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ABSTRACT 
 

The two most prominent link state routing protocols used for intra-domain routing are the 
Open Shortest Paths First (OSPF) and Intermediate System to Intermediate System (IS-IS) 
protocols. For different topologies and weight changes these protocols are easily updated to 
adjust the path between source and destination. However, it is computationally hard to obtain 
link weights that optimize network performance for a given topology and traffic situation. 
Furthermore, it is even more difficult to take into account, variations and uncertainty in the 
traffic demands. 
In this paper we study search heuristics for determining a set of OSPF/IS-IS link weights to 
optimize performance of the network for uncertain traffic demands. Robust routing is the 
capacity of dealing effectively with the variation from nominal operating conditions of 
routing. The common approach in robust routing is finding a path that minimizes the worst 
case scenario. The search heuristics combines the network performance and cost function 
which deviates from the robust weight settings using an objective function. We consider link 
load and inter-domain traffic uncertainties and compare their performance with the optimal 
solution. To evaluate the search heuristics we will first consider small network topologies 
then we will take larger network topologies with different traffic demands.  
The results show that for hop count link weight setting the search heuristic does not show any 
progress. However, for a random weight setting the search heuristic shows better result and 
the maximum utilization of the link load traffic uncertainty can be improved as close to the 
optimum. Given different traffic demand and random start weights the search heuristics 
perform close to optimal for inter-domain traffic uncertainty.  
 
Keywords:  network topologies, robust routing, search heuristic, traffic uncertainties. 
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CHAPTER 1 

 

INTRODUCTION 

 
The Internet protocol (IP), a connectionless datagram delivery service by which data 
packets are sent from source to destination through Internet. It provides a virtual 
network which encompasses multiple physical networks. It is currently used to 
support a wide variety of network services such as web browsing, telephony, and 
video streaming. The recent explosion in the demand for Internet services has caused 
a large increase in traffic volume leading to congestion. To utilize the network 
resources more efficiently, it has become important to balance the traffic across the 
network.  
In this master thesis we study methods to optimize link weights in link-state routing 
protocols. Our focus is on the widely used link-state routing protocols OSPF/IS-IS 
protocols. In link-state routing the traffic is routed along the shortest path between 
the source and destination. The distance between routers, and hence the shortest path, 
is determined by link weights specified by the network operator. It is possible to 
change link weight to achieve load balancing in the network, as a result efficient 
utilization of network and avoidance of congested links is achieved. Traffic 
engineering let traffic flows shift from congested links to less utilized links. 
However, the computational burden associated with link weight tuning is substantial 
[1]. To reduce the burden search heuristics are often used. Search heuristics is a 
method used to solve problems that could not be either solved by other methods or 
problems with solutions which consume too much time to compute. It provides 
suboptimal solutions by reducing the computational time for solving the problem. 
However, in many applications it is better to obtain suboptimal solutions for the 
reduced computational time.   
This paper is different from other works in a way that it deals with weight tuning for 
uncertain traffic demands. The different sources of traffic uncertainties, which results 
in degradation of network performance are statistical fluctuation of demands, 
estimation errors of traffic matrix and component failures or router policy 
reconfigurations. As a result, it is necessary to make the routing resilient, or Robust 
to the fluctuations caused by these uncertainties. We address link load and inter-
domain routing (IDR) traffic uncertainties. Link Load traffic uncertainty, referred to 
as LL uncertainty the rest of the paper, and exists when source destination traffic 
demands are not observable. We can only observe the link load between OD pairs in 
a network. While the IDR traffic uncertainty occurs when there exist several peering 
points in a network to route from source to destination outside the network domain.  
We evaluate cautious weight tuning introduced in [7] for traffic uncertainties caused 
by inter-domain routing (IDR) and link load measurements. To accompany search 
heuristics we generate random topologies using a random topology generator called 
BRITE and create realistic traffic scenarios [4]. Point-to-multipoint traffic demands 
are generated to deal with the IDR traffic scenarios. Several experiments are 
conducted on the search heuristics for various settings.  
The rest of the paper is organized as follows. In the first section we review the 
internet routing and related work. Section 2 describes the problem statement and 
research methodology. Section 3 introduces notations and problem formulation, the 
search heuristics, optimal and link state routing encountered. Section 4 describes 
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traffic uncertainties specifically Inter-domain Routing (IDR) and link load traffic 
uncertainties. Section 5 presents robust routing and cautious weight tuning. Section 6 
describes the methods for generation of synthetic traffic demands, methods for 
generation of topologies, and summarizes the numerical experiments. Finally, we 
conclude the results we get from the experiment. 
 
