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1 Introduction 

Telecommunications research and development is motivated by the continuous 

evolution of service requirements. New technologies are emerging, new principles are 

evolving, and the networks are facing new and new challenges. Evolution of core and 

access networks is strongly connected in a sense that core networks have to serve the 

traffic coming from access networks, or in contrary: even if enormous bandwidth is 

available in the core network, customers without the necessary high speed access do 

not benefit from it. After the glorious last decade of optical transmission in core 

networks, time has come for fiber communications in the access networks [1]. 

Optical access networks have some clear advantages over their traditional copper based 

counterparts: first of all the enormous bandwidth they offer. Moreover, optical 

transmission is less sensible to interference or temperature, and has lower latency 

variance, i.e. jitter. The term “Next Generation Access” (NGA) network refers to the 

fully or partly optical access networks that fulfill the challenging requirements of 

future (internet) services [2]. 

Optical networks provide a future proof platform for a wide range of services at the 

expense of replacing the cable plant. Unfortunately this “expense” is an enormous 

investment, which has to be justified by long term sustainability. Deployment costs 

have to be minimized, therefore optimal network planning plays crucial role regarding 

profitability. Economic viability makes the difference between widespread new 

technologies and high quality technical improvements left in laboratories. Deploying 

new, optical access networks is very costly; especially the civil work (trenching) 

necessary for the cable plant installation, therefore designing an optimal topology is a 

decisive part of the network planning process. 

During optimal access network topology design, various aspects have to be considered 

simultaneously. Reducing cost of the network deployment (CAPEX – CAPital 

EXpenditure) is a natural requirement, and also the future OPEX (OPerational 

EXpenses) have to be considered, even though the latter is more difficult to see in 

advance. Coupling these with the administrative requirements of the operator and 

physical limitations of the technology leads to a really complex optimization problem. 

The methods developed and presented in this dissertation are devoted to strategic 

topology design in an algorithmic way. The term “strategic topology design” stands for 

a high-level design, including location of the network elements, layout of the optical 

cable plant and a complete system design, but lacks the details of a low-level design. 

Novelty of the results presented in this dissertation lies in the fact that we are solving a 

problem algorithmically by computers, which was earlier done by a human guesswork, 

and no scalable algorithmic solution was known that was capable to handle problem 

sizes of practical interest. 
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1.1 Related work 

Theory of network design in itself has a long history and a massive research 

background [3]. The above described high economic and technical impact brought 

wide audience to network design for optical access networks. However, algorithmic 

network design was not possible in the absence of digital maps and GIS databases, and 

the computational capacity also set tight restrictions for a long time. The recent 

advances in this field made it a viable opportunity: at the time of writing this 

dissertation there were some initial results in the literature, however all of them were 

constrained by the contradictory requirements of scalability and the need to avoid 

oversimplification. Section 1.3 of the dissertation is a comprehensive summary of the 

related work in this field. 

The algorithmic PON network design literature started with the pioneering work of S. 

U. Khan (Texas University) [4], and then in the following years various metaheuristic 

approaches were investigated, e.g. evolutionary algorithms, genetic algorithm or 

particle swarm optimization [5]-[9]. However, all of them suffer from scalability 

issues: service areas with thousands or even tens of thousands of demand points were 

beyond possibilities of these methods. There are also published results for exact 

optimization, such as the highly complex Mixed Integer Programming (MIP) 

approaches were demonstrated [10], but it was obviously not scalable for large-scale 

problems. Clustering methods, and in particular the K-means algorithm was applied in 

different other publications for creating the demand point groups in point-multipoint 

networks [11]. 

Later, concurrently with my research, similar research activities have started at 

University of Melbourne [12], and a specialized heuristic methodology was developed 

for PON network design. Therefore, I have compared their algorithm to my proposed 

solutions: both solutions achieved really similar results, the cost difference was within 

1-2%. However, my solutions have an obvious scalability gain: 2-3 orders of 

magnitude in computation time.  

Techno-economic evaluation of access networks addresses the tradeoff between 

technical superiority and economic viability. Accurate estimation of network 

deployment has key importance. If sufficient statistical data exists, the typical cost per 

customer gives an acceptable estimation [13]. In other cases, several geometrical 

models were used (e.g. triangle or grid models) – these are attractive due to their 

simplicity [14]-[15]. As our recent results and publications have proven [J4], this very 

attractive simplicity of geometric models reduces reliability and accuracy of the 

estimations. It shows a really important field for algorithmic network design: if we 

have the ability to create the specific network topology for the chosen service area 

instead of a geometric model, it will definitely lead to higher accuracy for network 

deployment cost estimation.  
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2 Research Objectives 

The addressed NGA Network Design (NTD) problem is motivated by practice: fiber 

access network design is a time consuming process, done by highly qualified engineers 

of network operators. A computer-aided, automatic planning process could speed up 

the process, especially in situations where repetitive/iterative calculations are carried 

out. Moreover, a well-defined mathematical model supports evaluation of the 

calculated network topology. 

My initial research objective was to achieve a deep understanding of the problem, and 

to clarify its theoretic background. A fundamental principle of the mathematic 

interpretation is to avoid oversimplification that hides important practical aspects of the 

problem. Therefore accurate and realistic network and cost models were necessary, that 

allow technology agnostic, general theoretic discussion at the same time. Difficulty of 

the formal modeling lies in the conflicting requirements of general, theoretic approach 

and practical applications of the proposed methodology. 

The model represents a set of various current and future NGA technologies, at the 

necessary abstraction level for theoretic research. Therefore I have given a general 

formulation and model for the NGA Topology Design (NTD) problem, followed by 

the definition of its special cases for Passive Optical Networks (PON), Active Optical 

Networks (AON), Digital Subscriber Line (DSL) and Point-to-Point (P2P) networks. 

Based on the model and the formal representation, I have analyzed the mathematical 

problem, from the point of view of complexity and approximability [18].  

Modeling, formulation and analysis supports the efforts towards an optimization 

methodology, which is as-fast-as-possible and as-good-as-possible at the same time. 

