost decrease of 5106.7 −⋅ cost units, which is the same as 
bottleneck load balancing. The average decrease of the error cost is very small, only 
0.00013% compared to ECMP and not visible in Figure 11.22.  
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Figure 11.22. Cost of MPLS  load balancing during core link failure 
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11.6.4 DWDM system failure 
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Figure 11.23. Cost of MPLS load balancing during DWDM system failure 
 
MPLS generates an oscillating cost for DWDM failure as well, see Figure 11.25. The 
cost is in some cases higher than the cost of ECMP. The lowest cost during error is 
14.88 cost units lower than ECMP and the highest 9.19 cost units higher than ECMP. 
The average improvement of the error cost is 2,76 %. 

11.7 Analysis summary 
The short path algorithm in all scenarios generates the lowest cost during failure. But 
the algorithm also has a slow convergence time, both during and after the failure. 
Reducing the load peak of the maximum loaded link was done with the price of the 
convergence time. 
 
The bottleneck load balancing algorithm is a stable algorithm and it has a short 
convergence time. However, the cost is slightly decreased and the update directly 
after the error gives an undesirable cost peak. The peak is a result of equal flow 
sharing when an error first occurred. An alternative to the equal flow sharing is to 
retain the relations between the remaining links and distribute the flow after these.  
 
The MPLS load balancing algorithm is the algorithm with the smallest convergence 
time. But the cost is heavily oscillating and only slightly decreased. The MPLS 
algorithm is based on bottleneck load balancing to share load among available paths. 
One explanation to why MPLS load balancing oscillates and bottleneck load 
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balancing does not, is that the Bottleneck load balancing algorithm changes the flow 
sharing as close to the overloaded link as possible. But the MPLS load balancing 
algorithm only shares flow between entire paths.  

11.7.1 Core node failure 
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Figure 11.24. Cost of all algorithms during core node failure 
 
As seen in Figure 11.24, the short path algorithm is the algorithm that reduces the cost 
most during core node failure. But it also has the longest convergence time after the 
error is repaired.  
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11.7.2 Core link failure 
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 Figure 11.25. Cost of all algorithms during core link failure 

 
The failure of one core link is a small error and it generates the lowest error cost, as 
seen in Figure 11.25. It is also at this scenario that the load balancing algorithms have 
the most inadequate result. The improvement is smaller than 10-5 cost units for all the 
algorithms. The bottleneck load balancing algorithm shows a peak and also has the 
slowest convergence time after the error is repaired.  

11.7.3 DWDM system 

8500

8600

8700

8800

8900

9000

9100

1 21 41 61 81 101 121 141 161 181 201

Iteration

To
ta

l c
os

t

ECMP SP(0.7,0.01) MPLS BN

 
Figure 11.26. Cost of all algorithms during DWDM system failure 
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The costs of the load balancing algorithms during DWDM system failure are shown in 
Figure 11.26. This is the failure where the algorithms give the best result. The 
improvement for short path is an improvement of 36.89 %. The good result can be 
explained by the composite of the DWDM system failure. The DWDM system carries 
links of one colour, which means that an equivalent link is available. The links carried 
by a DWDM system is also more scattered in the network than the links involved in a 
core node failure.  
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12  Signalling analysis 

12.1 Basics of signalling  
The load balancing algorithms requires that routing information be signalled in the 
network. The information needed depends on the load balancing algorithm. It also 
requires that load balancing and routing calculations are performed in every node. In 
following sections the signalling and computation requirements for each load 
balancing algorithm at every update is analysed. The complexity of the computations 
differs between the different load balancing algorithms. However this is not taken in 
to consideration in this chapter, only the total amount of computations is analysed. 
Table 12.1 contains a summary of the analyses. 

12.2 Signalling requirements 

12.2.1 Short path load balancing 
The short path algorithm changes the weights. Each node needs information about the 
link loads of the outgoing connected links and their present weight. At every update a 
new distance matrix needs to be calculated. A distance matrix is a matrix of the 
distance from a node to every other node. In reality the distance to every other router 
is calculated by the router and kept in its routing table. This is handled by the routing 
protocol as described in Chapter 2. Every router has the information about the load on 
the connected links and their weights. 
 
