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Abstract 

Abstract 

 

Dimensioning models are essential for network providers with the objective of minimizing the CAPEX, 

increasing the network robustness in terms of resources and resilience to failures. The main purpose of 

this master thesis is to implement survivability into an existent dimensioning model. With this objective, 

study routing algorithms and mechanisms of survivability lead to a significant change in the initial 

software. Several scenarios will be tested with algorithms such as Dijkstra, K-Shortest Path and an 

heuristic to compute the first disjoint path. It is approached the concept of Constraint-Routing that 

pretends to introduce some limitations to the routing. In this work, the constraint in focus is the residual 

capacity of a network link. Based on this study, it is possible to create an alternative model for 

dynamically obtain a path instead of compute all possible network paths. Then, it is choose a single one 

for the traffic demand allocation. The algorithm for computing disjoint paths is important for survivability 

analysis. The survivability is implemented to guarantee end-to-end maximum bandwidth, obtaining a 

protection path for a service path that is able to carrier a certain traffic flow. The results intends to obtain 

the load and costs increase with alternative paths to the shortest one, considering 1+1 and 1:1 linear 

path protection. For 1+1 protection, the network service provider has the need to over duplicate the 

network resources to active both service and protection path. However, for 1:1 protection, it is only 

intended to verify the establishment of a protection path. 
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Resumo 

  Resumo 

 

Modelos de dimensionamento são essenciais para os provedores de rede para minimizar o CAPEX, 

aumentando a robustez da rede em termos de recursos e resiliência a falhas. O principal objetivo desta 

tese é a implementação de sobrevivência num modelo de dimensionamento já existente. Com este 

objetivo, o estudo de algoritmos de encaminhamento e de mecanismos de sobrevivência levaram a 

alterações significativas ao modelo inicial. Vários cenários serão testados com algoritmos como 

Dijkstra, K-Shortest Path e uma heurística para a computação do primeiro caminho disjunto. Será 

abordado o conceito de Contraint-Routing que pretende introduzir algumas limitações ao 

encaminhamento. Neste trabalho, a restrição em foco é a capacidade residual de uma ligação da rede. 

Baseado neste estudo, é possível criar um modelo alternativo com o objetivo de obter um caminho 

dinamicamente em vez de obter todos os caminhos possíveis da rede e escolher apenas um para 

alocação de um pedido de tráfego. O algoritmo para obter caminhos disjuntos é importante para a 

análise de sobrevivência. A sobrevivência é implementada para garantir a máxima largura de banda 

numa conexão, obtendo um caminho de serviço e um caminho de proteção que está habilitado a 

suportar um certo fluxo. Os resultados mostrarão o aumento de carga e custos com caminhos 

alternativos ao mais curto, considerando proteção linear de caminho 1+1 e 1:1. Para proteção 1+1, o 

provedor de rede de serviço terá necessidade de mais de duplicar os recursos de rede. Para proteção 

1:1, verificar-se-á o estabelecimento do caminho de proteção. 
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Planeamento de rede, Backbone, Redes de serviço, Multi-Protocol Label Switching, Sobrevivência, 

Algoritmos de encaminhamento 
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1. Introduction 

Chapter 1 

Introduction 

 

The introduction chapter is a brief overview of the work. The evolution of telecommunication networks 

is softly approached, doing the framework to inherit realities to IP/MPLS Next Generation Networks. The 

project motivations are brought up with the purposed of the study. The report structure is summarized 

considering the approached topics and the last section refers the original contributions.  
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1.1. Evolution of Telecommunications Networks 

The telecommunications sector has been evolving since the telegraph invention until the actual industry 

that connects the globe, offering communication and media services to the population. The target 

customer can perform voice calls, access to the internet information, watch television or video streams 

through fixed or mobile devices. 

The technology along the time converged to a single data network where a customer can make a 

single subscription to obtain a triple-play service package. The Next Generation Network is an actual 

concept for a packet-based network that encapsulates services in IP packets. The network converging 

has become a newer experience to the costumer, leading service providers to invest in an autonomous, 

sustainable and resilient network.  

Figure 1.1 represents the annual data created in datasphere that is consequence of the advances in 

computing power, data storage and the rising of new applications for exchanging information through 

digital technology and services [1].  

The data is divided in multiple types according to functionality and services used. The Embedded 

data is created in embedded devices, machine-to-machine (M2M) and Internet of Things (IoT). The 

Productivity data is the provided by traditional files on computers, corporate systems, servers, log files 

and metadata. The Non-entertainment image/video data is the content imposed to the consumer as 

advertising or surveillance footage services. Entertainment data is the content with the purpose of 

entertaining the consumer, including image and video [1].     

 

Figure 1.1 – Annual data created in datasphere per type (adapted from [1]) 

 The global systems are interconnected by backbone networks where the Multi-protocol Label 

Switching (MPLS) networks are framed. The data trend is to increase in the next years with a traffic 

growth above 400% until 2025. The traffic is related to the data exchange in networks. As more data 

information is available in the network environment, it is expectable that more traffic is exchanged in the 

network. 
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 To support these growing needs, it is necessary to achieve higher data-rates and maximum 

bandwidths to carry higher amounts of traffic demands, multi-services and network intelligence lead to 

find solutions to optimize the backbone networks. The backbone architecture is based on IP/MPLS [2] 

and it is responsible for traffic transportation for large physical distances.  

The Multi-Protocol Label Switching is a connection-oriented technology that emerged around the 

90’s decade to complement the traditional IP, a connection less technology. In contrast with traditional 

IP, the MPLS differentiate services in terms of class, allowing establishing network with Quality of 

Service (QoS) and Traffic Engineering (TE) constraints to resist against congestion plus mechanisms 

to avoid failures. MPLS provides fast packet commutation and, according to [3] simulations, the end-to-

end delay can be reduced in almost 10% and the throughput utilization increased in 21% comparing to 

traditional IP. 

The MPLS represent a service network that acts above a transport network. The service layer is a 

conceptual architecture for carrying network services and interacts with the transport networks to 

establish point-to-point (P2P) connections. The evolution of transport networks lead to having an optical 

network whose elements are connected by optical fibers. 

 MPLS over IP is considered an added value technology from the operator’s point of view and it was 

developed to improve the performance of IP packet transmission [4]. IP/MPLS is a Next Generation 

Network that has the possibility to merge in a single packet infrastructure the triple-play services as 

voice, video and data provided by the operators and other types of services as for corporative or 

governmental institutions. 

With the data growth in each year [1], service providers face the need to develop and implement 

efficient and cost-effective solutions. The increase of traffic demand requirements lead to significant 

transformation in the backbone requirements [5]. 
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1.2. Framework and Motivation 

The telecommunication networks sector is a business that provides millions to operators and 

stakeholders involving directly or indirectly the customer experience. Be connected to a network is just 

a minimal requirement because it is necessary resources for packet transmission, service availability 

and network security [4]. The networks in study converge voice, media and data services in a single 

service network. Each service has an associated Service Level Agreement (SLA) that is a formal 

commitment between the service provider and service users. These commitments state the minimum 

level of quality of service to safeguard the customer interests. To assure the SLA contracted with the 

customers, the service providers have the responsibility to invest in the network with traffic engineering 

mechanisms, in order to guarantee availability and Quality of Experience (QoE) in terms of human 

quality requirements. The violation of SLA results in penalties and the service provider image can be 

affected with possible consequences in market share. 

The planning of a service network is important to perform a business plan to overcome the equipment 

and capacity that will be purchased from the transport network provider. This planning must cover the 

SLA aspects. For the network dimensioning and planning, it is important to use tools based in algorithms 

for routing, survivability, traffic engineering or for another applications. 

The routing algorithms used in planning tools intend to replicate the end-to-end packet transmission 

with the objective of obtaining paths that minimize the costs. These algorithms are also efficient to 

minimize the network costs and its different usage can traduce in different routing models. The Dijkstra 

algorithm is used for obtaining the shortest path between a node pair, which is a typical approach for 

dimensioning the links capacities in the MPLS network. The K-Shortest Path algorithm obtains multiple 

K shortest paths which are used for balancing the maximum link load. 

Survivability intends to guarantee the resilience to network failures, accomplishing the service 

availability. The algorithm for survivability is based in the routing algorithm for shortest path computation 

but the physical network topology is previously changed considering an initial path. The algorithm 

intends to compute an alternative path disregarding the links and nodes used in the primary path. 

The constraint-routing introduces limitations which are defined for each traffic class and to avoid 

establishing connections that not accomplish the SLA committed. The implementation of traffic 

engineering aspects are important for the Next Generation Networks and it is deeply studied in this work. 

These constraints are implemented in algorithms with routing and survivability purpose, obtaining paths 

that accomplish the limitations imposed by a certain traffic demand.  
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1.3. Objective and Outline 

The proposal for this master thesis was made by a consulting company with the goal of introducing new 

features to one of its dimensioning model tools. The existing dimensioning model is a planning tool that 

establishes connections between network elements and allocates resources inside the network. It was 

built to estimate the costs for a traffic growth expectation along time. 

The software provided by the referred company was developed in Perl programming language with 

an algorithm to compute all the possible paths inside an IP/MPLS network with restrictions in the 

algorithm to avoid an infinite trend computation. The demand allocation is done using a set of paths, 

opting for the path with the lower cost and the maximum bandwidth available. 

The main goal is to explore different algorithms for point-to-point connections and upgrade the 

planning tool with a feature for survivability in IP/MPLS networks. IP/MPLS networks are dynamically 

supported by the control plane that automatically recovers from failures with algorithms to predict in 

advance the alternative path. In addition, it is introduced a new feature to acquire capacity from a 

transport network provider for upgrading the links capacity inside the network under analysis.  

In this work, it is important to identify the IP/MPLS network elements with the planning components 

as the nodes and links capacities. The focus in IP/MPLS interfaces as the transport layer equipment are 

under analysis to perform a feasible cost scenario. It is also an objective to recap the basic of 

optimization algorithms to compute shortest paths in order to minimize the network costs.  

This thesis is structured in six chapters followed by a set of annexes that complements the developed 

work. The present chapter is a brief overview of the telecommunication evolution with convergence in a 

unique packet network and its SLAs requirements for end customer satisfaction. 

 Chapter 2 presents basic considerations to introduce the general concepts about networks and the 

terminology applied in this document. The IP/MPLS network is detailed with the description of the 

network elements, routing aspects for Label Switched Path (LSP) establishment, survivability aspects 

and the equipment costs. Additionally, there are approached network planning concepts for traffic 

demand allocation considering a single period and multi-period planning. 

 Chapter 3 studies the routing algorithms and approaches of its usage for obtaining the shortest path 

or multiple orders of shortest paths. For survivability issues, it is studied the possibility of finding the 

shortest disjoint path to a primary path. As the IP/MPLS considers TE and QoS matters, the constraint 

routing is detailed in terms of resources allocation. The initial study case for these algorithms is done 

with objective of doing a network framework and a routing analysis. 

Chapter 4 introduces, in a first instance, the planning tool provided and defined as Legacy Planning 

Tool. A complete description of its inputs, algorithms and the strategy for capacity planning is performed. 

Then, it is considered an alternative paradigm for traffic demands allocation performed with the routing 

algorithms that result in the Alternative Planning Tool where diverse models for routing are proposed 

and studied. It is also described an implemented algorithm for link capacity expansion. To conclude the 

chapter, the new feature implemented for survivability in networks is also under observation.   
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The algorithms and the conceptual representations provided in Chapter 3 and 4 are explained with 

the use of mathematical expressions, flowcharts and pseudocodes to allow a better understanding. 

Chapter 5 contains the analysis of results extracted from simulations using the options regarding the 

previous chapter assumptions for the planning tool and its implemented features.  

Chapter 6 provides the overall conclusions of the obtained results followed by suggestions for future 

work. This chapter also summarises the developed work, in order to provide a superficial description of 

the main aspects addressed in this thesis. 

1.4. Original Contributions 

The main contributions of this master thesis are concerned to the following points: 

 Development and study of an algorithm to provide alternative disjoint path to a shortest path. 

This algorithm is based in a known algorithm for computing the shortest path which is Dijkstra. 

This study uses the programming language Matlab. 

 Implementation of constraints to the algorithms under study as Dijkstra, K-Shortest Path and 

the one that computes alternative disjoint paths. The implemented constraint limits the path 

computation through the links that have not enough residual capacity to accommodate the traffic 

demand. 

 Development of routing models with objective of obtaining different solutions for performing 

capacity planning. These routing models are programmed in Perl language to connect with a 

database designed in SQL. 

 Implementation of a capacity expansion module to optimally compute the capacity required to 

be purchased to a transport network provider. This expansion is based on a catalog with the 

capacities available by the transport network provider. 

 Introduction of a survivability feature to predict the path resilience. This implementation is based 

in the previous study in Matlab with the objective of computing alternative disjoint paths. There 

are computed node-link disjoint paths to the ones that were obtained with capacity planning and 

its routing models. The capacity planning paths have an associated traffic demand that 

constraint the alternative path computation. It is optional to allocate the traffic demand or simply 

test the resilience level of a certain connection. 

 Update of the database with introduction of new tables and attributes to accommodate the new 

routing models and resilience feature designed for survivability.  
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2. Fundamental Concepts and State-of-Art 

Chapter 2 

Fundamental Concepts and 

State-of-Art 
 

Chapter 2 studies the basic network concepts and the fundaments of the technology in focus, the      

Multi-Protocol Label Switching. Some aspects about traffic engineering and quality of service are 

approached as requirement on network path creation. Considerations about survivability are done with 

incidence on MPLS networks. Details about the multilayer node equipment are given for cost analysis 

in the results chapter. The concept of multi-period planning is also important for the planning tools that 

considers demand variation along time. 
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2.1. Basic network concepts 

A network is defined by a group of elements interconnected, describing a topology. The network physical 

topology is represented by a graph 𝐺(𝑉, 𝐸) where 𝑉 is the set of 𝑁 network nodes (vertices) and 𝐸 is 

the set of 𝑀 network links (edges): 𝑉 = {𝑣1, 𝑣2, … , 𝑣𝑁} ;  𝐸 = {𝑒1, 𝑒2, … , 𝑒𝑀}. Each unidirectional link 𝑒ℓ is 

defined by an initial node 𝑣𝑥  and an end node 𝑣𝑦 which corresponds to a pair 𝑒ℓ = (𝑣𝑥 , 𝑣𝑦). The group of 

links 𝐸 is characterized by the physical capacity described by 𝐶 = {𝑐1, 𝑐2, … , 𝑐𝑀} where 𝑐ℓ is the physical 

capacity for the link 𝑒ℓ and measured in Gigabit per second (Gbps). 

In telecommunication networks, the network nodes correspond to electric or optical devices and the 

network links are the cables used to connect the devices. The network nodes can be switches, routers, 

servers or other related equipment. The links can represent optical fiber, coaxial cable, twisted pair or 

also represent wireless connections through radio waves. 

A path in a network is a sequence of links that can be represented as 𝑝𝑥𝑦 
= {𝑒𝑥, … , 𝑒𝑦} from a source 

node 𝑣𝑥 to a destination node 𝑣𝑦. The links 𝑒𝑥 and 𝑒𝑦 must contain source node and destination node 

respectively, in a way that a path can also be represented by a sequence of nodes 𝑝𝑥𝑦 
= {𝑣𝑥 , … , 𝑣𝑦}. 

Both representations are derivative if each node pair represents only a physical link. A group of paths 

can be defined by 𝑃 
 and a group of paths between two nodes as 𝑃𝑥𝑦

 . 

In logical topologies, the links correspond to logical connections that characterize traffic flows. The 

traffic flows are analyzed in different periods 𝑡 belonging to a group of periods 𝑇. The traffic flows or 

demands are described by the traffic demands matrix 𝐷𝑡 where 𝑑𝑥𝑦
𝑡  is the traffic demand between the 

nodes 𝑣𝑥 and 𝑣𝑦 for the planning period 𝑡. Here it is assumed that the traffic flow units are the same as 

the link capacity units and therefore are express in Gbps. 

 𝐷𝑡 = [
0 ⋯ 𝑑1𝑁

𝑡

⋯ 0 ⋯
𝑑𝑁1

𝑡 ⋯ 0
]

𝑁𝑥𝑁

[𝐺𝑏𝑝𝑠] (1) 

Different traffic demand matrices can be attributed to the traffic model. In this work, there are 

considered full-mesh logical topologies. The full-mesh logical topologies are characterized by 

connections between every node pair with equal traffic demand amounts. The number of bidirectional 

connections can be calculated by 𝑁(𝑁 − 1)/2. 

Each demand 𝑑𝑥𝑦
𝑡  origins a path determined by the routing. The routing is the mapping of logical 

topology over physical topology and intends to minimize the cost considering different cost metrics as 

the hops, distance, latency, load or residual capacity. It is possible to consider that a demand can be 

divided in 𝑛 multiple paths in a period 𝑡, 𝑝𝑥𝑦
𝑡

𝑛

 
, or through a 𝐾 resilience level, 𝑝𝑥𝑦

𝑡
𝑛

𝐾
, used for network 

survivability detailed in Section 2.3. The allocated demand in each 𝑛-path is set as (𝑑𝑥𝑦
𝑡 )𝑛

′ . 

 As mentioned before, there are different cost metrics. The hop is a transition between a node to an 

adjacent one referring a unitary cost. The distance is the length of the physical connection between two 
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adjacent nodes. The latency (or delay) corresponds to the time that a given data packet takes to go from 

the source node to the destination node.  

As result of the routing process, in each link is allocated load described by 𝐿 =  {𝑙1
 , 𝑙2

 , … , 𝑙𝑀
 }  where 

𝑙ℓ
  is the allocated load in link 𝑒ℓ. This load is the result of traffic demand routing where the load is 

allocated into the links from the path that support the traffic flow. The units for both concepts are 

measured in Gbps. 

A concept regarding the link capacity and the load is the residual capacity. The residual capacity is 

defined by 𝑅 = {𝑟1
 , 𝑟2

 , … , 𝑟𝑀
 }  and represents the available capacity of a link, i.e, the physical link capacity 

less the load transmitted through a determined link where 𝑟ℓ
  is the residual capacity in link 𝑒ℓ. 

The maximum bandwidth 𝐵 is the group of available path capacities where 𝑏𝑥𝑦
   is the maximum 

bandwidth of 𝑝𝑥𝑦 that correspond to its available capacity. The maximum bandwidth is obtained by the 

minimum residual capacity of the links that forms it, considering that 𝑟𝑥 and 𝑟𝑦 contain the source node 

and destination node. 

 𝑏𝑥𝑦
 = min{𝑟𝑥

 , … , 𝑟𝑦
  } [𝐺𝑏𝑝𝑠] (2) 

 In telecommunications, there are circuit and packet switching networks. The packet switching is the 

basis for the IP [6] and offers a connectionless or a connection-oriented services. The MPLS is a packet-

switched network with a connection-oriented paradigm and the IP operates in the OSI’s layer 3 and the 

MPLS is in layer 2.5 between network and data-link layers. 

 Connection-oriented packet-switched networks imitate circuit-switched network with a connection 

associated to a specific Class of Service (CoS), providing the requested QoS. The connection-oriented 

networks guarantee sufficient resources to carry a new flow and end-to-end path may satisfy delay, jitter 

and packet loss constraints within a priority basis for transmission [7]. 

 

Figure 2.1 – Conceptual multilayer representation in telecommunication networks 

Telecommunication networks can be divided in service and transport layers in a multilayer 

representation that is presented in Figure 2.1. The service layer is a conceptual architecture for carrying 
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network services as voice, video, data, M2M and is where MPLS over IP operates. The transport 

network considered is the Optical Transport Network (OTN) where the network elements are optical 

devices named as Reconfigurable optical add-drop multiplexer (ROADM). The IP/MPLS network 

elements are MPLS routers, which are detailed in Section 2.2. 

The service network interacts with the transport network to establish point-to-point (P2P) 

connections. Most of service networks elements operate in the electrical domain while the transport 

layer elements operate in the optical domain. The service and transport layers are typically connected 

by 10 GbE or 100 GbE line cards that contains transceivers converting electrical to optical signals.  

The logical connections between ROADM are defined as Light Paths (LP). The routing and 

wavelength assignment (RWA) algorithms have the purpose to maximize the number of optical transport 

connection. The LP establishment problem is out of scope in this study. It is considered that a transport 

network provider will provide capacity services and the service network operator will purchase capacity 

𝐶 from the transport network to establish the network links 𝐸 and to define the physical topology 𝐺(𝑉, 𝐸). 

2.2. Multi-Protocol Label Switching 

The Multi-Protocol Label Switching is a connection-oriented network positioned in between Data-Link 

and Network layers. The network elements are Label Switch Routers (LSR) for routers inside the 

network or Label Edge Routers (LER) for routers in the network border. The nomenclature Point-of-

Presence (POP) is also used to describe the MPLS routers. 

The MPLS uses a Label Switching technique to define virtual circuits for packet switching by 

consulting a label. The label is presented in Figure 2.2 and defines the next hop direction based in the 

information stored in routers proceeding with packet forwarding without consulting an IP address (fast-

rerouting). The routing tables are obtained using routing protocols like Border Gateway Protocol (BGP), 

Open Shortest Path First (OSPF) or Intermediate System-to-Intermediate System (IS-IS). 

 

Figure 2.2 – MPLS header 

 The Label Value is a 20-bit field to characterize the traffic flow and works as an index for a quick look 

up in a routing table. The 3-bits for “Experimental Bits” are commonly used for service differentiation – 

some literature refers as the Class of Service (CoS) field. The Bottom of Stack Bit (S-Bit) is frequently 

used for tunneling approach in which more than one MPLS header is used. The S-bit is set on the bottom 

header to indicate that the bottom of label stack has been reached. The Time-To-Live (TTL) value is 

used for loop prevention and possibly for path tracing, discarding the packet if it reaches the zero value.  

The “Exp” bits define a class of service and each Forwarding Equivalent Class (FEC) table entry 

defines a path for each service on ingress router. The Label Information Base (LIB) contains all label 

switched indexation by the routers that is obtained and broadcasted by the network elements through 
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by the Label Distribution Protocols. The packet routing in MPLS network is not possible to be done 

without the Label Forwarding Information Base (LFIB) - simplified representation in Figure 2.3.  

 

Figure 2.3 – LFIB table (extracted from [2]) 

The LFIB is structured in a table that indicates for a certain entry label, the corresponding output 

interface and the new label. The label push/pop swap is doing on LSRs and the label is inserted or 

removed, respectively, for ingress or egress routers (LERs). In ingress, the “in label” field is empty and 

the packet is set with a FEC for a certain MPLS path while in egress router, the “out label” is empty and 

the router forwards the packets based on their destination IP address. 

To reinforce the optimization, there is a technique called Label Merge to group traffic from different 

interfaces with the same requirements going to the same destination. Label Merge is beneficial in 

reducing the redundant label number on network. The Penultimate Hop Popping (PHP) is another 

optimization technique that consists in taking off the MPLS header before it reaches the LER. 

The tunneling is a MPLS feature that allows the usage of multiple labels for a single packet. Tunneling 

has the objective of supporting different technologies as Ethernet or Carrier Ethernet 2.0 and provide 

virtual LAN services inside the MPLS networks. 

 

Figure 2.4 – Label stack for tunneling feature on MPLS technology 

 The label stacking is obtained with S-bit utilization in order to create an illusion on packet forwarding 

where the main label, which has the S-bit enable (=1), is hidden for the MPLS network. The label will be 

active until it finds a LSR that ends the swap label sequence or when the TTL field reach an end (TTL=0). 

The whole period that the top label (S-bit=1) is covered by other labels, it is created a sort of tunnel 

masking for the original label. Tunneling is commonly seen as a security feature in a way that routers 

do not know any information about the type of service, the packet source and destination. 