Normally methods with polynomial time complexity are accepted as fast algorithms. 

However, a large family of optimization problems, as the addressed NGA Topology 

Design (NTD) problem belongs to NP-hard problems, therefore “as-good-as-possible” 

in this case refers to an approximation instead of exact optimization 

A fundamental requirement is to develop methods that are scalable enough for realistic 

scenarios, i.e. large-scale topology design problems, with up to thousands or even tens 

of thousands of demand points. These large-scale problems have to be solved within 

reasonable time, even though reasonable time for the offline problem of topology 

design practically means it has to be solved, regardless of time. However, as we will 

see later, it is still a hard challenge, due to complexity reasons. 

Finally, for evaluation purposes, and in order to provide a benchmark for the proposed 

scalable methodology, reference methods were necessary. My proposed reference 

methods are built on generally accepted concepts of optimization, namely 

quadratic/linear programming and widely known metaheuristic approaches. 
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In summary, goals of the research presented in my dissertation are the following: 

 modeling and formulation 

 analysis of the problem to be solved 

 proposing solutions, solving the optimization problem 

 evaluate the proposed solutions 

3 Methodology 

Since the work described in this dissertation is focusing on algorithmic topology 

design for NGA networks, including the theoretic background, proposed solutions and 

their evaluation, the initial step will be the introduction of a formal graph model and 

the optimization problem formulation, including its constraints, objectives, parameters 

and special cases [17]. 

Once the problem is formulated, a complexity and approximability analysis will be 

carried out, providing in-depth knowledge on the most significant components and 

underlying subproblems of the NGA topology design problem. Tools of graph theory 

and algorithm theory [18] will be applied in the sections devoted to these issues, and 

linear reductions [19] will be constructed for complexity and approximability analysis 

of the problems. The algorithmic analysis should provide reasonable requirements 

regarding scalability and accuracy of the heuristics. 

The proposed methodology is built on highly specialized heuristic algorithms, since 

the general optimization techniques did not meet the requirements for scalability and 

accuracy. Decomposition helps to separate the subproblems and handle the strong 

cross-dependence among them. For exact optimization, a quadratic programming 

formulation is given, and by linearization and a notable transformation, dimensions of 

the linear programming formulation reduced, in order to find lower bounds for 

numerical evaluation [17]. Finally, a simulated annealing [20] scheme will be 

presented, that will be used for evaluation of the highly specialized, highly efficient 

heuristics, and also applied as a universal metaheuristic solution for any future NGA 

technologies which do not fit the identified special cases. 
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4 New Results 

The research goals define a two dimensional structure, which has to be fulfilled by the 

results and findings presented in the theses. Such a matrix structure makes the 

necessary “linearization” for a written thesis booklet difficult. 

The research goals, namely formulation, complexity analysis, approximability analysis, 

effective algorithmic solution, validation and evaluation give the first dimension, these 

are the upper layer of the structure (i.e. the “main groups” Theses 1 & Theses 2). 

The addressed problems, namely the NGA Topology Design (NTD) problem in 

general, and its respective special cases (PON, AON, DSL and P2P) give the second 

dimension: results within Theses 1 and Theses 2 are structured by this aspect (i.e. 

Thesis 1.1, 1.2, …). 

Table 1 concludes the structure of the theses, and also the respective sections of the 

dissertation are indicated for all theses. 

Table 1 Theses structure 
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6.2 

6.1 
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7.2 

 

4.1 Theoretic background & algorithmic analysis 

The work described in the dissertation is intended to clarify the theoretic background 

of algorithmic topology design (optimization) for NGA networks. As a next step, based 

on the theoretic work, a methodology will be proposed that fulfills the necessary 

requirements for scalability and accuracy. In order to carry out mathematical analysis, 
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the problem has to be formulated at first. A well-defined model and formal 

representation is a prerequisite of the comprehensive complexity and approximability 

analysis, and also supports identification of subproblems and key points. 

Theses 1 [J3,C3,C4,C5,C8,C10] I have formulated the map-based, algorithmic 

NGA Topology Design (NTD) problem as a mathematical optimization problem. 

Map of the service area, i.e. geographic and infrastructure information is 

represented by the defined parametric graph model, and the complex, stepwise 

objective function covers the fundamental topology dependent cost components. 

Novelty of the mathematical representation lies in the realistic modeling, which 

leads to higher accuracy cost estimation as the earlier published methods, and 

supports strategic topology design algorithmically, with respect to special 

characteristics of the service area (e.g. the street system). 

I have given an exact optimization method, and by applying a transformation step, I 

have also proposed a lower complexity method, which is capable to solve large 

scale problem instances, and delivers a lower bound on the minimal cost solution. 

Using linear reduction, I have given approximability bounds for the general NTD 

problem, and for all of its identified special cases. By appropriate linear reductions 

I have also proven NP-hardness of not only the NTD problem, but also its special 

cases defined in Thesis 1.2-Thesis 1.5. I have also shown that the NTD problem in 

its general form is also NP-hard, and no polynomial time guaranteed constant 

factor optimization method exists with a factor below 1.736, unless     . 

4.1.1 Problem formulation 

In the first thesis within this group the formal model is described, that has to be as 

realistic as possible, representing all decisive characteristics of the NTD problem. The 

problem will be formulated as a standard optimization problem, defined by the solution 

space, the model (variables), the objective and the constraints, beginning with the 

initial Quadratic Programming (QP) formulation, and then improved through various 

steps towards a computationally tractable, Linear Programming (LP) formula. 