The additional data is the data raised by the routing protocol IS-IS. IS-IS is a protocol 
triggered by changes in the neighbouring network area. When a change occurs the 
router gets the information, calculates new weights to its neighbours, creates an LSP 
and floods it. This needs to be done at every weight update. If the weight of all 
neighbours is not changed simultaneously, several of those LSP updates have to be 
done for every load balancing update. The number of nodes in the network is 132. 
Every node broadcast its LSP on every outgoing link, which means that every LSP 
passes every link. The number of links is 368. The total amount of signalling in the 
network at every update will be (number of nodes) ⋅ (number of links) = 132 ⋅ 368 = 
48576. At every update every node uses the information in the LSPs from every other 
node to recalculates its routing table. The total number of computations at every 
update is: (number of nodes) ⋅ (number of nodes-1) = 132⋅131= 17292 computations. 
 

12.2.2 Bottleneck load balancing 
The bottleneck load balancing algorithm changes the load sharing at every node. 
Information needed is the current link load and current bottleneck load sharing. This 
is a recursive algorithm and each computation of a bottleneck parameter starts at the 
destination node. The destination node computates its bottleneck parameter and sends 
it to all its neighbours. They perform their computations by data sent from the 
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destination node and distribute their results to all other nodes with longer distance to 
the destination node. Every node performs a bottleneck computation for every other 
node in the network. It this case there are 132 nodes in the network and every node 
calculates 132 bottleneck parameters at every update. A node also performs 
bottleneck arc calculation, which is a calculation for every outgoing arc, to the total 
number of 368. The total number of calculations in the network is: (number of nodes ⋅ 
number of nodes) + number of links = (132⋅132)+368 = 17792 at every update.  
 
A node signals its bottleneck load parameter to every neighbouring node with longer 
distance to the destination than itself. This is done for every destination node, 132 
times. Assuming that only one connected node has a shorter path to the destination 
than the node it self (i.e. the worst case). The total signalling in the network at every 
update would be (number of nodes) ⋅ (total of links)= 132⋅ 368  = 48576 times. 
 
The triggering factor to calculate new bottleneck parameters can be the receiving of 
parameters from the neighbours. But to avoid that the load balancing stops when data 
from any neighbours is missing, a timer would be more appropriate. If new bottleneck 
parameters is not available the computations should then be performed on old 
bottleneck parameters. The bottleneck algorithm requires that a method for signalling 
the bottleneck parameters is implemented in the network. 

12.2.3 Load balancing using MPLS 
 
The MPLS load balancing algorithm changes the load sharing between the predefined 
paths. Information needed by the edge router is the load of the most congested link in 
the path and the current flow sharing. This means that every link needs to signal the 
flow on each outgoing link to every edge router. The total signalling in the network at 
every update would be: (number of nodes) ⋅ (number of edge routers) = 132⋅110 = 
14520 times. The number of computations at every update would be one at every edge 
router for every other edge router, in this case (number of edge routers) ⋅ (number of 
edge routers-1) = 110 ⋅ (110-1) = 11990 computations. 
 
 Total number of signalling messages 

at every update 
Total number of computations at every 
update 

Short path 48576 17292 
Bottleneck 48576 17792 
MPLS 14520 11990 

Table 12.1. Signalling and computation requirements 
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13 Conclusions 
After having performed simulations of the load balancing algorithms for different 
scenarios, their behaviour was analysed. Also, the signalling requirements of these 
algorithms were briefly analysed. This chapter covers the conclusions that can be 
made from this information. 

13.1 Evaluation of the load balancing algorithms 

13.1.1 Load balancing using short path routing 
Load balancing using the short path routing algorithm proves to give good results in 
the different experiments. During core node and DWDM system failure, the algorithm 
initially lowers the cost and maximum link load moderately and after a few iterations 
the cost and maximum link load are reduced considerably. If the parameters are set in 
a good way, the increased cost that comes as a result of the core node failure can be 
reduced by almost 10% as compared to the current routing in TeliaNet. The 
corresponding figure for a DWDM system failure is more than 35%. Also, during the 
core node failure, performing load balancing using short path routing lowers the 
maximum offered link load of the network from approximately 120% to 90%. After 
only a few iterations the maximum link load is reduced to less than 100%. 
 
