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ABSTRACT 

The purpose of this thesis was to explore different Intra-domain Quality of Service (QoS) routing 
techniques. QoS routing algorithms can be divided into Deterministic and Statistic / Stochastic. 
One goal of the study was to dig into different techniques being used for both types of solutions. 
The Delay Constrained Least Cost (DCLC) problem was examined for this purpose. Another 
objective was to investigate if a deterministic solution for DCLC can be transformed into a 
stochastic solution.   

After giving a complete picture of the related research, two algorithms were selected for 
simulation. These algorithms provide deterministic solutions but suggestions are included to use 
them for stochastic purpose. The algorithms were tested on a simulator developed by Ernst 
Nordström at Dalarna University, Sweden. 
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1. Introduction 

1.1 Thesis Environment 
This is a Masters Thesis work done in partial fulfillment of the degree Masters of Science in 

Electrical Engineering with emphasis on Internet Systems at Department of Telecommunications, 

Blekinge Institute of Technology Karlskrona, Sweden. 

The work is a part of a research project entitled Traffic Engineering in Future Internet Domains 

(TEFID) being developed at Department of Economics and Social Sciences, Dalarna University, 

Sweden. 

1.2 Background 

1.2.1 Internet 

Internet is the biggest collection of networks and network entities (routers, switches etc). 

With the passage of time, it has become a dominating media in our society resulting in a 

large set of new applications like VOIP, IPTV, Video Streaming and Interactive Multiplayer 

Games. Currently, the Best Effort service provided by Internet doesn’t fulfill the Quality of 

Service (QoS) requirements of these applications. The Next Generation Internet (NGI) 

promises to provide these services with much better quality. 

1.2.2 Internet Organization 

Internet  is  composed  of  many  Routing  Domains  also  known  as  Autonomous  Systems  

(AS).  An Autonomous System is a set of routers and networks sharing the same routing protocol 

and managed by a single administrative authority with unified routing policies. 

Each routing domain can be divided into two categories: 

1.   Stub Domain contains either the source or the destination node inside it. And it carries 

packets to and from these nodes. 

2.   Transit Domain may also have a source or destination node. But beside carrying packets for 

its hosts, it interconnects the Stub domains too. 

1.2.3 Routing and Forwarding 

In order to successfully transfer data across Internet, Routing and Forwarding are required. 

Routing is the process of finding a path from source to destination node.  Forwarding is the action 

of sending the packet to the next-hop towards its destination through intermediate nodes i.e. 
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routers, bridges, switches etc. 

Each router has its own Forwarding Table. And these tables are created by a Routing 

Protocol.   The Routing Algorithm uses this information to compute the path to destination node 

for sending packets. 

Intra-domain Routing is Routing within an Autonomous System. In this type, routing is 

performed based on metrics. The routing between Autonomous Systems is called Inter-domain 

routing.  Policies are considered for routing decisions in Inter-domain routing. 

Intra-domain routing protocols are divided into Distance Vector (DV) and Link State (LS) 

routing. In DV routing, each router periodically exchanges its complete connectivity 

information (i.e. distance to all nodes) with its neighbors. In LS routing, each router 

periodically floods the immediate connectivity information to all other routers. 

Common Intra-domain routing protocols are Routing Information Protocol (RIP), Open 

Shortest Path First (OSPF), Intermediate System to intermediate System (IS-IS), Interior 

Gateway Routing Protocol (IGRP) and Enhanced Interior Gateway Routing Protocol (EIGRP). 

OSPF and IS-IS use Dijkstra’s Algorithm and RIP uses Bellman-Ford Algorithm. The 

commonly used Inter-domain routing protocols are Exterior Gateway Protocol (EGP) and Border 

Gateway Protocol (BGP). 

1.2.4 Path selection and route metrics 

The selection of routing path is made on the basis of traffic parameters normally called route 

metrics. Most of the times, path selection is restricted to comply with restrictions on multiple-

route metrics. Some of the route metrics are defined below. 

Bandwidth: The maximum available capacity for data transfer on a path is called bandwidth. 

Throughput: The number of packets actually transferred per unit time. 

Hop-Count: It defines the length of a path by counting the intermediate links and nodes. 

 Cost: Amount of network resources required to forward a packet from one end of a path to the 

other end. 

 Delay: The difference between the estimated time and the actual packet transfer time along a 

path. Delay is composed of queuing delay and propagation delay. 

 Packet Delay Variation (PDV): Normally packets from source reach to their destination with 

different delays. The difference between the maximum and minimum packet transfer delay is 

called Packet Delay Variation or Jitter. 
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Maximum Packet Transfer Delay: It is –  quantile of the total path delay [7]. According to 

definition, (1 – α) quantile of a random variable  is the value  such that 

. 

 Packet Loss Probability (Path Loss Probability): Depending upon the network state none, few 

or all of the sent packets may be dropped in the way. The ratio between sent packets and 

dropped packets is called packet loss probability. 

In general, route metrics can be categorized into additive, multiplicative and concave. 

Definition 1: Let  be a metric for link . For any path , a metric  

is additive if    

 The metric  is multiplicative if 

 And the metric d is concave if 

 According to this definition, delay, delay jitter, cost and hop-count are additive, reliability (1 – 

loss rate) is multiplicative, and bandwidth is concave [4]. 

Path Loss Probability can be formulated as: [7]. If  denotes the path loss probability then, 

 The additive metrics are comparatively easy to formulate. 

Definition: Consider a network modeled as a graph  where  is set of nodes (or 

vertices) and  is set of links (or edges). Let  and  denote the source and destination nodes 

respectively. If  is a path from  to  then, cost of this path  is defined as 

 for each  

Similarly the path delay  is defined as  

 for each  1.2.5 Network Performance Measurement 

As described earlier, today’s Internet provides only Best Effort service with no service 

guarantees. The future Internet will provide different kind of guarantees both on connection 

level and packet level. The network performance can be observed by Quality of Service (QoS), 

Grade of Service (GoS) and Quality of Experience (QoE). 

–



4 
 

 Quality of Service (QoS): QoS mechanisms provide service guarantees at packet level based on 

the route metrics. For example, the guarantees on bandwidth and delay limit. A Statistical QoS is 

specified by loss probability, delay-quantile and delay-jitter quantile. And a Deterministic QoS is 

specified by zero loss, worst-case delay and maximum difference between delays of any two 

packets [9]. Later chapters will address QoS in more detail. 

Grade of Service (GoS): GoS mechanisms provide guarantees on connection-level. The GoS  

metrics include connection blocking probability, mean connection setup delay and variation in 

connection setup delay (connection setup delay jitter). 

 Quality of Experience (QoE): QoE is the measure of user satisfaction from network services.  

In other words, it is about the user’s perception of the quality of services available to him. 

1.2.6 Service Level Agreement (SLA) and Traffic Control 

An SLA is the service agreement between a customer and the service provider. Service Level 

Specification – a part of SLA describes the specification of the services the customer is 

promised to receive. Normally it contains the specification of QoS and GoS metrics. 

To maintain the QoS of network connections, Traffic Control is required [10]. Traffic control is 

divided into two categories: 

 Preventive Traffic Control: It has two major parts Connection Admission Control (CAC) and 

Traffic Enforcement. Connection Admission Control is sometimes called Call Admission Control. 