1.1 INTERNET ROUTING  

 
The process of selecting paths to send traffic over a network is known as routing. 
Devices that forward data packets and make IP routing decisions are called routers. 
In order to send data packets the router needs an IP address to locate computers 
connected to the Internet. After fetching the IP address from connected computers, 
the router forwards the packet to the nearest router found in the path. Each router 
maintains routing table that stores information regarding the possible destinations 
and how to reach them. After applying different routing algorithms the packet will 
destine to the desired computer in the selected path.  
The technique used by IP routers to look up the next hop to forward a packet is 
referred as longest-prefix matching. Among all entries that match the destination 
address, a router picks one that has the longest subnet mask. A subnet mask is a 32-
bit number that masks an IP address, and divides the IP address with one bit’s in the 

portion that identifies the network address and zero bits in the portion that identifies 
a host address. A subnet mask is constructed by setting network bits to all “1”s and 

setting host bits to all “0”s. In a given network two host addresses are reserved for 

particular purposes. That is “0” address is assigned for network and “255” is for 

broadcast address.  
In Figure 1 we consider four hosts and three routers in a given network. Suppose 
Router A advertises a network address of 10.1.0.0/24 indicating all hosts within the 
address range between 10.1.0.0 and 10.1.0.255 is reachable through A. Router B is 
also advertising a network address of 10.1.1.0/24.  To summarize this block of IP 
addresses in a routing table Router C combines or aggregates the separate 
advertisements into a single advertisement. Aggregation of IP addresses enables to 
distribute IP address space more efficiently. Hence, the number of entries in IP 
routing table will be reduced. 
 
 

 
 

Figure 1.1: Aggregation of IP addresses 
 
An entity that administers and maintains together a network of interconnected routers 
and related systems are called Autonomous Systems (AS). Routing can be 
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categorized into inter-and intra-domain depending on their routes within or between 
the network domains or AS. Intra-domain routing takes place inside the 
administrative domain. Figure 1.2 shows an intra-domain routing where four nodes 
communicate each other in one AS. The path selection is based on inter-domain 
routing. 
  

 
Figure 1.2: Intra-domain routing in an AS.  

 
For larger number of routes, and hence inter-domain routing protocols, for instance 
BGP are required for exchange of routing information between separate ASes. For 
best functionality of routing in the internet the aid of these protocols is required. 
Communication resources for utilization of Internet traffic is often far from optimal 
due to the configuration of routing protocols used. The configuration is performed 
without giving emphasis on the traffic demand and the load in the network traffic. To 
address this problem, the widely used link-state routing protocols OSPF and IS-IS, 
has been deployed in different works.   
The OSPF which is an Interior Gateway Protocol (IGP) works based on the Shortest 
Path First algorithm. Initially it establishes connections by synchronizing databases 
with the corresponding routers which needs to communicate with. Then each router 
sends an update message (or link-state) to the corresponding routers, with the 
corresponding link costs in Link State Advertisements (LSA) which are flooded in 
the network. As a result the routers will be familiar with the topology of the network.  
Finally, each router calculates the shortest path to each destination by using Dijkstra 
algorithm and sends the packet to the nearest router. The intra-domain IS-IS routing 
protocol is designed to support large routing domains which consist of combinations 
of many types of sub networks. The working principle of IS-IS protocol is identical 
to OSPF. It uses Dijkstra algorithm similar with OSPF for calculation the shortest 
path through the network. Each protocol has its own merits and demerits, however 
the selection of the protocols depends on the easiness to deploy and maintain.  
To route traffic between ASes the de facto standard and most widely used inter-
domain routing protocol Border Gateway Protocol (BGP) is used. In BGP, one AS 
announces the network prefixes for which it has a route to its neighboring ASes. The 
network address with a mask hiding the least significant bit is included in the 
announced prefixes. The choice of next hop for a prefix follows a specified 
procedure where the BGP-specific attributes are examined. This will be compared 
with distance to next-hop by the intra-domain routing protocol. In many cases, the 



  7 

intra-domain routing decides which exit point should be assigned for the prefix 
depending on the cost which is decided by the network operators [14,15].  
Figure 1.3 illustrates inter-domain routing where two ASes i.e. AS-1 and AS-2 
exchanges information. The route selection from any given source node in a source 
AS-1 to a given destination node in a destination AS-2 depends on how BGP selects 
the route.  

 
 

Figure 1.3: Inter-domain routing between two ASes. 
 

 
 
1.2 RELATED WORK 

 
A number of researches have been performed in order to improve network 
utilization. It has been found that by implementing different search heuristics in a 
variety of network topologies and using different weight setting algorithms, it is 
possible to optimize performance in the network. For instance, Fortz and Thorup 
suggested a weight setting algorithm by using local search heuristics [1]. 
Remakrishnan and Rodriges use a descending search algorithm where in each step of 
the algorithm one flow is deviated from a link in order to decrease a cost function 
[2]. A heuristic by Balon and Leduc [3] to handle reroutes caused by Interdomain 
routing, design a novel cost function that attempts to compensate for these effects are 
among the most cited papers.  
The performance of different weight-setting methods has been carried out in 
synthetic data and real network topologies [4]. In order to handle traffic uncertainties 
it is required to identify a set of possible traffic scenarios and optimize the routing for 
all conditions in the set. In [1] Fortz and Thorup present efficient ways of obtaining 
suitable OSPF/IS-IS weight setting for a variety of traffic situations. It has been 
indicated in Applegate and Cohen [5] that with a limited awareness of the traffic 
demand it is possible to obtain efficient routing settings. Column/constraint 
generation by Ben-Ameur and Kerivin [6], which was first proposed to balance load 
in Virtual Private Networks (VPNs), based on the context that by giving a lower 
bound on the performance of the routing for all existing traffic situations. A cautious 
weight tuning [7] tries to tune a set of weight for link state routing by combining the 
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worst-case performance estimation with the search heuristics. It solves the worst-case 
performance of the links in the network for different traffic uncertainties. 
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CHAPTER 2 
 