However, if the parameter controlling the reaction speed of the algorithm is set to 
boldly, this results in a heavily unstable and oscillating routing algorithm. For the 
stability of this algorithm, it is therefore important that it is not set to react too quickly 
to changes in the network topology and utilisation. Also, for the stability of the 
algorithm it is important that the parameter controlling the flow sharing is set 
appropriately; not allowing too long paths and not restricting the algorithm to very 
short paths. 
 
When a network failure is repaired and the network returns to normal functionality, 
load balancing using the short part routing algorithm quickly lowers the cost 
significantly. However, it generally takes the algorithm about 40 to 60 iterations to 
obtain a lower cost than the current routing in TeliaNet. This number will be lower if 
the failure situation lasts for a shorter period of time. The usefulness of the algorithm 
highly depends on the expected duration of failures. This must be considered in the 
total judgement of the algorithm. Using the algorithm also results in a slight over 
utilisation of the repaired links at return to normal. This problem can easily be 
reduced but it results in a slower convergence after the failure. A compromise must 
therefore be done between convergence time and link utilisation. 
 
During normal failure-free network conditions, load balancing using the short path 
algorithm gives no noticeable improvement. The major reason for this is probably the 
network topology of TeliaNet. The network is built in a way that the gain of load 
balancing is very small during normal circumstances when measured with the used 
cost model. The predominant amount of links in the network are normally under 
utilised, which causes the load balancing algorithm not to react. 
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The signalling amount needed for load balancing using the short path algorithm is a 
minor drawback. Under normal circumstances, the signalling needed will be low due 
to the fact that link weights are not changed if the utilisation of the link is normal. 
During and after network failure more signalling is needed, but if the failure is 
relatively local the amount of signalling will stay at a low level. Because the 
signalling procedure greatly resembles other signalling procedures used today, the 
signalling part should not constitute any problems for implementing load balancing 
using the short path algorithm. 

13.1.2 Bottleneck load balancing 
Using bottleneck load balancing does not result in as large improvements as when 
using load balancing with the short path algorithm. However, it still results in a lower 
general cost than the routing currently used in TeliaNet. During the DWDM system 
failure, the bottleneck load balancing algorithm reduces the cost increment due to 
failure with almost 10%. 
 
A small drawback of this algorithm is that it results in a slight cost peak immediately 
after a failure situation. This is a result of the quick event triggered routing update that 
is performed when link failures are discovered. The problem is that this updating 
procedure must be performed quickly and does not have a lot of information to base 
its decision on. Using a different policy when performing these event triggered 
updates could probably decrease the size of the problem.  
 
A great benefit of the bottleneck load balancing algorithm is that it is very stable and 
that it reacts very quickly to changes in network topology. After a failure it lowers the 
cost to a level under that for the routing currently used in TeliaNet within a few 
iterations. When the network returns to normal functionality, the bottleneck load 
balancing algorithm also converges to a low cost quickly. Because of this, the gain of 
the bottleneck load balancing algorithm is less dependent on failure duration than load 
balancing using short path routing. 
 
The signalling amount needed for bottleneck load balancing is relatively large. 
However, even with the signalling amount taken into account in the judgement of this 
algorithm, it will most probably result in lower costs than the current routing in 
TeliaNet. A disadvantage of this algorithm is the more complex signalling procedure 
needed for its functionality. Implementing this algorithm will probably prove to be 
difficult due to the complex signalling procedures required and the fact that the 
signalling must be robust.  

13.1.3 Load balancing using MPLS 
Load balancing using the proposed method for MPLS is the evaluated load balancing 
algorithm that gives the smallest cost reduction during failure situations compared to 
the routing currently used in TeliaNet. During the DWDM system failure it reduces 
the failure cost with slightly less than 3%. An advantage of this algorithm is that it is 
very stable during normal network conditions and that it quickly after a failure 
situation converges to a low cost. The gain of using MPLS load balancing probably 
does not depend so much on the duration of the failures. 
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During failure situations, load balancing using MPLS tends to oscillate slightly. A 
reason for this is the fact that it aims at eliminating bottlenecks at the LSPs, but it does 
not care where in the LSP the bottleneck is situated.  
 