In  this  mechanism  a  new  request  for  user  connection/call  is  only  accepted  if  the  required 

resources are  available to fulfill the QoS requirements for it. Otherwise it is rejected. Traffic 

Enforcement includes Policing, Shaping, Scheduling and other traffic control mechanisms. 

 Reactive Traffic Control:  Reactive Traffic Control mechanisms such as Feedback Flow Control 

(FFC) [11] are used to regulate the traffic flow of a connection to avoid network overload. The 

aim is to get better throughput. The mechanisms are applied on loss-sensitive applications. 

1.3 Objectives 
The QoS-Routing problem can be defined as the problem of computing a path which satisfies 

the given QoS constraints. As compared to deterministic analysis, we can achieve better 

performance guarantees by exploiting the statistical properties of network traffic [1]. In the 

DiffServ model presented in [2], the Expedited Forwarding Per-Hop Behavior (EF PHB) among 

others is considered to be standardized early. The EF PHB [3] provides quantitative statistical 
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QoS guarantees for delay, loss and jitter. 

By efficiently applying these statistical constraints on Markov Decision Process (MDP) routing, 

the profit from Internet domains can be maximized while meeting the customers’ QoS 

requirements. The objective of this thesis is to find the efficient ways to solve the stochastic 

DCLC problem described in section 2.3. 

1.4 Limitations 
1.  The stochastic DCLC problem discussed in section 2.3 is NP-complete. Therefore no exact 

optimal solution will be provided. We will discuss approximate solutions and heuristics 

developed by different researchers and will possibly find some new solution method(s). 

2. Only cost and delay metrics are considered. The QoS problem with more than two additive 

constraints is out of scope of this thesis. 

1.5 Disposition 
The thesis is divided into six chapters. First chapter introduces the background and objectives of 

thesis. In chapter 2 the stochastic DCLC problem is formulated. Chapter 3 outlines some QoS 

architectures. The DiffServ model is explained in detail along with the service level agreements. 

The resource allocation and configuration questions are also addressed in this chapter. Chapter 4 

focuses on traffic engineering and call admission control.  After  that  the  QoS  routing  and  

its  different  types  are  reviewed.  Different algorithms and  heuristics  used  for  solving  the  

deterministic  DCLC  problem  and  stochastic  DCLC problems are also discussed in detail. 

Chapter 5 focuses on Stochastic DCLC problem. The proposed algorithms to solve this 

problem are described in this chapter. In chapter 6, the numerical results of simulation 

experiments made on selected algorithms are discussed. Finally, the work is concluded in the 

same chapter. 
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2. Problem Formulation 
The most generalized form of the QoS Routing problem is Multi-Constrained Path (MCP) 

problem. An instance of it is the Delay – Constrained Least Cost (DCLC) problem. The focus 

on this thesis will be on Stochastic DCLC problem described later in this section. 

2.1 Multi-Constrained Path (MCP) Problem 
The problem is defined similar to [12]. Consider a network represented as a graph  

where  is the set of nodes and  is the set of links.  Each link  is specified by a link-

weight vector of  additive QoS weights , . Given  constraints, 

. Find a path  from a source  to destination  such that 

  for  2.2 Multi-Constrained Optimal Path (MCOP) Problem 
The MCOP is a special case of MCP problem. Consider a network represented as a graph 

 where  is the set of nodes and  is the set of links.  Each link  is specified by a 

link-weight vector of  additive QoS weights , . Given  constraints, 

. Find a path  from a source  to destination  such that 

(i)   for  

(ii) ,  ,  satisfying (i) 

Where  can be any function of the weights ,  . 

2.3 Delay-Constrained Least Cost (DCLC) Problem 
The problem is defined similar to [13]. Consider a network represented by a directed graph 

with  nodes and  links. Let  be the non-negative cost for each link  ,  

be the delay for each ,   be the source node and  be the destination node, and 

 is a positive delay constraint. Find a path  such that cost of path is minimized and 

 Theorem: The DCLC problem with  additive constraints is NP-Complete [6]. 

The delay and cost are normally considered to be deterministic. Therefore the above mentioned 

problem can be named as Deterministic DCLC problem. 
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The path selection with a concave metric and an additive metric is possible. Therefore 

bandwidth is normally considered along with an additive metric for path selection. 

2.4 Stochastic Delay and Stochastic DCLC Problem 
Although cost has a deterministic value but delay on each link varies independent of other 

links and is thus unpredictable. Delay on each link is due to processing delay, propagation 

delay, queuing delay and transmission delay. As in [7], Total Path Delay (TPD) can be divided 

into a deterministic (constant) term called fixed delay and a stochastic variable term  called 

the variable delay with probability density function . By ignoring the fixed delay term and 

considering only the stochastic variable term of path delay, the Stochastic DCLC problem can 

be formulated as follows: 

Consider a network represented by a directed graph  with  nodes and  links. Let 

 be the non-negative deterministic cost for each link ,  be the stochastic delay 

for each ,   be the source node and  be the destination node, and  is a 

stochastic delay constraint. Find a path  such that cost of path is minimized and 

 Although the Deterministic DCLC problem got much attention of the researchers, the work on 

Stochastic DCLC problem is quite limited. 

2.5 Questions for Investigation 
1. Can an efficient exact path selection algorithm like SAMCRA [8] be formulated for the 

stochastic DCLC problem? 

2. Can an efficient heuristic path selection algorithm with polynomial complexity and good 

accuracy be formulated for the stochastic DCLC problem? 
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3 Differentiated Services 
Many mechanisms  and  service  models  have been proposed  to  achieve  QoS  guarantees  in  

Internet. DiffServ is a prominent model oriented towards edge-to-edge service across a single 

domain. This chapter provides an overview of the previous models (section 3.1 and 3.2). After 

that the DiffServ model is described in detail. 

3.1 IP Precedence & TOS (Type of Service) 
The original IPv4 header [13] contained 8 bits for QoS purpose; the so-called “TOS Octet” .First 

three bits defined the Precedence, next three for TOS and last two bits were reserved for 

future use. These bits aimed to provide the sending host an opportunity to specify the priority 

and preferences for treating the packets while they are routed towards their destinations. Due 

to absence of some standard architectural framework, these bits could not be used widely. 

3.2 Integrated Services 
The first serious effort towards providing end-to-end QoS in networks was the Integrated 

Services (IntServ) model [14].   It uses Resource ReSerVation Protocol (RSVP) [15] designed to 

interoperate with routing protocols.  A  resource reservation module is  required in each 

router to  check the  resources required by a particular flow and then to allocate those resources 

to that flow. To avoid congestion in IP networks, Call Admission Control (CAC) is used in 

IntServ model. In simple words, CAC forces to reject a call / flow if the resources required by it 

can’t by allocated. IntServ provides two main service classes named Guaranteed Service Class 

and Controlled Load Service Class. 

In IntServ model, when there are too many reservations for requests, each router has many states 

to save. Ultimately, the network becomes extremely complex and difficult to scale. This is the 

major reason why flow-based QoS models could not capture the market. 