The Quality of Service is a dominant concept in service networks and it is correlated with “Exp” bits 

defining CoS in MPLS networks. The traffic conditioning classifies the packets, comparing the most 

external “Exp” bit on the label stack. The conformity verification is a network measurement for traffic 

constraints in network border and allows triggering specific actions for packets according to defined 

profiles. The step ahead is to identify and rearrange the packets with queue algorithms in order to delay 

some packets, keeping conformity with the defined profile [4]. 

The Label Switched Path (LSP) is a unidirectional point-to-point connection in which are up to steer 

traffic along the network. The routers are advertised about network resources via the routing protocols 
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OSPF or IS-IS. The MPLS technology specifies the explicit path resources that should be used for a 

specific tunnel defined by the ingress node with a determined hop sequence. 

The LSP is the label assignment result determined by the Label Distribution Protocols, filling the LFIB 

with the label conversion (in/out) and the corresponding out interface. The Constraint-Based Routing 

Label Distribution Protocol (CR-LDP) and the Resource Reservation Protocol (RSVP) with Traffic 

Engineering (RSVP-TE) are examples of protocols for label assignment used in MPLS networks. 

Figure 2.5 exemplifies the basic Label Switching process after label assignment. Each MPLS router 

has a corresponding LFIB and each LFIB table entry corresponds to a FEC that defines a LSP. The 

following example considers an IP packet sent by R6, a router outside the MPLS network, with a certain 

service and destination address A that correspond to FEC 1. 

 

Figure 2.5 – Routing by Label Switching technique (adapted from [2]) 

 The IP packet arrives to router R4 without an attributed label. As a router in the network edge, the 

LER R4 has the functionality to find the adequate FEC for the incoming traffic flow based in service type 

and destination address.  

Inside the MPLS network, the LSR matches the incoming label to the destination label and the 

corresponding output interface. Router R1 is considered a LER, however it can behave as a LSR if the 

PHP technique is in use, hence the label is removed before reaching the final network element from 

MPLS network. 

MPLS provides constraint-based path computation at network layer in order to divert the traffic away 

from the congested links and optimizing the network load [9]. Congested links could be considered the 

ones without enough residual capacity 𝑅 to support a traffic demand 𝐷 or the link residual capacity that 

reaches a certain ratio for link utilization 
𝑅

𝐶
. The algorithm idealized to compute the constraint-routing is 
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the Constrained Shortest Path First (CSPF) that obtains the shortest path ensuring the compliance of 

service constraints as output. 

Figure 2.6 intends to establish LSPs inside a MPLS network with 8 network elements connected by 

links with unitary cost and capacity 𝐶 of 2.5 Gbps. The LSP between a LSRx and LSRy is defined by 

𝑝𝑥𝑦 with a traffic demand 𝑑𝑥𝑦. The example 1 establishes the path 𝑝18 = {𝑒13, … , 𝑒78} in the first place 

and, after that, the path 𝑝28 = {𝑒23, … , 𝑒78} with a traffic demand of 1 Gbps for both LSPs where the link 

between the routers LSRa and LSRb is defined by 𝑒𝑎𝑏. 

 

Figure 2.6 – Example 1 of LSP establishment (extracted from [9])  

 The initial statements consider that all links have enough residual capacity to carry the traffic demand 

𝑑18. In this case, the shortest path performs the LSR1 and LSR8 connection. After 𝑑18 allocation, the 

load increases 1 Gbps and the residual capacity will be 1.5 Gbps in the 𝑝18 links. For 𝑑28 establishment, 

the 𝑝28 will also be carried by the shortest path because the residual capacity of the links is higher than 

the demand.  

Figure 2.7 considers the previous network before demand allocation in example 1. The example 2 

goal is to establish four connections with different throughputs and services, starting from LSR1 and 

LSR2 respectively, with LSR8 router as destination. The traffic demands established are composed of 

two 750 Mbps VoIP flows (𝑑18𝑉𝑜𝐼𝑃
,  𝑑28𝑉𝑜𝐼𝑃

) and two standard traffic flows of 250 Mbps (𝑑18𝑠
,  𝑑28𝑠

).  

A constraint for half link utilization is now defined to balance the traffic to avoid the acceptance of 

new connections in links that exceeded 50% of their utilization. The constraint is more rigid than in Figure 

2.6, unless all network links have already exceeded the half utilization. In the impossibility of ensuring a 

determined traffic demand, i.e, all possible paths do not accomplish the service constraints, the 

demands have to be transmitted in best effort. 

The demands 𝑑18𝑉𝑜𝐼𝑃
 and 𝑑18𝑠

 are allocated through the shortest path because the sum of both 

demands is 1 Gbps which in turn do not reach the half link utilization of 1.25 Gbps. After these demands 

allocation, the network links has 𝑅 = {𝑟13, 𝑟23, 𝑟34, 𝑟35, 𝑟47, 𝑟56, 𝑟67, 𝑟78} = {1.5, 2.5, 1.5, 2.5, 1.5, 2.5, 2.5, 1.5} 

Gbps where 𝑟𝑥𝑦 is the residual capacity from the link composed by the routers LSRx and LSRy. 
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Figure 2.7 – Example 2 of LSP establishment (extracted from [9]) 

Consequently, the demand 𝑑28𝑉𝑜𝐼𝑃
 is the next in the queue with 750 Mbps. All links in the network 

have residual capacity above the half utilization and the shortest path will carry this demand. The link 

residual capacity is 𝑅 = {𝑟13, 𝑟23, 𝑟34, 𝑟35, 𝑟47, 𝑟56, 𝑟67, 𝑟78} = {1.5, 1.75, 0.75, 2.5, 0.75, 2.5, 2.5, 0.75} Gbps 

after the 𝑑28𝑉𝑜𝐼𝑃
 allocation.  

At the moment, the links 𝑒34, 𝑒47 and 𝑒78 are above half utilization and it is presented to carrier a new 

standard traffic demand 𝑑28𝑠
 of 250 Mbps. The VoIP service used the shortest path between LSR2 and 

LSR8 which is constrained for the standard services. The decision will be made in LSR3 and, as the link 

𝑒34 reached the half utilization, the traffic demand will follow through the link 𝑒35, which is unloaded. 

The specific case is in the LSR7 where the options are limited for reaching the LSR8. Before  𝑑28𝑠
 

allocation, the link 𝑒78 has a residual capacity of 750 Mbps which is enough to carry this demand 

although it does not comply the constraint imposed to accomplish the SLAs. 
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2.3. Survivability 

Survivability in a telecommunication network has a huge importance, since it indicates the capability of 

keeping the services after a failure occurrence or a resource degradation. Survivability is classified as 

protection or restoration. Protection is a mechanism to anticipate a failure while restoration guarantees 

survivability after-the-fact with dynamic signaling recovery [10] [11] [12].  

 Protection is provided by equipment duplication and by the linear point-to-point connections. The 

linear protection is done at path or at section level that can be defined as dedicated or shared. The linear 

path protection has the purpose of establishing a connection between source and destination while 

section linear protection ensures link and/or node redundancy. The restoration is a dynamically discover 

of a new end-to-end route after occurring a failure in a path. This process is coordinated by the network 

control plane [13]. 

 The path connection from a source to a destination node assuming no failures is denominated as 

working path, WP. The alternative path, which is used under the failure presence, is referred as 

protection path or backup path [11], BP. The working and backup paths must be disjoint, i.e, the backup 

path does not contain the links and/or nodes used in the working path. 

Contrasting with the path protection, the section protection will locally recovery the working path. The 

section node protection provides an alternative path that surrounds the node with failure while the 

section link protection is an alternative path connecting the nodes that compose the failed link. 

The concept of capacity protection regards the fact of having a dedicated backup path to ensure the 

whole traffic flow while the spared capacity protection concern is sharing the backup path. 

  

Figure 2.8 – Survivability techniques 

 Dedicated protection ensures that there will be available resources to entirely recover from the failure 

in the working path, assuming that the resources of a protection path have also not failed [11]. The 

dedicated protection is divided in 1+1 and 1:1 protection schemes. In 1+1 dedicated protection, it is 

considered an active backup path that exploits live redundancy, i.e, the working and protection paths 

are transmitting the same traffic flow and the destination selects the better of the two paths. The 1:1 

dedicated protection sets the backup on hold without transmitting the traffic flow until a failure occurs on 

the working path.  
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The failures are detected in the end node, so the 1+1 dedicated protection immediately recovers 

from a failure while the 1:1 is slower because the end node needs to advise the source to transmit 

through the backup path. However, the great disadvantage of 1+1 is the need of more equipment and 

transport resources to support two active paths [11]. 

Shared protection objective is establishing M backup paths for N working paths considering that the 

number of working paths are higher than protection paths (M<N). Commonly, share protection is 

mentioned as 1:N or M:N schemes. The working paths that share protection capacity should not have 

links in common or intermediate node, avoiding that a single failure could affect more than one path. 

In Figure 2.9, it is shown the linear path protection with a backup path using a dashed yellow line 

that can be used as a protection path for the working LSP and, in numbered dashed lines, the section 

protection for a node failure in LSR3 (1) and a link failure composed by the nodes LSR1 and LSR3 (2), 

independent of the connection direction. 

 

Figure 2.9 – Linear protection schemes 

It is important to mention the concept of multilayer survivability that approaches the implementation 

of recovery mechanisms in both service and transport layers. The multilayer survivability implementation 

is faster and simple to recover from physical link failures than single layer approach, although it 

consumes more optical transport layer resources [14]. As mentioned in the end of Section 2.1, where it 

was assumed that the transport layer provider is independent from service layer provider, the 

establishment of protection light paths will not be analyzed. 

In this study, it is only considered the dedicated linear path protection at service network layer. For 

1+1 protection, it is allocated the capacity for working and backup paths while in 1:1 path protection, it 

is allocated the working path capacity and guaranteeing that is possible to establish a backup path.  
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2.4. Equipment 

The present section introduces the structure of an IP/MPLS node, the equipment installed and the 

functioning mode. The CAPEX impact with the analysis of equipment costs required are detailed based 

in [15] that introduces a model applicable to the technologies belonging to service and transport layers. 

The approach on the transport layer is also taken into consideration. 

A cabinet, known as rack, is a generic node in which are implemented components as the power and 

cooling system. A rack has space to mount a number of shelves to install the equipment associated to 

each technology, which processes the information. Each shelf has a limited number of space units 

named as slots. In these slots, it is possible to install cards with bidirectional ports. Each card port is 

composed by an appropriated transceiver that contains a separated uplink and downlink streams 

composed by slots for optical fibers. The transceiver is an optical/electric converter and it is used 

because the information is processed in electrical medium. 

Figure 2.10 is a rack structure example with a shelf composed by modules. In this example, there 

are modules with 4 and 16 ports and another module for the control. 

  

Figure 2.10 – Generic node structure (extracted from [16]) 

 From the shelf to the cards, the technologies have a group of components with different capacities 

and costs. The IP/MPLS card is a module with ports inserted in a shelf slot with the functionality of 

routing the line signals to another IP/MPLS node or for client signals, i.e., exchanging the traffic signals 

with local hosts. As mentioned, the ports have the uplink and downlink streams separated with full 

capacity. 
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 IP/MPLS cards for client signals are characterized by lower bitrates that, after, are also multiplexed 

and sent in higher bitrates through line signals. Figure 2.11 is a shelf representation incorporating the 

IP/MPLS cards and the ports with the corresponding transceivers.  

   

Figure 2.11 – MPLS node structure (adapted from [12]) 

Each shelf, card and port has an associated normalized cost available in [15]. A shelf for IP/MPLS 

node can cost in between 53.79 consumer units (c.u.) to 8329.02 c.u. with cost variation imposed by the 

capacity. IP/MPLS cards are specified in Table 2.1 by interfaces that were available in different years. 

There are considered the costs with and without the short-reach transceiver and it is individualized the 

cost per port of each interface. The short-reach transceiver connect the MPLS to OTN layer and its costs 

are available in Table 2.2. 

Table 2.1 – IP/MPLS Line Cards (extracted from [15]) 

Interface Available 

Cost [c.u.] Cost per 
port with 

Transceiver 
[c.u.] 

without 
Transceiver 

with 
Transceiver 

48 x 1 GbE 2012 28.55 29.51 0.61 

14 x 10 GbE 2012 31.98 33.38 2.38 

3 x 40 GbE 2012 36.00 37.20 12.40 

1 x 100 GbE 2012 34.28 35.28 35.28 

40 x 10 GbE 2014 28.55 32.55 0.81 

10 x 40 GbE 2014 31.98 35.98 3.60 

4 x 100 GbE 2014 36.00 40.00 10.00 

1 x 400 GbE 2014 34.28 37.48 37.48 

 
Table 2.2 – Transceiver Short-Reach (extracted from [15]) 

Transceiver 1 10 40 100 400 

Cost [c.u.] 0.02 0.10 0.40 1.00 3.20 
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 By Table 2.1 observation, the MPLS port with capacity of 1 GbE are now discontinued which is 

concluded due to the lack of this port in 2014. The unitary cost of 10 GbE port decreased from 2.38 to 

0.81 and the 100 GbE port devaluated 252.8%. The interfaces provided present similar costs and, in 

2014, all combinations have the same capacity. 

The service network provider should purchase IP/MPLS line cards to send line and client signals. 

The client cards are disregarded from this topic because, in this work, are used full-mesh traffic demand 

matrices and the incoming traffic is the same that outgoing traffic for all nodes. The line traffic is the one 

that requires the core transport network to support the MPLS network demands. 

The OTN is the transport network considered in this work. For having an idea about the transport 

layer costs, the Table 2.3 contains the cost per interface port to each OTN line card interface. 

Table 2.3 – OTN Line Cards (extracted from [15]) 

Interface Available 
Interface 

Cost [c.u.] 
Cost per 

Port [c.u.] 

40 x 10 GbE 2014 6.00 0.15 

10 x 40 GbE 2014 8.32 0.83 

4 x 100 GbE 2014 14.40 3.60 

1 x 400 GbE 2014 18.72 18.72 

 
The interface port with 400 GbE has several problems regarding the transceiver limitations in signal 

range over the optical network. The interface ports from 10 to 100 GbE can use transceivers where the 

signal reaches 2000 Km, while for 400 GbE is available a 150 Km range transceiver. 

The transport layer costs can also include equipment as long-reach transceivers, WDM transponder 

or muxponders and other costs regarding the node usage, need of amplifiers or regenerators. The 

related costs are available in [15] and presented in Table 2.4. The costs related to node usage, amplifiers 

and regenerators are single quantified as 12 c.u., which is the value corresponding to the middle node 

capacity. The costs regarding the network profits are not accounted. 

Table 2.4 – Estimative for port costs 

Port 
Port Cost 

[c.u] 
Transceiver 

[c.u.] 
Transponder 

[c.u.] 
Other 

Cost [c.u.] 
Total Cost 

[c.u.] 

10 GbE 0.15 1.10 1.20 

12 

14.45 

40 GbE 0.83 5.60 6.00 24.43 

100 GbE 3.60 14.00 15.00 44.60 

 
The cost per port of an OTN interface was considered in Section 4.3. As it was not possible to collect 

the values of a transport layer provider, these values are a good estimative to perform a study about the 

capacity expansion in a link. The node expansion is in analysis in Chapter 5 results. 
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2.5. Network planning concepts 

The network planning problem can be formulated using a single-period or a multi-period approach. In 

the first case the planning is done for a unique demand in time while in second case the planning 

considers traffic variation along time. The capacity planning objective is to define how much capacity is 

needed for a certain link, having a certain traffic flow and how much does the network cost to support 

all the traffic demands.  

The capacity planning methodology scheme in Figure 2.12 represents a multi-period approach where 

the demand forecast is updated at each period. 

 

Figure 2.12 – Capacity planning methodology (extracted from [9]) 

The multi-period network planning is used for long term operating networks with time variability, 

obtaining a long-term solution for the network planning. For the multi-period planning, there are a few 

documented strategies in [17] to complement Figure 2.12 methodology for obtaining the demand 

forecast.  The strategies described in reference [17] are the following: 

 All-Period Planning – for each period, it is required a new demand matrix. In real time networks 

that offer services, it is difficult to predict the future demands. As far as the demand forecast is 

correct, the all-period planning is the most accurate multi-period approach.   

 Incremental Planning – the network planner only knows the next period demand, being 

computed sequentially for each period. The incremental planning can offer a more expensive 

solution than all-period approach. 

 Begin of Life (BoL) with Forecast Planning – arises as a combination of all-period and 

incremental planning. Its usage is recommended if exists a forecast for the first period(s) but 

not for all planning time. The mix of both planning approaches increases the accuracy of having 

a good short-term planning, not restricting the uncertainty of a long-term future planning. 
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 End of Life Planning – optimizing the last period requires the cumulative demand forecast for 

the last period and is not appropriate for uncertain forecasts. After planning the end period, the 

network is incrementally planned from the initial state until the end of life plan is met. 

 Budget-Restricted Planning – has the goal of minimizing the network costs but with budget 

restrictions. The objective in having a restriction based in specific budget is to control the 

expenses per period. This planning approach is combined with incremental one where exists a 

phase for cost calculation and correction after the provisioning of a period step. The Budget-

Restricted is a complementary approach to the previous multi-period planning methodologies. 

Figure 2.13 presents the flow diagrams representation for BoL with forecast planning that is the focus 

in this work and where the multi-period planning is considered.  

 

Figure 2.13 – Begin of Life with forecast planning (adapted from [17]) 

 The Begin of Life with forecast is the common planning approach for networks with a known traffic 

demand matrix for one or few periods and an uncertain future forecast. This multi-period scheme is the 

tradeoff between the All-Period’s cost efficiency and the flexibility of the Incremental planning approach. 

The flexibility of BoL planning approach is also found in the time spend for All-Period or Incremental 

schemes because it can be just spend a time step using the All-Period methodology and the remaining 

periods using the Incremental one.  

For real-time networks with uncertain future forecast, the BoL approach is commonly used and the 

appropriated one. This multi-period planning methodology is the one applied in the software provided 

by the company, allocating the period zero demand and a forecast increasing ratio that is used for the 

remaining periods. 
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Algorithm I intends to obtain the traffic demand 𝑑𝑥𝑦
𝑡  considering growing demand factors ∆𝑑𝑥𝑦

  for the 

periods 𝑇. The algorithm also assumes an overprovision factor that, as mentioned in Figure 2.12, 

increases the traffic volume to be safeguarded from a SLA breaching moment. 

Algorithm I: Traffic Demand 

Input:  𝑑𝑥𝑦
0  – Initial traffic demand, 𝑡 = 0; 

 ∆𝑑𝑥𝑦
  – Growing demand factors; 

 𝑡 – Project period in which it is pretended to compute the traffic demand; 

 𝑜𝑝𝑓 – Overprovisioning factor; 

Output  𝑑𝑥𝑦
𝑡  

1 begin 

2  𝑑𝑥𝑦
𝑡 = 𝑑𝑥𝑦

0 ; 

3  if 𝑡 ≠ 0 then 

4   for 𝑖 = 1: (𝑡 − 1) 

5    𝑑𝑥𝑦
𝑖 = 𝑑𝑥𝑦

𝑖−1 . (1 + ∆𝑑𝑥𝑦
𝑖 )  #compute the total demand 

6   end 

7   𝑑𝑥𝑦
𝑡 = 𝑑𝑥𝑦

𝑖  . (1 + ∆𝑑𝑥𝑦
𝑡 )   

8  end 

9  𝑑𝑥𝑦
𝑡 = 𝑑𝑥𝑦

𝑡  . (1 + 𝑜𝑝𝑓)   

10 end 

 
 The algorithm for traffic demand is represented by the first project period and, for the following 

periods, it is incremented a traffic demand composed by the growing factor of a previous period demand. 

In Chapter 3, the multi-period planning will be in focus with the allocation for 𝑇 periods using an initial 

demand forecast matrix and its growing factor for each period 𝑡. 
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3. Routing Algorithms 

Chapter 3 

Routing Algorithms 

The purpose of this chapter is to introduce the heuristic algorithms and apply them in network 

dimensioning and planning. The objective is to complement the state-of-art in routing algorithms. The 

analysis intends to compare different situations using the approached algorithms, observing the load 

obtained from the capacity planning process with and without the use of constraints. The concept of 

disjoint path will also allow to make considerations about linear path protection.  
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3.1. Routing Algorithms 

The routing algorithms perform operations in a network graph 𝐺(𝑉, 𝐸) to obtain the shortest path. The 

routing algorithm solutions can be heuristic or determinist. The heuristics lead to achieve workable and 

efficient results as close as possible to the optimal solution given by deterministic solutions. The 

deterministic solutions as Integer Linear Programming (ILP) are unfeasible due to computation times. 

3.1.1. Finding the shortest path 

For the shortest path computation, the used algorithm is the Dijkstra. The Dijkstra implementation 

requires the network representation given by the physical topology 𝐺(𝑉, 𝐸) and pretends to obtain the 

shortest path for a cost metric. The Dijkstra algorithm is the solution that provides lower complexity for 

finding the shortest path if the edges have positive costs. 

Dijkstra algorithm is used as a routing model for capacity planning and the following description is 

based in algorithm developed in [18]. The tiebreak case when a node must choose by more than one 

equal cost for the next hop, the algorithm will prefer to follow by the node with lower index 𝑣𝑚𝑖𝑛{𝑘}. 

Algorithm II: Dijkstra 

Input:  𝐺(𝑉, 𝐸) – Network description; 

 𝑣𝑥  & 𝑣𝑦 – Source and destination nodes; 

Output  𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡 𝑃𝑎𝑡ℎ 

Data:  𝑣𝑖𝑠 – Visited nodes; 

 𝑝𝑎𝑟 – Parent nodes; 

 𝑐𝑜𝑠𝑡 – Cost from the source node; 

 𝑐𝑜𝑠𝑡_𝑡 – Temporary costs value from the source node; 

 𝑣𝑐 – Current node; 

1 begin 

2  for each network node 𝑛 ∶ 
3   𝑣𝑖𝑠[𝑣𝑛] = 0;  𝑝𝑎𝑟[𝑣𝑛] = 0;  𝑐𝑜𝑠𝑡[𝑣𝑛] = ∞;  𝑐𝑜𝑠𝑡_𝑡[𝑣𝑛] = ∞;  
4  end 

5  𝑣𝑖𝑠[𝑣𝑥] = 1;  𝑐𝑜𝑠𝑡[𝑣𝑥] = 0; 
6  𝑣𝑐 =  𝑣𝑥; 

7  while 𝑣𝑘 ≠ 𝑣𝑗 ∶ 

8   for each neighbour node 𝑣𝑎 of the current node: 

9    𝑐𝑜𝑠𝑡_𝑡[𝑣𝑎] = 𝑐𝑜𝑠𝑡[𝑣𝑐] + 𝑙𝑖𝑛𝑘 𝑐𝑜𝑠𝑡(𝑣𝑐 , 𝑣𝑎); 

10    if 𝑐𝑜𝑠𝑡_𝑡[𝑣𝑎] < 𝑐𝑜𝑠𝑡[𝑣𝑎] then 𝑝𝑎𝑟[𝑣𝑎] = 𝑣𝑐 ;  𝑐𝑜𝑠𝑡_𝑡[𝑣𝑎] = 𝑐𝑜𝑠𝑡[𝑣𝑎]; 
11   end 

12   𝑘 = 𝑖𝑛𝑑𝑒𝑥{ min(𝑐𝑜𝑠𝑡[𝑣𝑛]) 𝑤ℎ𝑒𝑟𝑒 vis[𝑣𝑛] = 0 } ;  𝑣𝑖𝑠[𝑣𝑐] =  1;  𝑐𝑜𝑠𝑡_𝑡[𝑣𝑘] = ∞;  

13  end 

14  while 𝑣𝑘 ≠ 𝑣𝑥 ∶ 
15   𝑣𝑘  →  𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡 𝑃𝑎𝑡ℎ; 

16   𝑣𝑘 = 𝑣𝑝𝑎𝑟[𝑘]; #parent node 

17  end 

18 end 
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The Bellman-Moore-Ford algorithm is also used for finding the shortest path, supporting negative 

cost edges. The algorithm is rather similar with Dijkstra whose major difference is the V-1 iterations 

required in the worst case for its computation [19]. The Floyd-Warshall algorithm is the designation to 

find the shortest paths for networks with positive and negative cost edges [20], following the principle 

steps of Bellman’s algorithm that both detect negative cost cycles. 