Load balancing using MPLS requires a great deal of signalling because every link 
must inform the edge LSR’s that are using the link in its LSPs of its offered link load. 
Therefore it is important to keep the number of LSPs at every edge LSR at a low 
level. However, using a larger number of LSPs may allow for better load balancing 
due to a larger number of forwarding options. How the LSPs are chosen is also 
important for the functionality of load balancing using MPLS. For the functionality of 
the load balancing, two LSPs between the same nodes should contain as few common 
links as possible. Furthermore the algorithms performance could probably be 
enhanced by making more intelligent decisions when creating the LSPs. In this master 
thesis the LSPs were created automatically without any consideration of the suitability 
of the individual LSP. 
 
The MPLS load balancing algorithm has many similarities to the normal MPLS 
routing algorithm. The main difficulty in implementing this algorithm is to create a 
functioning and reliable signalling system. 

13.2 Validity of results 
The conclusions that have been made are based on the model of TeliaNet. The 
analysis results that are the foundation for these conclusions are valid for the specified 
model. Since the model is a simplified version of the real system, not all factors are 
included in the model. 
 
A simplification that had to be made due to time limitations is that the traffic model is 
static and deterministic. Because of this, no detailed analysis of how the load 
balancing algorithms behave when small fluctuations in traffic exist can be made. 
When choosing the updating interval for the load balancing algorithms, this must be 
considered. If a too short updating interval is chosen, the load balancing algorithms 
may behave unstable. It should be the traffic trend and not the normal fluctuations in 
traffic that influence the load balancing updates. 

13.3 Recommendations for future work 
Dynamic load balancing provides several new possibilities within data 
communications. Although some of the aspects of dynamic load balancing algorithms 
have been covered in this master thesis, much is still to be done within the area. 
 
It would be interesting to analyse if improvements can be made to the algorithms 
evaluated in this master thesis. As stated in Section 13.1 the event triggered routing 
updates can probably be enhanced to get better results when using load balancing. 
Furthermore it would be interesting to adjust the methods to achieve faster 
convergence. Other methods to use MPLS for load balancing would also be 
interesting to study. Also, it would be interesting to implement the algorithms in 
router software and evaluate the functionality of the algorithms in a test lab.
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Appendix A – Abbreviations 
ARIS  Aggregate Route Based IP Switching 
AS  Autonomous System 
BGP  Border Gateway Protocol 
CSR  Cell-Switched Routing 
DWDM Dense Wavelength Division Multiplexing 
ECMP  Equal Cost Multi Path 
IETF  Internet Engineering Task Force 
IP  Internet Protocol 
IPSec  Internet Protocol Security Protocol 
IS-IS  Intermediate System to Intermediate System 
ISO  International Organisation for Standardisation 
ISP  Internet Service Provider 
LIB  Label Information Base 
LDP  Label Distribution Protocol 
LSA  Link State Advertisement 
LSP  Label Switched Path or Link State Packet 
LSR  Label Switch Router 
MAE  Mean Absolute Error 
MED  Multi Exit Discriminator 
MPLS  Multi Protocol Label Switching 
MRE  Mean Relative Error 
OD  Origin to Destination 
OSI  Open System Interconnection 
OSPF  Open Shortest Path First 
QoS  Quality of Service 
RIP  Routing Information Protocol 
TCP/IP Transmission Control Protocol/Internet Protocol 
TE  Traffic Engineering 
TSIC  TeliaSonera International Carrier 
TTL  Time To Live 
VPN  Virtual Private Network 
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Appendix B – Flow and loss calculation example 
Consider the network in Figure B.1 with 7 nodes and 6 links. All links have a capacity 
of 10 data units per time unit. The traffic demand from origin to destination is shown 
in Table B.1. Since there only exists one possible route for each OD-pair, no route 
data is presented. 
 

OD-pair: Origin: Destination: Demanded traffic: 
1 n2 n6 3 
2 n2 n7 3 
3 n1 n6 5 
4 n4 n6 5 
5 n4 n7 7 

Table B.1. Example Traffic demand 
 

 
 
 
 
 
 
 
 
 
 

Figure B.1. Example network 
 
Step 1: The first step is to route all traffic without any capacity limitation. The result 

shown in Figure B.2 shows that links 3, 4 and 5 have flows larger than its 
capacities; they are preliminary overloaded. 
 