3.3 Differentiated Services 
As compared to IntServ QoS model (fine-grained) the Differentiated Services (DiffServ) 

model [2] follows a coarse-grained approach. The focus of DiffServ is on providing QoS 

guarantees across a single domain i.e.  edge-to-edge QoS. The idea behind Differentiated 

Services (DiffServ) is to provide QoS guarantees on flow-aggregates instead of individual 

flows.  In IPv6, TOS field is replaced by Differentiated Services (DS) field. 
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3.3.1 Traffic Aggregates 

The Internet is divided into clouds called domains each having its independent administrative 

rules and policies.  The traffic treatment and resource allocation decisions inside a domain are 

influenced by the local domain policy.  Therefore within a domain, traffic can be assumed to 

be composed of traffic aggregates. 

As the traffic enters a DiffServ domain, it is divided into different classes i.e. traffic 

aggregates. For example, the traffic from a particular user goes to one class while traffic from 

a particular port goes to another class. Each traffic aggregate is treated differently within a 

domain according to local domain rules. A Bandwidth Broker (BB) is responsible for 

resource allocation within a domain. And all the conditioning rules e.g. marking, policing and 

shaping are applied on edge routers. It reduces the overall complexity. Also in this edge-to-

edge QoS approach, each edge-router saves only few states for traffic aggregates. It helps to 

solve the scalability problems present in IntServ. The ultimate goal is to achieve end-to-end 

QoS using this edge-to-edge approach. 

3.3.2 Traffic Control 

When the traffic enters an edge router of the DiffServ domain, it is enqued in order to apply 

some rules and conditions on it. For example to decide which packets should be transmitted 

on what rate. Traffic control is the set of techniques to control and manage these queues 

according to domain rules. Using these techniques, one can put bandwidth restrictions on e.g. 

traffic from a particular user or set high priority for delay-sensitive traffic [16]. A few techniques 

used in traffic control are described in chapter 4. 

3.3.3 Per-Hop Behavior (PHB) 

The first 6 bits in TOS of IPv6 are used to mark a packet with a specific bit-pattern called 

DiffServ Code Point (DSCP). These bits define how the packet should be treated by a router 

while being forwarded. This treatment is known as Per-Hop Behavior [3]. The Per-Hop 

Behavior is thus the treatment of aggregated traffic with service guarantees provided by the 

corresponding class. Normally the boundary router which first encounters the packet marks it 

and is responsible for classification. The remaining 2 bits of TOS octet are currently unused 

[2]. These are proposed to be used for congestion notification. The standardized PHBs are: 

Default Behavior: It gives the currently provided Best Effort service with DSCP value set to 

zero. 
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 Class Selector Behaviors: It defines seven behaviors with seven values of DSCP bits from 

001000 to 111000. Each behavior defines different precedence from the other behaviors. 

 Expedited Forwarding (EF) PHB: It is similar to Guaranteed Service Class of IntServ model 

and provides the highest priority to traffic treated with this behavior. The DSCP value for EF 

PHB is 101110. 

 Assured Forwarding (AF) PHB: It defines four subclasses inside it each with different 

priority level for dropping packets. 

3.3.4 Service Classes defined by DiffServ 

Premium Service: It defines Expedited Forwarding class which gives quantitative (absolute) 

statistical QoS guarantees. This service is suitable for applications which claim for low delay 

and jitter e.g. IP Telephony and Video Conferencing. 

Assured  Service:  It  defines  Assured  Forwarding  class  that  gives  qualitative  (relative)  

QoS guarantees  in the form of loss priorities. It is suitable for applications requiring better 

QoS guarantees than offered by Best-Effort service. 

Olympic Service: It defines three different classes providing different quality levels. The 

classes are named as Gold, Silver and Bronze. 

3.4 Service Level Agreement 
The service provision and reception is governed by an agreement between the service provider 

and the customer. This agreement is termed as Service Level Agreement (SLA). It describes the 

services expected by the customer and promised by the provider. It describes the level of 

quality of service for different services and the performance objectives which the provider is 

committed to provide. The SLAs are normally between the service providers and their 

directly attached customers. However in order to provide end-to-end QoS in the DiffServ 

model, the  multi-domain QoS provisioning is necessary to be considered. It requires a multi-

domain SLA in order to achieve end-to-end QoS. This SLA is normally called Bilateral SLA 

[17]. 

Bilateral SLA is the service agreement between two peering domains supporting one or more 

compatible services. It describes the quality, availability and guarantees provided by the peering 

domains. Normally it contains two parts: 

1.   Administrative / Legal part 
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2.   The Service Level Specification (SLS) Part 

3.5 Resource Reservation 
As described before, in DiffServ traffic is not treated on per-flow basis but on aggregate-basis 

using the DSCP and PHB. The Resource Management in DiffServ (RMD) model [18] is 

proposed for dynamic resource allocation. It separates the domain resource reservation from 

the node resource reservation. Hence it provides two protocols Per Hop Reservation (PHR) and 

Per Domain Reservation (PDR). 

3.5.1 Per-Domain Reservation (PDR) Protocol 

The PDR protocol manages resources of an entire domain. It is implemented on the edge 

routers of DiffServ domain. RSVP can be used as the PDR protocol. The main functions 

include mapping of external QoS requests to DSCP, admission control within a domain, 

notifications and signaling and congestion handling. 

3.5.2 Per-Hop Reservation (PHR) Protocol 

The PHR protocol reserves resources on per-hop basis. RMD On-Demand (RODA) PHR is 

the only existing protocol of this type [19]. It manages resource allocation on the basis of PHB 

not on the individual flows. Two PHR groups are defined in RMD. The Reservation-Based 

PHR Group is responsible for dynamic resource allocation on PHB and the Measurement-

based Admission Control (MBAC) Group checks the availability of resources before allocation. 

3.6 Signaling 
For special handling of certain traffic, the end stations and network nodes use signaling to 

communicate with their neighbors. The signaling protocol is an important part of QoS 

framework. RSVP is widely used for this purpose but it lacks support of many emerging 

signaling applications [20]. In order to solve mobility problems RSVP extensions for mobile IP 

signaling (RSVP-MIP) [21, 22] were presented. A good comparison of QoS signaling protocols 

is presented in [23]. 
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4 Traffic Engineering and QoS Routing 
The conventional routing protocols are based on shortest-path algorithms. Therefore, the network 

traffic is not distributed evenly and few paths are over-crowded while most of the network 

resources are under- utilized. Traffic Engineering solves the problem by even-distribution of 

traffic flows in order to avoid congestion on some paths and to achieve better utilization of 

network resources [4]. Constraint-Based Routing or QoS Routing (section 4.4) is an important 

part of Traffic Engineering. Traffic control is divided into preventive and reactive mechanisms. 

4.1 Preventive Traffic Control 
Preventive traffic control is normally given more importance over reactive traffic control. It 

consists of two parts: 

1.   Traffic Enforcement 

2.   Call Admission Control 

4.1.1 Traffic Enforcement 

Traffic enforcement ensures that the users don ’t violate the agreed traffic behavior. Some popular 

traffic enforcement techniques are described below. 

 Shaping: It is the technique of delaying packets in order to achieve the desired rate. It is used to 

smooth out the bursty traffic. The tools implementing it are called Shapers. 