3.1.2. Multiple order of shortest paths 

The objective in finding more than a single path with the lowest cost path is frequent in documentation 

for solving the problem of determining more than a single shortest loop less paths. Yen’s algorithm 

known as K-Shortest Paths to obtain multiple orders of shortest paths between a node pair. 

The implementation below was based in algorithm developed in Matlab in [18] and has inputs that 

describes the network as the source and destination nodes. The described implementation of the 

algorithm computes a group of K paths and not a single 𝐾 level path as found in many other references.  

Algorithm III: K-Shortest Paths (Yen) [18] 

Input:  𝐺(𝑉, 𝐸) – Network description; 

 𝑣𝑥  & 𝑣𝑦 – Source and destination nodes; 

 𝐾 – Number of shortest paths to calculate; 

Output  𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡𝑃𝑎𝑡ℎ𝑠 – Set of K-shortest paths; 

Data:  𝑃 – Set of the candidate shortest paths with the corresponding costs; 

 𝑋 – Set of sub-paths of P; 

 𝑆𝑃 – Obtained shortest path and cost; 

 𝑣𝑑 – Deviation node; 

1 begin 

2  𝑆𝑃 = Dijkstra (𝐺 , 𝑣𝑥  , 𝑣𝑦); 

3  𝑆𝑃 → 𝑃; #shortest path in list of sub-paths, 

4  𝑆𝑃 → 𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡𝑃𝑎𝑡ℎ𝑠; 

5  Current path = 𝑆𝑃; 

6  while 𝑘 <  𝐾 and X ≠ NULL 

7   Remove current path from X; 

8   Find the deviation vertex used to find the current path; 

9   while Current path have nodes to read 

10     if X not empty then 

11     Temporarily remove the nodes until the deviation node, 𝑣𝑑; 

12     Remove the edge follow up the deviation node on candidate path; 

13    end 

14    Calculate the cost until the deviation node 𝑣𝑑; 
15    𝑆𝑃 = Dijkstra (𝐺 , 𝑣𝑑  , 𝑣𝑦) #shortest path from deviation to destination node; 

16    𝑆𝑃 → 𝑃; 𝑆𝑃 → 𝑋; #candidate path list and to the sub-path list; 
17   end 
18   Find the shortest path in 𝑃 and save in 𝑠ℎ𝑜𝑟𝑡𝑒𝑠𝑡𝑃𝑎𝑡ℎ𝑠; 
19   Current path = Shortest path obtained in line 18; 
20  end 
21 end 

 

 The Yen’s algorithm uses the Dijkstra algorithm to obtain the shortest path between a pair of nodes. 

The difference in K-Shortest paths algorithm usage is based on the possibility to compute the alternative 
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paths starting from a different deviation node. After being analyzed the totality of found paths, the chosen 

route will be the one that presents the lower cost. The process is repeated as many times as the number 

of paths to find, K. 

Yen’s algorithm does not guarantee path disjunction and it is a disadvantage for dealing with path 

survivability applications. Therefore, if the intention is to guarantee a backup path without nodes and/or 

links in common, the heuristic algorithm described will be helpful and is the simple way to generate 

multiple K-Shortest Disjoint Paths [19].  

Algorithm IV: K-Shortest Disjoint Paths 

Input:  𝐺(𝑉, 𝐸) – Network description; 

 𝑣𝑥  & 𝑣𝑦 – Source and destination nodes; 

 𝐾 – Number of shortest disjoint paths to calculate; 

 𝑃𝑥𝑦
  – Group of 𝐾 paths between node 𝑣𝑥 and 𝑣𝑦; 

Output  𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡𝑃𝑎𝑡ℎ𝑠 – Set of K-shortest paths 

Data  𝐺′ – Network physical topology modified; 

 𝑝𝑥𝑦
𝑘  – Path belonging to 𝑃𝑥𝑦

  with 𝑘 resilience level; 

1 begin  

2  for 𝑘 = 1 ∶ 𝐾 − 1 

3   𝐺′ = Disregard the links (or nodes) used 𝑝𝑥𝑦
𝑘  from 𝐺(𝑉, 𝐸); 

4  end 
5  𝑆𝑃 = Dijkstra (𝐺 , 𝑣𝑥  , 𝑣𝑦); 
6  𝑆𝑃 → 𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡𝑃𝑎𝑡ℎ𝑠; 
7 end 

 

 The strategy for obtaining a disjoint path in 𝐺(𝑉, 𝐸) is to not consider the links and/or nodes used in 

the previous computed path(s) while running the Dijkstra algorithm. If the maximum node degree of the 

source and end nodes is lower than the K value, it will be unachievable due to physical limitations. 

 For the shortest path between nodes 1 and 12, the Figure 3.1 aims to compare the second shortest 

path obtained by the K-shortest path algorithm and the first disjoint path to the shortest path. 

 
Figure 3.1 – Difference between shortest paths and disjoint path in NSFNET 

 In K-Shortest path, it is possible to share links with the previous level paths because this algorithm 

takes into account deviations from the shortest path. In the disjoint path solution, the previously used 

elements as nodes or/and links are disregarded for further path computation. Finding a second or a third 

shortest disjoint path, in certain topologies, it can be unattainable. 
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3.1.3. Constraint-Routing in algorithms 

The idea behind Constraint-Routing algorithms is to compute a shortest-path under some constraint 

conditions. These constraints can be the residual capacity, the delay or the availability of links. For 

example, if a given traffic demand requiring A units of traffic is routed over a link whose residual capacity 

is less than A, then this is a critical link that must be disregarded for routing this demand. 

 Constraint-Routing can be applied inside the routing algorithms, validating the steps with constrains 

or simply modifying the input physical network topology 𝐺(𝑉, 𝐸), by discarding the critical links that do 

not verify the imposed constraints. The physical network topology considering the links discarded is 

represented by 𝐺′(𝑉, 𝐸). 

 In this section are presented algorithms based on Section 3.1.2 algorithms, considering the number 

of hops as the routing algorithm metric and the residual capacity as constraint. 

 Algorithm V aims to compute the K-Shortest Path restricting the links that not have enough capacity 

to support a certain input demand. The inputs to perform a path computation are the demand traffic 

matrix 𝐷𝑡, the 𝐾 path level and the physical network topology 𝐺(𝑉, 𝐸). The algorithm outputs are the 

paths and the blocked paths 𝐵𝑙𝑃 for each path level 𝐾. The purpose of this algorithm is to check, in 

between the 𝐾-Path levels, what is the path level 𝐾 that leads to in lower number of blocked paths.  

Algorithm V: Constraint Routing for a K-Shortest Path 

Input:  𝐺(𝑉, 𝐸) – Network description; 

 𝑘 – Resilience level of a path to compute; 

 𝐷𝑡 – Traffic demands;  

Output  𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑃𝑎𝑡ℎ𝑠 – Structure with the obtained paths; 

 𝐵𝑙𝑃 – Number of blocked paths; 

Data:  𝑃𝑥𝑦
  – Group of 𝐾 paths between node 𝑣𝑥 and 𝑣𝑦; 

 𝑝𝑥𝑦
𝑘  – Path belonging to 𝑃𝑥𝑦

  with 𝑘 resilience level; 

 𝐺′ – Network physical topology modified; 

1 begin  

2  for each 𝐷𝑡  
∈ 𝑑𝑥𝑦

𝑡 : 

3   𝐺′ = Disregard the links with 𝑅 < 𝑑𝑥𝑦
𝑡 ; 

4   𝑃𝑥𝑦
  = K-Shortest Path (𝐺′, 𝑣𝑥  , 𝑣𝑦 , 𝑘); 

5    if  𝑝𝑥𝑦
𝑘 == 𝑁𝑈𝐿𝐿 then 

6     𝐵𝑙𝑃 =  𝐵𝑙𝑃 + 1; 

7   else 

8    𝑝𝑥𝑦
𝑘 → 𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑃𝑎𝑡ℎ𝑠; 

9    Remove the 𝑑𝑥𝑦
𝑡  from R on links belonging to 𝑝𝑥𝑦

𝑘 ; 
10   end 

11  end 
12 end 

 
 The algorithm called in step 4 is the K-Shortest Path algorithm, studied in the previous section, and 

obtains a number of K paths. However, only the kth path will be considered for demand allocation 

because it is pretended to know the resilience level of kth path. If the K-Shortest Path algorithm does not 
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output a k-path, it is because the path was not able to be computed and the blocked paths counter must 

be incremented. 

Algorithm VI has the objective of computing the K Shortest Disjoint Path,   restricting the links that 

do not have enough capacity to support a certain input demand. The inputs to perform a path 

computation are the physical network topology 𝐺(𝑉, 𝐸), the demand traffic matrix 𝐷𝑡 and the maximum 

K path level for an alternative path. The algorithm outputs the shortest paths and the alternative disjoint 

paths (𝐾 > 1) that are characterized by the working path and the backup paths in survivability. It is also 

obtained the number of backup paths that were not possible to establish under constraint limitations. 

The purpose of this algorithm is to verify if it is possible to ensure a working and backup path with 

the actual 𝐺(𝑉, 𝐸). For disjoint path computation, the links from the previous paths are discarded from 

the network physical topology 𝐺(𝑉, 𝐸). 

Algorithm VI: Constraint Routing with Survivability 

Input:  𝐺(𝑉, 𝐸) – Network physical topology; 

 𝐾 – Maximum level of paths to compute; 

 𝐷𝑡 – Traffic demands;  

Output  𝑃𝑥𝑦
  – Group of 𝐾 paths between node 𝑣𝑥 and 𝑣𝑦; 

 𝐵𝑙𝑃 – Number of blocked paths; 

Data  𝑝𝑥𝑦
𝑘  – Path belonging to 𝑃𝑥𝑦

  with 𝑘 resilience level; 

 𝐺′ – Network physical topology modified; 

1 begin  

2  for 𝑘 = 1 ∶ 𝐾 

3   for each 𝐷𝑡  
entry defined by 𝑑𝑥𝑦

𝑡 ∶ 
4    𝐺′ = Disregard the links with 𝑅 < 𝑑𝑥𝑦

𝑡   and the links (or nodes) used in previous paths, 

𝑃𝑥𝑦
 =  {𝑝𝑥𝑦

1 , … , 𝑝𝑥𝑦
𝑘−1}), from 𝐺(𝑉, 𝐸); 

5    𝑝𝑥𝑦
𝑘  = Dijkstra (𝐺′, 𝑣𝑥  , 𝑣𝑦); 

6     if 𝑝𝑥𝑦
𝑘 == 𝑁𝑈𝐿𝐿 then 

7     𝐵𝑙𝑃 =  𝐵𝑙𝑃 + 1; 

8    else 

9     𝑝𝑥𝑦
𝑘 → 𝑃𝑥𝑦

 ; 

10    end 

11     if 𝑘 < 𝐾 then 

12     Remove the 𝑑𝑥𝑦
𝑡  from R on links belonging to 𝑝𝑥𝑦

𝑘 ; 
14    end 

15   end 

16  end 
17 end 

 

The algorithm is able to compute the number of paths that are not possible to establish under 

constraint limitations which are named blocked paths. The blocking ratio, defined as the ratio between 

the blocked demands and the total demands, can be used as a performance metric. 

The alternative for blocking paths is the traffic demand transmission in best effort, violating the 

constraints. This algorithm can be useful for checking the network reliability in offering services with 

certain constraint levels and survivability if applied the 𝐾 path level.  



 

 

29 

3.2. Analysis with Dijkstra and K-Shortest Path 

The study planned to compute all logical connections in a graph 𝐺(𝑉, 𝐸) between the network nodes 

considering a mesh network topology described by the traffic demand matrix 𝐷. The routing algorithms 

use both distance and hop metrics. The networks considered are the COST239, NSFNET and UBN with 

topology information in Annex A. 

The routing algorithm output is a link load matrix 𝐿  with the allocated load in each link and the results 

for each link are available in Annex B.1. Figure 3.2 and Figure 3.3 present the total and maximum links 

loads for different values of K using, respectively, the distance and the hop metrics. The total link load 

is the sum of all network link loads and the maximum link load is the load of the “busiest” link. 

  

Figure 3.2 – Total and maximum load for different networks and values of K using distance metric 

  

Figure 3.3 – Total and maximum load for different networks and values of K using hop metric 

As can be seen, Dijkstra algorithm (regarding 𝐾 = 1) leads to a lower load in most of the links in 

relation to the 𝐾 = 2 and 𝐾 = 3. As a consequence, the total and maximum link loads have the lowest 

values for 𝐾 = 1, as shown in both figures.  

It is possible to conclude that, by using hop count metric, both the total and the maximum link load 

are reduced in comparison with the scenarios based on the distance. For example, for the COST239 

network and 𝐾 = 1, these reductions are about 11% (from 194 to 172) for the total link load and 36% 
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(from 11 to 7) for the maximum link load. The results for load decrease using the hop routing metric in 

relation to the distance metric are available in Figure 3.4.  

  

Figure 3.4 – Total and maximum load variation for different networks and values of K 

The load decrease behavior is correlated to the number of links used during demand allocation. As 

many links a path has, more load will be consumed in the network. The hop metric guarantees that the 

path with the lower number of links is computed. Taking into account these results, the analysis of the 

MPLS networks will be done using the number of hops as metric in the routing process to decrease the 

network costs. 

3.3. Analysis considering the Disjoint Paths 

The algorithm used for Disjoint Path computation is based on the Dijkstra algorithm and is described by 

Algorithm IV that belongs to Section 3.1.2. Concerning the survivability section nomenclature, the 

algorithm computes a shortest path named as working path and an active protection path, that is node 

and link disjointed to the working path, denoting a linear 1+1 path protection. 

The results of this computation are available in Annex B.2, showing the traffic loads for the different 

links considering the working and backup paths. Figure 3.5 represents the total network load and the 

maximum link loads for the shortest path and the disjoint path separately while, in Figure 3.6, the shortest 

path is represented jointly with the protection disjoint path. 

  

Figure 3.5 – Total and maximum link load considering separately the shortest and its disjoint path  
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Figure 3.6 – Total and maximum link load considering jointly the shortest and its disjoint path  

For COST239, NSFNET and UBN, the load obtained with the disjoint path is 41%, 69% and 34% 

higher than the used with the shortest path if we consider a separated approach. In a jointly 

interpretation, the load increases 141%, 169% and 134%. The maximum link load is not cumulative as 

the total network load. The most loaded link can be different if it is used the shortest path, disjoint path 

or the aggregation of both. 

The solution that jointly considers loads from shortest and disjoint paths. Regarding 1+1 linear path 

protection, where both working and backup paths are active, the network load will over double. For 

example, regarding the values in Annex B.2, for the COST239 network for the link 1→2 the load rises 

from 7 to 12 Gbps, but in link 1→3 it rises from 3 to 11 Gbps, which is an almost four times increase. 

The results in NSFNET and UBN follow the same trends as the COST239. It is also worth noting that 

for the UBN network the links’ load in the presence of protection is quite unbalanced, considering load 

variation between 16 and 106 Gbps. 

Considering that network link load increases more than the double with 1+1 protection, duplicating 

the network links’ capacities from the planning with the shortest path is not enough to face the traffic 

increase. For service networks, where MPLS is framed, it is common to consider the 1:1 linear path 

protection studied in Section 2.3, having alternative routes in idle mode waiting for a failure. Comparing 

1+1 with 1:1 solution, the first protection scheme will consume resources for a path pair (working and 

backup path) and 1:1 only will consume resources for a single path. 

In Section 3.4, the 1:1 linear path protection approach is analyzed by observing the possibility of 

performing a linear protection path to the working path. 
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3.4. Analysis using Constraint-Routing 

The new routing problem assumes that the link capacities are given, contrary to the previous analysis 

where it is assumed that the links capacities are unbounded. The analysis is done by variating the initial 

link residual capacity and using the constraints to routing algorithms previously described. It is 

considered a full-mesh logical topology with unitary demands (𝑑𝑥𝑦
𝑡 = 1 𝐺𝑏𝑝𝑠) and a hop count metric for 

the Dijkstra and K-Shortest Path algorithms. The initial link residual capacity is the available capacity of 

a link before the capacity planning process. 

The constraint implemented disregards the links without enough residual capacity for supporting a 

certain demand in the routing process. The simulation results obtained in this section consider the 

blocking path ratio and the congested link ratio concepts. The blocked paths determine the blocking 

path ratio over the connections represented by each traffic demand. The congested link ratio is the 

number of links without residual capacity in all network links 𝐸. 

The first simulation considers an initial residual capacity for each link, in the networks under analysis, 

with the objective of testing the capacity to drawn all the demands through limited resources. Figure 3.7 

considers the blocking path ratio as function of initial link capacity, while Figure 3.8 contains the 

congested link ratio for the same scenario. 

 

Figure 3.7 – Blocking path ratio as a function of the initial residual capacity for shortest path 

 

Figure 3.8 – Congested link ratio as a function of the initial residual capacity for shortest path 
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 With the initial residual capacity increasing, it becomes easier to compute a path inside the network 

and the link congestion decreases. The COST239 network has 62% of congested links when all 

demands were successful assigned. For the same scenario, in NSFNET and UBN networks, the 

congested links percentages are 12% and 21%. 

The COST239, NSFNET and UBN network requires 4, 14 and 35 Gbps in each link to complete the 

allocation without blocked paths. The interesting point is that in Section 3.2, the maximum link load 

results are 7, 16 and 42 Gbps. In Figure 3.9 is represented the load chart to compare the constrained 

and not constrained results in the NSFNET network. The simulation under constraints is defined by an 

initial residual capacity of 14 Gbps that represents the value since it is not found any blocked path in the 

NSFNET network. 

 

Figure 3.9 – Link load considering a scenario without residual capacity restriction and other with limited residual 

capacity to 14 Gbps applying the Dijkstra algorithm in the NSFNET network 

 Introducing an initial residual capacity restriction, the network load is more balanced, i.e, the capacity 

planning will proceed with allocation in links with lower resources occupation. Then, the loaded peaks 

obtained without capacity restrictions are attenuated and, in this case, without path blocking. This 

example also remarks that there are 5 links congested in 42 unidirectional links using constraint which 

corresponds to 12% of congestion ratio. 

Completed the shortest path simulations, it is pretended to test the allocation through the second 

and third shortest paths in the networks under analysis. The usage of K-Shortest path with residual 

capacity restriction was detailed in Section 3.1.3 and outputs the number of blocking paths of using a 𝐾 

path level. 

 Figure 3.10 and Figure 3.11 represent the blocking ratio for 𝐾 = 2 and 𝐾 = 3 using the constraint 

routing with the K-Shortest Path algorithm. Both simulations for congested link ratio are available in 

Figure 3.12 and Figure 3.13, respectively. The results are available in table view at Annex B.3. 

Comparisons to the previous graphs, regarding the shortest path, will be under observation because it 

corresponds to the 𝐾 = 1 result from the K-Shortest Path.  

For all networks, the blocking ratio slope decreased for 𝐾 = 2 and 𝐾 = 3 in relation to the shortest 

path. In COST239, the blocking ratio started to be 0% at 4 Gbps for the shortest path and 7 and 8 Gbps 

to second and third order paths. It means that for 𝐾 = 2 and 𝐾 = 3 more network resources are needed 
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Figure 3.10 – Blocking path ratio as a function of the initial residual capacity for 2nd shortest path 

 

Figure 3.11 – Blocking path ratio as a function of the initial residual capacity for 3rd shortest path 

 

Figure 3.12 – Congested link ratio as a function of the initial residual capacity for 2nd shortest path 

 

Figure 3.13 – Congested link ratio as a function of the initial residual capacity for 3rd shortest path 
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in relation to the shortest path to perform the traffic demand matrix allocation. The remaining networks 

also need higher resources in 𝐾 > 1 to guarantee any blocked path. The thresholds for initial residual 

capacity to ensure no path blockage are presented in Table 3.1 considering different path levels. 

Table 3.1 – Thresholds for initial residual capacity to ensure no path blockage 

 K=1 K=2 K=3 

COST239 4 7 8 

NSFNET 14 24 24 

UBN 35 39 45 

 
Figure 3.3 presented in Section 3.2 showed that the network load increases as much the path level 

𝐾 is higher. Effectively, the decrease of blocking path ratio slope is an expected behavior, being more 

difficult to find a path. The link congestion also follows the blocking path ratio behavior. A congested link 

ratio of 0% is guaranteed, for 𝐾 = 1, when the initial residual capacity is 8, 18 and 43 Gbps. For 𝐾 = 2, 

the initial residual capacity values have to be 19, 45 or 92 Gbps and, for 𝐾 = 3, these values are 18, 36 

and 75 Gbps. These values are indexed in Table 3.2. 

Table 3.2 – Thresholds for initial residual capacity to ensure no congested link 

 K=1 K=2 K=3 

COST239 8 19 18 

NSFNET 18 45 36 

UBN 43 92 75 

 
It is interesting to observe that with 𝐾 = 2, the blocking path ratio is 0% sooner but, in contrast, the 

link congested ratio has the opposite behavior. Figure 3.3 representation for UBN network notice that, 

despite of having higher network load for 𝐾 = 3, the maximum link load is lower in comparison to the 

𝐾 = 2 path. Considering the paths are computed under the same premises, 𝐾 = 3 leads to a better 

network resources balance than using 𝐾 = 2. 

Figure 3.14 considers a simulation with an initial residual capacity that guarantees that none path is 

blocked for the networks under analysis with different K path levels. The initial values for residual 

capacity considered are from Table 3.1. The output is the total network load to compare with Figure 3.3 

results. 

 

Figure 3.14 – Total network load for different networks and values of K under capacity constraints 
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It is possible to conclude with the analysis of the total link load of Figure 3.3 and Figure 3.14 that, for 

all networks under analysis and K-Paths, the network load increases with capacity limitation. This 

conclusion was expected because, if it is pretended to compute the shortest path considering the hops 

count metric, the link restriction will refuse the shortest path in some point-to-point connections. 

Restricting the initial residual capacity to the maximum possible, that guarantees all demands 

assignment, is useful to provide a better resources distribution solution. The network load balancing will 

not be detailed in this work but the resources balancing is a general concept for the network optimization. 

Another important concept is the survivability with relevant focus in this work. The following 

simulation will analyze the backup path availability after performing the allocation of the working path 

defined by the shortest path. Figure 3.15 presents the blocking ratio for the disjoint backup path. The 

simulation considers that backup path resources are not allocated, performing a 1:1 linear path 

protection scheme. Note that only the traffic demands with working paths will obtain backup paths. 

 

Figure 3.15 – Blocking path ratio as a function of the initial residual capacity for backup path 

 Figure 3.15 assures that a disjoint backup path can be planned for all demands if the initial residual 

capacity is 5, 15 and 38 Gbps for COST239, NSFNET and UBN, respectively. These values are 

interesting to the service network provider because, in the results that have 0% of blocking ratio, the 

SLAs commitments are accomplished and also ensures the service continuity in case of occurrence of 

any failure in the working path.  

 According to threshold values of Table 3.1, in order to guarantee network resilience, i.e, the 

establishment of a working and a backup path, it is necessary to upgrade the COST239 and NSFNET 

network in 1 Gbps. In UBN are need 3 Gbps resources plus in relation to shortest path allocation. 