The link flow and loss can be calculated for links 1 and 2: 
 

of1  = 6 
cf1  = of1  = 6 

1η  = 0 
 

of 2  = 5 
cf 2  = of 2  = 5 

2η  = 0 
 
 
                                                                            Figure B.2. Example Step 1  

 
Step 2: The next step is to identify which OD-pairs send data over links 3, 4 and 5. The 

OD-pairs 1, 2 and 3 send data over link 3, the OD-pairs 1, 3 and 4 send data over 
link 5 and the OD-pairs 4 and 5 sends data over the preliminary overloaded link 
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Step 3: The OD-pairs 1 and 3 sends data over more than one preliminary overloaded 

links. Both OD-pair 1 and 3, however, sends data over link 3 prior to sending 
data over link 5. The OD-pairs 4 and 5 only send data over one overloaded link; 
link number 4. 
 
Because the data that flows on the preliminary overloaded links 3 and 4 has not 
passed any other preliminary overloaded links earlier in the routing process, the 
loss and flow at these links can be calculated: 
 

of3  = 11 
cf3  = 3c  = 10 

1η  = 33 cf o − = 11 - 10 = 1 
 
 

27.0
11
10131

3

3
1,313 ≈






 −=








−⋅= o, f

c
qr  

27.0
11
10131

3

3
2,323 ≈






 −=








−⋅= o, f

c
qr  

45.0
11
10151

3

3
3,333 ≈






 −=








−⋅= o, f

c
qr  

 
of 4  = 12 
cf 4  = 4c  = 10 

4η  = 44 cf o − = 12 - 10 = 2 
 

83.0
12
10151

4

4
4,444 ≈






 −=








−⋅= o, f

c
qr  

17.1
12
10171

4

4
5,454 ≈






 −=








−⋅= o, f

cqr  

 
 
Step 4: The next step is to re-route the traffic without any capacity limitations, with the 

calculated losses included.  
 
The initial traffic demand is routed but at links 3 and 4, the calculated losses for 
the OD-pairs are subtracted to get the carried flows at these links and the 
preliminary offered flows at any following links. Se Figure B.3 
 
The link flow and loss for link 6 is calculated: 
 

of6  = 8.56 
cf6  = of6  = 8.56 
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6η  = 0 
 
 
 
 
 
 
 
 
 

 
                                                      Figure B.3. Example Step 4 

 
Step 5: The link flow and loss for link 5 may now be calculated: 

 
of5  = 11.45 
cf5  = 5c  = 10 

5η  = 55 cf o −  = 1.45 
 
The OD-pairs 1, 3 and 4 send data over link 5. The data offered to link 5 by each 
OD-pair is: 
 

73.227.031,31,31,5 =−≈−= rqq  
55.445.053,33,33,5 =−≈−= rqq  
17.483.054,44,44,5 =−≈−= rqq  

 
Which allows for calculation of the OD-pair specific losses at link 5: 

35.0
45.11

1073.273.2
5

5
1,51,515 ≈⋅−=⋅−= o, f

c
qqr  

58.0
45.11

1055.455.4
5

5
3,53,535 ≈⋅−=⋅−= o, f

c
qqr  

53.0
45.11

1017.417.4
5

5
4,54,545 ≈⋅−=⋅−= o, f

c
qqr  

 
 
Result: The link flows and losses are shown in Figure 10.6 below. A total of 4.45 data 

units are lost. 
 
 
 
 
 
 
 
 

Table B.2. Example flow and loss 

1

6 

2 7 3

4 

5 
(6,0)

(5,0)
(10,1) 

(10,2) 

11.45 

(8.56,0) 

 
OD-pair: Origin: Destination: Demanded traffic: Loss: 

1 n2 n6 3 0.62 
2 n2 n7 3 0.27 
3 n1 n6 5 1.03 
4 n4 n6 5 1.36 
5 n4 n7 7 1.17 
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                                                                           Figure B.4.  Example results 
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