Thesis 1.1 [J3,C3,C4,C8,C11] I have formulated the NGA Topology Design (NTD) 

problem as an optimization problem: the quadratic programming (QP) formulation 

requires a | |  | |  matrix of coefficients. Through linearization, a flow-

transformation and relaxation of the length constraints, I have given a linear 

programming (LP) formulation with lower complexity, which requires just a 

| |  | | matrix of coefficients. The transformation gives an “envelope” of the 

original problem, even if it hides the individual network connections. Therefore, this 

formulation delivers a lower bound on the minimal cost, even for large-scale 

problem instances due to its significantly lower complexity. 
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On an abstract level, an NGA topology design (NTD) problem is defined by the map of 

the service area, the demand points, the Central Office (CO) location, and a set of 

locations, where these distribution units (DUs) may be installed. These altogether 

define a network graph        , the set of DU locations   {   }    and the 

set of demand points (potential subscribers)   {  }   . The set of graph edges 

represent the “potential network links” in the cable plant. The graph model of the 

schematic network of Figure 1 is given on Figure 2. 
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Figure 1 Point-Multipoint Access Network Architecture 
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Figure 2 Network Topology on the Network graph 

The cost function is composed of the cable plant and equipment costs.  The equipment 

costs are composed of the central office (CO), the distribution unit (DU) and the 

subscriber unit (SU) costs: 

               ∑    

           

 ∑    

      

 (1) 

The cable plant costs are composed of the labor cost of digging/trenching, the cable 

installation in the cable ducts, and the cost of the optical fiber itself. Co-existence of 

these components results in a stepwise cost function, with capacity-dependent and 

capacity-independent components: 

                                ∑         ∑      

    

  

        

 (2) 

Here      is an auxiliary function indicating the installed capacity upon link e. The 

installation cost component (  ) unfortunately bring a logical relation (      ) into 

the cost function, which makes the problem quadratic: the logical AND relation 

requires a product of the respective variables. 
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Finally, an optimization problem has a set of constraints, which differentiates between 

valid and invalid solutions. For the NGA Topology Design (NTD) problem, these 

constraints are the physical or administrative constraints of the specific NGA 

technologies. The constraints include distribution unit capacities ( ), network range 

limitations for the complete access network segment, i.e. the demand point-CO 

distances (    ), for the feeder network segment (    
    

) and for the distribution 

network segment (    
    ). 

The network graph model, the cost function and the constraints altogether define the 

optimization problem formulation, which is normally a Quadratic Programming (QP) 

formulation, with       variables and       constraints. That QP formulation was 

then linearized, through introducing auxiliary variables, at the expense of complexity 

increase – resulting in a linear, Mixed Integer Programming (MIP) formulation with 

      variables and       constraints. This complexity requires an         

        matrix representation of the problem even for graph with 10 nodes - an 

enormous matrix for a ridiculously small graph, hence complexity reduction was 

crucial for any kind of practical application. It was achieved by a transformation of the 

NTD problem, using flow aggregation: the feeder and distribution networks were 

treated as distinct flow problems, where the variables for DU allocation give the 

connection among them. The resulting         formulation has only      variables 

and      constraints. 

All of these formulations, the linearization and complexity reduction steps are 

discussed in Section 6.1 of the dissertation, while Table 2 concludes the results. 

Table 2 Overview of mathematical programming formulations 

Formulation Problem type Dimensions Features 

   Quadratic 

Integer 
            Exact optimization 

    Linear 

Integer 
            Exact optimization with 

linearization 

        Linear 

Mixed Integer 
         Reduced complexity, 

linearization, linear relaxation 

4.1.2 Special cases & algorithmic analysis 

The optimization problem was defined by its variables, objective function and 

constraints in the previous section. It covers all the discussed NGA technology types in 

general: this level of abstraction is necessary for the theoretic analysis of the problem. 

On the other hand, a classification of various present and future access network 

technologies is possible, differentiating between Passive Optical Networks (PON), 

Active Optical Networks (AON), DSL networks, and Point to Point (P2P) optical 

networks. Without losing the necessary level of abstraction, or committing ourselves to 
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a specific recent standard, these classes of present and future NGA network 

technologies will be used to describe special cases of the NGA Topology Design 

problem. This classification is a significant contribution towards highly efficient, 

specialized optimization algorithms. 

The formulation is followed by the algorithmic analysis. The primary question is about 

complexity. Reduction schemes are the generally used methodology for proving 

complexity results. I will use the so-called linear reduction (L-reduction) that 

maintains not only complexity, but also approximability features of the problem. In the 

sequel, such mutual linear reductions will be given for the NTD problem and its special 

cases, showing that their complexity is equal to other already known mathematical 

problems  (“base problems”), and conclusion will be drawn on complexity of the 

addressed NTD special case. 

As we will see, the NTD problem and its special cases are NP-hard, however we still 

want to solve them algorithmically, even for large scale scenarios. When facing such 

highly complex problems, two fundamental approaches are considered: relaxation and 

approximation. The special cases themselves are acceptable relaxations. Unfortunately, 

that extent of relaxation still does not allow exact optimization in polynomial time: the 

special cases are still NP-hard. Therefore these complexity reduction principles will be 

combined: the special cases as relaxations will be solved by approximation algorithms. 

Therefore the approximability analysis of the NTD problem and its special cases 

complements the complexity studies. I will use the term theoretic bounds for lower 

bounds on the best approximation factors obtainable in polynomial time. Typically 

indirect proofs are known for these, stating “no better approximation factor exists, 

unless P=NP”. The best known approximation algorithms for an equivalent or 

analogous mathematical problem will be treated as practical bounds. These show what 

is surely possible, since these related algorithms can be interpreted as constructive 

proofs for some approximation ratio that is obtainable. 

It is impossible to construct any better heuristic algorithm than the theoretic 

bounds, and not reasonable to expect better than the practical bounds. 

4.1.2.1 NTD special case representing Passive Optical Networks (PON) 

Thesis 1.2  [J3,C3] I have identified and formulated the        special case for 

Passive Optical Networks (PON), which targets joint optimization of distribution 

network connection lengths and the number of distribution units. I have proven by 

linear reduction to the Capacitated Facility Location problem that        is NP-

hard, and it remains difficult even if pure path lengths are minimized instead of the 

complex cost function of the cable plant. I have also shown that no polynomial time 

guaranteed constant factor optimization method exists with a factor below 1.463. 
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Network range constrains cover the complete optical network segment from CO to 

demand points, since the feeder and distribution network segments are in the same 

optical domain (DU are passive). The beneficial characteristics of the optical fiber 

make these network range limitations fairly permissive. Capacity constraints of the 

optical splitters have more significant effect on the topology, in passive optical 

networks the DU capacities are typically lower than for their active counterparts. 