2 PROBLEM STATEMENTS  

 
A Mixed Integer Programming (MIP) [9] is a mathematical optimization program 
where some of the decision variables are limited to be only integers. However, this 
restriction of variables results in making the optimization problem non-convex and 
difficult to solve. If all the variables have integer values in the optimum solution, 
then the solution will be the required integer solution. Otherwise the given MIP 
problem will be modified by inserting new constraints without losing any integral 
solution. The size of the MIP formulation will get large and the complexity of the 
MIP formulation limits the network sizes.   
The problem of link weight optimization ranks to searching a set of link weight 
which optimizes the performance measure. Finding a set of link weights which best 
optimizes the routing setting in the network is NP-hard [8,9]. A robust weight setting 
finds a path which minimizes the worst case scenario. For IDR traffic uncertainty the 
worst-case occurs when all traffic leaves the network at one egress router in a group 
and other egress routers receive no traffic to the prefix announced by the ingress 
router. On the other hand for link load uncertainty, source destination traffic 
demands are not observable. Rather only the link loads are observable, that results in 
worst-case performance. The search heuristic is used to determine a worst-case 
traffic scenario by solving optimization problems for each weight settings under 
evaluation, and then execute the weight change which guarantees the lowest worst-
case performance.  
The problem of weight tuning for uncertain traffic demands is substantial. The traffic 
uncertainties that exist in the network may cause large network disruptions. Due to 
this fact we need to apply different search heuristic algorithms to find a set of link 
weights. It is also required to deal with different traffic uncertainties to make the 
network variation stable. We use search heuristics to reduce the computational 
burden and hence to optimize routing through the network by evaluating a set of 
OSPF weights.  
The search heuristic combines search techniques with performance objective 
function. The objective function balances the maximum worst-case link utilization 
with hint function that guides the search heuristic to route in favor of minimizing 
uncertainty of the load on the link. Furthermore, the performance objective function 
enables to consider the most congested links in the network, and also combines a cost 
that deviates from required robust link weight settings with network performance. 
 
2.1 OBJECTIVE 

 
The objective of this master’s thesis is to investigate methods for optimization of 
OSPF weights and to compare these with different traffic uncertainties which exist in 
a network. In particular it is interesting to study the methods for different topologies 
that obey so called power laws [19]. Earlier methods have been studied for random 
topologies and for a few real topologies but not for any topologies that obey power 
laws, thus their performances in realistic topologies are unsure. It is also interesting 
to study how the methods perform in different situations like the ones where the 
traffic demands changes or topology changes. The local search is a method which 
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tries to minimize the cost function with the goal being to avoid congested links in the 
network. This is accompanied by changing as few weights as possible from an 
already existing weight setting.  

 

2.2 RESEARCH QUESTIONS 
 

 How to achieve load balancing in a network by changing the link weights in 
different topologies generated in the random network generator BRITE? 

 How to calculate a set of weights that give the network relatively good 
performance by using search heuristics? 

 How to implement search heuristics for link weight settings under uncertain 
traffic demands for various traffic uncertainties? 

 
 

2.3 METHODOLOGY 

 
In order to solve the optimization problems we use MOSEK [11] optimization 
problem solver Software. The MOSEK optimization Software is designed to solve 
large-scale mathematical optimization problems. It supplies specialized solvers for 
linear programming, mixed integer programming and a number of non-linear convex 
optimization problems.  
A variety of network topologies are generated and implemented for evaluation of the 
search heuristics for link load and inter-domain traffic uncertainties. To generate 
different topologies we used the BRITE topology generator which is explained in 
detail in section 6.2. Point-to-point synthetic traffic demands are generated for each 
topology with a specified number of nodes [4]. For link load traffic uncertainty we 
took this point-to-point traffic for evaluation. From the point-to-point traffic demands 
we generate point-to-multipoint synthetic traffic matrices for the evaluation of inter-
domain traffic uncertainty in the search heuristics as explained in Section 4.2.  
Cautious weight tuning [7] is evaluated for respective traffic uncertainties for a 
number of network topologies and traffic demands. The results will be summarized 
and presented for each traffic uncertainties in Section 6. 
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CHAPTER 3 
 

3. NOTATION AND BACKGROUND 
 
Consider a network with N nodes and L links. We let P be the number of origin-
destination pairs (OD) pairs, such that P = N*(N-1). The routing matrix R ϵ |  
has rows which describes flows routed across links and columns indicating links to 
route in specified path. It can be computed by assembling the OSPF/IS-IS link 
weights and evaluating the shortest paths between all OD pairs. Depending on the 
OD pairs routed together or not, and assuming one path between each OD pairs in 
the link-state routing, the elements of the routing matrix can be set to the values 0 
and 1.  
 

                             (1) 

 
In order to optimize routing we need to have a demand matrix which gives 
information about how much traffic is sent between each OD pairs in the network. 
Often it is difficult to determine the traffic demands and hence it is better to assume 
these traffic demands are within an uncertainty set S. The uncertainty set S defines a 
set of possible traffic situations. For computational reasons, it is convenient to denote 
the traffic matrix as a vector  ϵ .    
Considering the inter-domain routing protocols OSPF and IS-IS associated with a 
weight  which indicates the cost of the links, the shortest path is calculated based 
on Dijkstra's shortest path algorithm. Let  in the routing matrix R be the fraction of 
the traffic demand , then the total traffic  can be can be formulated as: 
 

= s                     (2) 
 

Where represents the  row in the routing matrix R and hence the vector of the 
total traffic demands is expressed as:  
 

t=Rs              (3) 
 

Altering the link weights in the network also varies the routing matrix and the total 
traffic demand. As a consequence of the traffic demand is in the uncertainty set S it is 
computationally hard to determine the load on the links from the weight change. In 
this thesis we evaluate robust weight setting [15] by using search heuristics for 
determining a set of OSPF/IS-IS link weights which best optimizes the performance 
of the network. 
Our objective function is maximum link utilization that is considered as a 
performance metric in this paper. It is easy to analyze and can be defined in the 
equation as: 
 

= { }     (4) 
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The performance objective of equation (4) is to minimize . We added a penalty 
function; described in Section 5.2 to alleviate the focus on the most overloaded links 
and reduction of traffic on these links.  
 