 Scheduling: Among the packets in the input queue, a Scheduler decides which packet to deque for 

output. The most common technique is First-In-First-Out (FIFO). Another popular technique is 

Stochastic Fair Queuing (SFQ). 

 Classifying: All the incoming packets are sorted out and put into different queues. All the packets 

in one queue are treated in the same way. 

 Policing: Policing comes into action when the arrival rate of packets into a queue is more than a 

certain threshold. The general solution is to drop the packets exceeding the desired rate. 

 Marking: Marking adds some information on the packet about how it should be treated by the 

routers. 

4.1.2 Call Admission Control 

Call admission control (CAC) mechanism decides whether to accept or reject a call on the basis 

of the following three parameters [24]: 
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CACQoS :  This function checks if the sufficient resources are available and QoS is not violated 

after  allocation of resources to new call/connection, it is accepted on the particular path and 

rejected otherwise. The call is accepted on a particular path if each link can offer sufficient QoS to 

all connections. 

CACGoS :  It checks if the GoS is maintained after allocating resources to a new call, it is accepted 

and rejected otherwise. 

Call Reward: Every call has a different reward and hence affects the total gain of the network. On 

the basis of this reward, a new call may be accepted or rejected. A high reward call may cause the 

rejection of a low reward call. 

4.2 Reactive Traffic Control 
After a connection is established, the traffic flow of connection is regulated in order to avoid 

network overload and to maximize network throughput. Reactive traffic control mechanisms 

such as Feedback Flow Control perform this task. Normally loss sensitive services without 

real-time requirements are controlled by such mechanisms [11]. Reactive traffic control can be 

divided into Open-Loop and Closed- Loop flow control mechanisms. 

 Open-Loop Flow Control:  This mechanism is used when there is no feedback between the sender 

and the receiver devices.  Although this system has some problems (e.g. over allocation of 

resources), it is exhaustively used by CBR, VBR and UBR services. 

 Closed-Loop Flow Control: It is also known as Feedback Flow Control. This mechanism reports 

the pending network congestion back and forth to the transmitter and can adapt its activity 

according to the network conditions. 

4.3 Intra-Domain Routing 
Routing  is  the  process  of  sending  information  from  source  to  destination  by  selecting  a  

path  of interconnected routing devices such as routers between source and destination. Routing 

within a domain is called Intra-domain routing and routing across the domains is called Inter-

domain routing. 

4.3.1 Best Effort Routing 

In Best-Effort Service, there is no guarantee that data will be sent to the destination and 

whether the customer will get the expected quality of service. The routing problem can be 

formulated as the Shortest- Path Problem defined below. 
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Shortest-Path Problem: Consider a network represented by a directed graph ) with  

nodes and  links. Let  be the additive weight of each link . That is, the total weight of 

a path  =  is  

 for   

The problem is to find the path from a source node  to a destination node  such that the 

total weight of path is minimized. The Dijkstra ’s Algorithm [25] and Bellman-Ford Algorithm 

[26] are two famous algorithms for solving the shortest path problem. 

4.3.2 Intra-Domain Routing Algorithms 

Dijkstra ’s Algorithm 

The Dijkstra’s algorithm solves the shortest path problem if the link weights are non-negative. It 

uses the Greedy approach and the Optimal-Substructure Property which states that a sub-part of a 

shortest path is also a shortest path. The idea is to maintain two sets  and . The set S contains the 

nodes whose shortest distance from source is known and  contains the remaining nodes. At each 

step, new nodes with shortest path are discovered and added to set  until the path to destination is 

found. 

Algorithm 
  

for each  
do       

   
while  

do 

 
for each  

do if  
then 
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The complexity of Dijkstra ’s algorithm depends upon the implementation. The worst case 

complexity of the algorithm using simple arrays is , using Fibonacci Heaps is 

 and using Binary Heap is  [27] 

Bellman-Ford Algorithm 

Bellman-Ford  algorithm  doesn’t  use  Greedy  approach  and  also  works  with  negative  

weights.  The complexity of algorithm is  

Algorithm 

  
for each  

do     
for  to  do 

for each edge  
do if 
    

 
 

 
for each edge  
do 

if  
Error: Graph contains negative-weight cycle 

4.3.3 Intra-domain Routing Protocols 

The routing protocols can be divided into Distance Vector (DV) and Link State (LS) routing. 

In DV routing, each router periodically exchanges its complete connectivity information (i.e. 

distance to all nodes) with its neighbors. Information is sent on regular periodic basis hence 

consuming more bandwidth. The routers determine next-hop information by using the Bellman-

Ford algorithm. The DV protocols converge slowly and have count-to-infinity problem. These 

are less protected in case of router failure. Routing Information Protocol (RIP) is the most 

common example of DV routing protocol. 

In Link State routing, each router periodically floods the immediate connectivity information to 

all other routers. When the state of a network link changes (e.g. up to down) a Link State 

Advertisement (LSA) is flooded   throughout the network.  And  all  the  routers  re-compute  

their  routes  according  to  new information. As the information is sent only when changes 

occur, therefore it consumes less bandwidth. These protocols use Dijkstra ’s Algorithm for 

computation of next-hop. They converge fast and are better protected in case of router failure 

-
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but have some communication overhead. Open Shortest Path First (OSPF) is the most common 

LS routing protocol. Intermediate System to intermediate System (IS-IS) is another famous 

protocol based on Dijkstra’s Algorithm. 

4.4 QoS Routing 
QoS-based routing or Constraint-based routing can be defined as a mechanism for computing a 

path that satisfies the given QoS requirements [12]. An overview of Deterministic as well as 

Stochastic QoS routing algorithms is presented in the following sections. 

4.5 Deterministic QoS Routing 
Deterministic QoS routing provides worst-case bound guarantees for traffic flows. The highest 

level of QoS guarantees is provided with the deterministic QoS routing but lot of network 

resources remain unused causing the un-even distribution of traffic. The deterministic service 

specifies QoS by zero-loss, worst-case delay and maximum difference between delay of any two 

packets [9]. 

4.5.1 Solution methods for Deterministic MCP problem 

A few popular algorithms are described briefly in the following paragraphs. 

Jaffe’s Approximation 

Jaffe [30] presented two algorithms as a solution to MCP problem under two constraints. 

The first algorithm is ignored due to its prohibitive complexity. The second algorithm is 

simply called Jaff e’s algorithm and is described here. 

Jaffe assigns the composite weight w to each link  by linear combination of original 

weights   and   using two positive multipliers   and . 

 (1) 

The shortest path is then calculated using . Each line in the figure below shows the 

equilength paths with respect to the definition (1). The black circles indicate all possible 

paths between source and destination. The search for the shortest path is equivalent to sliding 

a line (similar to those representing equilength paths) from origin to outwards. As soon as it hits 

a black dot, it returns the shortest path which is not necessarily within the two constraints 

region. Accordingly, Jaffe provided a non-linear path length function whose minimization 

guarantees to find a shortest path if one exists. However, there is no algorithm provided to 

minimize such function. 
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Fig 4.1 Search process in Jaffe’s Algorithm 
 

SAMCRA: A Self-Adaptive Multiple Constraints Routing Algorithm 

SAMCRA [8] and TAMCRA [31] are based on three principles: 

1.   A non-linear measure of the path length 

2.   A k-Shortest paths approach 

3.   The principle of non-dominated paths 

SAMCRA guarantees to find a path within the constraints if it exists. 