 Ending the chapter, the simulations get deepen in state-of-the-art concepts. From now, it is possible 

to do the pros and cons of selecting a K path level with K-Shortest Path algorithm, the survivability 

application with the routing algorithm and the constraint-routing that imposes demand restrictions to 

ensure the committed SLAs. 
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4. Network Planning Tool 

Chapter 4 

Network Planning Tool 
 

In this chapter, it is presented a detailed description about the network planning tool used for designing 

and simulating an IP/MPLS network. The tool provided by the company is firstly analyzed and then the 

different upgrades and enhancements carried out by the author are explained. The tool architecture 

includes several structural elements that interact directly with a database, whose structure is detailed in 

Annex C. Some of these elements include, namely, the Path Creator, the Capacity Planning and the 

Path Resilience, which will be examined in detail in this chapter.  

 

  



 

 

38 

4.1. Legacy Tool Architecture 

The company developed a planning tool with the objective of computing paths inside a MPLS network 

described by a graph 𝐺(𝑉, 𝐸) that will carry the traffic demands 𝐷𝑡. The software is divided in two 

modules, one for path computation and other for capacity planning. The software was developed in Perl 

language and is linked with a SQL database that contains the tables described in Annex C.  

The MPLS routers are defined as LSR or POP and are set in the POPs database table (Figure C.2) 

with the nodes description. The links are inserted in the Links table (Figure C.3) containing the attributes 

of each link like its identifier, the origin and destination nodes which are crucial to define the physical 

network 𝐺(𝑉, 𝐸). 

The Path Creator algorithm computes a group of paths 𝑃 for all the network. The group of paths 𝑃 

are an aggregation of the results from Path Finder algorithm that obtains the group of paths between 

nodes 𝑣𝑥 and 𝑣𝑦, designed as 𝑃𝑥𝑦. The Path Finder algorithm computes the possible paths between a 

node pair, storing them into the Paths Temp table (Figure C.7) and returning the number of paths found.  

Algorithm VII: Path Creator 

Input:  𝐺(𝑉, 𝐸) – Network description; 

 $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 – Set number for minimum paths to find; 

 $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒 – Set the initial value for maximum number of nodes for a path;  

 $𝑚𝑎𝑥_𝑑𝑒𝑙𝑎𝑦 - Value for the maximum acceptable delay;  

 $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔 – Variable to leave cycle if repeated # obtained paths; 

Output  𝑃 – Group of paths obtained and stored in Paths Temp table; 

Data:  $𝑝𝑐𝑛𝑡  - Number of paths obtained; 

 $𝑚𝑛𝑝 - Maximum number of nodes for a path; 

 $𝑠𝑎𝑡 – Number of sequential repeated 𝑝𝑐𝑛𝑡 ; 

 𝑃𝑥𝑦 – Group of paths between 𝑣𝑥 and 𝑣𝑦; 

1 for a certain node 𝑣𝑥, 𝑥 ∈ {1, … 𝑁} in POPs table: 

2  for a certain node 𝑣𝑦 , 𝑦 ∈ {1, … 𝑁} and 𝑦 ≠ 𝑥 in POPs table: 

3   $𝑝𝑐𝑛𝑡𝑛 = 0;  
4   $𝑚𝑛𝑝 =  $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒; 
5   while $𝑝𝑐𝑛𝑡𝑛 ≤ $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 𝒐𝒓 $𝑠𝑎𝑡 < $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔 : 
6    $𝑝𝑐𝑛𝑡𝑛−1 =  $𝑝𝑐𝑛𝑡𝑛; $𝑝𝑐𝑛𝑡𝑛 = 0; 
7    Removes the existent paths for (𝑣𝑥 , 𝑣𝑦) in 𝑃; 

8    (𝑃𝑥𝑦 , $𝑝𝑐𝑛𝑡𝑛) = Path Finder (𝐺, 𝑣𝑥 , 𝑣𝑦 , $𝑚𝑛𝑝, $𝑚𝑎𝑥_𝑑𝑒𝑙𝑎𝑦);  

9    𝑃𝑥𝑦 → 𝑃; 

10    if  $𝑝𝑐𝑛𝑡𝑛 = $𝑝𝑐𝑛𝑡𝑛−1, $𝑝𝑐𝑛𝑡𝑛 > 0  then $𝑠𝑎𝑡 = $𝑠𝑎𝑡 + 1; 
11    $𝑚𝑛𝑝 = $𝑚𝑛𝑝 + 1; 
12   end 

13  end 

14 end 
 

In the Path Creator algorithm are defined some variables to guarantee that the number of required 

paths is obtained ($𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠) and another one to limit the initial path size ($𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒). The 

maximum nodes number for a path variable $𝑚𝑛𝑝 is initialized by the $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒 and will stop 

incrementing when $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 is equal to the number of paths obtained $𝑝𝑐𝑛𝑡𝑛.  
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If it is not accomplish the number of required paths $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠, the Path Creator algorithm will newly 

call the Path Finder with a higher maximum path size $𝑚𝑛𝑝. The Path Creator algorithm has the function 

to delete the previous inserted paths for the node pair under computation. In case of $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 is still 

unreached and the 𝑝𝑐𝑛𝑡𝑛 is repeated for the $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔 time, the Path Creator module will leave the 

actual connection and send it to a warning list displayed in terminal. The maximum delay $𝑚𝑎𝑥_𝑑𝑒𝑙𝑎𝑦 

was set as infinite since the link delays were defined as 0. 

The Path Finder (PF) is a recursive algorithm that was designed to compute all possible paths 

between a node pair. Meanwhile, with the limitation for the maximum path size $𝑚𝑛𝑝, the algorithm only 

computes the paths that accomplish the maximum number of nodes. As algorithm inputs, are considered 

the origin, actual and destination nodes, plus the physical topology 𝐺(𝑉, 𝐸). The arrays @𝑝𝑜𝑝𝑠_𝑢𝑠𝑒𝑑 and 

@𝑙𝑖𝑛𝑘𝑠_𝑢𝑠𝑒𝑑 let the actual node know what are the links and POPs used since the origin node. 

Algorithm VIII: Path Finder 

Input:  𝐺(𝑉, 𝐸) – Network description; 

 @𝑝𝑜𝑝𝑠_𝑢𝑠𝑒𝑑 – Array of used POPs; 

 @𝑙𝑖𝑛𝑘𝑠_𝑢𝑠𝑒𝑑 – Array of used links; 

 $𝑎𝑐𝑡𝑢𝑎𝑙_𝑝𝑜𝑝 – Actual POP node identifier; 

 $𝑂𝑟𝑖𝑔𝑖𝑛_𝑝𝑜𝑝 – Origin POP node identifier; 

 $𝑓𝑖𝑛𝑎𝑙_𝑑𝑒𝑠𝑡𝑖𝑛𝑎𝑡𝑖𝑜𝑛_𝑝𝑜𝑝 – Destination POP node identifier; 

 $𝑚𝑛𝑝 – maximum number of nodes for a path; 

 $𝑚𝑎𝑥_𝑑𝑒𝑙𝑎𝑦 – maximum acceptable delay; 

Output  @𝑝𝑜𝑝𝑠_𝑢𝑠𝑒𝑑; 

 @𝑙𝑖𝑛𝑘𝑠_𝑢𝑠𝑒𝑑; 

 𝑃𝑥𝑦 − Group of paths between 𝑣𝑥 and 𝑣𝑦; 

Data:  $𝑝𝑐𝑛𝑡  - sum of number of paths obtained; 

 $𝐷𝑒𝑠𝑡𝐹𝑙𝑎𝑔 – binary variable to identify if destination was reached; 

1 while 𝐸 ≠ 𝑁𝑈𝐿𝐿 
2  𝑣𝑥 = $𝑎𝑐𝑡𝑢𝑎𝑙_𝑝𝑜𝑝; 𝑣𝑦 , 𝑦 𝜖 {1, … , 𝑁} 
3  $𝐷𝑒𝑠𝑡𝐹𝑙𝑎𝑔 = 0; 
4  if 𝑣𝑦 == $𝑓𝑖𝑛𝑎𝑙_𝑑𝑒𝑠𝑡𝑖𝑛𝑎𝑡𝑖𝑜𝑛_𝑝𝑜𝑝: 

5   𝑃𝑥𝑦 , @𝑙𝑖𝑛𝑘𝑠_𝑢𝑠𝑒𝑑 → Paths Temp table; 

6   $𝑝𝑐𝑛𝑡 =  $𝑝𝑐𝑛𝑡 + 1; 
7   $𝐷𝑒𝑠𝑡𝐹𝑙𝑎𝑔 = 1; 
8  end 

9  if 𝑣𝑦 𝜖 @𝑝𝑜𝑝𝑠_𝑢𝑠𝑒𝑑 or exceed the $𝑚𝑛𝑝 or the $𝑚𝑎𝑥_𝑑𝑒𝑙𝑎𝑦 then skip to line 1; 

10  if $𝐷𝑒𝑠𝑡𝐹𝑙𝑎𝑔 ==  0: 

11   𝑣𝑦 → @𝑝𝑜𝑝𝑠_𝑢𝑠𝑒𝑑; links used → @𝑙𝑖𝑛𝑘𝑠_𝑢𝑠𝑒𝑑; 

12   Run Path Finder function with the 𝑣𝑦 as $𝑎𝑐𝑡𝑢𝑎𝑙_𝑝𝑜𝑝 and the updated inputs; 

13  end 

14 return to previous node and the previous values for @𝑝𝑜𝑝𝑠_𝑢𝑠𝑒𝑑 and @𝑙𝑖𝑛𝑘𝑠_𝑢𝑠𝑒𝑑; 
 

As already mentioned, the paths obtained with Path Finder algorithm are stored in Paths Temp table 

with the information of the links used. The algorithm returns the number of found paths $𝑝𝑐𝑛𝑡  that will 

be analyzed by the Path Creator algorithm to confirm that the number of paths are according to minimum 

required paths $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠.  
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 Figure 4.1 illustrates the Path Finder algorithm’s functioning, step by step, between routers LSR1 

and LSR4, denominated as POP1 and POP4, and exploits the algorithm’s recursiveness with PF[𝑛] 

indicating the 𝑛 ordering of Path Finder calling. The prime character usage after the number symbolizes 

the function returning.  

 

Figure 4.1 – Functioning example by steps of Path Finder algorithm 

The Table 4.1 illustrates the POP and Links state during the path computation, representing the 

actual POP and link with , the candidate links , the candidate unavailable links due to target POP 

utilization  and the used POPs and links . 

Table 4.1 – Link and POP usage during example of Path Finder algorithm in Figure 4.1 

 

Initially, the POP1 calls the Path Finder function with an empty @𝑙𝑖𝑛𝑘𝑠_𝑢𝑠𝑒𝑑 array. As there are two 

candidate links, i.e. two available links in the Links table with origin in POP1, the algorithm will choose 

one of them, in the example the one that ends at POP2.  

The actual node will be updated from POP1 to the POP2, considering the POP1 a listed node in 

@𝑝𝑜𝑝𝑠_𝑢𝑠𝑒𝑑 array. The router POP2 will newly call the Path Finder function during algorithm execution 

considering the POP1 as actual node, repeating the process until the destination node is reached or it 

is not possible to continue the routing. The algorithm progression stops in POP4 node due to the 

destination flag $𝐷𝑒𝑠𝑡𝐹𝑙𝑎𝑔 be enabled as detailed in the algorithm description. When the links derived 

from the actual node are unavailable, since from target nodes or used links listed, the algorithm will not 

continue the routing through this node. 
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For each Path Finder call, the previous links used are saved in @𝑙𝑖𝑛𝑘𝑠_𝑢𝑠𝑒𝑑 and the process is 

repeated until the destination node is reached or if there are no outgoing candidate links to follow 

through. The algorithm returns to the previous node and checks for available links as in steps 5 or 6. In 

step 5, the candidate links are unavailable due to target link nodes are already in @𝑝𝑜𝑝𝑠_𝑢𝑠𝑒𝑑 array and 

the algorithm returns from POP3 to node POP2. The step 6 has only a possible candidate link from 

POP2 due to the previous usage of link 2→3 in step 2 or the POP1 usage. 

 After the path computation, the traffic demand matrix 𝐷𝑡 serve as input for the Capacity Planning 

procedure for demand simulations. The traffic demands are inserted in Traffic Demand database table 

(Figure C.1) with the information of the POPs that establish the connection and the demand 

value/growing percentage for each period 𝑡. 

A single or a group of 𝑛-LSP carries a traffic demand 𝑑𝑥𝑦
𝑡  and the variation along time was studied in 

Section 2.5 regarding multi-period planning. The Begin of Life with forecast planning was the multi-

period approach considered for traffic allocation and it contains the first period load and the growing 

factors for the group of periods 𝑇. 

Figure 4.2 presents a flowchart diagram for the Routing Model of the Capacity Planning process, 

considering the paths obtained in Path Creator algorithm and the network physical topology 𝐺(𝑉, 𝐸) as 

input. The traffic demand (𝑑𝑥𝑦
𝑡 )

𝑛
 is defined with an index 𝑛  that corresponds to the algorithm instance, 

differentiating the demand division through 𝑛 alternative paths. The output is the link load 𝐿  and the 

group of paths obtained between nodes 𝑣𝑥 and 𝑣𝑦 is characterized by 𝑃𝑥𝑦. 

  

Figure 4.2 – Flowchart of the capacity planning process in the legacy software version 
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 The capacity planning process will sort the Paths Temp table ascendingly by the cost and 

descendantly by the maximum bandwidth 𝐵, considering a higher priority for the cost metric. The 

planning tool has a procedure for updating the maximum bandwidth 𝐵 of paths that contain links that 

suffered variations in residual capacity after a traffic demand allocation. 

The capacity planning process tries to allocate the demand 𝑑𝑥𝑦
𝑡  to the first path on the list 𝑝𝑥𝑦

𝑡
0

 
. If 

𝑝𝑥𝑦
𝑡

0

 
 has insufficient maximum bandwidth 𝑏𝑥𝑦

 
0

 
, the capacity planning process will fill 𝑝𝑥𝑦

𝑡
0

 
 with (𝑑𝑥𝑦

𝑡 )0
′  

and the remaining traffic (𝑑𝑥𝑦
𝑡 )1

  will be allocated to the following paths. In the case of another paths do 

not have enough maximum bandwidth to satisfy the remaining traffic demand, it will be purchased the 

required capacity in 𝑝𝑥𝑦
𝑡

0

 
. 

After the demand assignment to each path, the paths from Paths Temp table are indexed in the 

Paths database table (Figure C.6) with the information of Paths Temp and, additionally, with the demand 

information that originated an allocation in that path. The “real-time” link information is stored in the Links 

Capacity table (Figure C.4) containing the allocated load, the available and purchased capacities while 

the Links Resume table (Figure C.5) stores the in Links Capacity information after an ending 𝑡 ∈ 𝑇. 
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4.2. Alternative Tool Architecture 

The provided planning tool sorts the pre-computed paths during capacity planning simulations. The main 

enhancement consists in incorporating into the package some of the routing algorithms described in 

Chapter 3. In the Legacy Planning Tool, the computing time is reduced by restricting the maximum path 

size or the minimum number of desired paths, discarding possible viable paths that can be useful for 

the traffic demand spreading. 

 Based on routing algorithms studies, to obtain dynamic path during capacity planning process, it will 

be used algorithms as the Dijkstra, detailed in Section 3.1.1, for computing the shortest paths. Using 

these kinds of algorithms, it is possible to compute a path between a node pair with the latest network 

configuration 𝐺’(𝑉, 𝐸). Figure 4.3 flowchart shows the methodology for dynamic path creation during the 

capacity planning process. 

   

Figure 4.3 – Dynamic path creation during capacity planning process 

 The major difference is that the path is only obtained when there is a traffic demand between a given 

pair of nodes. The routing algorithm replaced the need of having pre-computed paths. The desired 

output should be the same between both solutions so, the basic allocation principles of the LSP 

allocation are replicated in an alternative version. 

The Dijkstra uses the cost given by the number of hops as metric and the higher residual capacity 

as tiebreak factor when it is necessary to opt by links with equal cost. The Dijkstra algorithm with tiebreak 

considering the higher residual capacity is considered in this report as an adaptation to the reference 

[18]. The objective with the algorithm adaptation is to approximate the legacy model in the way of 

choosing paths. The fact is that Dijkstra algorithm cannot lead to efficient simulations using aggregated 

metrics and the algorithm results could not guarantee a shortest path with higher maximum bandwidth. 

The Routing model for the alternative planning tool computes the most competitive path (MCP) for a 

certain traffic demand 𝑑𝑥𝑦
𝑡

 

 
 and uses different strategies to route through the alternative paths        

𝑝𝑥𝑦
𝑡

𝑛

 
, 𝑛 > 0. The MCP is the concept used in the previous section regarding 𝑝𝑥𝑦

𝑡
0

 
 that represents the 

shortest path with higher maximum bandwidth. The considered routing model strategies are: 

A1. Exclusive allocation in the MCP;  

A2. Primary allocation in the MCP if has total or partial available maximum bandwidth to 

accommodate the traffic demand 𝑑𝑥𝑦
𝑡

 

 
. If a partial traffic demand (𝑑𝑥𝑦

𝑡 )0
′  is allocated in MCP, the 

remaining traffic demand (𝑑𝑥𝑦
𝑡 )1

  is routed through links with available capacity 𝑟ℓ > 0; 
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A3. Equal to 2 but the alternative paths have the same number of hops of the MCP; 

A4. Equal to 2 but the alternative paths have, at least, the same number of hops+1 of the MCP; 

A5. Primary allocation in the MCP if has total or partial available residual capacity to accommodate 

the traffic demand 𝑑𝑥𝑦
𝑡

 

 
. If a partial traffic demand (𝑑𝑥𝑦

𝑡 )0
  is allocated in MCP, the remaining 

traffic demand (𝑑𝑥𝑦
𝑡 )1

  is routed through links with enough residual capacity 𝑟ℓ ≥ (𝑑𝑥𝑦
𝑡 )1

 . 

The usage of alternative paths allows to route through unloaded links. Sometimes, there are not 

available paths to accommodate the traffic demands and, in this case, it is necessary to add extra 

capacity in order to avoid the service blocking, which we assume will be purchased. 

The routing model A1 described in Figure 4.4 considers a single path for a connection in a certain 

project period 𝑡. The algorithm outcome is the link load 𝐿  and the path(s) obtained 𝑃𝑥𝑦
 

 

 . 

 

Figure 4.4 – Flowchart for routing model A1 with exclusive allocation in the MCP 

If the MCP’s maximum bandwidth is lower than the traffic demand 𝑏𝑥𝑦 
< 𝑑𝑥𝑦

𝑡
 

 
, an amount of capacity 

will be purchased in the links of MCP to accommodate the initial traffic demand. Considering the Dijkstra 

for computing the MCP, this solution will always allocate the traffic demands in the shortest path, 

obtaining the lower network cost result. 

 The routing models A2 and A5 regard the assignment of alternative paths in links with available 

residual capacity 𝑅. Figure 4.5 presents the alternative path allocation disregarding the links without 

residual capacity, 𝑟ℓ < 0, (option 1) or the links without residual capacity to accommodate the remaining 

traffic demand, 𝑟ℓ < (𝑑𝑥𝑦
𝑡 )𝑛, (option 2) from path computation. The algorithm outcome are the link load 

𝐿  and the obtained paths 𝑃𝑥𝑦
 

 

 . 
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Figure 4.5 – Flowchart for routing model A2 and A5 with allocation in alternative paths 

 The process starts with the MCP computation. If the MCP has enough maximum bandwidth to carry 

the initial traffic demand (𝑑𝑥𝑦
𝑡 )0, the demand is all allocated in the MCP. Else, the traffic demand will be 

distributed through the alternative paths 𝑝𝑥𝑦
𝑡

𝑛

 
, 𝑛 > 0. In the case of capacity congestion, when there are 

not alternative paths with residual capacity, the MCP accommodates the traffic demand by purchasing 

the remaining capacity in its links. 

 It is important to highlight the new physical topology 𝐺’(𝑉, 𝐸) before computing the alternative path 

with the routing algorithm. Discarding the links without residual capacity (option 1) or the links without 

enough residual capacity to carry the remaining traffic flow (option 2) will avoid computing alternative 

paths that not correspond with traffic requirements. An alternative path computed using Option 2 

ensures the maximum bandwidth to carry the remaining demand. 

 The A3 and A4 routing models, whose flowchart is shown in Figure 4.6, contain an additional 

constraint after obtaining successfully an alternative path. The constraint makes comparisons between 

the number of hops of the MCP and of the alternative path to control the network costs because, as 

seen before, the cost depends directly on the number of hops (NH). 



 

 

46 

 

Figure 4.6 – Flowchart for routing model A3 and A4 with allocation in constrained alternative paths 

 In the A3 routing model, regarding option A, the alternative path must have the same number of hops 

than the MCP. In the A4 model, regarding the option B, the alternative path can have at least one more 

hop than the found in MCP. The Option A intends to guarantee that the cost of this mode is identical to 

the cost of the first allocation mode. The Option B intends to provide higher flexibility than previous 

solution in the sense that can support a path with a slightly higher cost. 
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4.3. Capacity Expansion 

The capacity congestion is originated by the lack of capacity in equipment installed in IP/MPLS router 

or by the insufficiency in the resources purchased from a transport network provider. According to Table 

2.1 for 2014, the IP/MPLS interfaces present each the capacity of 400 GbE. The upgrade of IP/MPLS 

routers is undesired since it is desired a load balancing over the network. As the set IP/MPLS node 

configuration is unknown, it is not deeply analyzed the IP/MPLS card expansion.  

The capacity purchased from a transport network provider is obtained in a volume package. Due to 

not having the values for capacity packets from transport layer, in this work, assumes the OTN port 

costs in Table 2.4 as the cost of purchasing transport capacity. These values are stored in the Expansion 

Catalog table (Figure C.8) in database. The OTN ports are part of the CAPEX of the transport layer 

provider and it is assumed that the ratios may reflect in the final cost.  

For computing the capacity expansion over the transport layer, Algorithm IX obtains the optimal 

transport capacity value to be purchased. The capacity expansion is reflected directly in residual link 

capacity, R, and indirectly in path’s maximum bandwidth, B. 