3.1 LOCAL SEARCH HEURISTICS  
  
A well known heuristic for determining the desirable link weights is local search 
[1,4]. The local search is performed to optimize the cost of the links in the routing by 
means of evaluating a set of OSPF link weights or points in the search space. The 
points represent a set of possible solutions in the search space or paths from the 
initial state. Firstly, generate the initial point to start with then compute the possible 
set of points in the search space for evaluation. The network topology, demand 
matrix and capacity of the links are given as an input for the local search. Besides, 
the local search heuristics assigns a neighbor to a point which is produced by 
changing one or more weights from the first point. By using the cost function in the 
heuristics, the individual cost is evaluated for the different neighbors produced. 
Afterwards the neighbor which have best cost will be displayed as a final search 
result. 
For a given number of iterations of the search heuristics different set of weights 
changes are evaluated. On the other hand, allowing more weight changes in the 
search algorithm results an increase in the search space and hence the computational 
burden of the search. Finally the weight setting which gives best result will take into 
account.  
 

3.2 OPTIMAL ROUTING 
 
The general routing problem is the problem of optimizing the routing in the network 
to find best way of routing traffic. It can be solved by formulating a convex 
optimization problem. The network is modeled as a graph with N nodes and L links. 
A directed graph G which consists of N nodes and L arcs and a demand matrix is 
given as inputs to the problem.  The distribution of the traffic depends on the 
objective in the cost function.  Fortz and Thorup proposed an objective cost function 
in which the sum of costs in all links taken into account and linearly increasing the 
cost function to the flows on each link. Consequently, the general routing problem 
can be considered as a lower bound to the OSPF weight setting problem. This lower 
bound enables us to evaluate how far the results of the search heuristics are from the 
bound.  
The optimal routing can be used for benchmarking the results from search heuristics. 
Since the solution needs flows to be arbitrarily split among the different paths to the 
destination and the method is inherently centralized, it cannot be used directly for 
routing in operational IP networks.  
 
3.3 LINK-STATE ROUTING 

 
For the link-state routing protocols OSPF and IS-IS each router have the information 
about the topology of the network. This kind of routing minimizes the number of 
inappropriate routing decisions made by routers. If there is a change in the network 
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topology these protocols produces a routing updates for the links. When the link 
alters state, a Link State Advertisement (LSA) is generated for that particular link 
and will be flooded to all neighboring devices. When LSA is received at a node, the 
node searches the sequence number it has stored for the origin of the link-state 
message. If the LSA is new or has a higher sequence number it will be saved and a 
copy of this sequence number is sent to each neighboring devices.  By using Dijkstra 
algorithm each neighboring devices independently computes the shortest path in the 
capacitated graph from itself to every other nodes in a given network.  
To achieve load balancing and avoid congestion of links in a network proper weight 
setting of links is required. In the link-state routing protocols link weight is assigned 
by the network operator. Based on the weight settings the shortest path between the 
OD pairs is computed. There are different approaches for weight settings in a 
network. Increasing the weight of the congested links and make routing shift to 
different paths is straight forward. Even though it avoids congestion for particular 
links, this weight setting brings congestion on the other links. Many network 
operators set link weights to inverse as better weight setting. Since it is NP-hard to 
find a set of weights which optimize networks and avoid congestion, search 
heuristics is used to best utilize the network. 
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CHAPTER 4 
  

4. TRAFFIC UNCERTAINTIES 
 
Traffic uncertainties in a network can be described as the instability of traffic in the 
network due to, e.g., intra and inter-domain routing fluctuations. Hence, it is hard to 
predict the traffic demands due to these circumstances. In order to overcome these 
problems we define a traffic uncertainty set S. This uncertainty set S represents a set 
of valid traffic scenarios in which a number of weight changes will be executed to 
reduce the maximum link utilization of the network. In a real network the link loads 
can easily be obtained by Simple Network Management Protocol (SNMP). However, 
in uncertain traffic demands we first generate a traffic scenario [4] by using the 
model generated by BRITE. Thus, we will find the real traffic demand from the 
generated scenario. The corresponding link loads can be calculated by using equation 
(3). 
In this paper we will try to deal with two common traffic uncertainties, named link 
load and inter-domain traffic uncertainties. The objective of the optimization 
problem depends on which traffic uncertainty we are handling in currently. We 
formulated a mathematical model for each type of uncertainty and solve the 
optimization problem. The following sections will describe phenomenon of the 
uncertainties and the models we used to solve the problems in detail.  
 