The fig 4.2 shows the search process using (a) linear and (b) nonlinear composition function. 

The linear function is appropriate in case of high correlation of weights and nonlinear approach 

is better otherwise. 

Using the geometry of the constraints surface in m-dimensional space, the length of the 

path  is computed. 

 

Where  is the sum of weights of all links within the path . In order to guarantee that the 

computed path is within constraints, the non-linear approach should be used for path length 

definition. A path whose all weights are within constraints is the solution to MCP problem. 
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(a)  (b) 

 

 
Fig 4.2  Shortest path finding using (a) Linear composite function (b) Non-
linear composite function 

 

The non-linear path length induces a corollary “The subsections of a shortest path in multiple 

dimensions are not necessarily the shortest paths”. This leads to k-Shortest Paths approach. 

The K-Shortest paths algorithm doesn ’t stop after computation of a path. But it computes 

several paths although only few are stored in SAMCRA on the basis of principle of non-

dominance. A path  is dominated by a path  if for  with an 

in-equality for at least one . In SAMCRA only non-dominated paths are considered. 

Chen’s Approximate Algorithm 

Chen and Nehrstedt [32] provided an approximate solution to MCP problem by 

transforming MCP problem into a simpler one. This transformation is made by scaling down 

m-1 (real) link weights into integer weights as follows: 

   for    

Where   are predefined positive integers. In this way, the problem is simplified to finding a 

path  that minimizes the first (real) weight provided that the other –  scaled down weights 

(integers) are within strict constraints . The solution to this simplified problem is also a 

solution to MCP problem. Chen and Nehrstedt proposed two algorithms Extended Dijkstra ’s 

Shortest Path (EDSP) Algorithm and Extended Bellman Ford (EBF) Algorithm. These 

algorithms use dynamic programming technique and provide an exact solution to simplified 

problem. 
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Randomized Algorithm 

In  [33]  Korkmaz  and  Krunz  proposed  a  randomized  heuristic  to  solve  the  MCP  

problem.  The randomization is the process of taking random decisions during execution of an 

algorithm. It helps to avoid un-foreseen traps while searching for a feasible path. The algorithm 

is divided into two phases (1) Initialization phase and (II) Randomized search. 

During the initialization phase, path from every node to the destination node is computed with 

respect to each QoS measure and with respect to the linear combination of all m measures. After 

this phase, path search is started from source node using randomized Breadth First Search (BSF). 

The information collected in initialization phase is used for search space reduction and only 

those nodes are explored which have good chance of reaching to destination. If this is not the 

case, those nodes are not further explored. This is called the look-ahead property. The search is 

continued by avoiding traps until the destination node is reached. The worst- case complexity is 

m + 1 times that of Dijkstra’s algorithm. 

H_MCOP 

The heuristic H_MCOP [34] uses the same non-linear function used in SAMCRA in order 

to solve MCOP problem. It also tries to minimize the weight of a single “cost” measure along 

the path. H_MCOP uses two modified versions of Dijkstra ’s algorithm one in backward and 

other in forward direction. In backward direction, the shortest paths are computed from every 

node to the destination node. These paths are then used to estimate how suitable the remaining 

sub-paths are. In the forward direction, the modified Dijkstra ’s algorithm starts from source 

node s and discovers each node u based on the path . Here  is the heuristically determined 

complete source-destination path. The path P is calculated by concatenating already travelled 

sub-path s to any node u and the estimated remaining sub-path from u to destination . The  

H_MCOP  considers  complete  paths  before  reaching  the  destination  and  it  can  foresee  

several infeasible paths during search process. It can switch to the feasible paths if it finds any. 

The complexity of algorithm is  and is reduced if H_MCOP is used only for 

solving MCP problem. 

Limited Path Heuristic 

Yuan [35] presented two heuristics to solve the MCP problem. The first heuristic Limited 

Granularity is similar to the approach used by Chen and Nehrstedt [32]. The second Limited 

Path Heuristic (LPH) is based on Bellman Ford algorithm and has a very high probability of 
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finding a feasible path although the execution time may be excessive. 

The LPH uses the concepts of non-dominance and k-Shortest paths used in TAMCRA. 

However LPH stores first k-shortest paths which are not necessarily the shortest. Also LPH 

doesn’t check whether a sub- path obeys the constraints until it reaches the destination node. 

 Prune 

Liu and Ramakrishnan [36] provided an exact algorithm called  Prune to compute the  

Shortest paths all within the constraints. If there are no  shortest paths, then algorithm returns 

only those that are within the constraints. 

In the initialization phase, the shortest paths from source to all other nodes and from 

destination to all other nodes are calculated. The weights of these paths are used for Look-

Ahead similar to Randomized Algorithm [33].   After this phase, algorithm proceeds in 

Dijkstra-like fashion. The node with shortest predicted end-to-end length is extracted and then 

all its neighbors are examined. The neighbors violating constraints or causing loops are pruned. 

The process continues until K shortest paths are found or the heap becomes empty. 

The worst case complexity is  where  is the number of stored 

paths and  is the number of hops of the retrieved path. Since  grows exponentially with the 

size of the network, the complexity of algorithm is exponential. However a Bounded  

Prune algorithm can be implemented with polynomial time complexity with the risk of losing 

exactness [36]. 

4.5.2 Solution methods for Deterministic DCLC problem 

Restricted Shortest Path is a special type of MCOP problem. The problem is to find the least 

cost path among the paths which satisfy the delay constraint. The problem is also known as 

Delay Constrained Least Cost (DCLC) problem. A few approaches to solve the RSP problem are 

described below. 

1.   Exact Algorithms 

The exact algorithms provide the proof of convergence.  Few examples are Brute-Force 

technique e.g. DFS with backtracking, Constrained Bellman-Ford (CBF) Algorithm and Pseudo-

Polynomial time algorithms. As the number of paths grow exponentially with increase in the 

size of network, Brute-Force techniques are not practical. The CBF discovers the least cost path 

while monotonically increasing the total delay. 

2.  -Optimal Approximation 
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Approximate solutions are normally provided for NP-Complete problems.  An   -

Optimal algorithm provides a path with cost at most  times the cost of optimal path, 

where . Two  -Optimal approximation algorithms for RSP problem are provided in [28]. 

3.   Heuristics 

Heuristics lead to the solutions reasonably close to optimal solutions. A famous technique is 

Backward-Forward Heuristic (BFH). In BFH, graph is explored based on the concatenation 

of two segments: 

- The so-far explored path from s to an intermediate node u. 

- The least delay or least cost path from node u to node d. 

4.   Lagrangian-Based Linear Composition 

In this method, a single metric weight is obtained from the linear combination of cost and 

delay of each link. Then the shortest path is computed based on that weight. In order to obtain 

different linear combinations, two multipliers for cost and delay are used. The appropriate usage 

of multipliers is the key to success of algorithm. The technique is similar to well-known 

Lagrangian Relaxation technique. A refinement to this algorithm is the k-Shortest Path (KSP) 

algorithm which computes k different shortest paths with increasing length. 