Algorithm IX: Capacity Expansion 

Input:  $𝑐𝑎𝑝_𝑖𝑛𝑖𝑡 – value of the additional capacity to be purchased; 

 𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛𝐶𝑎𝑡𝑎𝑙𝑜𝑔 – database table with package cost of purchasing transport capacity; 

Data:  $𝑐𝑎𝑝  – actual capacity; 

 $𝑐𝑜𝑠𝑡  – actual cost; 

 $𝑟𝑒𝑚_𝑐𝑎𝑝 – remaining capacity to allocate; 

 $𝑝_𝑡𝑐𝑜𝑠𝑡 – variable to store the previous total cost; 

 $𝑝_𝑐𝑎𝑝 – variable to store the previous capacity value; 

 $𝑞𝑢𝑎𝑛𝑡 – number of capacity packets; 

Output  $𝑡𝑐𝑜𝑠𝑡 – total cost; 

 $𝑡𝑐𝑎𝑝 – total purchased capacity; 

1 begin 

2  Sort descending by port capacity in 𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛𝐶𝑎𝑡𝑎𝑙𝑜𝑔 table; 

3  $𝑝_𝑡𝑐𝑜𝑠𝑡 =  0; $𝑝_𝑐𝑎𝑝 =  0; 

4  while 𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛𝐶𝑎𝑡𝑎𝑙𝑜𝑔 ≠ 𝑁𝑈𝐿𝐿 

5   $𝑞𝑢𝑎𝑛𝑡 =  𝑓𝑙𝑜𝑜𝑟($𝑐𝑎𝑝_𝑖𝑛𝑖𝑡/$𝑐𝑎𝑝); 

6   if  $𝑞𝑢𝑎𝑛𝑡 == 0 then $𝑞𝑢𝑎𝑛𝑡 = 1; 
7   $𝑡𝑐𝑎𝑝 = $𝑐𝑎𝑝 .  $𝑞𝑢𝑎𝑛𝑡;  

8   $𝑡𝑐𝑜𝑠𝑡 = $𝑐𝑜𝑠𝑡 . $𝑞𝑢𝑎𝑛𝑡; 
9   $𝑟𝑒𝑚_𝑐𝑎𝑝 = $𝑐𝑎𝑝_𝑖𝑛𝑖𝑡 − $𝑡𝑐𝑎𝑝; 
10   while $𝑟𝑒𝑚_𝑐𝑎𝑝 >  0  

11    $𝑐𝑎𝑝_𝑖𝑛𝑖𝑡 =  $𝑟𝑒𝑚_𝑐𝑎𝑝; 

12    ($𝑡𝑐𝑎𝑝′, $𝑡𝑐𝑜𝑠𝑡′) = Capacity Expansion () #recursive function  

13    $𝑡𝑐𝑎𝑝 = $𝑡𝑐𝑎𝑝 +  $𝑡𝑐𝑎𝑝′; $𝑡𝑐𝑜𝑠𝑡 = $𝑡𝑐𝑜𝑠𝑡 + $𝑡𝑐𝑜𝑠𝑡′; 
14    $𝑟𝑒𝑚_𝑐𝑎𝑝 = $𝑐𝑎𝑝_𝑖𝑛𝑖𝑡 − $𝑡𝑐𝑎𝑝; 
15   end 

16   if ($𝑡𝑐𝑜𝑠𝑡 ≤ $𝑝_𝑡𝑐𝑜𝑠𝑡 || $𝑝_𝑡𝑐𝑜𝑠𝑡 ==  0) then $𝑝_𝑡𝑐𝑜𝑠𝑡 = $𝑡𝑐𝑜𝑠𝑡;  $𝑝_𝑐𝑎𝑝 = $𝑐𝑎𝑝; 
17  end 

18 end 
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For example, having an extra demand of 60 GbE, purchasing 100 GbE is cheaper (44,6) than 

purchase 60 packets of 10 GbE (86,7). This is the basis of the developed algorithm described above to 

optimize the purchased resources in the transport layer. 

4.4. Path Resilience 

Path resilience is an implemented feature introduced to the planning tool provided. This feature is related 

with Section 2.3 that details the survivability mechanisms that are possible be implemented in the 

telecommunication networks. As mentioned before, the survivability mechanism applied is the linear 

path protection described by the 1:1 and 1+1 techniques.  

The linear 1:1 path protection sets a working path with a backup waiting for a failure occurrence. The 

1+1 scheme establishes a working and a protection paths activated which over duplicates the network 

load, leading to problems of over dimensioning. The working paths and backup paths are represented 

by 𝑝1 and 𝑝2, respectively, being part of the path groups 𝑃1 and 𝑃2. 

 The linear 1:1 path protection was implemented by adapting the Algorithm VI from 3.1.3 regarding 

the constraint routing with survivability. Instead of computing a 𝐾 = 1 path, it is considered that capacity 

planning is already performed using the routing models of previous section. The implemented Path 

Resilience features takes into account the paths from Paths table described by its demand, links and 

the corresponding period 𝑡 that the demand was assigned. 

 The flowchart represented in Figure 4.7 is the representation of the implemented 1:1 linear path 

protection. The inputs regarding the network physical topology 𝐺(𝑉, 𝐸)𝑡   after the demand assignment 

in a group of working paths 𝑃1 with its correspondent loads 𝐿 and residual capacity 𝑅 for period 𝑡. The 

path resilience algorithm for linear 1:1 path protection computes the backup paths 𝑃2 for all periods and 

outputs the number of blocked paths. 

 

Figure 4.7 – Flowchart with the 1:1 linear path protection implementation 
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 Considering the temporal behavior, each path is associated to a demand and a period. The algorithm 

considers the network state after the capacity planning for that period. For instance, if there is a path in 

the Paths table with a demand from a period 𝑡𝑖, the residual capacity considered for computing the 

disjoint path is the residual capacity left after planning the period 𝑡𝑖. 

 The implementation of this feature will allow knowing the capability of the network answer to failures 

considering the existing capacity planning. The path resilience process for 1:1 does not allocate 

resources, since all disjoint paths will take in consideration the same residual capacities. As already 

mentioned in Section 2.3, a link or node failure might cause drops in a group of paths. Under this 

statement, it is complicated to assure that link have capability to support all the backup paths that it 

might carry. 

 The linear 1:1 path protection is commonly used for network auditing when it is pretended to observe 

the resilience of the network. In this work, it is only used the first level of resilience for the tentative of 

assuring a single backup path. However, with the algorithm base detailed in 3.1.2, it is possible to test 

the network for higher levels of resilience. 

 The linear 1+1 path protection is also implemented in the planning tool. Although this protection 

technique over duplicates the network load, it should be analyzed if this is a model to consider.  

The flowchart in Figure 4.8 represents the functioning of the 1+1 implementation. The inputs regard 

the network physical topology 𝐺(𝑉, 𝐸)𝑡   after the demand assignment in a group of working paths 𝑃1 

with its correspondent loads 𝐿 and residual capacity 𝑅 for period 𝑡. The path resilience algorithm for 

linear 1+1 path protection computes the backup paths 𝑃2 for all periods and outputs the number of 

blocked paths plus the updated link load 𝐿 after backup path allocation. 

 

Figure 4.8 – Flowchart with the 1+1 linear path protection implementation 
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The algorithm construction is very similar between both techniques. The concept introduces the need 

of allocating the backup demand and assures its obtaining. In spite of being similar, the 1:1 is observing 

the network in a passive way, i.e, the technique will not change anything in the network while the 1+1 

significantly congests the network resources. 

Nevertheless, it is possible not be found any backup path for a working path. It could be a problem 

in the physical topology, with lower node degrees for some network nodes, or a problem with node 

“checkmate” as it is possible to observe in Figure 4.9 in UBN network for distance metric.  

 

Figure 4.9 – Node blockage example on UBN network 

The working path between the nodes 1 and 19 automatically removes the possibility of getting a link-

node-disjoint path. It is impossible to achieve node 19 with an active connection between 15 and 20. 

Note that direct link between 15 and 19 have higher cost than pass by 20 and will block the access. The 

same situation could happen to achieve node 1 if there is an active connection between 2 and 6 nodes. 

When the metric is the number of nodes, the problem of having blocked connection quietly reduces 

because this metric guarantees the lowest link utilization as seen in Section 3.2 with the graphs of 

network and maximum link load. 

 Since the physical backup paths blocking is not the problem, if there is no path with available 

maximum bandwidth to support the backup traffic demand, the algorithm forces to compute a disjoint 

path. This disjoint path will not have any residual capacity constraint imposed to the links, as in the first 

tentative of getting a link-node-disjoint path. The algorithm returns the paths obtained as the 

consequences of backup path allocation in the links load 𝐿. Section 5.3 will overview this topic regarding 

path protection. 
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5. Simulation Results 

Chapter 5 

Simulation Results 

 

 

In this chapter, there are presented results for the planning tool. The variables associated to the path 

creation in the legacy tool are detailed to find a preferable combination. Simulations for a project period 

𝑇, regarding the legacy and alternative tools, intend to compare the network load and the costs 

associated to the transport capacity purchasing for the presented solutions in the Sections 4.1 and 4.2. 

Then, the feature for path resilience aims to analyze the network robustness, ensuring the 1+1 and 1:1 

linear path protection. Ending the chapter, it is done a node load analysis for different periods. The 

simulations were done in a Toshiba Satellite C660 with Intel Core i5 @ 2.30GHz, 4Gb RAM and 

Windows 10 operating system. The database is managed by the SQL Server 2014 Management Studio 

and the Perl emulation by Komodo IDE 9 software. 
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5.1. Legacy Tool Results 

The Legacy Software Architecture, detailed in Section 4.1, has the objective of pre-computing paths 

inside a network topology 𝐺(𝑉, 𝐸) to proceed with the capacity planning process. The Path Creator 

algorithm obtains the paths and the capacity planning process does the traffic allocation. The networks 

under analysis are available in Annex A. 

The initial simulations have the objective of finding the best variable match for the algorithm that 

computes the paths. These variables are the number of required paths $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠, an initial value for 

maximum path size $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒 and the saturation incident flag $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔. 

Table 5.1 considers the $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒 = {3,4,5}, $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 = 2 and $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔 = 2. The interest is 

to observe the number of paths obtained and the number of warned connections, i.e, the number of 

connections where it was not possible to obtain the required paths $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠. The computation time 

represents the period since the algorithm starts and finishes the path computing. 

Table 5.1 – Results for a variable initial maximum path size ($𝑠𝑎𝑡_𝑓𝑙𝑎𝑔=2, $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠=2) 

Network 
Initial 

maximum 
path size 

Number of 
obtained 

paths 

Average 
paths per 

connection 

Maximum 
POPs in a 

path 

Number of 
warned 

connections 

Comput. 
Time [s] 

COST239 

3 420 3,8 4 0 7 

4 918 8,3 4 0 12 

5 2 962 26,9 5 0 39 

NSFNET 

3 481 2,6 6 17 17 

4 522 2,8 6 0 18 

5 678 3,7 6 0 19 

UBN 

3 2 324 4,2 8 0 175 

4 2 480 4,5 8 0 173 

5 3 504 6,3 8 0 189 

AFR 

3 3 302 3,3 7 0 287 

4 3 460 3,5 7 0 278 

5 4 770 4,8 7 0 297 

 
 There is a general increase of obtained paths with $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒 increase through the size of the 

largest path only changed in COST239. The computational times have a non-linear behavior. An 

interesting fact is that the average paths per connection are, in some cases, more than 13 times higher 

than the minimum of required paths established.  

For NSFNET, 17 connections have less than the required paths. The warned paths are certainly 

caused by the saturation flag that is set to 2 because, for example, to obtain a second path between 

nodes 6 and 7 in 𝐺(𝑉, 𝐸) are required at least 5 links and the shortest path requires a single link. 

Figure 5.1 is a graphical representation of average paths per connection for each network to analyze 

the evolution of obtained paths with the variable $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒. The horizontal line is the required 

number of paths for a connection $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠, fixed to 2. 
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Figure 5.1 – Average paths per connection for a variable initial value for maximum path size 

 The COST239 network demonstrates a huge increase in obtained paths and it is related to its dense 

topology 𝐺(𝑉, 𝐸) corresponding to a higher average node degree. In the remaining networks, with the 

increase of the value, the average obtained paths also increases but softly. 

 The next simulation in Table 5.2 considers $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔 = {1,2,3}. The number of required paths 

$𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 is defined to 2 and the initial value for path size $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒 defined to 3. 

Table 5.2 – Results for a variable saturation flag ($𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒=3, $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠=2) 

Network 
Saturation 

Flag 

Number of 
obtained 

paths 

Average 
paths per 

connection 

Maximum 
POPs in a 

path 

Number of 
warned 

connections 

Comput. 
Time [s] 

COST239 

1 420 3,8 4 0 6 

2 420 3,8 4 0 7 

3 420 3,8 4 0 5 

NSFNET 

1 394 2,2 5 58 13 

2 481 2,6 6 17 17 

3 520 2,9 6 0 18 

UBN 

1 2 308 4,2 8 2 175 

2 2 324 4,2 8 0 175 

3 2 324 4,2 8 0 174 

AFR 

1 3 270 3,3 7 28 273 

2 3 302 3,3 7 0 287 

3 3 302 3,3 7 0 284 

 
 The results clearly show a stagnation in the obtained paths after solving the problem of having 

warned connections, without an increase of the obtained paths. Except for COST239, all these networks 

have warned connections. The computation time impact difference, considering different saturation 

flags, is rather none using $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 = 2. 

The Table 5.3 repeats the results for AFR network but considering $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 = 10 paths in order 

to deeply investigate the network with higher number of nodes. 
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Table 5.3 – Results for a variable saturation flag ($𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒=3, $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠=10) 

Network 
Saturation 

flag 

Number of 
obtained 

paths 

Average 
paths per 

connection 

Maximum 
POPs in a 

path 

Number of 
warned 

connections 

Comput. 
Time [s] 

AFR 

1 14 540 14,7 10 88 1624 

2 15 406 15,5 11 22 2328 

3 15 558 15,7 12 6 2636 

   
The computation times are correlated with the warned connections due to the reduction of Path 

Finder calls. Time increases significantly to minimize the number of warned connections. To decrease 

from 88 to 22 warned connections, 704 seconds were need in the whole computation time. 

Table 5.4 considers the $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒 = 3, $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔 = 3 and $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 = {2,5,10} results. In 

Figure 5.2, a bar chart presents a ratio between the average number of paths obtained per connection 

and the number of required paths. The chart presents the percentage of surplus paths obtained. 

Table 5.4 – Results for a variable number of required paths ($𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒=3, $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔=3) 

Network 
Required 
paths per 

connection 

Number of 
obtained 

paths 

Average 
paths per 

connection 

Maximum 
POPs in a 

path 

Number of 
warned 

connections 

Comput. 
Time [s] 

COST239 

2 420 3,8 4 0 5 

5 918 8,3 4 0 14 

10 2 264 21,6 5 0 40 

NSFNET 

2 520 2,9 6 0 18 

5 1 262 6,9 7 0 56 

10 2 428 13,3 7 0 126 

UBN 

2 2 324 4,2 8 0 174 

5 4 732 8,6 8 0 322 

10 9 314 16,9 9 0 666 

AFR 

2 3 302 3,3 7 0 284 

5 8 320 8,4 8 22 1 176 

10 15 406 15,5 11 22 2 328 

 

 

Figure 5.2 – Path surplus considering the average obtained paths and the required paths per connection  
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The capacity planning process considers the obtained paths with $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒 = 3, $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔 = 3 

and $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 = {2,5,10} simulation, having the objective of finding the preferable combination.  

The traffic demand 𝐷𝑡 is provided for a group of periods 𝑇 = {𝑡0, … , 𝑡10} with an initial demand of 1 

Gbps and a growing percentage of 50% related to former demand value as detailed in Section 2.5. For 

𝑡10 results, are assumed the available resources after 𝐷9 allocation. For COST239, NSFNET and UBN, 

each link starts with a residual capacity of 100 Gbps corresponding to an interface 1x100GbE, meaning 

that the network is empty. The AFR network has a specific 𝑅 and 𝐷𝑡 as mentioned in Annex A. 

Table 5.5 presents the maximum and the minimum link load, the total network load and the 

purchased capacity costs, i.e, the capacity requested from the transport network provider to increase 

the residual capacity of a link 𝑟ℓ. 

Table 5.5 – Capacity planning results in t10 for a variable number of required paths ($𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒=3, 𝑠𝑎𝑡_𝑓𝑙𝑎𝑔=3) 

Network 
Required 
paths per 

connection 

Load [Gbps] 
Total 

Network 
Load 

[Gbps] 

Purchased 
capacity 

costs 
[c.u.] 

Comput. 
Time [s] 

Max. Min 

COST239 

2 300 100 10 685 8 453 145 

5 322 100 10 955 8 809 236 

10 335 115 11 275 9 038 427 

NSFNET 

2 942 311 24 175 41 985 370 

5 1 016 310 25 357 44 018 961 

10 950 310 25 692 45 321 2 130 

UBN 

2 2 910 185 99 350 210 562 2 865 

5 2 950 240 101 745 215 983 7 410 

10 3 100 250 102 994 220 697 14 905 

AFR 

2 1 000 2 22 486 64 918 4 882 

5 999 6 24 219 65 881 11 574 

10 1 046 6 25 279 69 064 63 113 

 
 The allocated load increases with the minimum required paths per connection and it explains by itself 

the increasing number of paths options to perform traffic allocation. The maximum and the minimum link 

load values are fleeting. The purchased capacity cost also increases with the minimum number of 

required paths increase. It might be undesirable to increase the number of paths to obtain when lower 

costs are desired. The computation time follows the same trend because when a higher number of paths 

has been obtained, more options the algorithm will have to choose for a connection.  

Figure 5.3 is a graphical delta representation illustrating the total network increase considering 

$𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 = {5,10} and comparing with $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 = 2 while the Figure 5.4 represents the cost delta 

of purchasing capacity to a transport provider for the same scenario. The delta is a percentage value 

for the variation between two values. Both figures consider the data from Table 5.5. 
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Figure 5.3 –  Network load delta with required path variation for the networks under analysis 

  

Figure 5.4 – Cost delta for purchased capacity with required path variation for the networks under analysis 

Comparing with the situation of having 2 required paths, the network costs increase with the increase 

of number of required paths. For 5 required paths, in COST239, NSFNET and UBN, it is observed a 

2.4%-4.89% increase for network load and the purchased capacity costs increase in 2.57-4.48% which 

are relevant if are considered millions of euros. For a specific given 𝐷𝑡 matrix in AFR network, the deltas 

vary from 7.71% to 12.42% in total network cost while the cost in purchasing capacity has values around 

1.48% and 6.39% with the variation from 5 to 10 required paths. 

For both variations, the load and costs increase reflects demand allocation through multiple not 

optimal paths that have higher path sizes. The computational times also suffer the growing tendency 

due to the need of considering a higher number of paths during the allocation algorithm. For the 

simulations in the next section are compared new model alternatives, described in Section 4.2, with the 

legacy version considering the variable set as $𝑖𝑛𝑖𝑡_𝑝𝑎𝑡ℎ𝑠𝑖𝑧𝑒 = 3, $𝑠𝑎𝑡_𝑓𝑙𝑎𝑔 = 3 and $𝑟𝑒𝑞_𝑝𝑎𝑡ℎ𝑠 = 2. 

Completing with the results of Section 3.2, the network load for the second and third shortest paths 

is higher than allocating in shortest path. It reinforces that, dividing a traffic demand per multiple number 

of paths, the network load increases.  
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5.2. Alternative Tool Results 

The alternative planning tool, detailed in Section 4.2, represents another possible choice for the network 

planning. The purpose of the alternative version is to escape from limitations of the Path Finder 

algorithm, trying also to decrease the computational times and optimize the costs. The capacity planning 

simulations consider a traffic demand matrix 𝐷𝑡 for a group of periods 𝑇 = {𝑡0, … , 𝑡10} with an initial 

demand of 1 Gbps between all nodes and a growing percentage of 50% per period. The links of the 

networks under analysis start with a residual capacity of 100 Gbps, except AFR that considers its own 

𝐷𝑡 and 𝑅 as mentioned in Annex A. 

The results of the capacity planning simulations, regarding the routing models described in Section 

4.2, are presented in Table 5.6 with maximum, minimum and total load per link, average load per link, 

purchased capacity cost and the computational times. The legacy simulations regard the Section 5.1 

results and are available in this table to perform comparisons between the alternative routing models.  

Table 5.6 – Capacity planning results in t10 for different routing models and networks 

Network 
Routing 
Model 

Load [Gbps] Avg load 
per link 
[Gbps] 

Purchased 
Capacity 

Cost [c.u.] 

Comp.  
Time [s] 

Max. Min. Total 

COST239 

Legacy L 300 100 10 685 205 8453 145 

Alternative 

A1 346 58 9 918 191 9245 114 

A2 318 110 11 350 218 9148 161 

A3 323 97 9 918 191 8314 136 

A4 322 110 10 695 206 8422 135 

A5 300 119 10 747 207 8632 115 

NSFNET 

Legacy L 942 311 24 175 576 41985 370 

Alternative 

A1 865 288 22 489 535 38901 178 

A2 961 371 25 920 617 46058 304 

A3 862 340 22 489 535 38843 232 

A4 908 347 23 520 560 40084 269 

A5 922 336 24 610 586 43529 257 

UBN 

Legacy L 2 910 185 99 350 1155 210562 2 865 

Alternative 

A1 2 191 115 96 416 1121 205509 712 

A2 2 300 240 106 509 1238 232462 1 910 

A3 2 149 119 96 416 1121 204520 1 410 

A4 2 245 200 100 366 1167 213301 1 649 

A5 2 248 191 103 404 1202 227269 1 373 

AFR 

Legacy L 1 000 2 22 486 216 64 918 4 882 

Alternative 

A1 1 180 1 27 474 208 62 871 1 128 

A2 1 081 2 22 486 254 76 184 3 410 

A3 1 196 1 23 847 208 63 686 1 268 

A4 994 2 27 170 221 65 315 2 311 

A5 1 079 2 23 358 252 72 493 3 801 
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The results in previous table are interesting to observe the final allocation by the capacity planning 

process for different presented solution in this work. It is enhanced that legacy routing model gets the 

higher computation time for all networks with exception of COST239. For the AFR network, the 

computation time has more 1081 seconds than the second solution with higher computational time and 

the maximum and minimum difference is due to its traffic demand matrix 𝐷𝑡 and initial 𝑅 configuration. 

In terms of load and costs, the values are similar in between each routing model. With the objective 

of simplifying the results, coefficients are computed to compare the costs, loads and computational times 

with the legacy model of each network. The load and cost values below the legacy values have a 

negative coefficient. The maximum and network loads as the cost in purchasing capacity are the chosen 

indicators to analyze the routing model solution with better results. These values are presented in Table 

5.7, including the counting of the negative percentages found for a routing model in a certain network. 

Table 5.7 – Comparison with legacy results in t10 for different routing models and networks 

Network 
Routing 
Model 

Load [%] Purchased 
Capacity 
Cost [%] 

Comp. 
Time [%] 

Count 
negative 

coefficient Max. Total 

COST239 Alternative 

A1 15,33 -7,17 9,37 -21,38 2 

A2 5,93 6,23 8,22 11,03 0 

A3 7,71 -7,17 -1,64 -6,21 3 

A4 7,28 0,10 -0,36 -6,90 2 

A5 -0,02 0,59 2,12 -20,69 2 

NSFNET Alternative 

A1 -8,17 -6,97 -7,35 -51,89 4 

A2 2,01 7,22 9,70 -17,84 1 

A3 -8,44 -6,97 -7,48 -37,30 4 

A4 -3,58 -2,71 -4,53 -27,30 4 

A5 -2,16 1,80 3,68 -30,54 2 

UBN Alternative 

A1 -24,70 -2,95 -2,40 -75,15 4 

A2 -20,96 7,21 10,40 -33,33 2 

A3 -26,16 -2,95 -2,87 -50,79 4 

A4 -22,84 1,02 1,30 -42,44 2 

A5 -22,75 4,08 7,93 -52,08 2 

AFR Alternative 

A1 18,03 22,18 -3,15 -76,89 2 

A2 8,09 0,00 17,35 -30,15 1 

A3 19,64 6,05 -1,90 -74,03 2 

A4 -0,55 20,83 0,61 -52,66 2 

A5 7,90 3,88 11,67 -22,14 1 

 
In terms of computational time, with exception in COST239 network, all the alternative model 

performs better than the legacy model. Regarding the previous section conclusion, as much the paths 

found, the total load and costs will increase. The routing model A3 is the one that, summed up the 

coefficients, has the higher ratio (13/16) for all networks. The demand allocation through multiple paths 

with equal cost can be an alternative for the legacy model. 
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The following figures represent the chosen load and cost indicators along the project periods. 

  

  

Figure 5.5 – Total network load of routing models in different t periods 

  

  

Figure 5.6 – Maximum link load of routing models in different t periods 
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The total network load has an exponential behavior for the COST239, NSFNET and UBN networks. 

The values are quite close between each other in these networks; however, the line correspondent to 

A2 model is more perceptible for all networks that corresponds to undesired model. In AFR network, the 

representation is close to a straight-line with positive slope because of the small traffic increments 

regarding the traffic demand matrix. 

Similar conclusions are done with maximum link load but each network has a worst routing model. 

For COST239, the A1 model carry the worst results. In NSFNET, L and A2 models are very close and 

have the worst results. All these networks demonstrate an exponential behavior but for AFR, the straight-

line tendency is preserved with highlight in A3 as the worst model for this indicator. 