4.1 LINK LOAD UNCERTAINTY 
 
In order to clarify more about the LL uncertainty we will consider the following 
parameters to formulate the equation. If R is the routing matrix, s is the current traffic 
situation and t is the link loads, then the link load equation describing the LL 
uncertainty will be expressed as: 
 

Rs=t    (5) 
 

where s is the current traffic situation and is assumed to be unknown. We want to 
optimize the routing for every traffic scenario s that satisfies the link load equation 
(5). Our objective is to maximize the link utilization ( ) and ascertain the 
worst-case traffic scenario for a given weight setting. Thus the constraints are 
determined by R.  
 
4.2 INTER-DOMAIN ROUTING UNCERTAINTY  
 
The other traffic uncertainty we will consider in this paper is the Inter-domain 
Routing (IDR) traffic uncertainty where there exist several peering points in the 
network to route from source to destination outside the network domain. It has been 
indicated that this traffic uncertainty has caused a large traffic disruptions in a large 
IP networks [13,14,15] due to changes in the inter-domain routing. The fluctuations 
in the inter-domain routing parameters and changes in the OSPF/IS-IS weights have 
a great impact on the selection of the next hop by BGP for prefixes announced by the 



  15 

peering points. As a result it is computational hard to optimize the routing for a 
single traffic scenario.    
We will consider a simple six node example network in Figure 4.1 to illustrate the 
traffic uncertainty. 
 

 
 

Figure 4.1: simple six node example network. 
 
Suppose the peering points announcing routes to networks in neighboring AS are 
node four and five. Five units of traffic injected in node one and two leave the 
network either at node four or five. The choice of the preferred route depends on how 
the BGP protocol selects the route in the inter-domain routing system. The 
uncertainty of the traffic demands that exists in this network can be expressed as:  
 

                        +  = 5    
  (6) 

  +  = 5 .     
 

If we assign a unit weight setting on each link, then the traffic demands ,  and 
 will route on the link on the nodes two, three and four. This results in a worst 

case link load of 10 units of traffic. However, it is possible to decrease the worst case 
utilization by careful tuning of link weights in the example network above. Let the 
traffic demand  follow the path 1-6-5 and  follow the path 1-6-5-4. This results 
in a reduction of the worst case link load to five units of traffic.  
 
Additionally, we considered a point-to-point traffic demands and generate a point-to-
multipoint traffic demands by taking the first and second nodes egress points to start 
with. We generate an egress matrix E (i, j) with one row for each node in the network 
and one column for each node in the egress group. E (i, j) is set to 1 if node i is an 
egress node of group j and E (i, j) is 0 otherwise. On the other hand, this matrix tells 
us which nodes construct the group in the network where traffics are destined to. We 
also generate a matrix B (i, j) that determines the traffic sent from nodes to each 
group in the network. The matrix has one row for each node and one column for each 
egress group. B (i, j) is the amount of traffic sent by node i to egress group j. 
Different egress groups of nodes are generated randomly by increasing the number of 
nodes in the group. Assume node one and node two announces traffic and 
constructing a group of nodes that includes node three, four, five and six in the 
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network of figure 4.1, finally come up with an oblivious routing where the traffic 
may leave the network in any peering points in the network. The oblivious routing is 
a measure of how the network may be influenced by congestion, in worst case, for 
one of the possible traffic demands among the set. Oblivious routing finds a single 
path assignment with best relative performance compared to the best performance 
possible for any arbitrary traffic matrix.  
The main goal of an oblivious routing is to compute a set of routing paths for all OD 
pairs without the consideration of the demand matrix. It is quiet hard to find the exact 
traffic demand in a network due to the variation of the traffic demand with respect to 
time or difficulties in measuring. As a result, it is better to assume a set of possible 
traffic demands and compute the oblivious performance. That is computing the 
worst-case ratio between the congestion in a set of traffic demands and in an 
alternative routing which attains for a possible traffic demand.                                                                                                                                                                                                                                                                                                                        
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CHAPTER 5 
 
ROBUST ROUTING AND CAUTIOUS WEIGHT 

TUNNING 

 
5.1 ROBUST ROUTING  
 
Robust routing is the capacity of dealing effectively with the variation from nominal 
operating conditions of routing. By using robust routing it is capable of optimizing 
the routing for a set of traffic situations other than the nominal one.  The 
performance predicted to be close to the optimum as far as the traffic conditions are 
constrained in the optimization. We considered a polyhedral set S of (uncertainty set) 
traffic situations and we want to find a weight setting optimal for every scenario in S. 
Most of the robust routing algorithms are based on a path (column) generation [6,9]. 
There exists a polynomial-time complexity due to the |N| flow constraints for each |P| 
OD pairs.  
To address robust routing for link-state routing we use search heuristic to determine a 
worst-case traffic scenario for each weight settings. This then executes the weight 
change that improves the worst-case performance.  In robust routing there has to be a 
set of weight changes before any progress is detected. If any progress detected, then 
the search heuristics will have the information to which weight changes has to occur 
to reduce the worst-case performance. 
 
5.2 CAUTIOUS WEIGHT TUNNING 
 
A cautious weight tuning for link state routing is determined by integrating the 
worst-case performance estimation with the search heuristics. The search heuristics 
tries to find a weight setting that guarantees performance improvement. If   is the 
objective of the optimization; that is a row in the new routing matrix form a weight 
setting evaluated by the search heuristic, problem becomes: 

 
Maximize      (7) 

 
     Subject to   R  = t     

               ≥ 0    
 

 
where    is the inverse of the capacity of the links, 

     is the  row in the routing matrix for the new weight setting , 
 R      is the routing matrix from when the link load measurements were 
conducted and; 
        is the worst case optimization variable in the uncertainty set s. 