5.   Hybrid Algorithms 

Another popular approach is to use the combination of abovementioned techniques to produce 

a hybrid algorithm. One such algorithm is devised by combining the Lagrangian approximation 

and the k-Shortest Paths technique by Guo and Matta [29]. They first transformed the original 

DCLC problem  to  an  easier  MCP  problem  named  Delay  Cost  Constrained  Problem  

(DCC).  The aggregated weight function gives preference to least cost paths. 

4.5.3 Specialized QoS Routing Algorithms 

In [37] Korkmaz and Krunz described the Most Probable Bandwidth-Delay Constrained path 

selection problem (MP-BDCP). They further divided the problem into two sub-problems MP-

BCP and MP-DCP. They proposed algorithms to solve these problems along with performance 

evaluation of their proposed algorithms. The QoS routing problem with bandwidth and delay 

metrics is not NP-Complete. 

In [38], Lorenz and Orda discussed the delay-constrained problem with the name of MP (Most 

Probable Path). In [39] bandwidth constraint is addressed and the MRP (Most Reliable Path) 

Algorithm is proposed to solve it. After bandwidth constrained, delay constrained is also 
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addressed and few possible solutions and heuristics are proposed to solve it. Finally in [40] the 

two additive constraints path selection problem is discussed. They name the problem Most-

Probable Two Additive Constraints Path (MP-TACP) problem. They proposed the Most-

Probable Two Additive constraints Path Algorithm (MP-TACPA) and its variants as the solution. 

4.6 Statistical  QoS Routing 
To improve the network resource utilization, the statistical QoS routing avoids the shortest path 

approach and provides the probabilistic service guarantees [1]. For example, instead of 

providing upper bound on delay constraint for a path, a probability to meet the delay constraint 

requirement is provided. A statistical service specifies QoS by loss probability, delay quantile 

and delay-jitter quantile [9].  

Biton and Orda method 

This section describes the work of Biton and Orda [40]. They explored the QoS routing 

problem in combination with scheduling techniques. They considered the rate-based 

scheduling and in particular Generalized Process sharing – GPS also known as Weighted Fair 

Queuing (WFQ). The Exponentially Bounded   Burstiness (EBB)  and Stochastically Bounded 

Burstiness (SBB) traffic behaviors were considered. They used Session Traffic model for their 

experiments. 

Definition 1: The effective end-to-end delay  of a path  is the minimum delay bound, 

for which the delay bound violation probability is guaranteed to be at most . i.e. 

 

Definition 2: A path  is q-feasible with respect to   for session  if the end-to-end delay tail 

distribution beyond the required delay  is at most , i.e.  

 

Alternatively a path  is q-feasible if the effective delay   of the path  is at most the 

required delay , i.e.  

 

A session is q-feasible if it has a q-feasible path. A path with the minimal effective delay 

 is termed q-quickest. 

The Minimum Delay Tail Distribution Algorithm (MDD) is used to identify the q-feasibility of a 

connection. Whenever the connection is q-feasible, the path achieves the minimal delay tail 
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distribution upper bound   among all q-feasible solutions. The complexity of 

algorithm is . 

The Minimum Cost Algorithm (MC) is used to find a feasible path that optimizes some 

general cost function. After identifying the q-feasibility of a connection, the algorithm computes 

path and rate which achieve the minimal cost among all q-feasible solutions. 

The complexity of algorithm is   
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5 Statistical QoS Routing 
This chapter describes the two proposed solution methods for the Stochastic DCLC problem. 

The first algorithm Iterative Search Algorithm is a simple but in-efficient technique. The 

second method called Stochastic Delay Cost Constrained Routing is much more efficient. 

5.1 Iterative Search Algorithm (ISA) 
This simple algorithm calculates a shortest path with respect to cost. It then checks if the 

calculated path fulfills the delay constraint. If it does, it is the required solution path. Otherwise, 

we find the second shortest path and so on. In the worst case, we may need to check all possible 

paths between a source and destination. An efficient technique to solve this problem is the k-

Shortest Paths algorithm [42].  The total number of possible paths between a source and 

destination is given by [43] 

 

Where  is the total number of nodes in a network. Therefore the value of  must be less than or 

equal to this number. 

Algorithm 

a)   Using k-Shortest Paths algorithm, find  paths using cost metric  

b)   for  to  

  .- shortest path with respect to cost 

                        If  //if expected path delay is within delay bound 

Return  

Else  

Here  is the expected (mean) delay of path  calculated as follows. 

Consider the delay on each link is represented by a random variable  which follows Weibull 

distribution. 

1. The mean delay of each link is 

i, j  =  

Where  is scale parameter and  is shape parameter 

2.   The mean delay of a path  is calculated as the sum of mean delay of each link in a 

path 
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 p  =  i, j  

5.2 Stochastic Delay Cost Constrained Routing (SDCCR) 
This algorithm is based on Guo and Matta [29] technique. They transformed the Delay 

Constrained Least Cost (DCLC) problem to an easier problem called Delay Cost Constrained 

(DCC) problem. Both DCLC and DCC are NP-Hard but DCC doesn’t involve optimization. So, 

it appears comparatively easier to solve. 

The SDCCR algorithm is based on the following properties: 

1.   Transformation of DCLC problem to DCC problem 

2.   Non-linear weight function of cost and delay 

3.   K-Shortest Paths algorithm 

4.   Search space reduction 

5.2.1 Delay Cost Constrained (DCC) problem 

The DCC problem is a special case of MCP problem. The problem defines bounds for delay 

as well as cost. The solution path must fulfill the both constraints on delay and cost. Guo and 

Matta used the cost of least delay path as the cost bound. In our statistical routing case, the 

cost of Most-Probable Delay Constrained Path (MP-DCP) [39] is used as the cost bound. The 

DCC problem can be stated as: 

Consider a network represented by a directed graph  with  nodes and  links. Let 
 be the non-negative cost for each link  ,  be the delay for each ,    be 

the source node and  be the destination node,  and   are positive constraints on cost and 
delay respectively. Find the path  such that 
 

   and   
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5.2.2 Non-Linear Weight Function 

When the metrics are combined to form a composite weight function, it is observed that 

the linear function sometimes considers a path as a solution which is suboptimal and violates 

the constraints [29]. 

Therefore a non-linear weight function is used. 

                      

    

                        1 -   If  and     

 =         

                                                                        ∞                             otherwise 

 

Where   is the i-th path from source to an intermediate node where  is between  to . Here 

 and  are Cost and Delay of path ,  and  are constraints on cost and delay 

respectively. Note that weight function is linearly proportional to path delay while 

exponentially proportional to path cost. Therefore the path which minimizes this function will 

be most probably least cost path while meeting the delay bound. 

5.2.3 K-Shortest Paths algorithm 

The greedy techniques to solve the shortest path problems are normally based on the optimal 

substructure property. This property states that the sub-path of a shortest path is also a shortest 

path. The non- linear function doesn’t possess this property. Therefore the shortest path 

algorithms based on this property can’t be used. The solution to this problem is k-Shortest Paths 

[42]. At each intermediate node  between source to destination, it stores k shortest paths from 

source to that node  in increasing weight order. 

5.2.4 Search Space Reduction 

Search space is reduced by defining two constraints. The paths which don’t fulfill both of the 

constraints are pruned off. 