  

  

Figure 5.7 – Purchased capacity cost of routing models in different t periods 

In relation to the purchased capacity from a transport network provider, it is interesting to analyse 

the purchasing moments. In Figure 5.7, for COST239 network, the routing models for capacity planning 

start to purchase the capacity at period 𝑡8. This period decreases in NSFNET and UBN to 5 and 3, 

respectively. The AFR network with its own residual capacity for the links 𝑅 and traffic demands 𝐷𝑡 for 

each period presents also an increasing behaviour for all models. The models A2 and A5 highlights with 

its curves, which curves unstick from other models in period 𝑡3. 

As mentioned before, the A3 is a feasible routing model to replace the legacy software architecture. 

However, the results were not so impressive for the AFR network. Meanwhile, the A3 offers guarantees 

of faster computational times and lower investment costs of link capacity.  
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 In the appendix C.3 is computed the load for the period 𝑡0 in the COST239 network with the routing 

models L and A1. According to Figure 5.7, it is not purchased any capacity for this period nor for 𝑡1. The 

simulations in Section 3.2 with the Dijkstra algorithm also reported that the maximum load values are 

below the initial residual capacity. This means that both routing models should see the same paths as 

the MCP, since both compute the shortest path with higher bandwidth. 

The routing models L and A1 output different results as it shown in Figure 5.8, for the statements 

mentioned above. 

 

Figure 5.8 – Link load for period t0 using different routing models in COST239 

As mentioned in Section 4.2, the Dijkstra’s algorithm cannot compute the shortest path with higher 

maximum bandwidth. The routing is done by the links with lower cost and higher residual capacity. The 

legacy version pre-computes the paths and, during capacity planning process, it is chosen the shortest 

path with higher maximum bandwidth. In this case, the alternative version reaches 7 Gbps in link 5→11 

while the maximum for legacy version is 5 Gbps for 4 of the 52 unidirectional links. The load is more 

balanced with legacy version because the path selection is done at end-to-end approach, assuring the 

shortest path with higher maximum bandwidth. 

Since the moment it is allocated a different path for the same demand, the residual capacity of the 

link will be automatically different. The residual capacity of a link has direct impact in the maximum 

bandwidth of the links. As it is demonstrated in Table C.3, a number of 18 paths were different between 

both versions with the link representation of Table C.2. 

Although, as both results provide different solutions, it does not invalidate that any of them will 

perfectly match to what happens in live real networks. The objective with the routing is merely the 

dimensioning of a viable network with lower costs.  
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5.3. Path Resilience Results 

The Path Resilience feature detailed in Section 4.4 is an additional feature implemented to the planning 

tool with the objective of testing the network resilience to failure and predict the capacity required to 

guarantee no blocked demand. The blocked demands correspond to traffic flows that were not possible 

to be transmitted due to the lack of network resources.     

 For the path resilience feature, it is considered that a capacity planning is already done for the 

working path. Remembering, the capacity planning simulations consider a traffic demand matrix 𝐷𝑡 for 

a group of periods 𝑇 = {𝑡0, … , 𝑡10} with an initial demand of 1 Gbps between all nodes and a growing 

percentage of 50% from the previous period. The links of the networks under analysis start with a 

residual capacity of 100 Gbps, except AFR that considers its own 𝐷𝑡 and 𝑅 as mentioned in Annex A. 

 It was selected the legacy routing model to provide the capacity planning for the working path. The 

results of capacity planning regarding the legacy simulations are available in Sections 5.1 and 5.2. 

 Figure 5.9 results consider the 1:1 linear path protection, explained in Section 2.3, with time variation. 

For each period 𝑡 is presented the blocking ratio for the backup paths considering the number of working 

paths determined by the traffic demands. In Table C.4, available in Section C.4, are contained the 

number of working paths obtained with capacity planning process and the number of backup paths 

obtained with the path resilience feature. The corresponding blocking path ratio is shown in Figure 5.9 

for each period belonging to 𝑇. 

 

Figure 5.9 – Blocking ratio for different periods and networks using the 1:1 protection  

The obtained values are concordant with the ones obtained in previous sections for capacity planning 

allocation in Figure 5.5. As much the link load is exponential for COST239, NSFNET and UBN, the 

blocking ratio is the inverse. In fact, with network load increase, the resources start to be short to fulfill 

the exigencies of getting a disjoint path with maximum bandwidth for a traffic demand. The blocking ratio 

starts to be above zero at the previous moment that it is necessary purchasing capacity to transport 

network provider as demonstrated in Figure 5.7. 

The AFR network results are an exception since the demands and the initial residual capacities starts 
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0.6% to 6%. The initial residual capacities of the links take values from 15.52 to 10476 Gbps. However, 

as seen in Figure 5.5, the load is described with a close straight-line representation with positive slope. 

The load variation from period 𝑡0 and 𝑡10 is below 10 Tbps. For this network, the blocking ratio starts at 

83.3% and, as seen in Figure 5.7, there are purchased capacity in 𝑡0. The decrease on load variation is 

justified by the capacity expansion planning over the needs. 

As can be seen, in Table C.4, the number of working paths almost do not change with the time in the 

AFR network. The number of backup paths have the same tendency. The number of the working and 

backup paths fleets due to the propriety of dividing a demand through multiple 𝑛-paths, used in the 

routing model mentioned in Section 4.1.. 

The next simulation considers linear 1+1 path protection for a project period and considering the 

networks under analysis. Once upon the starting point to compute a backup path is the result from 

capacity planning approach in previous section. The backup path for a period 𝑡 is computed considering 

the residual capacities of links after the capacity planning in the same period. The working paths 

considered were also the obtained for demand allocation in the period 𝑡.  

 The results of Figure 5.10 consider the network load for a scenario without protection and other with 

an active WP and BP for the periods 𝑇. Figure 5.11 and Figure 5.12  represent, respectively, the 

maximum link load and capacity need to be purchased from the transport network provider. The detailed 

data is available in Table C.7. The blocking ratio is not considered because the demands are allocated. 

  

  

Figure 5.10 – Network load for 1+1 protection in different t periods 
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Figure 5.11 – Maximum link load for 1+1 protection in different t periods 

  

  

Figure 5.12 – Purchased capacity cost for 1+1 protection in different t periods 
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 For all networks, the network load curve is higher when considering path protection. Since the 

protection curve contains the curve without protection, considering positive load quantities, the curve 

slope with protection is necessarily equal or higher than the slope assuming only the working path. For 

AFR scenario observation, the protection load is growing more than the one obtained in capacity 

planning process. For the period 𝑡0, the difference between both cases are 17,6 Tbps while, in period 

𝑡10, it is observed a difference of 24,3 Tbps. To study the network load variation, Figure 5.13 presents 

the percentage of load considering protection over the case that is not considered.  

 

Figure 5.13 – Network load variation comparing 1+1 protection and a network without protection  

It is interesting to conclude that the network load increases to above the double like obtained in 

Section 3.3 results. The load variation of 150% is represented by the load duplication, corresponding to 

100%, and plus the remaining 50% is associated to the growing percentage defined for COST239, 

NSFNET and UBN networks. The growing percentages are around 4% in AFR network.  

 The purchased capacity cost graphs in Figure 5.12 pretend to give an idea about the costs necessary 

to spend in order to guarantee link capacity for the protection paths. The value details are available in 

Table C.9 regarding the Annex C.4. These costs are obtained in c.u. and only reflect a component of 

transport layer CAPEX, as mentioned in Section 4.3. Along the time, the interfaces capacities have been 

increasing and, in this work, is not reflected any devaluation on equipment.  

Nevertheless, the purchasing periods are anticipated for a network with protection in relation to the 

network without protection. According to Figure 5.12, in COST239 network, the purchasing moment 

happens in the period 𝑡7 with protection while without protection capacity is only acquired in period 𝑡8. 

The purchasing moments in NSFNET are in periods 𝑡3 and 𝑡4. For UBN network, both purchasing 

moments are in 𝑡3 but, with the protection scenario, the resources required are a little more than the 

double in relation to without protection. 

Figure 5.14 presents the relation for the purchased capacity cost with and without protection along 

the project periods. Only it is represented the relation for AFR network due to the constant purchasing 

moments that not happen in the remaining networks as shown in Figure 5.12. 
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Figure 5.14 – Purchased capacity cost variation comparing 1+1 protection and a network without protection  

 The cost difference between the case with 1+1 protection and without protection is decreasing along 

the periods. The decrease of the cost variation does not mean that the capacity needs will decrease. 

The resources purchased for the supporting working path can be also used for the backup path. This 

fact might be correlated with the capacity expansion, implemented in Algorithm IX, to compute the 

optimal capacity for the capacity to be allocated. The optimal capacity is always higher than the capacity 

to be allocated. 
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5.4. Node level analysis 

The current section intends to analyze the nodes’ load with the legacy model for capacity planning and 

path resilience simulations. The previous sections only considered the capacity purchasing at link level, 

requesting capacity from transport network provider. However, to request capacity to the layer below, it 

is probably necessary to invest in IP/MPLS line cards. Although the initial equipment installed is not 

known, this analysis will be speculative and not considering any card in field. For this process, it was 

not implemented any automatic mechanism. The network in analysis is the suggested by the company.  

The node load is the amount of uplink or downlink traffic that a router carries. As mentioned in Section 

2.4, the uplink and downlink ports are divided with the full capacity. The maximum load between uplink 

and downlink will define the node load. Using the node load, it will be possible to predict the number of 

line cards required to fulfill all the demand requirements. According to Table 2.1 that contains the cost 

of line cards, the line cards available in 2014 have the 400 GbE with different port combinations. 

The Figure 5.15 presents the node load for the project periods 𝑡1, 𝑡5 and 𝑡10 considering the capacity 

planning using the legacy routing model. Figure 5.16 presents the correspondent line cards required to 

fulfill the traffic exigencies. Data details are available in Annex C.5. 

 

Figure 5.15 – Node load for different periods in AFR 

 

Figure 5.16 – Line cards to support the load for different periods in AFR 

 As expected, the node load increases with the time. The node 3 is the one with more load for the 
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impossible to know the initial load of this node to predict how much should be the upgrade to be done 

in the node. In any case, the node 3 must have 107 line cards that are allocated in a room inside a rack 

with its shelves. The rack in Figure 2.10 has 10 slots for line cards and 3 shelves. To implement the 

node 3 should be necessary, at least, 4 racks that corresponds to 120 slots. 

The Figure 5.17 presents the node load for the project periods 𝑡1, 𝑡5 and 𝑡10 considering the path 

resilience in 1+1 scheme. Figure 5.16 presents the line cards required to fulfill the traffic exigencies.  

 

Figure 5.17 – Node load for different periods in AFR with 1+1 path protection 

 

Figure 5.18 – Line cards to support the load for different periods in AFR with 1+1 path protection 

The pattern remains from the case without protection. With 1+1 protection, it will be needed at least 

8 racks for overcoming 220 line cards in node 3. The node 3 load over duplicated with a variation from 

42.9 Tbps to 88 Tbps, which is common for the rest of the network. 

Considering the Table 2.1, with the IP/MPLS Line Cards, it is assumed that the service network 

provider uses a 4x100 GbE interface that costs 40 c.u. with transceivers. Table C.12 has the amount of 

line cards for each period. IP/MPLS shelf cost is assumed 625.9 c.u.. For dimensioning all the nodes of 

the AFR network, including the shelves, it is necessary to invest for period 𝑡10 an amount of 557 line 

cards that corresponds to a cost of 57330 c.u.. With 1+1 protection, there are required 1218 line cards 

costing 125080 c.u.. For this scenario, it was requested capacity equivalent to a cost of 64918 c.u..  The 

node costs and the costs of purchasing capacity to transport provider are in the same scale order. The 

values of capacity can increase accounting with the OPEX and profit returns.  
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6. Conclusions and Future Work 

Chapter 6 

Conclusions and Future Work 

 

This chapter summarizes the work carried out in the thesis, and the main conclusions are presented. In 

the end, a few recommendations are given for the development of future work. 
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6.1. Conclusions 

With the constant increase of traffic and the constant need to improve efficiency and network robustness, 

it is important to provide a correct dimensioning of a network to ensure the service availability, 

accessibility and retainability. This master thesis intended to introduce the survivability problem in a 

planning tool for MPLS networks. To accomplish this goal, a new feature that computes alternative 

disjoint paths was implemented. Meanwhile, the first implementations were around to automatize the 

existent planning tool. 

Chapter 2 describes the basic concepts and the terminology used in the work. The service and 

transport layer were introduced to understand the multilayer approach with its associated costs. Label 

Switching for connection-oriented streams introduced the routing in MPLS. The multi-period planning 

aspects were presented. Survivability was also detailed, presenting the concepts of working and backup 

paths. Chapter 3 studied the routing algorithms for computation of a single shortest path, multiple 

shortest paths and the first disjoint path to the shortest path. These routing algorithms were adapted to 

introduce constraints that limit the routing through the paths that not accomplish the imposed 

requirements. Simulations were done for different routing metrics, networks and algorithms to conclude 

aspects about network resources usage. Chapter 4 applies the studied algorithms in the planning tool, 

simulating different routing algorithms and introducing survivability. With these algorithms 

implementation, it is pretending to decrease the computational times and provide feasible costs. The 

results of the network planning tool simulations are presented in Chapter 5. 

The results of Chapter 3 demonstrated that different metrics lead to different load results with the 

hop count metric ensuring the lower network load. For the shortest path in different networks, the 

network load decreases when it is used the hop count metric instead of the distance metric. Considering 

the path allocation in multiple shortest paths, the total network decreases with the usage of second and 

third shortest paths in relation to the first. This effect is correlated with the number of links in which are 

allocated resources. Regarding the first disjoint path, the total network load increases in comparison 

with the shortest path. The first disjoint path simulation presents a higher total network load increment 

than the second shortest path.  

Restricting the obtained paths with residual capacity constraints has changed the network load 

configuration. The constraints perform a demand distribution through links with residual capacity and 

this idea might be applicable to an optimization based in balancing. For multiple paths, the second and 

third shortest paths need more resources to fulfill the demands than the used in the shortest path. For 

establishing the first disjoint path, it is also necessary to spend more resources than the shortest path. 

 Related to simulation in the Chapter 5, the planning tool results showed that the network load, costs 

in purchasing capacity and the computational times are higher when are used more paths. For the 

alternative routing model in capacity planning, there is a model that performed better of all network 

except for AFR. Dijkstra computes the path by the links with lower cost and higher residual capacity. For 

AFR network, the alternative routing model only obtains the lower purchasing costs because it forces 

the capacity planning in the paths with lower number of hops. However, it obtains higher value of 
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maximum link load because the links’ residual capacities vary from 15.52 to 10476 Gbps and the Dijkstra 

follows through the links with higher residual capacity. For the path resilience feature, it is assumed that 

the legacy routing model obtained the working paths. The backup paths are obtained with 1+1 and 1:1 

protection techniques. The network load has an exponential behavior in capacity planning process, the 

backup blocking ratio is inversely proportional to the network load. The 1+1 protection simulations have 

an effect of network load over duplication. 

As a final conclusion, the analysis of the routing algorithm allows the implementation of a survivability 

feature. With this feature, the service network provider can evaluate its network doing a resilience study 

about the network connection regarding 1:1 path protection. The service network provider can also 

dimension its network for 1+1 path protection based on load of the allocation of backup paths. 

6.2. Future Work 

For the future work, it is suggested to introduce the node level load, complementing the planning tool 

with the link level approach. Upgrading 400 GbE since it is required capacity above the limit is the 

expected but the strategies for network balancing shall be in focus.  

Other recommendation is the implementation of the K-Shortest Path, which has the accuracy to find 

a fixed number of paths and further compare with Path Finder algorithm.  

The implementation of a headroom, i.e., the link capacity slack reserved to unexpected behaviors 

could be also used for resilience regarding 1:1 protection. The headroom concept is similar to the 

overprovisioning factor used for capacity planning mentioned in Chapter 3. The result for the percentage 

of blocked backup paths with headroom variation would be an interesting simulation to do.  
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Annex A. Networks under analysis 

Annex A 

Networks under analysis 
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The ITU’s COST239 model is based on actual European network, interconnecting several cities of 

European continent. The NSFNET (National Science Foundation Network) connected the United States 

of America academic institutions and the UBN consisted in a former radio network used to interconnect 

United Biscuits factories in United Kingdom. The networks have distinct characteristics being COST239 

a dense network with a high average node degree while UBN a wide network with a low average of 

node links. 

For exemplification, a network was provided by the collaborative company and is also implemented 

in Chapter 5 simulations. The network is named as AFR because most of nodes are core routers in the 

African continent. The AFR demands vary from 0.25 to 31.25 Gbps with growing percentages of 0.6% 

to 6%. The initial residual capacities of the links take values from 15.52 to 10476 Gbps. The network 

topology is not detailed due to confidentiality matters.  

Each network is described by the network physical topology 𝐺(𝑉, 𝐸) with the distance between the 

nodes described in kilometers (Km). 

 
Figure A.1 – Physical topology for COST239 network with distance between nodes 

 
Figure A.2 – Physical topology for NSFNET network with distance between nodes 



 

 

75 

  
Figure A.3 – Physical topology for UBN network with distance between nodes 

The Table A.1 summarizes the network characteristics for the networks in analysis. 

Table A.1 – Network physical characteristics 

 COST239 NSFNET UBN AFR 

Number of nodes, V 11 14 24 32 

Number of edges, E 26 21 43 54 

Number of unidirectional mesh 
logical connections, 𝑵. (𝑵 − 𝟏) 

110 182 552 992 

Minimum node degree 4 2 2 2 

Maximum node degree 6 4 4 8 

Average node degree 4,7 3 3,6 3,4 
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Annex B. Simulations using routing algorithms 

Annex B 

Simulations using routing 

algorithms 
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B.1. K-Shortest Path 

The following tables present the link load obtained by the K-Shortest Path with a unitary traffic matrix 𝐷𝑡 

that describe a full-mesh topology. Only one direction link is represented to compact the information, 

being the connection A→B and B→A separated by a dash “/” if the value differs. The results consider, 

separately, the load using the distance metric and hops count metric defined in Gbps. 

Table B.1 – Link load using K-Shortest path with the distance metric in COST239  

Links 
Load  

Links 
Load 

K=1 K=2 K=3 K=1 K=2 K=3 

1→2 1 0 1  6→7 5 5 9 

1→3 4 4 5  6→8 2 7 9 

1→4 2 6 5  6→9 11 7 13 

1→7 3 2 3  7→9 6 6 4 

2→3 2 3 4  7→10 1 10 10 

2→5 6 4 4  8→9 2 5 5 

2→8 1 3 7  8→11 1 2 2 

3→4 5 7 4  9→10 5 4 5 

3→5 5 11 10  9→11 8 4 5 

3→6 4 7 7  10→11 1 2 2 

4→7 5 9 6  Minimum 0 0 1 

4→8 1 0 2  Maximum 11 12 13 

4→10 3 4 1  Difference 11 12 12 

5→6 10 12 10  Average 3,7 5,0 5,7 

5→8 3 3 11  Total 194 258 294 

5→11 0 2 3      
 

 
Table B.2 – Link load using K-Shortest path with the hop count metric in COST239 

Links 
Load  

Links 
Load 

K=1 K=2 K=3  K=1 K=2 K=3 

1→2 7 7 / 6 4 / 5  6→7 3 5 5 / 4 

1→3 3 9 / 7 7 / 8  6→8 1 3 5 / 6 

1→4 4 6 7 / 5  6→9 3 7 / 4 5 / 6 

1→7 4 5 / 8 5  7→9 4 3 / 5 5 

2→3 3 9 / 6 4 / 9  7→10 2 4 / 6 6 / 3 

2→5 4 6 / 5 6 / 5  8→9 2 4 / 5 4 / 6 

2→8 4 3 / 6 7 / 4  8→11 2 4 / 6 8 / 4 

3→4 4 6 / 5 5 / 6  9→10 1 3 5 

3→5 3 7 / 5 6 / 9  9→11 2 1 5 / 8 

3→6 5 3 / 1 4 / 6  10→11 2 2 4 / 3 

4→7 3 5 / 6 6 / 4  Minimum 1 1 3 

4→8 4 4 5 / 4  Maximum 7 9 9 

4→10 5 5 / 3 4 / 6  Difference 6 8 6 

5→6 4 4 / 3 5 / 4  Average 3,3 4,7 5,3 

5→8 1 6 6 / 7  Total 172 242 278 

5→11 6 3 / 1 3 / 5      
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Table B.3 – Link load using K-Shortest path with the distance metric in NSFNET 

Links 
Load  

Links 
Load 

K=1 K=2 K=3  K=1 K=2 K=3 

1→4 5 8 14  7→8 17 28 24 

1→8 6 8 7  8→9 24 33 28 

1→11 2 7 6  9→10 12 22 27 

2→3 11 11 39  9→13 14 20 13 

2→5 11 6 25  10→14 10 23 25 

2→10 3 8 29  11→12 9 12 10 

3→9 13 26 29  12→13 11 19 8 

3→14 5 24 17  12→14 4 6 13 

4→5 18 17 24  Minimum 2 6 6 

4→11 8 12 9  Maximum 24 33 39 

5→6 16 16 28  Difference 22 27 33 

6→7 16 23 21  Average 10,5 16,5 19,2 

6→12 5 18 8  Total 440 694 808 

 
Table B.4 – Link load using K-Shortest path with the hop count metric in NSFNET 

Links 
Load  

Links 
Load 

K=1 K=2 K=3  K=1 K=2 K=3 

1→4 8 / 7 17 14 / 13  7→8 10 / 8 21 / 17 21 / 17 

1→8 12 / 13 19 16 / 18  8→9 17 / 16 14 / 18 15 / 13 

1→11 6 12 18 / 17  9→10 5 14 / 15 17 / 15 

2→3 11 / 12 22 / 20 14  9→13 8 / 7 15 / 16 15 / 13 

2→5 15 / 14 12 / 13 16 / 13  10→14 3 6 / 8 24 / 25 

2→10 5 15 / 16 11 / 14  11→12 12 12 / 15 26 / 23 

3→9 11 22 / 20 15 / 13  12→13 7 / 8 14 / 13 16 / 18 

3→14 7 / 8 17 18 / 20  12→14 12 / 11 13 / 11 24 / 21 

4→5 12 / 11 21 / 18 17 / 18  Minimum 3 6 11 

4→11 6 13 / 16 16 / 14  Maximum 17 22 26 

5→6 12 / 10 19 / 17 19 / 17  Difference 14 16 15 

6→7 10 / 8 10 / 14 21 / 17  Average 9,3 15,2 17,4 

6→12 10 19 / 13 22 / 24  Total 390 638 732 

  
Table B.5 – Link load using K-Shortest path with the distance metric in UBN  

Links 
Load  

Links 
Load 

K=1 K=2 K=3  K=1 K=2 K=3 

1→2 4 7 9 / 9  12→16 63 / 66 76 / 66 67 / 72 

1→6 19 18 19  13→14 15 37 26 / 23 

2→3 6 5 12 / 11  13→17 39 / 30 23 / 33 45 / 39 

2→6 19 25 22 / 23  14→18 26 24 23 / 19 

3→4 3 23 / 19 17 / 22  15→16 17 / 23 25 35 / 40 

3→5 3 7 9 / 8  15→19 0 6 1 / 2 

3→7 19 22 / 26 32 / 27  15→20 10 4 17 / 16 

4→5 9 / 8 19 / 13 17 / 20  16→17 4 / 13 17 / 8 24 / 39 

4→7 25 / 26 28 / 27 33 / 35  16→21 23 37 / 34 40 / 42 
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5→8 13 / 12 14 / 11 9 / 11  16→22 26 39 / 41 34 / 27 

6→7 9 16 25 / 27  17→18 8 / 9 23 26 / 29 

6→9 36 40 36 / 38  17→22 28 29 24 

6→11 12 10 22 / 19  17→23 7 / 6 13 / 14 23 / 29 

7→8 5 / 6 15 / 18 17 / 16  18→24 14 / 15 22 13 / 12 

7→9 53 48 49  19→20 23 17 21 / 22 

8→10 27 34 29 / 30  20→21 34 38 34 

9→10 31 21 35 / 30  21→22 30 59 / 56 37 / 39 

9→11 7 16 / 17 12 / 11  22→23 23 30 / 29 28 / 23 

9→12 64 76 / 75 59 / 67  23→24 10 / 9 13 11 / 12 

10→13 27 26 41 / 38  Minimum 0 4 1 

10→14 30 26 24 / 23  Maximum 66 76 72 

11→12 10 / 4 14 / 15 28 / 19  Difference 66 72 71 

11→15 12 / 18 17 13 / 18  Average 20,3 24,9 26,7 

12→13 32 / 23 18 / 28 45 / 39  Total 1750 2142 2295 

 
Table B.6 – Link load using K-Shortest path with the hop count metric in UBN 

Links 
Load  

Links 
Load 

K=1 K=2 K=3  K=1 K=2 K=3 

1→2 4 13 / 10 8 / 9  12→16 37 42 / 37 39 / 44 

1→6 19 17 / 20 22 / 21  13→14 11 26 / 23 23 / 16 

2→3 18 14 15 / 16  13→17 33 32 / 42 40 / 41 

2→6 27 28 / 25 24  14→18 28 28 / 13 28 / 25 

3→4 3 6 / 12 8 / 9  15→16 16 27 / 34 41 / 39 

3→5 22 17 / 10 12  15→19 21 21 / 17 17 / 22 

3→7 12 26 / 27 34  15→20 18 22 / 29 24 / 18 

4→5 9 5 / 15 8 / 5  16→17 16 23 / 27 27 / 34 

4→7 11 24 / 20 20 / 24  16→21 18 20 / 11 27 / 28 

5→8 26 12 / 15 16 / 13  16→22 12 25 / 32 27 / 22 

6→7 17 20 / 23 44 / 38  17→18 12 22 / 26 30 / 31 

6→9 36 24 / 33 47 / 35  17→22 7 17 / 26 19 / 20 

6→11 32 41 / 29 27 / 44  17→23 19 19 / 20 19 / 25 

7→8 18 31 / 10 23 / 35  18→24 19 20 / 9 18 / 16 

7→9 23 30 / 51 42 / 28  19→20 2 15 / 11 8 / 13 

8→10 37 45 / 27 27 / 36  20→21 5 11 / 14 15 / 14 

9→10 41 22 / 40 38 / 33  21→22 6 13 / 7 9 

9→11 14 22 / 35 37 / 22  22→23 6 8 / 18 16 / 12 

9→12 37 30 / 29 45 / 39  23→24 4 7 / 18 10 / 12 

10→13 33 28 / 40 35  Minimum 2 5 5 

10→14 36 29 / 17 23 / 27  Maximum 42 52 47 

11→12 13 31 / 22 21 / 26  Difference 40 47 42 

11→15 42 42 / 52 47 / 44  Average 19,4 23,3 25,3 

12→13 16 30 / 25 38 / 32  Total 1672 2000 2180 
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B.2. Shortest Path vs First Disjoint Path  

The following tables present the link load obtained by the shortest path (SP) and the first disjoint path 

(DP) for the networks under analysis. The link load was obtained with a unitary full-mesh demand 𝐷𝑡 

expressed in Gbps. Only one direction link is represented to compact the information, being the 

connection A→B and B→A separated by a dash “/” if the value differs. The sum of link load using the 

SP and the DP is grouped in the grey column. 