 
If s is a convex set  can be determined in polynomial time using interior point 
methods, then the above equation can be computed in linear programming.  
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The local search heuristic by Forth and Thorup works as follows, for every iteration a 
neighboring weight settings are computed and their performance will be evaluated by 
solving the optimization problem in (3). The weight setting that gives the lowest link 
utilization over all traffic scenarios will be executed. The inputs to the search 
heuristics are the network topology and the demand matrix.  
 
We consider a Q matrix which stimulates selecting which traffic flows will route 
together and which are not. Let R be a |L|×|P| routing matrix which can be obtained 
from the current weight setting. The |P|×|P| matrix can be expressed as: 
 
                                                Q= R    (8)                                                               

 
where   is the transpose of the routing matrix R. The diagonal elements of the Q 
matrix, which represents the length of each path, will be set to zero in order to avoid 
self routing between each node pairs. In addition to Q we use matrix C ∈  
which encodes the traffic flows to share routes and not to share routes together. 
In this case the elements of the C matrix is given by 

 

  (9) 

 
The C matrix encourages flows to route together and discourages flows which are not 
routing together. It compares routes for each node pairs found in the row of the 
routing matrix with the other node pairs in the other rows. Then it will set the values 
to 1 if they are routing together and 0 otherwise.  
Then by using the C and Q matrix we define a hint function   
 

h (Q, C) = Tr (QC)  
 (10) 

 
where Tr(.) is a trace operator. The hint function h (Q, C) enables the search 
heuristics to route in favor of the desired flows together. The hint function provides 
two advantages. If the routing established by the routing matrix has high number of 
desired flows together, the hint function will assign a high value. The second 
advantage is that it will penalize the setting of routes in which small number of flows 
will route together.  
The objective function used in the search algorithm is 
 

 Obj (w) = (w;S) – kh(Q(w);C)  (11) 
 
Where (w;S) is the maximum link utilization for the shortest path routing with 
link weight w, h is the hint function and k is a kappa scaling factor which determines 
the emphasis that should be given for hint function compared to the maximum link 
utilization ( ).  
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For a given topology generated using BRITE and traffic demands it is hard to find a 
single weight change that guarantees the improvement of the routing. However, the 
cautious weight tuning assures the new routing will perform better than the current 
weight setting.   
The steps undertaken for each evaluated weight setting are described below: 
 

 Create a neighboring weight setting and calculate the corresponding routing 
matrix . 

 Determine the worst case traffic scenario  for  
 Evaluate the objective function for  and  
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CHAPTER 6 
 

NUMERICAL EXPERIMENTS AND SETTINGS 
 
This section describes the experimental settings and presents the results obtained 
from the experiments. Several experiments are conducted on the search heuristics for 
a number of settings. However, all the results from the different experimental 
settings are not presented to avoid redundancy and for the sake of brevity. 
Experiments are conducted with different topologies generated by BRITE, traffic 
demands, and C matrix which is used together with the hint function for the different 
traffic uncertainties. Each particular set up is repeated a number of times for different 
values of k to best optimize the maximum link utilization and cost function.  
 
6.1 GENERATING SYNTHETIC TRAFFIC     

DEMANDS 
 
The traffic data used for evaluating link load traffic uncertainty is taken from a 
synthetic point-to-point traffic. A synthetic point-to-point traffic demands is 
generated for a given network topology produced by BRITE. The traffic is generated 
by taking the parameters used to create the topology and computing the flows 
between OD pairs [4]. The worst case scenario which maximizes the link utilization 
for a given weight setting is evaluated solving the optimization problem in (7). 
The traffic data for IDR traffic uncertainty is point-to-multipoint traffic which is 
created from point-to-point traffic. Let us assume that G is a set of groups of peering 
routers which announces prefixes. Suppose  represents the amount of traffic sent 
from ingress router o to egress router group g ϵ G. The fraction of traffic from ingress 
router o to group g that leaves the network at egress router d is denoted by . Let 
e (g) represents a set of egress routers of group g and d ϵ e (g); otherwise   
To identify the worst case scenario for each link in the network we formulated the 
following optimization problem:  
 

                Maximize       
 

            Subject to   ,          (12) 
                                     
                     = 1,  
 
                      

  
where   are optimization variables and constraints which establish the 
uncertainty set S. The worst-case in the above optimization problem is the traffic 
scenario with the highest link utilization. According to our analysis in Section 4.2, 
the traffic demands  originating from the same ingress router destined to a 
common egress router group will route together. For the competence of our proposal 
we created an E and B matrix. The corresponding elements of the E matrix inform 
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which egress routers form a group. The B matrix represents the traffic demands from 
ingress points to a set of groups. We compare the worst-case traffic scenario with the 
optimum value appropriately.  
 