Regarding topology dependent network deployment costs, we get a challenging 

optimization problem, where the cost function is a combination of two components: 

DU costs and distribution network costs. These two contradictory optimization criteria, 

namely the number of DU equipment and the necessary distribution network 

connection lengths make this NTD special case unique. 

The linear reduction is shown to the well-known Capacitated Facility Location (CFL) 

problem [24]. The bi-directional reduction is outlined in the dissertation in details. 

Equivalence of the CFL and the        problem follows the idea of treating the DUs 

as facilities of the CFL problem, where the facility opening cost covers DU costs and 

the respective feeder network costs. The demand points then represent the clients, 

while the distances may be mapped to distribution network costs (Figure 3). 
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Figure 3 Facility location problem – Network topology design problem transformation 

Lemma 1.2.1: The NGA Topology Design problem in its special case for PON 

networks, i.e. when the       values are merged into the increased   
     values, and 

the capacitated facility location  problems are equivalent under linear reductions.   

Corollary 1.2.1a: Since the facility location problem is known to be NP-hard [24], 

according to the Linear reduction, the        special case itself is also NP-hard. 



 

12 

 

Corollary 1.2.1b: The linear reduction maintains validity of the approximability 

results of the facility location problem for the        problem. 

The facility location problem is a well-known mathematical problem, Guha et al. [28] 

prove that it is NP-hard to approximate the facility location problem with a better 

constant factor than 1.463, which gives the theoretic lower bound for the        

problem approximation. The best known approximation of the capacitated facility 

location problem is from Mahdian et al. providing 2-approximation with a constructive 

proof, which sets the practical lower bound [25]. 

4.1.2.2 NTD special case representing Active Optical Networks (AON) 

Thesis 1.3 [J3,C4,C8] I have identified and formulated the        special case 

for Active Optical Networks (AON), which targets optimal positioning of 

distribution units (DUs), minimizing distribution network costs, with respect to an a 

priori given number of DUs and demand point groups (“clusters”). I have proven 

by linear reduction to the p-median problem that        is NP-hard, and I have 

also shown that no polynomial time guaranteed constant factor optimization method 

exists with a factor below     ⁄ . 

The optical fiber allows even more permissive network range constraints in this case 

then for passive optical networks, since the active equipment splits the optical domain 

in two, resulting in distinct network range constraints for the feeder and distribution 

network segments. Capacity of the active distribution units typically exceeds passive 

equipment. These altogether move the focus mostly on the cost function, since the 

constraints permit a considerably wide set of valid topologies. The active DUs, 

compared to the passive ones require significantly higher investment. The cable plant 

costs, particularly the distribution network has also noticeable contribution to the 

topology dependent network costs. Therefore the overwhelming DU costs (   ), and 

also the distribution network costs are considered. 

The        special case tends to be a graph clustering problem: in this case the 

optimization criterion is to minimize the number of clusters, i.e. demand point groups, 

as it minimizes the DU costs. The limited cluster size (i.e. DU capacity) makes the 

problem different from well-known graph clustering problems. The        problem 

may be re-interpreted as a decision problem: is it possible to locate p DUs covering all 

demand points? The number of necessary DUs ( ) will be treated as a pre-defined 

constant. The value of   is derived from the population ( ) and the DU capacity (  : 

    ⁄ . The overwhelming cost of DUs enforces their maximal utilization, hence 

(near) minimal number of DUs leads to the minimal cost topology. As these DUs 

should be in the “middle” of their demand point group, minimizing the distribution 

network costs, we can find the analogy between the        and the p-median 

problem. 
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The formal, bi-directional proof of equivalence among the two problems is outlined in 

the dissertation. It follows the relation between DUs and (capacitated) medians, and a 

mapping of the distances in the p-median problem on the NTD distribution network 

costs, achieved by a graph transformation. 

Lemma 1.3.1: The NGA Topology Design (NTD) problem in its special case for AON 

networks, i.e. when length constraints are relaxed, mainly the DU capacity constraints 

and costs (   ) are characterizing the problem, and the capacitated p-median problems 

(CPMP) are equivalent under linear reductions (L-reductions).   

Corollary 1.3.1a: Since the p-median and capacitated p-median problems are NP-

complete [27], according to the Linear reduction,        special case of the NTD 

problem remains NP-complete. 

Corollary 1.3.1b: The linear reduction maintains validity of the approximability 

results of the p-median problem for the        problem. 

Meyerson et al. [27] prove that it is NP-hard to approximate the p-median problem 

with better approximation factor than     ⁄       , which gives the theoretic 

lower bound. The best known approximation algorithm for the p-median problem 

however has significantly higher approximation ratio: Arya et al. [26] gives a 

constructive proof for     ⁄  constant factor approximation, where the value of   is a 

variable describing complexity of an interior iterative step of the algorithm. It makes 

the approximation factor scalable, but not lower than 3. 

4.1.2.3 NTD special case representing DSL networks 

Thesis 1.4 [J3,C3,C4,C8] I have identified and formulated the        special 

case for Digital Subscriber Line (DSL) networks, which targets the minimal number 

of necessary distribution units, with respect to distribution network length 

constraints. I have proven by linear reduction that        is equivalent to the Set 

Cover problem, therefore it is NP-hard, and I have also shown that no better than 

logarithmic approximation exists in polynomial time. 

The dominating distribution network reach constraints make this special case unique: 

physical limitations of the (copper) distribution network segment bring really tight 

constraints. The problem tends to be a “coverage problem”, in which a minimal 

number of DU locations are in demand, covering all the demand points, with respect to 

the very limited radius of these DUs. Regarding the cost function, it is important to 

note that these networks are typically installed in areas with legacy copper 

infrastructure, therefore cost of the distribution network is significantly lower due to 

re-use of copper instead of deploying new optical fiber. The active distribution units 

dominate the topology dependent network costs. 
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Fulfilling the copper loop constraints, and concurrently considering the capacity of the 

distribution units is in the heart of the problem in this case; according to the problem 

formulation, the distribution loop length (    
    

) and DU capacity constraints are kept, 

and the DU costs (   ), are considered for minimization. The problem may be 

interpreted as the challenge to “cover” the demand points with a set of DUs – and the 

phrasing itself suggest the equivalence with the Set Cover problem. 