Table B.7 – Link load using the shortest path and its first disjoint path in COST239 

Links 
Load  

Links 
Load 

SP DP SP+DP  SP DP SP+DP 

1→2 7 5 12  6→7 3 5 8 

1→3 3 8 / 7 11 / 10  6→8 1 3 4 

1→4 4 6 10  6→9 3 6 / 4 9 / 7 

1→7 4 6 / 7 10 / 11  7→9 4 4 / 5 8 / 9 

2→3 3 8 / 7 11 / 10  7→10 2 5 7 

2→5 4 5 / 6 9 / 10  8→9 2 5 7 

2→8 4 5 9  8→11 2 6 8 

3→4 4 6 10  9→10 1 4 / 3 5 / 4 

3→5 3 5 8  9→11 2 1 3 

3→6 5 3 / 1 8 / 6  10→11 2 3 / 2 5 / 4 

4→7 3 6 9  Minimum 1 1 3 

4→8 4 5 9  Maximum 7 8 12 

4→10 5 3 8  Difference 6 7 9 

5→6 4 3 7  Average 3,3 4,7 8 

5→8 1 6 7  Total 172 242 414 

5→11 6 1 / 2 7 / 8      

 
Table B.8 – Link load using the shortest path and its first disjoint path in NSFNET 

Links 
Load  

Links 
Load 

SP DP SP+DP  SP DP SP+DP 

1→4 8 / 7 19 / 20 27  7→8 10 / 8 13 / 18 23 / 26 

1→8 12 / 13 23 / 22 35  8→9 17 / 16 11 / 15 28 / 31 

1→11 6 10 16  9→10 5 8 / 9 13 / 14 

2→3 11 / 12 21 / 18 32 / 30  9→13 8 / 7 14 / 15 22 

2→5 15 / 14 12 / 16 27 / 30  10→14 3 6 9 

2→10 5 11 / 10 16 / 15  11→12 12 13 / 16 25 / 28 

3→9 11 20 / 18 31 / 29  12→13 7 / 8 15 / 14 22 

3→14 7 / 8 18 / 17 25  12→14 12 / 11 14 / 15 26 

4→5 12 / 11 25 / 23 37 / 34  Minimum 3 6 9 

4→11 6 9 / 12 15 / 18  Maximum 17 25 37 

5→6 12 / 10 23 / 25 35  Difference 14 19 28 

6→7 10 / 8 13 / 18 23 / 26  Average 9,3 15,7 25 

6→12 10 23 / 20 33 / 30  Total 390 658 1048 
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Table B.9 – Link load using the shortest path and its first disjoint path in UBN 

Links 
Load  

Links 
Load 

SP DP SP+DP  SP DP SP+DP 

1→2 4 34 / 27 38 / 31  12→16 37 69 106 

1→6 19 12 / 19 31 / 38  13→14 11 19 30 

2→3 18 22 / 15 40 / 33  13→17 33 47 80 

2→6 27 30 57  14→18 28 10 38 

3→4 3 13 16  15→16 16 45 61 

3→5 22 20 / 16 42 / 38  15→19 21 3 24 

3→7 12 36 / 33 48 / 45  15→20 18 33 51 

4→5 9 11 20  16→17 16 30 46 

4→7 11 19 30  16→21 18 21 39 

5→8 26 14 / 10 40 / 36  16→22 12 24 36 

6→7 17 16 33  17→18 12 24 36 

6→9 36 18 54  17→22 7 22 29 

6→11 32 33 / 40 65 / 72  17→23 19 20 39 

7→8 18 15 33  18→24 19 11 30 

7→9 23 61 / 58 84 / 81  19→20 2 22 24 

8→10 37 24 / 20 61 / 57  20→21 5 36 41 

9→10 41 33 74  21→22 6 18 24 

9→11 14 14 28  22→23 6 23 29 

9→12 37 57 / 54 94 / 91  23→24 4 26 30 

10→13 33 42 / 38 75 / 71  Minimum 2 3 16 

10→14 36 6 42  Maximum 42 69 106 

11→12 13 32 / 39 45 / 52  Difference 40 66 90 

11→15 42 24 66  Average 19,4 26,1 45,5 

12→13 16 39 / 43 55 / 59  Total 1672 2242 3914 

 
 The Table B.10 contains the shortest paths and its first disjoint paths represented by the 

corresponding nodes for the NSFNET network. Note that if a physical point-to-point connection in 

𝐺(𝑉, 𝐸) is not unique, i.e, two nodes have more than one physical link between each other, the path 

representation by node would not be valid, requiring a link level approach. 

Table B.10 – Shortest path and its first disjoint path representation in NSFNET network 

Demand 
Paths  

Demand 
Paths 

SP DP  SP DP 

1→2 1-4-5-2 1-8-9-3-2  5→6 5-6 5-4-11-12-6 

1→3 1-8-9-3 1-4-5-2-3  5→7 5-6-7 5-4-1-8-7 

1→4 1-4 1-11-4  5→8 5-4-1-8 5-6-7-8 

1→5 1-4-5 1-8-7-6-5  5→9 5-2-3-9 5-4-1-8-9 

1→6 1-4-5-6 1-8-7-6  5→10 5-2-10 5-6-12-14-10 

1→7 1-8-7 1-4-5-6-7  5→11 5-4-11 5-6-12-11 

1→8 1-8 1-4-5-6-7-8  5→12 5-6-12 5-4-11-12 

1→9 1-8-9 1-11-12-13-9  5→13 5-6-12-13 5-2-3-9-13 

1→10 1-8-9-10 1-4-5-2-10  5→14 5-2-3-14 5-6-12-14 

1→11 1-11 1-4-11  6→7 6-7 6-5-4-1-8-7 

1→12 1-11-12 1-4-5-6-12  6→8 6-7-8 6-5-4-1-8 
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 According to the precedent table, any path uses the same nodes and, respectively, the links. It means 

that all results for the first disjoint paths are node and link disjoint. However, this is a “lucky” case 

because the algorithm for obtaining the First Disjoint Path, described in the Section 3.1.2, only discards 

the links from the shortest path. 

 

 

1→13 1-8-9-13 1-11-12-13  6→9 6-7-8-9 6-12-13-9 

1→14 1-11-12-14 1-8-9-3-14  6→10 6-5-2-10 6-12-14-10 

2→3 2-3 2-10-9-3  6→11 6-12-11 6-5-4-11 

2→4 2-5-4 2-3-9-8-1-4  6→12 6-12 6-5-4-11-12 

2→5 2-5 2-3-14-12-6-5  6→13 6-12-13 6-7-8-9-13 

2→6 2-5-6 2-3-14-12-6  6→14 6-12-14 6-5-2-3-14 

2→7 2-5-6-7 2-3-9-8-7  7→8 7-8 7-6-5-4-1-8 

2→8 2-3-9-8 2-5-4-1-8  7→9 7-8-9 7-6-12-13-9 

2→9 2-3-9 2-10-9  7→10 7-8-9-10 7-6-5-2-10 

2→10 2-10 2-3-9-10  7→11 7-8-1-11 7-6-12-11 

2→11 2-5-4-11 2-3-14-12-11  7→12 7-6-12 7-8-1-11-12 

2→12 2-5-6-12 2-3-14-12  7→13 7-8-9-13 7-6-12-13 

2→13 2-3-9-13 2-5-6-12-13  7→14 7-6-12-14 7-8-9-3-14 

2→14 2-3-14 2-10-14  8→9 8-9 8-7-6-12-13-9 

3→4 3-2-5-4 3-9-8-1-4  8→10 8-9-10 8-1-4-5-2-10 

3→5 3-2-5 3-14-12-6-5  8→11 8-1-11 8-7-6-12-11 

3→6 3-2-5-6 3-14-12-6  8→12 8-7-6-12 8-1-11-12 

3→7 3-9-8-7 3-2-5-6-7  8→13 8-9-13 8-7-6-12-13 

3→8 3-9-8 3-2-5-4-1-8  8→14 8-9-10-14 8-7-6-12-14 

3→9 3-9 3-2-10-9  9→10 9-10 9-3-2-10 

3→10 3-2-10 3-9-10  9→11 9-8-1-11 9-13-12-11 

3→11 3-14-12-11 3-9-8-1-11  9→12 9-13-12 9-3-14-12 

3→12 3-14-12 3-9-13-12  9→13 9-13 9-3-14-12-13 

3→13 3-9-13 3-14-12-13  9→14 9-3-14 9-10-14 

3→14 3-14 3-2-10-14  10→11 10-14-12-11 10-9-8-1-11 

4→5 4-5 4-11-12-6-5  10→12 10-14-12 10-9-13-12 

4→6 4-5-6 4-11-12-6  10→13 10-9-13 10-14-12-13 

4→7 4-5-6-7 4-1-8-7  10→14 10-14 10-2-3-14 

4→8 4-1-8 4-5-6-7-8  11→12 11-12 11-4-5-6-12 

4→9 4-1-8-9 4-5-2-3-9  11→13 11-12-13 11-1-8-9-13 

4→10 4-5-2-10 4-1-8-9-10  11→14 11-12-14 11-4-5-2-3-14 

4→11 4-11 4-1-11  12→13 12-13 12-14-3-9-13 

4→12 4-11-12 4-5-6-12  12→14 12-14 12-13-9-3-14 

4→13 4-11-12-13 4-1-8-9-13  13→14 13-12-14 13-9-3-14 

4→14 4-11-12-14 4-5-2-3-14     
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B.3. Constraint-Routing 

The following tables are the experiences results regarding the Section 3.4 with the imposition of 

limitation on the initial residual capacity 𝑅 of a link and the restriction in using links without enough 

residual capacity to support the traffic demand. For these results were assumed a full-mesh traffic 

demand matrix and a variation of the initial value for the residual capacity of a link.  The following 

tables present the obtained and the blocked paths, plus the congested links after the capacity planning 

process for the different initial R values. The first disjoint path load is not allocated and it considered 

disjoint to the shortest path correspondent to 𝐾 = 1. 

Table B.11 – Number of obtained and blocked paths with the number of links congested in COST239 

Initial R 
Obtained Paths Blocked Paths Congested Links 

K=1 K=2 K=3 DP K=1 K=2 K=3 DP K=1 K=2 K=3 

1 30 14 10 0 80 96 100 110 52 48 40 

2 57 30 25 0 53 80 85 110 51 44 41 

3 94 48 41 0 16 62 69 110 48 42 43 

4 110 70 54 63 0 40 56 47 32 41 37 

5 110 87 74 110 0 23 36 0 11 45 39 

6 110 109 91 110 0 1 19 0 4 39 37 

7 110 110 101 110 0 0 9 0 2 28 34 

8 110 110 110 110 0 0 0 0 0 17 25 

… … … … … … … … … … … … 

17 110 110 110 110 0 0 0 0 0 1 2 

18 110 110 110 110 0 0 0 0 0 1 0 

19 110 110 110 110 0 0 0 0 0 0 0 

 
Table B.12 – Number of obtained and blocked paths with the number of links congested in NSFNET 

Initial R 
Obtained Paths Blocked Paths Congested Links 

K=1 K=2 K=3 DP K=1 K=2 K=3 DP K=1 K=2 K=3 

1 18 6 5 0 164 176 177 182 42 26 29 

2 32 16 10 0 150 166 172 182 40 28 25 

3 53 23 20 1 129 159 162 181 37 31 27 

4 70 32 26 2 112 150 156 180 37 27 22 

5 89 45 31 5 93 137 151 177 31 29 22 

… … … …  … … …  … … … 

13 180 107 95 71 2 75 87 111 10 24 19 

14 182 122 106 173 0 60 76 9 5 25 19 

15 182 130 108 182 0 52 74 0 3 23 17 

16 182 137 123 182 0 45 59 0 2 23 18 

17 182 155 132 182 0 27 50 0 1 22 20 

18 182 154 133 182 0 28 49 0 0 23 16 

… … … … … … … … … … … … 

23 182 181 175 182 0 1 7 0 0 16 16 

24 182 182 182 182 0 0 0 0 0 14 13 

… … … … … … … … … … … … 

35 182 182 182 182 0 0 0 0 0 1 1 

36 182 182 182 182 0 0 0 0 0 0 0 
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Table B.13 – Number of obtained and blocked paths with the number of links congested in UBN 

Initial R 
Obtained Paths Blocked Paths Congested Links 

K=1 K=2 K=3 DP K=1 K=2 K=3 DP K=1 K=2 K=3 

1 36 17 11 0 516 535 541 552 86 78 74 

2 60 36 30 0 492 516 522 552 84 68 72 

3 94 55 40 1 458 497 512 551 80 66 61 

4 130 71 58 5 422 481 494 547 75 61 61 

5 157 90 68 7 395 462 484 545 70 61 60 

… … … … … … … … … … … … 

34 544 530 465 248 8 22 87 304 19 42 36 

35 552 530 483 259 0 22 69 293 18 42 36 

36 552 539 491 460 0 13 61 92 15 39 38 

37 552 546 505 471 0 6 47 81 12 38 36 

38 552 548 504 552 0 4 48 0 6 38 34 

39 552 552 515 552 0 0 37 0 5 32 34 

40 552 551 531 552 0 1 21 0 3 28 32 

41 552 550 544 552 0 2 8 0 2 24 27 

42 552 550 549 552 0 2 3 0 2 29 27 

43 552 552 547 552 0 0 5 0 0 22 29 

44 552 552 549 552 0 0 3 0 0 20 28 

45 552 550 552 552 0 2 0 0 0 24 25 

46 552 552 552 552 0 0 0 0 0 21 21 

… … … … … … … … … … … … 

74 552 552 552 552 0 0 0 0 0 4 1 

75 552 552 552 552 0 0 0 0 0 4 0 

… … … … … … … … … … … … 

91 552 552 552 552 0 0 0 0 0 1 0 

92 552 552 552 552 0 0 0 0 0 0 0 

 
The following tables present the link load for networks in analysis and under capacity constraints. 

Table B.14 – Link load for K-Path with unitary full-mesh demands in UBN under capacity constraints 

Links 
Load  

Links 
Load 

K=1 K=2 K=3  K=1 K=2 K=3 

1→2 4 1 / 7 8  6→7 3 / 4 2 / 7 8 / 5 

1→3 4 7 7 / 0  6→8 2 / 2 7 / 2 5 

1→4 4 7 / 6 5 / 8  6→9 3 7 8 / 7 

1→7 4 7 / 2 4 / 8  7→9 4 7 0 / 5 

2→3 3 / 4 7 8  7→10 2 / 3 7 / 2 5 / 1 

2→5 4 1 / 4 8  8→9 3 / 2 6 / 7 5 / 7 

2→8 4 / 3 2 / 5 8  8→11 4 6 / 3 8 / 4 

3→4 4 7 8 / 7  9→10 2 7 1 / 3 

3→5 3 / 4 7 8 / 6  9→11 2 / 1 5 / 6 4 / 8 

3→6 4 7 8 / 4  10→11 3 / 4 5 / 4 4 / 2 

4→7 4 7 / 2 8  Minimum 1 1 0 

4→8 4 7 6 / 8  Maximum 4 7 8 

4→10 4 1 / 5 8  Difference 3 6 8 

5→6 3 / 4 7 8  Average 3,4 5,4 6,0 

5→8 2 7 8 / 4  Total 177 279 314 

5→11 4 3 / 6 3 / 5      
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Table B.15 – Link load for K-Path with unitary full-mesh demands in UBN under capacity constraints 

Links 
Load  

Links 
Load 

K=1 K=2 K=3  K=1 K=2 K=3 

1→4 8 / 7 12 / 17 24  7→8 10 8 / 20 15 

1→8 13 19 / 6 15  8→9 14 13 / 12 19 

1→11 6 / 7 16 / 24 24  9→10 5 8 / 24 24 / 15 

2→3 11 8 / 18 15 / 7  9→13 7 9 14 / 19 

2→5 14 / 14 19 / 18 20  10→14 3 17 / 24 14 / 13 

2→10 5 24 / 15 14 / 22  11→12 13 / 14 24 / 22 24 

3→9 10 7 / 24 22 / 18  12→13 9 15 21 / 16 

3→14 6 24 / 17 19 / 15  12→14 13 24 17 / 22 

4→5 12 / 11 9 / 24 24  Minimum 3 6 7 

4→11 6 24 / 14 9  Maximum 14 24 24 

5→6 12 / 11 10 / 24 24  Difference 11 18 17 

6→7 10 12 / 24 20  Average 9,4 17,2 18,8 

6→12 12 / 11 22 / 24 24  Total 396 723 791 
 

Table B.16 – Link load for K-Path with unitary full-mesh demands in UBN under capacity constraints 

Links 
Load  

Links 
Load 

K=1 K=2 K=3  K=1 K=2 K=3 

1→2 4 1 / 30 5 / 12  12→16 35 39 45 

1→6 19 39 / 10 24 / 17  13→14 14 27 / 37 22 / 14 

2→3 18 4 / 39 16 / 39  13→17 35 39 45 

2→6 27 39 / 33 39 / 23  14→18 35 27 17 

3→4 3 6 / 11 6 / 8  15→16 23 39 / 21 45 / 44 

3→5 2 10 / 20 12 / 17  15→19 21 12 / 24 17 / 30 

3→7 12 14 / 34 29 / 45  15→20 18 33 / 39 26 / 14 

4→5 9 2 / 5 8 / 13  16→17 16 / 26 16 / 39 42 / 34 

4→7 11 19 / 21 27 / 24  16→21 18 22 / 4 30 / 45 

5→8 26 0 / 13 4 / 14  16→22 13 / 3 39 / 16 30 / 22 

6→7 19 / 17 39 / 8 45  17→18 19 30 / 24 34 / 29 

6→9 35 39 / 35 45 / 22  17→22 6 / 16 18 / 39 13 / 35 

6→11 32 / 34 39 45  17→23 19 19 / 27 36 / 11 

7→8 20 39 / 30 21 / 34  18→24 19 19 / 13 12 / 7 

7→9 26 / 24 39 45  19→20 2 7 / 19 13 / 26 

8→10 35 28 / 32 13 / 36  20→21 5 10 / 28 21 / 22 

9→10 35 39 / 35 45 / 22  21→22 6 19 / 19 11 / 27 

9→11 11 / 9 39 45  22→23 6 15 / 13 9 / 39 

9→12 35 39 45  23→24 4 9 / 15 13 / 18 

10→13 35 29 / 39 29 / 21  Minimum 2 0 4 

10→14 33 39 / 29 20 / 28  Maximum 35 39 45 

11→12 14 39 45  Difference 33 39 41 

11→15 35 39 45  Average 19,9 26,5 28,4 

12→13 23 39 45  Total 1712 2277 2443 
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Annex C. Planning Tool and Results 

Annex C 

Planning Tool and Results 
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C.1. Database architecture 

The tables below introduce the database structures for the planning tool. The Old Database Architecture 

contains the first version from database that was provided by the collaborative company. The New 

Database Architecture was released for the adaption of the planning tool to provide new features and 

different information organization with more outputs. The new architecture is compatible for the Legacy 

Planning Tool and the Alternative Planning Tool. 

The Old Database Architecture has the entities POP, Links, Paths, Path Settings and Capacity 

Demand. The Links and POPs are the input entities with the links and nodes information. The POPs 

has the description of the node and Links have information about its costs, residual capacity, latency, 

etc. Paths entity contains the information about the source and target nodes as the links belonging to 

the path while the Path Settings entity contains the information about path’s cost and the maximum 

bandwidth. The Traffic Demand entity has traffic demand for each project period for a certain origin and 

destination POP. 

The attributes for each entity are: 

 POPs: [PoP_id], [Name], [Role], [Label], [Model], [Vendor]; 

 Links: [Link_id], [Origin_id], [Destination_id], [Year0Capacity], 

[InitialCapacity], [FreeCapacity], [PurchasedCapacity2013], ..., 

[PurchasedCapacity2023], [LinkSet_id], [CostMbps], [Delay]; 

 Paths: [Path_id],[Origin_id],[Destination_id],[Link1_id],...,[Link50_id] 

 Path Settings: [Path_id], [PathCost], [PathBwBottleneck], [PathDelay]; 

 Traffic Demand: [Origin_id], [Destination_id], [Capacity_Demand], [Year]; 

 

The New Database Architecture support additional features and the software upgrade, a database 

restructure was implemented and will be presented next. The additional features involve code 

automation, new kind of traffic demand allocations and the resilience process. 

The Traffic Demand entity is responsible to describe the network behavior with the traffic demands. 

From the legacy version, the table describing 𝐷𝑡 suffered several changes to provide the usage of 

constraints and dynamic ways of characterizing the traffic demands. 