6.2 TOPOLOGY GENERATION USING BRITE 
 
Comprehending the topology of the internet is a challenging task since it involves 
mapping the actual topology, characterizing it and constructing models that 
constitute its fundamental behaviors. Additionally, the topology of the internet is 
controlled by different Autonomous System authorities who are not even willing to 
share low-level information. There exists a variety of synthetic topology generators 
which are widely used research areas. Each tool differs accordingly depending on the 
characteristics they are dealing with. Among the various topology generators BRITE 
[10] is a commonly used tool which implements a number of methods for random 
topology generation.  
The particular details concerning the generation of the topology depends on the 
specific model being used. To generate a network topology the following phases 
have to be fulfilled:  
 

I. The nodes have to be placed in the plane. 
II. Connecting the nodes to each other in the plane. 
III. Assign the design parameters or attributes to the topological components 

such as the number of nodes the topology to have, bandwidth of the links, 
etc. 

IV. Exporting the output to a specific design format.  
Once the aforementioned criteria’s are fulfilled a topology is generated, finally it will 

have the following outputs in a table format: 
I. The model information: describes the topology in the file including the 

number of nodes and edges, and the particular model used for generation.   
II. Nodes: for each node in the graph specific information is included such as 

the node ID, the indegree and outdegree of the node, etc.  
III.  Edges: for each edge in the graph, information about the edge ID, source 

and destination ID of the node, the bandwidth and Euclidean distance 
between the nodes, etc will be displayed. 

 
6.2.1 MODELS OF TOPOLOGY GENERATION  

 
The topologies which are used for evaluation of the search heuristic are all generated 
by using BRITE. Each generated topology has an adjacency matrix which is given as 
an input for search heuristic. From the topology we produce a single traffic demand 
from source to destination. The currently router-level models of BRITE are the 
Router Waxman and Router BarabasiAlbert models [10]. The models are based on 
the preferential node connectivity and incremental growth of the network. Each 
model will be explained in detail in the following sections.  
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6.2.2 NODE PLACEMENT AND BANDWIDTH     

ALLOCATION 

 
The placement of the nodes can be performed in two categories: randomly and 
heavily tailed. The random placement of nodes puts each node randomly in the 
location of the plane.  If the placement is heavily-tailed, then the location of the plane 
is divided into squares. After the topology is entirely generated the models will 
assign bandwidth to the topology generated. BRITE allocates the bandwidth, which 
is treated as unitless, distribution in four categories: constant, uniform, exponential 
and heavy-tailed. Among these the one we used for in our experiments are: 
 

I. Constant: assign a fixed value of bandwidth to all the links in the 
topology, which is specified in . 

II. Uniform: the bandwidth will be uniformly distributed between the 
minimum and maximum value. (i.e between  and ) 

 

 THE ROUTER WAXMAN MODEL 

 
This model generates models by using Waxman’s probability model which is given 
by the equation: 
 

P (m, n) = α    (13) 
 
where P represents Waxman’s probability, 
           α > 0 and β ≤ 1,  
           d is the Euclidean distance from node m to node n.  
            l is the maximum distance between any arbitrary two nodes. 
 

 THE ROUTER BARABASIALBERT MODEL  
 
This model is named after the implementation of the model by Barabasi and Albert 
[12].  It is based on power laws for the incremental growth and preferential 
connectivity of the network topologies. The incremental growth is the continuous 
addition of new nodes in the network topology which further increments the size of 
the network. The preferential connectivity is the ability of new nodes to interconnect 
with the existing ones. This model connects the nodes by applying the incremental 
growth approach. When a new node m enters into the network, the probability of 
connecting with an existing node n is given as: 
 

P (m, n) =      (14) 
 

where   is the degree of the target node.  
             V is a set of the new nodes which joined the network. 
             is the summation of the outdegrees of all nodes which joined the               
network before. 
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6.3 LINK LOAD UNCERTAINTY 
 
As we observed from a number of experiments, for a start weight setting the local 
search does not show that much interesting progress, there is no improvement at all 
in the maximum utilization and cost function. However, for the randomly generated 
weight assignment, there is a better improvement of the maximum utilization and 
cost function. Based on this result, the link load uncertainty can be improved by 
using a random weight assignation of the links close to the optimal value. The search 
heuristics does not scale very well for large number of nodes. As the number of 
nodes increased, the search space in the heuristics rises, on the other hand the time it 
takes to terminate the iteration will also rise. In the following table we summarized 
the results for link load uncertainty for different values of scaling factor (k) for ten 
node networks. 
 

 
Parameters 

Value of k (* ) 

 0 1      
Maximum 
Utilization 

0.184765 0.121830 0.098878 0.098878 0.098878 0.184767 0.426272 

 
  Table 6.1: Summary of maximum utilization for different  

values of scaling factor (k) for 10 nodes. 
 
The maximum utilization is also summarized for twenty nodes in the following table 
for different values of scaling factor (k). 
 

 
Parameters 

Value of k (* ) 

k 0 1      
Maximum 
Utilization 

0.112049 0.125449 0.098070 0.098070 0.098070 0.112049 0.646840 

 
Table 6.2: Summary of maximum utilization for different  

values of scaling factor (k) for 20 nodes. 
 
The maximum utilization is for forty nodes is summarized in the following table for 
different values of scaling factor (k). 
 

 
Parameters 

Value of k (* ) 

k 0 1      
Maximum 
Utilization 

0.089929 0.137840 0.102820 0.102649 0.102649 0.102649 0.269379 

 
Table 6.3: Summary of maximum utilization for different  

values of scaling factor (k) for 40 nodes. 
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6.4 INTER-DOMAIN ROUTING UNCERTAINTY  
 
The fluctuations in larger traffic are mainly caused by the inter-domain routing in the 
internet.  
The interaction of inter and intra-domain routing inside or outside different AS’s has 

also a great impact on the traffic variations of the network. For IDR traffic 
uncertainties given the point-to-multipoint traffic demands and routing matrix, a 
number of evaluations of the search heuristics took place. For convenience we 
evaluated the search heuristics for a network with ten nodes and for a number of 
different peering points forming groups. In the following table we considered two 
ingress routers announce traffic for a group of peering points. Two peering nodes 
form a group in a network. The results will be summarized in the following table.  
 