The formal linear reduction is described in the dissertation. It requires a complex graph 

transformation, in which the feeder network costs, the DU costs and the distribution 

network reach constraints are combined into properly designed tree. The bi-directional 

proof is outlined in the dissertation, here I just mention the result: 

Lemma 1.4.1: The NGA Topology Design (NTD) problem in its special case for DSL 

networks, ie. when loop length (    
    

) and DU capacity constraints are kept, and 

primarily the DU costs (   ) are considered for minimization, and the Set Cover 

problems are equivalent under linear reductions (L-reductions).   

Corollary 1.4.1a: Since the Set Cover problem is known to be NP-complete [18], 

according to the Linear reduction, this special case of the NTD problem is also NP-

complete. 

Corollary 1.4.1b: Through a graph transformation step, equivalence of the        

and the Set Cover problem was proven, therefore not only their complexity, but also 

approximability features are identical. 

For the Set Cover problem, without any further restrictions, the greedy algorithm gives 

     approximation, where      is the  th harmonic number (          ) - 

     being the practical lower bound in this case. On the other hand, no constant 

factor polynomial time algorithms may be constructed for the Set Cover problem, the 

best polynomial time approximations can give           approximation of the 

optimum [29] – being the theoretic lower bound here. 

However, with a reasonable restriction of the Set Cover problem, we get better 

approximation algorithms. Where each set has a size at most  , (i.e. no demand points 

are within reach from more than   DU locations), the theoretic lower bound becomes 

as low as     ⁄ , while the best known solutions deliver         approximation, 

being the practical lower bound in this case [30]. 
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4.1.2.4 NTD special case representing Point-to-Point (P2P) networks 

Thesis 1.5  [J3] I have identified and formulated the        special case for 

Point-to-Point (P2P) networks, which targets the minimization of build costs, i.e. 

the sum of trace lengths instead of individual connection lengths. I have shown that 

the        and Steiner-tree problems are equivalent under linear reduction, 

therefore        is NP-hard. Using the complexity and approximability results of 

      ,        and        special cases, I have shown that the NTD problem 

in its general form is also NP-hard, and no polynomial time guaranteed constant 

factor optimization method exists with a factor below 1.736. 

Most of the discussed NGA network technologies have a point-multipoint architecture. 

However, the feeder part of any point-multipoint system may be treated as a point-to-

point network, connecting the DUs to the central office. In a point-to-point optical 

access network, we have only one physical constraint for the length of the optical 

connections, between the CO and the demand points. This is typically a really 

permissive constraint: the dedicated fiber architecture offers the most robust optical 

transmission among the presented technologies. 

Absence of DUs restricts the cost function to cable plant costs, without the feeder vs. 

distribution network distinction. The cable deployment (  ) costs are dominating, over 

the fiber costs (  ). Minimization of the cable deployment requires a minimal cost tree, 

connecting all demand points to the CO. It is not a spanning tree, since not all nodes of 

the graph need to be connected. This interpretation shows equivalence with the well-

known Steiner tree problem [22] (bi-directional proof in the dissertation): 

Lemma 1.5.1: The NGA Topology Design (NTD) problem in its special case for P2P 

networks, i.e. when the cable deployment cost dominates all other costs, and the 

Steiner tree problems are equivalent under linear reductions (L-reductions).   

Corollary 1.5.1a: Since the Steiner-tree problem is known to be NP-complete, even 

for planar or bipartite (       graphs [22], the reduction makes this special case of 

the NTD problem also NP-complete, even with these more restricted scenarios.  

Corollary 1.5.1b: The linear reduction maintains validity of the approximability 

results of the Steiner-tree problem for the        problem. 

The Steiner-tree problem is known to be APX-hard, i.e. a constant factor 

approximation algorithm exists for it, but not for every    , or otherwise stated, for a 

sufficiently small    , it cannot be approximated within a factor of     [21]. Value 

of the minimal   is not known, but the best proven value is 0.0062 [22]. Therefore this 

           value will be handled as theoretic lower bound. On the other hand, 

after a series of works, the best known approximation ratio (practical lower bound) has 

been reduced to 1.55 by Zelikovsky [23]. 
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4.1.2.5 The NTD problem in general 

Several special cases of the NTD problem were discussed above. These were based on 

the concept of relaxing the set of loose constraints or excluding parts of the objective 

(cost function). However, the problem even in its relaxed forms remains NP-hard: 

Lemma 1.5.1a: What follows is that the general case of the problem is clearly NP-

hard, since any of its relaxations has been proven to be NP-hard. 

Proof 1.5.1a: A general NTD problem, without any restrictions on input values, is 

composed of the above discussed optimization problems. For the feeder network part, a 

Steiner-tree problem has to be solved (      ), for the distribution network part, a 

capacitated facility location problem is given (      ). Both are NP-complete, what 

makes the NTD problem also NP-complete.   

Combining the approximability results presented in Thesis 1.2-1.5 supports 

approximability analysis of the NTD problem in general. Investigating the       , 

       and        special cases reveals the approximability of the NTD problem. 

Lemma 1.5.1b: The inherited practical lower bound for constant factor approximation 

of the general NTD problem is not less than 3, and the theoretical lower bound is not 

less than 1.736, i.e. it is not possible to approximate the NTD problem within a factor 

of 1.736 unless     , however the best known heuristic algorithm for the 

underlying problems provides     ⁄  approximation. 

Details of the proof are given in the dissertation. The key finding is that the     

problem “contains” its special cases, hence cannot be approximated better than those. 

Table 3 concludes the algorithmic analysis, i.e. the complexity and approximability 

results for the NTD problem and its addressed special cases. 