Dem_id Orig_id Dest_id MaxDelay PercFlag D0 D1 … D10 

Figure C.1 – Traffic Demand table 

 The Dem_id is the demand identifier between the Orig_id and Dest_id values characterizing the end-

to-end connection POPs. Based on PercFlag attribute, the software will define the traffic demand for a 

certain period 𝑡 represented by D[𝑡]. If the PercFlag value is 1, the D[𝑡] values are demands in Gbps 

while if the parameter is 0, the D[𝑡] values are growing factors that the software will get to compute each 

period demands. The maximum latency attribute, MaxDelay, is a restriction for the path computation, 

obtaining paths that satisfy the constraint imposed by this parameter. 
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The POPs entity contains the MPLS routers characteristics. The POP identifier attribute is PoP_id 

and the general equipment/client information is defined in Name, SITE, Role, Label, Model and Vendor 

attributes that were already present in the legacy software version. 

PoP_id Name SITE Role Label Model Vendor 

Figure C.2 – POPs table 

The Links entity is divided in three different tables to support different processes. The database 

tables for links entity are: 

 Links – contains the information about the links as the node edges, the cost, the delay, the 

initial residual capacity; 

 Links Capacity – contains the allocated load, residual and purchased capacities of the links 

and for different K level paths.  

 Links Resume – stores the information of Links Capacity in each ended period. 

Link_id Orig_id Dest_id Cost Delay InitResCap Inactive 

Figure C.3 – Links table 

Link_id Orig_id Dest_id K AllocLoad ResCap PurchCap 

Figure C.4 – Links Capacity table 

Link_id Orig_id Dest_id K Type T0 … T10 Total 

Figure C.5 – Links Resume table 

 The Link_id is the link identifier for a certain origin and destination POPs. The origin and destination 

POPs are given by Orig_id and Dest_id, respectively. The Cost is metric that can define different 

parameters like the number of hops, distance, monetary cost, etc. The latency or Delay is the time that 

packets take to travel between the link edges. The InitResCap is the residual capacity of the period 0. 

The Inactive parameter allows to disable (=1) a link to not being considered the routing process.  

The AllocLoad, ResCap and PurchCap are the allocated load, the residual capacity and the 

purchased capacity. These are the attributes to update the link information during the demand allocation 

process. The K attribute is used to distinguish the demand allocation from working to backup paths in 

the resilience process if it is considered 1+1 linear path protection.  

Type attribute distinguish by acronyms the Links Capacity attributes. The allocated load is 

represented by an ‘A’, the residual capacity by a ‘R’, the purchased capacity by a ‘P’ and the total cost 

by ‘TC’. The total cost is the necessary cost to purchase in transport network provider. The T[𝑡] are the 

values of each acronym in each 𝑡 period. 

The Paths entity contains the parameters that characterize a path. Also contains the information 

about the constituent links and the information about allocated demands that is useful to organize the 

knowledge about network usage. 

Path_id PathOrig Orig_id Dest_id K T Dem_id AllocDem Cost Delay E1_id … E50_id 

Figure C.6 – Paths table 
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  The Path_id is the path identifier for a certain origin and destination given by Orig_id and Dest_id, 

respectively. The K parameter will differ the working path (=0) or the backup paths (>0). The demand 

identifier Dem_id is an attribute to make an association with Traffic Demand table to match the traffic 

demand that originated this path. Each path originated by a demand is set by project period t ∈ T and 

the effective traffic demand allocated AllocCap in that path. The Cost and Delay are, respectively, the 

sum of all link costs and delays. The links of the path is defined by E[n]_id which contains the Link_id 

that matches with the Links table. 

Other similar table is the Paths Temp, used for previous path computation in the Legacy Software 

Architecture. This table was created to keep the interoperability between the methodologies 

implemented in the legacy and alternative versions. The difference in relation to Paths table is that the 

paths are not associated to any demand. The attribute B is the maximum bandwidth of the path, which 

was reutilized from attribute PathBwBottleneck implemented in legacy architecture. 

Path_id PathOrig Orig_id Dest_id Cost Delay B E1_id … E50_id 

Figure C.7 – Paths Temp table 

Another table used, essentially, to perform capacity expansion was the ExpansionCatalog which 

contains the information about the cost of each capacity packet to purchase to transport network 

provider. 

Capacity Cost 

Figure C.8 – Expansion Catalog table 

 The Capacity attribute is the value of the packet available to be purchsed with the associated Cost. 
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C.2. Results for network indicators along the time 

The following table represents the minimum, maximum and total network load to support the Figure 5.5 

and Figure 5.6. It is also represented the purchased capacity cost for supporting the Figure 5.7. In terms 

of representative limitation, only were displayed the periods 𝑡1, 𝑡5 and 𝑡10 for the capacity planning 

simulations regarding the Sections 5.1 and 5.2.  

Table C.1 – Capacity planning results for different routing models in periods t1, t5 and t10 

Network 
Routing 
model 

𝑻 
Load [Gbps] Purchased 

Capacity Cost 
[c.u.] Max. Min. Total 

COST239 

A1 

1 9 2 258 0 

5 46 8 1 306 0 

10 346 58 9918 9245 

A2 

1 9 2 258 0 

5 46 8 1306 0 

10 318 110 11350 9148 

A3 

1 9 2 258 0 

5 46 8 1306 0 

10 323 97 9918 8314 

A4 

1 9 2 258 0 

5 46 8 1306 0 

10 322 110 10695 8422 

A5 

1 9 2 258 0 

5 46 8 1306 0 

10 300 119 10747 8632 

L 

1 7 3 258 0 

5 35 14 1306 0 

10 300 100 10685 8453 

NSFNET 

A1 

1 23 8 585 0 

5 114 38 2962 193 

10 865 288 22489 38901 

A2 

1 23 8 585 0 

5 101 42 3036 58 

10 961 371 25920 46058 

A3 

1 23 8 585 0 

5 114 38 2962 193 

10 862 340 22489 38843 

A4 

1 23 8 585 0 

5 109 41 2972 145 

10 908 347 23520 40084 

A5 

1 23 8 585 0 

5 103 42 3032 58 

10 922 336 24610 43529 
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L 

1 22 8 585 0 

5 109 38 2997 58 

10 942 311 24175 41985 

UBN 

A1 

1 57 3 2508 0 

5 289 15 12697 9159 

10 2191 115 96416 205509 

A2 

1 57 3 2508 0 

5 310 28 14727 10781 

10 2300 240 106509 232462 

A3 

1 57 3 2508 0 

5 290 15 12697 9062 

10 2149 119 96416 204520 

A4 

1 57 3 2508 0 

5 300 25 13219 8967 

10 2245 200 100366 213301 

A5 

1 57 3 2508 0 

5 375 39 14712 10658 

10 2248 191 103404 227269 

L 

1 54 4 2508 0 

5 333 30 13016 8768 

10 2910 185 99350 210562 

AFR 

A1 

1 1 875 16638 9240 

5 1 997 18973 30930 

10 1 1180 22486 65250 

A2 

1 0 844 20034 10400 

5 0 934 23096 36030 

10 2 1081 27474 77510 

A3 

1 1 889 16638 9360 

5 1 1012 18973 31300 

10 1 1196 22486 66200 

A4 

1 2 713 17762 9070 

5 2 821 20207 31160 

10 2 994 23847 66880 

A5 

1 0 763 19613 9710 

5 0 895 22682 33660 

10 2 1079 27170 73120 

L 

1 1 694 17400 9180 

5 1 815 19773 31300 

10 2 1000 23358 66650 
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C.3. Results for network load for period t0 

The Table C.2 present the link load obtained by with the usage of legacy (L) and alternative 1 (A1) 

routing models in COST239 network. The link load was obtained with a unitary full-mesh demand 𝐷𝑡 

expressed in Gbps for 𝑡0. The Link ID is the database identifier for a unidirectional link. Only one direction 

link is represented to compact the information, being the connection A→B and B→A separated by a 

dash “/” if the value differs.  

Table C.2 – Link load obtained in period t0 using different routing models in COST239 

Link ID Link 

Load [Gbps] for 
routing model 

 
Link ID Link 

Load [Gbps] for 
routing model 

L A1  L A1 

1 1→2 3 / 2 4  17 6→7 3 / 4 3 / 4 

2 1→3 2 / 3 2 / 4  18 6→8 3 / 2 2 

3 1→4 3 3 / 2  19 6→9 4 / 3 3 / 4 

4 1→7 4 5 / 4  20 7→9 4 3 / 4 

5 2→3 3 / 2 2 / 3  21 7→10 2 3 / 2 

6 2→5 3 / 2 4 / 3  22 8→9 3 / 4 3 

7 2→8 3 / 4 4  23 8→11 4 / 3 3 

8 3→4 4 2 / 4  24 9→10 3 2 / 3 

9 3→5 4 3  25 9→11 3 2 / 3 

10 3→6 3 3 / 4  26 10→11 4 / 5 3 / 4 

11 4→7 3 / 2 3   Minimum 2 2 

12 4→8 4 5   Maximum 5 7 

13 4→10 4 / 5 3 / 4   Difference 3 5 

14 5→6 3 / 2 3 / 4   Average 3,3 

15 5→8 3 2   Total 172 

16 5→11 5 7 / 5      

 
In database, the Link ID 1 is the link 1→2 and the Link ID 101 represents the reverse way (2→1). 

The Table C.3 contains the paths obtained in between these routing models in the period 𝑡𝑜, represented 

by the link IDs from the Table C.2 with path the differences. 

Table C.3 – Paths differently obtained in period t0  for different routing models in COST239 

Demand 
Routing model   

Demand 
Routing model 

L A1   L A1 

1→5 2→9 1→6   6→10 19→24 17→21 

1→11 1→7→23 2→9→16   6→11 19→25 114→16 

2→4 5→8 7→112   7→8 20→122 111→12 

2→6 6→14 5→10   8→3 115→109 118→110 

2→10 5→8→13 6→16→126   10→1 113→103 121→104 

3→7 10→17 102→4   10→2 26→116→106 113→103→1 

3→8 9→15 105→7   11→1 125→120→104 116→109→102 

5→1 109→102 106→101   11→6 123→118 125→119 

5→9 16→125 14→19   11→7 126→121 125→120 

6→2 18→107 114→106      
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C.4. Results for linear path protection 

The tables below represent the results from Section 5.3 regarding the simulations with linear path 

protection (1:1 and 1+1). The Table C.4 contains the blocking ratio for the protection path following a 

1:1 technique. The Table C.5 considers the working and backup paths obtained following the 1+1 

technique in period 𝑡0 with the load for these paths in Table C.6. The last 3 tables contain the network 

load, maximum link load and purchased capacity cost in a project period 𝑇 for a scenario without 

protection (WP) and with 1+1 protection (WP+BP). 

Table C.4 – Blocking ratio for different periods and networks using the 1:1 protection 

Network 𝑻 WPs DPs 
Blocking 
ratio [%] 

 Network 𝑻 WPs DPs 
Blocking 
ratio [%] 

COST239 

0 110 0 0,0  

UBN 

0 552 0 0,0 

1 110 0 0,0  1 552 0 0,0 

2 110 0 0,0  2 552 16 2,9 

3 110 0 0,0  3 566 369 65,2 

4 110 0 0,0  4 608 456 75,0 

5 110 0 0,0  5 664 581 87,5 

6 110 0 0,0  6 696 636 91,4 

7 110 9 8,2  7 727 675 92,8 

8 120 80 66,7  8 716 670 93,6 

9 182 164 90,1  9 710 666 93,8 

10 165 150 90,9  10 722 671 92,9 

NSFNET 

0 182 0 0,0  

AFR 

0 1021 850 83,3 

1 182 0 0,0  1 1000 555 55,5 

2 182 0 0,0  2 997 577 57,9 

3 182 0 0,0  3 1000 575 57,5 

4 182 5 2,7  4 1003 565 56,3 

5 186 122 65,6  5 998 605 60,6 

6 217 191 88,0  6 1001 581 58,0 

7 246 230 93,5  7 995 601 60,4 

8 247 228 92,3  8 1002 506 50,5 

9 251 234 93,2  9 997 583 58,5 

10 258 237 91,9  10 997 560 56,2 

 
Table C.5 – Working and backup paths for 1+1 technique obtained in period t0 for COST239 

Demand WP BP  Demand WP BP 

1→2 1 2→105  4→6 11→117 12→118 

1→3 2 3→108  4→7 11 13→121 

1→4 3 4→111  4→8 12 108→10→18 

1→5 2→9 1→6  4→9 11→20 12→22 

1→6 4→117 2→10  4→10 13 11→21 
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1→7 4 3→11  4→11 12→23 13→26 

1→8 3→12 1→7  5→6 14 109→10 

1→9 4→20 2→10→19  5→7 14→17 109→8→11 

1→10 3→13 4→21  5→8 15 14→18 

1→11 1→7→23 4→20→25  5→9 16→125 14→19 

2→3 5 6→109  5→10 16→126 14→19→24 

2→4 5→8 7→112  5→11 16 15→23 

2→5 6 5→9  6→7 17 19→120 

2→6 6→14 7→118  6→8 18 114→15 

2→7 101→4 7→22→120  6→9 19 18→22 

2→8 7 6→15  6→10 19→24 17→21 

2→9 7→22 6→14→19  6→11 19→25 18→23 

2→10 5→8→13 7→23→126  7→8 20→122 111→12 

2→11 6→16 7→23  7→9 20 117→19 

3→4 8 102→3  7→10 21 111→13 

3→5 9 10→114  7→11 21→26 20→25 

3→6 10 9→14  8→9 22 23→125 

3→7 10→17 8→11  8→10 23→126 22→24 

3→8 9→15 8→12  8→11 23 22→25 

3→9 10→19 8→12→22  9→10 24 25→126 

3→10 8→13 10→19→24  9→11 25 122→23 

3→11 9→16 8→12→23  10→11 26 124→25 

4→5 12→115 108→9     

 
Table C.6 – Link load, in Gbps, obtained in period t0 for 1+1 protection in COST239 

Link ID Link 

Load for routing 
model 

 
Link ID Link 

Load for 
routing model 

L A1  L A1 

1 1→2 3 / 2 8 / 6  17 6→7 3 / 4 11 

2 1→3 2 / 3 8 / 10  18 6→8 3 / 2 11 / 8 

3 1→4 3 9 / 10  19 6→9 4 / 3 15 / 12 

4 1→7 4 11 / 10  20 7→9 4 12 / 13 

5 2→3 3 / 2 8 / 6  21 7→10 2 8 

6 2→5 3 / 2 10  22 8→9 3 / 4 13 / 11 

7 2→8 3 / 4 12  23 8→11 4 / 3 17 / 9 

8 3→4 4 15  24 9→10 3 10 / 8 

9 3→5 4 13 / 15  25 9→11 3 13 / 11 

10 3→6 3 12 / 10  26 10→11 4 / 5 11 / 15 

11 4→7 3 / 2 11 / 13   Minimum 2 8 

12 4→8 4 18 / 11   Maximum 5 18 

13 4→10 4 / 5 11 / 17   Difference 3 10 

14 5→6 3 / 2 14 / 10   Average 3,3 11,5 

15 5→8 3 9   Total 172 300 

16 5→11 5 10 / 16      
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Table C.7 – Network load, in Gbps, with and without 1+1 protection for T 

𝑻 
COST239 NSFNET UBN AFR 

WP WP+BP WP WP+BP WP WP+BP WP WP+BP 

0 172 586 390 1438 1672 5587 16865 34417 

1 258 637 585 1499 2508 6136 17400 35461 

2 387 956 878 2249 3762 9206 17957 36609 

3 581 1433 1316 3373 5677 13955 18539 37802 

4 871 2150 1974 5059 8607 21103 19140 39030 

5 1306 3225 2997 7624 13016 31702 19773 40324 

6 1959 4837 4664 11640 19695 47828 20432 41669 

7 2939 7256 7124 17802 29628 71707 21117 43062 

8 4462 10946 10774 26936 44359 107459 21828 44518 

9 6956 16750 16232 40525 66411 161160 22578 46083 

10 10685 25621 24175 60594 99350 240920 23358 47676 

 
Table C.8 – Maximum link load, in Gbps, with and without 1+1 protection for T 

𝑻 
COST239 NSFNET UBN AFR 

WP WP+BP WP WP+BP WP WP+BP WP WP+BP 

0 5 17 15 50 38 134 667 1375 

1 7 17 22 51 54 136 694 1404 

2 10 25 32 77 80 202 724 1465 

3 16 38 48 115 139 321 754 1526 

4 23 55 71 172 220 525 783 1586 

5 35 85 109 261 333 804 815 1651 

6 54 135 175 407 510 1212 853 1724 

7 77 188 260 618 791 1881 884 1792 

8 110 271 402 937 1162 2682 920 1860 

9 200 433 610 1421 1802 4151 959 1940 

10 300 713 942 2153 2910 6438 1000 2023 

 
Table C.9 – Purchased capacity cost, in c.u., with and without 1+1 protection for T 

𝑻 
COST239 NSFNET UBN AFR 

WP WP+BP WP WP+BP WP WP+BP WP WP+BP 

0 0 0 0 0 0 0 4420 15777 

1 0 0 0 0 0 0 9142 20900 

2 0 0 0 0 0 409 14101 26373 

3 0 0 0 0 622 2366 19364 32115 

4 0 0 0 87 2657 8216 24920 38227 

5 0 0 58 1574 8768 19269 30834 44540 

6 0 0 1385 5073 20595 38821 37027 51086 

7 0 233 4980 11803 41259 70893 43502 58058 

8 173 2717 11722 23517 74819 121673 50239 65419 

9 2746 8095 23348 42540 128127 200751 57359 73182 

10 8453 18230 41985 72383 210562 321430 64918 81343 
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C.5. Results for network nodes  

The following results correspond to the loads of the nodes in AFR network, including the extra number 

of line cards required to overcome all the load. The Table C.10 considers the result of capacity planning 

for the legacy routing model. The Table C.11 increments the load obtained after the allocation of a 

backup path in a linear 1+1 path protection technique. The load is represented by the “downlink / uplink” 

loads, which the higher defines the required node capacity. 

Table C.10 – Node load and line card required for different periods in AFR 

Node 
Load [Gbps] Required Line Cards [#] 

𝒕𝟏 𝒕𝟓 𝒕𝟏𝟎 𝒕𝟏 𝒕𝟓 𝒕𝟏𝟎 

1 51 / 414 168 / 1385 348 / 2932 0 3 7 

2 26 / 394 85 / 1331 172 / 2853 0 3 6 

3 6690 / 5033 21465 / 16122 42984 / 32213 16 53 107 

4 2295 / 1046 7373 / 3344 14790 / 6665 5 18 36 

5 406 / 377 1303 / 1181 2607 / 2291 0 3 6 

6 3520 / 3494 11267 / 11216 22484 / 22466 8 27 55 

7 1419 / 1570 4987 / 5524 10415 / 11537 3 13 28 

8 99 / 377 316 / 1216 631 / 2456 0 2 5 

9 816 / 888 2610 / 2829 5200 / 5607 1 6 13 

10 2286 / 2074 7804 / 7472 16069 / 15661 5 19 39 

11 946 / 907 3037 / 2882 6079 / 5684 2 7 14 

12 789 / 961 2976 / 3077 6383 / 6166 2 7 15 

13 718 / 788 2291 / 2517 4552 / 5008 1 6 12 

14 487 / 386 1554 / 1620 3096 / 3529 0 3 8 

15 876 / 1006 2808 / 3239 5623 / 6524 2 7 16 

16 1608 / 1659 5112 / 5325 10115 / 10669 3 13 26 

17 2284 / 2470 7725 / 7940 15788 / 15933 5 19 39 

18 1965 / 2033 6217 / 6462 12220 / 12781 4 15 31 

19 290 / 423 930 / 1352 1866 / 2697 0 3 6 

20 323 / 404 1033 / 1259 2063 / 2425 0 2 5 

21 765 / 763 2506 / 2488 5157 / 5085 1 6 12 

22 647 / 726 2134 / 2376 4435 / 4884 1 5 11 

23 373 / 365 1193 / 1145 2383 / 2222 0 2 5 

24 463 / 366 1483 / 1193 2963 / 2436 0 3 7 

25 48 / 380 152 / 1251 303 / 2588 0 2 6 

26 579 / 440 1847 / 1389 3673 / 2718 1 4 8 

27 463 / 366 1483 / 1187 2963 / 2411 0 3 7 

28 107 / 379 341 / 1252 681 / 2603 0 2 6 

29 101 / 373 322 / 1147 643 / 2177 0 2 5 

30 46 / 376 146 / 1174 290 / 2271 0 2 5 

31 247 / 368 791 / 1129 1585 / 2136 0 2 5 

32 249 / 374 795 / 1225 1589 / 2523 0 2 6 
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Table C.11 – Node load and line card required for different periods with 1+1 path protection in AFR 

Node 
Load [Gbps] Required Line Cards [#] 

𝒕𝟏 𝒕𝟓 𝒕𝟏𝟎 𝒕𝟏 𝒕𝟓 𝒕𝟏𝟎 

1 527 / 1303 834 / 3333 1308 / 6560 3 8 16 

2 368 / 1270 528 / 3234 769 / 6415 2 7 15 

3 14418 / 11113 44212 / 33420 88373 / 65794 35 110 220 

4 5898 / 2904 16220 / 7588 31303 / 14361 14 40 78 

5 1258 / 1225 3099 / 2877 5781 / 5160 2 7 14 

6 8489 / 8745 24213 / 24429 47284 / 47290 21 60 117 

7 4132 / 4941 11442 / 13033 22556 / 24917 12 32 62 

8 205 / 389 640 / 2068 1271 / 4922 0 4 12 

9 2081 / 2277 5729 / 6221 10996 / 11868 5 15 29 

10 6285 / 6213 17494 / 17173 33864 / 33019 15 43 84 

11 2830 / 2760 7139 / 6826 13415 / 12607 6 17 33 

12 2954 / 2896 7462 / 7262 14078 / 13636 7 18 34 

13 2118 / 2494 5371 / 6070 10236 / 11229 5 14 27 

14 1125 / 1360 3280 / 3848 6394 / 7319 3 9 18 

15 3118 / 3445 7174 / 8119 13090 / 14997 8 20 37 

16 4937 / 5086 12175 / 12672 22528 / 23748 12 31 59 

17 6337 / 6347 17415 / 17500 33465 / 33812 15 43 84 

18 4851 / 5035 13494 / 14051 25712 / 26928 12 34 67 

19 813 / 1154 2130 / 3060 4056 / 5820 2 7 14 

20 1430 / 1603 2961 / 3419 5188 / 5911 3 8 14 

21 2320 / 2338 5915 / 5900 11391 / 11266 5 14 28 

22 1468 / 922 4473 / 4256 9123 / 10080 3 10 24 

23 866 / 874 2522 / 2446 4926 / 4617 1 6 12 

24 1111 / 609 3174 / 2294 6170 / 5121 2 7 15 

25 101 / 770 310 / 2513 613 / 5189 1 6 12 

26 1785 / 1471 4405 / 3444 8186 / 6213 4 10 20 

27 1128 / 906 3194 / 2577 6194 / 5067 2 7 15 

28 258 / 897 732 / 2670 1420 / 5419 1 6 13 

29 261 / 752 712 / 2314 1367 / 4573 1 5 11 

30 118 / 933 322 / 2547 619 / 4764 2 6 11 

31 567 / 839 1667 / 2369 3271 / 4390 1 5 10 

32 784 / 1072 1915 / 2826 3558 / 5496 2 6 13 

 

Table C.12 – Total Line Cards and Costs for node dimensioning 

 
Without 1+1 linear 

path protection 
With 1+1 linear path 

protection 

𝑻 1 5 10 1 5 10 

# Line Cards 60 264 557 207 615 1218 

Total Cost [c.u]: 2400 10560 22280 8280 24600 48720 
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