Algorithm 

a)   Find the most probable delay constrained path (MP-DCP) 

b)  = cost of MP-DCP. Use   as cost bound 

c)  = Given delay bound 
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d)  Now the problem is to find a path which meets delay and cost constraint (DCC problem). We 

solve this new DCC problem by minimizing the following aggregated non-linear weight function 

 

                         

                           If  and      

 =        1 -  

 

                                                                        ∞                             otherwise 

 

Where  is the expected delay of path   and  is the cost of path. 

Most Probable Delay Constrained Path (MP-DCP) 

The MP-DCP problem is to find the path which maximize 
 D      k

 

 

Fd  D   1  e 
Where d is the path delay,  D is the delay bound, k is shape parameter and  is scale parameter 

of Weibull distribution. Since Fd (  D)  is monotonically increasing, the problem is reduced to 

maximize the Non-linear function  

We can use the k- Shortest path algorithm to find the path with maximizes this non-linear 

function.  

 

 

  

  ( ) = - (
λ

λ

-

 D      k
 

 
-

λ
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6 Simulation Results 
This chapter describes simulation results of the two algorithms proposed in chapter 5.  

6.1 Traffic Model 
Traffic within each call/connection is generated in bursts consisting of individual packets. Hence, 

we have a burst level and a packet level of traffic within each call. The traffic on the burst level 

can be described in two ways: 

ON/OFF Source Model 

Each user is described by an ON/OFF source where the user transmits at a constant peak rate 

[Mbit/s] in the ON state and is silent in the OFF state. A two-state Markov process with 

exponentially distributed ON and OFF period durations is formed by the transitions between ON 

and OFF states. 

FBM Source Model 

In FBM source model, each user is described by Fractional Brownian Motion (FBM) process. 

The FBM model describes the traffic counting process, that is, the number of traffic (e.g. in bits) 

that arrives in the period (0, t]. 

Norros [44] defines FBM as a stochastic process Zt with the following properties: 

- Zt has stationary increments 

- Z0 = 0 and E[Zt] = 0 for all -∞ < t < ∞ 

- Var (Zt) = 2H for all -∞ < t < ∞ 

- Zt has continuous paths 

- Zt is Gaussian 

The arrival process At is defined as 

At = mt +  Zt  t є (-∞, ∞) 

Where m is the mean rate, a is a variance coefficient and Zt is an FBM. The arrival process At is 

exactly self-similar.   

6.2 Node Delay Distribution  

The node delay distribution can therefore be computed in at least two ways: 

Fluid flow method 

A FIFO multiplexer offered a superposition of ON/OFF fluid streams can be analyzed by the 

fluid flow queuing method [45]. The method is computationally demanding. 

FBM method 
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A simple formula for the delay distribution of a FIFO multiplexer has been proposed in the 

literature [46]. Much less computation is required than with the fluid flow method. 

6.3 Delay Distribution for FBM  
This section describes the delay distribution for FBM as described by Norros [44]. We first 

define the storage process, then an interesting scaling law for the FBM storage and finally the 

queue length distribution. 

A .Definition of the Storage Process 

 Here is the description of the problem of buffering of traffic fluctuations. Suppose that a 

link with capacity  that has an unlimited buffer in front of it, is offered fractional 

Brownian traffic with certain parameters m,  and H. 

The Reich’s formula for the virtual waiting time in a queuing system [47] can be used to define 

the buffer occupancy.  

 Definition:   The (stationary) fractional Browning storage with input parameter m,   and 

H and output capacity C>m is the stochastic process defined as 

– ,     t    (1) 

Where  is the fractional Brownian traffic process with parameters m ,  and H . In case of H = 

½   is called the Brownian storage. 

The stationarity of  follows from the stationarity of the increments of .  As a consequence of 

Birkhoff’s ergodic theorem,   is almost surely finite. 

The ergodicity of Zt yields that    a.s., which together with assumption 

 implies 

a.s., 

Although the arrival process can have negative increments, the storage process X t  is always non-

negative. 

B. A Scaling Law 

The fractional Brownian storage  obeys an interesting scaling law. This self-similarity of the 

FBM is used to deduce this law. We consider that the probability that the amount of work in 

system exceeds a certain level  must be small. In our infinite storage model, we substitute  for 
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the buffer size. Assume that the largest allowed buffer saturation probability is , then the 

following equation holds at the maximal allowed load.   

 

Due to self-similarity of , a more explicit relation can be derived between the design 

parameters  (buffer space, or requirement) and  (link capacity) and the traffic parameters ,  

and  at the critical boundary 

 Theorem:  [48] Assuming (2), the following equation holds 

       (3) 

 Where the function 

 

depends on  but not on , ,   or . 

In the Brownian case    (3) can be reduced to  

     (4) 

where . Here we can make a rough assumption that the reduction in the  by half 

costs doubling the storage size. But with   the situation is different. Let us first write (3) 

in the form of a buffer dimensioning formula 

   (5) 

When  is high, a substantial increase in utilization, requires a tremendous amount more storage 

space. Thus we can assume that the utilization factor can’t be practically improved by enlarging 

the buffers for connectionless packet traffic. 

The scaling relation (3) can also be written as the bandwidth allocation rule 

     (6) 

showing that, for , the link requirement  increases slower than linearly in  so that a 

multiplexing gain is obtained by using links with higher capacity. 

As a practical example where the multiplexing gain plays a central role, compare the use of pair-

wise ATM virtual path connection (VPC’s) between  LAN/ATM internetworking units 

(IWU’s) with the use of a centralized routing function (connectionless server (CLS)). The ATM 

performs switching purely at the ATM layer whereas the CLS looks at the network layer address, 
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found in the payload of the first cell of each datagram. The two alternatives provide indirect and 

direct connectionless service over an ATM network. 

If the bandwidth needed per IWU with centralized routing is denoted by  and the total 

bandwidth needed per IWU with pair-wise VPC’s by . Assume that for any VPC, a fixed 

amount  of output buffer space is allocated and that all traffic streams between the IWU’s are 

equal. It is then seen from (6) that 

   (7) 

C. The Approximate Queue Length Distribution 

The distribution of the fractional Brownian storage is approached through a lower bound. 

Theorem:[48] Let  be the fractional Brownian storage with parameters , ,  and . Then 

      (8) 

where and is the residual distribution function 

of the standard Gaussian distribution. 

The result is a consequence of the trivial lower bound  

   (9) 

where the maximum at the right hand side is obtained at .  

Using the approximation 

    (10) 

We obtain the expression 

  (11) 

Thus, the distribution of can be approximated by a Weibull distribution, in particular as 

regards the tail behavior. 

In the Brownian case , the Weibull distribution (11) reduces to the exponential 

distribution 

 

6.4 Call Reward 

Suppose the network is offered traffic from  classes. Then the -th class , is 

characterized by the following: 



32 
 

- Origin-Destination node pair 

- Bandwidth requirement  - Poissonian call arrival process with rate  

- Exponentially distributed call holding time with mean  

- Set of alternative routes  

- Reward parameter  

Where rj is a CAC and routing control parameter that can be used to achieve several different 

objectives of the network operator. In particular it can be used to maximize the network revenue 

if the reward parameters are proportional to the call charging. 