Table 3 Summary of algorithmic analysis 

Algorithmic 

analysis 

summary 

    
in 

general 

       
special case 

       
special case 

       
special case 

       
special 

case 

Linear reduction  - 

Capacitated 

facility 

location  

Capacitated 

p-median 
Set Cover  

Steiner-

tree 

Complexity                

Approximability 

(theoretic) 
≥       1.463 1+2/e≈1.736 

    ⁄    (*) or 

          1.0062 

Approximability 

(practical) 
≥   2 3+2/p > 3 

        (*) or 

      
1.55 

(*) For the role and definition of  , the “degree bound” of demand points, please refer 

to section 3.2.3 of the dissertation.  
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4.2 Efficient heuristic solutions 

Theses 2 [J3,J4,C3-C5,C8-C10] I have defined a novel metric for the nodes of the 

NTD graph, indicating their “criticality”, i.e. the impact of distinct nodes on the 

optimal topology. Based on this novel criticality metric, I have proposed methods to 

calculate lower and upper bounds on the necessary number of DU locations. 

By identifying the impact of distinct elements of the graph, the components of the 

cost function and the length and capacity constraints on the optimal topology, I 

have proposed scalable, highly specialized heuristic algorithms for solving the 

special cases of the     problem described in Theses 1. Finally, I have proposed a 

universal Simulated Annealing scheme for solving the NTD problem in general, 

with the ability to control the scalability/approximation trade-off. 

4.2.1 Criticality: VIP graph nodes (“Very Important Points”) 

The NGA Topology Design (NTD) problem, as it was formulated in Theses 1, was 

translated to the language of graph theory. The solution space narrowing effect of 

constraints, especially the length constraints is discussed here, from a graph theoretic 

aspect. Several critical nodes of the graph may more or less determine the location of 

DUs. Identification of those critical nodes, the notion of criticality and its applications 

are addressed in Thesis 2.1. 

Thesis 2.1 [J3] I have proposed a novel metric (“criticality metric”) indicating the 

impact of distinct demand points and DU locations on the optimal topology, and I 

have also proposed a partial ordering (“criticality ordering”) on the DU locations. 

Using this criticality metric, and a graph transformation inspired by the metric, I 

have proposed a method for determining the minimal number of necessary active 

DU locations for connecting all demand points in the NGA network. 

Several demand points in the graph may have a special position, especially with tight 

distribution network range constraints. Outlier nodes are the most obvious examples of 

nodes with significant effect on topology, calling for a DU located in their vicinity. 

These are trivial for the human eye, but formal explanation is necessary for an 

algorithm. Therefore, I have introduced a metric to express the significance of a node 

in the graph, namely node criticality. 

Definition 2.1.1: Node criticality measures the number of DU locations that can serve 

the demand point, i.e. from which the node is within      
    (distribution network reach). 

Formally, if     denotes the     element within the set of available DU locations,    

denotes the     demand point,        is the distance of   and  ,      
    is the maximum 

DU-demand point distance: 

    (  )  |{   | (      )       
   }| 



 

18 

 

Chapter 4 of the dissertation provides an explanation of criticality and its applications. 

Definition 2.1.2: For every node, the DUs within distance      
    are enumerated, in 

ascending order of their IDs. Such a list is referred to as the criticality code of the 

node, enlisting the available DU locations for covering the node: 

                (  )      {   | (      )       
   } 

Definition 2.1.3: A group of (neighboring) nodes having the same criticality code are 

treated as a single component when investigating criticality. This is a group of demand 

points that are reachable from exactly the same set of DU locations. 

Using the notion of criticality and components, I have proposed a fast greedy algorithm 

to give an upper bound for the number of necessary active DU locations, and I have 

also identified lower bounds. Last, but not least, the criticality metric lies in the heart 

of the scalable heuristics presented in Thesis 2.4. 

4.2.2 Efficient, highly specialized heuristics 

In the following, three different heuristic algorithms are presented for solving the 

      ,        and        problem, respectively. These NGA network 

technologies have their own, different characteristics, which require completely 

different approaches for efficient topology optimization. The presented heuristics for 

PON networks are based on a tree-based segmentation technique. The proposed 

algorithm for AON networks is built on a bottom-up clustering concept, in order to 

“grow” clusters around the “medians”, i.e. the DUs. DSL networks again require a 

completely different, top-down clustering approach, driven by the “critical” 

components of the graph. 

4.2.2.1 Heuristics for Passive Optical Networks (PON) 

Thesis 2.2 [J3,J4,C3,C10] I have proposed a polynomial time, scalable algorithm 

for solving the        special case defined in Thesis 1.2. I have proven that the 

proposed Branch Contracting Algorithm (BCA) approximates the optimum in 

           steps. I have validated the algorithm on regular grid structures, and 

evaluated it against large scale scenarios based on real world data. The evaluation 

has shown its ability to approximate the optimum within 3-10%, while it remains 

scalable: BCA is capable to solve problems even with tens of thousands of demand 

points. 

As it was discussed at Thesis 1.2, this special case has a complex objective function 

with two components: both the DU and the distribution network costs are considered. 

The weights assigned to these cost factors (   ) determine optimal solutions: 

   {                          } 
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The developed heuristics therefore aims at a joint optimization of distribution fiber and 

distribution unit costs, avoiding two extremities, namely (1) when the DU costs are 

minimized and DUs are completely filled, even if distant demand points are assigned 

to these DUs, significantly increasing distribution network costs, and (2) when the 

distribution fiber lengths are minimized, even if it requires a distinct DU allocated for 

every single demand point. 

The rationale behind using a point-multipoint architecture is the fiber savings achieved 

in the feeder network segment, where a single fiber carries the traffic from the   

demand points connected to the DU. The proposed Branch Contracting Algorithm 

(BCA) in the group formulation phase aims at maximizing these savings. It is achieved 

by clustering demand points that share a large portion of their path towards the CO. 

The BCA algorithm is using a tree-based segmentation for group formulation. 

Algorithm 2.2: Branch Contracting Algorithm (BCA) 

Step 1 (Initialization): Construct a tree T in the graph based on the shortest paths between 

the demand points and the CO. 