 
Parameters 

Value of k  

k 0 0.1 0.01 0.001 0.0001 0.00001 1 
Maximum 
Utilization 

0.466135 0.235997 0.359971 0.359971 0.359971 0.359971 0.513405 

 
Table 6.4: Summary of maximum utilization for different  
values of scaling factor (k) for two nodes as egress points. 

 
Considering two ingress routers announcing traffic and five peering nodes forming a 
group in a network will have the following results: 
 

 
Parameters 

Value of k 

k 0 0.1 0.01 0.001 0.0001 0.00001 1 
Maximum 
Utilization 

0.466135 0.531480 0.466135 0.466135 0.466135 0.466135 0.583422 

 
Table 6.5: Summary of maximum utilization for different  
values of scaling factor (k) for five nodes as egress points. 

 
The performance of oblivious routing is the evaluation of the congestion of the 
network in a worst-case for one of a set of traffic demands. The aim of oblivious 
routing is to find a set of possible routes for each OD pairs without considering the 
impact of the traffic demand.  
Finally we considered two ingress routers announcing traffic and the rest of the 
nodes form a group as peering points to make an oblivious routing. The results will 
be summarized in the following table.  
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Parameters 

Value of k 
 

k 0 0.1 0.01 0.001 0.0001 0.00001 1 

Maximum 
Utilization 

0.466135 0.355024 0.355024 0.355024 0.355024 0.392135 0.5713118 

 
Table 6.6: Summary of maximum utilization for different  

values of scaling factor (k) for oblivious routing. 
 

In figures 6.1 to 6.6 the results for the corresponding nodes are depicted graphically. 
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Figure 6.1: Deviation from optimal performance in as a  
                    function of k for 10 nodes LL traffic uncertainty. 
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Figure 6.2: Deviation from optimal performance in as a  
                    function of k for 20 nodes LL traffic uncertainty. 
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Figure 6.3: Deviation from optimal performance in as a  
                    function of k for 40 nodes LL traffic uncertainty. 
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Figure 6.4: Deviation from optimal performance in as a  

                    function of k for 2 nodes in a group IDR traffic uncertainty. 
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 Figure 6.5: Deviation from optimal performance in as a  
                    function of k for 5 nodes in a group IDR traffic uncertainty. 
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Figure 6.6: Deviation from optimal performance in as a  

                    function of k for 2 ingress nodes in an oblivious routing. 
 
 

 

6.5 DISCUSSION  
 
The above figures depict deviation of maximum utilization from optimal values for 
given nodes with different values of k, and k is plotted in logarithmic scale. As the 
graph indicates by varying the values of k it is possible to obtain satisfactory network 
performance. If k is set to zero, we ignore the impact of the hint function in our 
objective function. As a result the deviation of maximum utilization from optimal 
value will be higher.  
The weight tuning is specified to terminate after 60 iterations in the search heuristics. 
However, the best weight setting is found after 10 iterations of the algorithm. To 
attain best performance gain a number of iterations need to take place. To minimize 
the maximum utilization in a given traffic uncertainty a number of weight changes 
required to be carried out. When no progress in maximum utilization is detected, then 
the hint function directs the search heuristics to attain performance gain.  
As we observed from the experiments with appropriate setting of C matrix and 
tuning parameter k, it is possible to find a set of weights that are robust to traffic 
changes using search heuristics.  
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CHAPTER 7  
 

7. CONCLUSION AND FUTURE WORK 
 
In this paper we evaluate a method for robust weight settings in link state routing. 
The evaluation is performed by using search heuristics for link load and intra-domain 
traffic uncertainties. We also evaluate the performance of search heuristics in 
oblivious routing that occurs when the network has several peering points. The 
robustness to the estimated traffic demands of link state routing is dealt in different 
papers [16,17,18], however we try to evaluate the performance with respect to 
additional traffic uncertainties. 
According to the experiments we have observed that optimization of link weights is 
robust to worst-cases in the traffic demand. This is due to approximation of traffic 
demands from link load measurements. To increase the performance of the objective 
function in the search heuristics we add a hint function that encourages a robust 
routing setting. The performance of the search heuristics for small network 
topologies is satisfactory. However, for large network topologies, for instance a 
topology with forty nodes, the search heuristics does not scale very well due to the 
expansion in the search space. 
We get promising results by applying a random weight setting for links in the 
network topologies for each traffic uncertainties that we covered in this paper. As the 
results indicate the maximum utilization is minimized close to the optimum value. 
By implementing robust weight settings together with random assigning for start link 
weights in a set of traffic scenarios, it is possible to optimize the network and 
minimize the link load and intra-domain traffic uncertainties. For future work further 
evaluations for the competence of the search heuristics in larger network topologies 
is required. Evaluation of robust weight settings for other traffic uncertainties for 
instance elliptic traffic uncertainty, and comparison with Balon and Leduc [3] for 
different traffic matrices is also considered as a future work.  
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