Using this reward parameter, Nordström and Dziong [49] formulated an objective function for 

average reward from the network. 

 = j j 

Where j denotes the j-th class connection acceptance rate. The maximum reward can be 

achieved by maximizing the objective function. 

6.5 Cost Metric 
Cost metric is based on the formula used by Dziong [50] as explained below. 

Dziong presented three strategies for solving the CAC and routing problem in multipoint 

networks.  

- Strategy based on Link Shadow Prices – MDPD 

- Strategy based on Least Loaded Path Routing – LLP 

- Strategy based on the inverse of residual link capacity – IRCF 

We are using the third strategy but other two are also described. 

6.5.1 Strategy based on Link Shadow Prices - MDPD 

The reward maximization principle is the basis of this strategy. Each connection class is 

characterized by its reward parameter, r j , and the objective of call admission and routing 

algorithm is to maximize reward from carried calls. Dziong formulated it as the Markov decision 

problem and in order to solve it, he decomposed the network reward process into link cost 

processes. In this case each link is characterized by a state dependent link shadow price which 

can be interpreted as the predicted loss of future reward caused by accepting a connection. Then 

the optimal multi-point tree is the one which minimizes the sum of the link shadow prices and 
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the connection is accepted if its reward parameter is larger than this sum. This can be interpreted 

as choosing a tree with maximum net-gain, where net-gain in network state z is defined as 

    

 

Where Sk is the set of links included in tree k and  denotes the shadow priced interpreted as 

a predicted price for seizing bandwidth on link S in state X = {xi}. 

6.5.2 Strategy based on Least Loaded Path Routing - LLP 

A connection from class i is offered to the direct-link-path first and if it is blocked a 

recommended path is tried. The recommended path is chosen randomly with the probability 

proportional to the path’s available capacity defined as: 

 

    

Where  denotes the set of connection classes using link s,  denotes link s bandwidth reserved 

to protect direct link path connections and  denotes the bandwidth reserved to provide fair 

access for services with different bandwidth requirements. The threshold  is equal to the class i 

traffic overflowing from the direct link path with the constraint  . The threshold   is 

evaluated from [51]. The LLP approach has some limitations in the multi-point application. 

6.5.3 Strategy based on inverse of residual link capacity - IRCF 

Let the residual link capacity normalized by connection class i bandwidth requirement is:  

 

  

 

Then the link cost  is 

 

Where >0 and >0 are constants, denotes average link traffic expressed in bandwidth units 

and is link connection reward parameter in the equivalent system where all link traffic is 

transformed into class i connections: 
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Where  is the average reward from the link defined as: 

 

Where  is the average rate of class j calls accepted on link s and  is link connection 

parameter. 

In the cost equation, the first factor  shows that the IRCF link cost increases with 

decreasing link available bandwidth. The second factor assures that when the link is used by 

connections giving high reward to the link, the link cost is also high. The last factor reduces the 

link cost when the link carried traffic decreases.  

6.6 Bandwidth 
Dziong assumed fixed bandwidth but we use the FBM equivalent bandwidth to describe the 

bandwidth used by all connections sharing the link. 

6.6.1 Equivalent Bandwidth [24] 

The traffic is assumed to be generated by a superposition of general sources from C classes. 

Traffic class i is described by the number of sources in the class N i , the peak rate fi [Mbps] and 

the mean rate mi [Mbps]. The bandwidth Cequ is the minimum aggregate bandwidth that should 

be allocated to calls such that the overflow probability is less than a target overflow probability, 

є. That is we have 

    Cequ := inf {C : P (overflow) ≤ є} 

Since P(overflow) is a function of C, the server capacity. The bandwidth requirement C equ fulfills 

the criteria: 

 

Hence the equivalent bandwidth is between the aggregate mean rate and the aggregate peak rate. 

6.6.2 FBM Equivalent Bandwidth 

In [24] a formula is derived for buffer overflow probability  for a FIFO multiplexer 

offered FBM traffic with mean rate m, variance coefficient a and Hurst parameter H. The amount 

of traffic arriving to the multiplexer in the interval [0,t) is given by 
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At = mt +  Zt  t є (-∞, ∞) 

Where Zt is a fractional Brownian motion process. We have a trivial lower bound 

 

Which can be expressed as: 

P(Q > x) exp(- ) 

Hence, the buffer overflow probability decays like a Weibull distribution. 

By setting P(Q > x) = є, and solving for C we get the FBM equivalent capacity [44] 

 

Where  .  

6.7 Inefficiency 
As described in last chapter, ISA gives the optimal solution in terms of path cost. Thus the cost 

inefficiency of an algorithm A can be defined as [29] the path cost difference relative to the cost 

of ISA. 

 

6.8 Simulation Results 
Two topologies are used for simulation purpose i.e. W3N and W12N. Fig 6.1 shows that overall 

blocking for ISA is less than that for SDCCR and that is quite logical because ISA gives the 

optimal result. It also shows that overall blocking is high for strict delay bounds.  

Fig 6.2 displays the overall blocking inefficiency of SDCCR algorithm with respect to ISA. It 

show that the inefficiency of SDCCR increases with increase in delay bound. And SDCCR is 

less inefficient on smaller delay bounds. 

As depicted from Fig 6.3 and Fig 6.4, the overall blocking for both algorithms is much less for 

W12N as compared to W3N. But the overall blocking of ISA remains less than that for SDCCR 

as in case of W3N. Similarly the blocking inefficiency of SDCCR with respect to ISA increases 

with increase in delay bound. 
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Fig 6.1 Blocking W3N 

 

Fig 6.2 Blocking inefficiency W3N 
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Fig 6.3 Blocking W12N 

 

Fig 6.4 Blocking Inefficiency W12N 

Similar to overall blocking, the overall reward loss rate for both algorithms is less in case of 

W3N as compared to W12N as depicted in Fig 6.5 and Fig 6.7.  
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Fig 6.5 Reward Loss W3N 

 

Fig 6.6 Inefficiency Reward Loss W3N 
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Fig 6.7 Reward Loss W12N 

 

 

Fig 6.8 Inefficiency Reward Loss W12N 
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Similarly, overall reward loss rate is higher in case of strict delay bounds and it decreases with 

increase in delay bound. And the reward loss rate inefficiency of SDCCR with respect to ISA 

increases with increase in delay bound as depicted in Fig 6.6 and Fig 6.8. 

6.9 Conclusion 
This report discussed the problem of Stochastic Delay Constrained Least Cost Routing. The 

problem is NP-Complete so the exact solution was not possible to find with optimal 

performance. We discussed an exact solution (ISA) and a heuristic solution DCCR (Delay Cost 

Constrained Routing) for the Deterministic Routing.  

In DCCR, we used the cost of least-delay path as a cost bound. If instead of least-delay path, we 

use most-probable least-delay path [37], the problem takes a form of Stochastic SDCCR. 

The simulation results are compared for both the presented algorithms against different metrics. 

Obviously the results of ISA (i.e. an exact algorithm) are better than heuristic approach DCCR. 

But it is seen that DCCR algorithm is not very far away in performance. And this performance 

can be improved with a better cost bound using stochastic approach. 
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