Step 2 (Group formulation):   denotes the number of not connected demand points in the 

tree. Starting from the farthest demand point from the CO, move from node to node up in 

the tree, towards the CO as its root. Once the number of demand points in the current 

subtree exceeds a predefined threshold  , stop moving up. Cut that “branch” or subtree 

from the tree, and contract its nodes into a new demand point group. Remove these nodes 

from the set of unconnected demand points ( ). The threshold Q is typically a function of 

DU capacity  , controlling the DU utilization rate. Repeat Step 2 until any unconnected 

demand point exists (| |   ).  

Step 3 (DU allocation): For every group formulated in Step 2, find the best DU location, 

with minimal summarized distance from the demand points of the group. 

Step 4 (Connection establishment): The demand points will be connected to their DUs on 

their shortest paths, while the feeder network connecting the DUs to the CO use the 

minimal necessary set of links, minimizing the installation costs   . With small 

modifications, use the so-called Distance Network Heuristic (DNH, [21]) for designing the 

Steiner-tree of the feeder network. 

Lemma 2.2.1: The BCA algorithm works with time complexity of             . 

The BCA algorithm was validated on grid topologies, on which it provided results 

within 0.0%-3.6% from the analytically calculated optimum. BCA was then evaluated 

on a set of case studies and large scale scenarios based on real world data. The primary 

result is that the Branch Contracting Algorithm (BCA heuristic) results are in the worst 

case 11.2% higher than the MIP solution, therefore approximate the minimal cost by 

roughly 10%. Moreover, BCA has shown impressive scalability: large-scale scenarios 

with thousands or tens of thousands of demand points were solved within minutes. 
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4.2.2.2 Heuristics for Active Optical Networks (AON) 

Thesis 2.3  [J3,J4,C4,C10] I have proposed a polynomial time, scalable algorithm 

for solving the        special case defined in Thesis 1.3. I have proven that the 

proposed Iterative Neighbor Contracting Algorithm (INCA) approximates the 

optimum in            steps. I have validated the algorithm on regular grid 

structures where INCA delivered optimal results, and evaluated it against large 

scale scenarios based on real world data. The evaluation has shown its ability to 

approximate the optimum within 3-10%, while it remains scalable: INCA is 

capable to solve problems even with tens of thousands of demand points. 

As it was discussed at Thesis 1.3, the high DU costs make the        problem 

primarily a clustering: a minimal set of groups/clusters is in demand. At the same time, 

a clear structure of DU-demand point assignments ensure low cabling costs. Therefore 

the resulting topologies are expected to be “regular”, regarding the size and shape of 

clusters, also avoiding the overlap of neighboring groups. 

The Iterative Neighbor Contracting Algorithm (INCA) tries to create such a balanced 

structure of demand point clusters and DU locations, using a bottom-up clustering 

technique: as an initial step, all demand points are assigned to their closest DU 

location. In the subsequent steps, these clusters are contracted with their neighbors, in 

order to match DU capacities, and ensure high utilization of DU equipment. 

Algorithm 2.3: Iterative Neighbor Contracting Algorithm (INCA) 

Step 1 (Initialization): Given a list of available DU locations, assign every demand point to 

the closest one (resulting in a Voronoi-diagram around the DU locations). The groups of 

demand points assigned to these locations form a non-overlapping coverage, however the 

groups may be smaller/larger than the desired DU utilization.  

Step 2a (Pre-filtering): The desired minimal utilization of a DU equipment is  , which is 

typically a function of the DU capacity  . For every DU location with more than   demand 

points assigned, allocate a DU, and assign the closest   demand points to it. Remove these 

from the subsequent calculations, but the residing demand points will be handled later. Step 

2a is repeated until no DU locations exist with more than   demand points. 

Step 2b (Aggregation): Let    denote the set of clusters containing less demand points 

than the threshold  . Find a pair of neighboring groups in  . Merge these groups, and as 

the cluster center, use the DU location with the smaller summarized distance from the 

contracted group members (closer to the “centroid” of the group). Repeat this step until any 

“undersized” group exists, i.e. | |   . 

Step 3 (Connection establishment): The distribution network between the DU and the 

assigned demand points follows the shortest paths. The feeder network is relatively sparse, 

therefore designed as a Steiner-tree (with the CO and the DUs as its terminals), using the 

DNH heuristic, similar to the feeder segment of PON networks. 
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Lemma 2.3.1: The INCA algorithm works with time complexity of             . 

The INCA algorithm was validated on grid topologies, where it provided network 

topologies almost identical to the optimal solution, both in terms of total cost and every 

component of the total cost. INCA was then evaluated on a set of case studies and 

large-scale scenarios based on real world data. The difference between the INCA 

results and the MIP lower bound values were between 3.5% - 11.7%. This difference, 

as an upper bound on sub-optimality of the INCA heuristic is at least promising for 

practical applications. INCA has shown impressive scalability: even the large-scale 

scenarios with tens of thousands of demand points were solved within minutes. 

4.2.2.3 Heuristics for DSL network types 

Thesis 2.4 [J3,J4,C3,C10] I have proposed a polynomial time, scalable algorithm 

for solving the        special case, defined in Thesis 1.4. I have proven that the 

proposed Stepwise Allocation of Critical DUs (SACD) algorithm approximates the 

optimum in            steps. I have validated the algorithm on regular grid 

structures where SACD delivered optimal results, and evaluated it against large 

scale scenarios based on real world data. The evaluation has shown its ability to 

approximate the optimum within 3-10%, while it remains scalable: SACD is 

capable to solve problems even with tens of thousands of demand points. 

According to Thesis 1.4, the        problem tends to be a special “coverage” 

problem, in which a minimal number of DU locations are sought, “covering” all the 

demand points, i.e. every demand point has a DU located withi    
    n  distance. 

Based on the notion of criticality (Thesis 2.1), the proposed Stepwise Allocation of 

Critical DUs (SACD) algorithm is using a top-down clustering approach: the clustering 

is driven by the most critical nodes and areas of the graph. 

Algorithm 2.4: Stepwise Allocation of Critical DUs (SACD) 

Step 1 (Initialization): Place a virtual DU to all available locations. Assign all demand 

points within      
    distance to the virtual DU (one demand point may be assigned to 

multiple virtual DUs). Compute criticality values, and perform the lexicographical 

criticality ordering of DUs. 

Step 2 (DU allocation #1): If any virtual DU exists with more assigned demand points then 

a predefined threshold  , choose the most critical, with respect to the ordering defined 

above. The value of   is a function of the DU capacity ( ), controlling the desired initial 

utilization rate. Allocate a single DU at the chosen position, covering the   most critical 

demand points in the respective demand point list, and remove these   demand points from 

the graph, and from all other virtual DUs). Repeat this step until virtual DUs exist with at 

least   demand points, otherwise go to the next step. 
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Step 3 (DU allocation #2): If no more virtual DUs exist with at least   demand points, 

choose the one with the highest utilization, and repeat this step until unconnected demand 

points exist, or until a predefined utilization lower bound is reached. I note that if the 

number of active DU locations is minimized instead of DU equipment (   ), Step 3 will 

be skipped. 

Step 4 (Connection establishment): The copper network between the DU and the demand 

points is shortest path based (and a priori defined by the existing and re-used copper 

network). As I have described it for PON networks, the DNH heuristic will be used to 

construct the Steiner-tree of the feeder network.  

Lemma 2.4.1: The SACD algorithm works with time complexity of             . 

The SACD algorithm was validated on grid topologies, on which it lead to network 

topologies almost identical to the optimal solution, both in terms of total cost and every 

component of the total cost. SACD was then evaluated on a set of case studies and 

large scale scenarios based on real world data. The results are promising: the cost 

difference is within 0.2%-15% between the SACD results and the MIP lower bound. 

SACD has shown impressive scalability: even the large-scale scenario with thousands 

or tens of thousands of demand points were solved within minutes. 

4.2.3 Simulated Annealing: a universal approach 

Several metaheuristic approaches and optimization strategies are known in the 

literature, e.g. evolutionary algorithms, taboo search, branch and bound methods, 

simulated allocation, hill climbing or even the greedy algorithm. I have investigated 

many of these methods, considering their applicability for the NGA Topology Design 

problem [C8]. Simulated Annealing turned out to be the most promising alternative, 

among others due to its scalability, the ability to avoid local optima, and the possibility 

to influence the convergence speed by the temperature function [C8]. 

In contrary to quadratic/linear programming approaches, Simulated Annealing does not 

provide exact optimum. On one hand, it will be used for evaluation of the specialized 

heuristic algorithms (BCA/INCA/SACD). On the other hand, the flexible parameters 

of SA make it a promising alternative for general applications, with future technologies or 

under unknown circumstances, where the highly specialized heuristics suffer 

performance degradation. Therefore the Simulated Annealing approach is a significant 

part of the proposed algorithm set. 

Thesis 2.5 [C8, C11] I have proposed a universal, Simulated Annealing based 

method to solve the NTD problem in general. Diameter of the solution space is 

limited by the definition of neighbor states (        ⁄ ), while the convergence 

speed is determined by the cooling strategy and the decision function, hence the 

scalability vs. approximation quality trade-off is under control. The method was 

validated on grid topologies where it delivered optimal results, and evaluated 
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against large scale scenarios based on real world data. The proposed method has 

proven its scalability, as it is capable to solve problem instances with up to 1.000
+
 

demand points, while it approximates the optimum within 5-10% in any case. 

Applying a SA scheme for a selected problem is not a straightforward process. SA 

itself just gives a strategy, but it needs customization and adaptation to the addressed 

optimization problem. This adaptation itself makes the difference between highly 

effective and totally useless applications of SA. Definition of the “building blocks” of 

the SA strategy are defined in the dissertation in details, here I just outline the concept. 

A “state” in the SA process refers to a DU allocation, including the number and 

location of DUs. State evaluation evaluates network deployment costs: assuming an a 

priori given DU allocation, the network topology is derived using the concept of 

Voronoi-diagrams. A neighbor state is a network topology, which is created via 

modification of the current topology by a random choice among the following 

operations: (1) ADD a new DU to the current solution, (2) REMOVE a DU from the 

current solution, or (3) MOVE a DU from its location to a neighboring location. The 

initial state generation (allocation of the DUs) is based on a weighted random 

selection among the available DU locations ( ). 

The temperature control strategy is driven by an exponentially decreasing function, 

which leads to a fast decrease in the beginning, and slower process at the end, around 

the presumed optimum. The decision function defines the (temperature dependent) 

probability of acceptance for a worse subsequent state during the iterative process. The 

decision function   is monotonic in  : with decreasing temperature, the probability of 

a “backward” step is also decreased. The following decision function was used: 

 
   

           

The iterative process terminates when T falls below    , or if the cost remains 

unchanged for a sufficiently long period of time, i.e. no neighbor states are accepted 

for a number of iterations. 

Diameter of the solution space 

The number of necessary DUs in an optimal solution is typically close to   ⁄ , i.e. the 

population per DU capacity ratio. The diameter of the solution space is the maximum 

of necessary steps to move from one solution to another one. With the above described 

neighbor states, removing all DUs of solution   , and adding all DUs of solution    

requires approximately    ⁄   steps, therefore the diameter of the solution space is 

proportional to that number: 
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In a typical PON network scenario, with a few thousand demand points (       ), 

and 1:64 splitting ratio (    ), diameter of the solution space is in the magnitude of 

100 steps. 

The concept of Simulated Annealing turned out to be a promising optimization 

strategy. The numerical results have proven that the specialized heuristics outperform 

SA with strict time constraints, but SA still delivers high quality results with 

acceptable resource requirements (i.e. a couple of hours) for scenarios with up to 

thousands of end points: SA offers a tunable tradeoff between speed and accuracy. 

4.2.4 Short summary of evaluation 

The heuristic algorithms are evaluated from two fundamental aspects: approximation 

quality and scalability. Even though problem complexity prevents exact optimization, 

using linearization and relaxation/decomposition techniques, I have derived a linear 

programming formulation (Thesis 1.1), which provides a lower bound of the optimum, 

even for relatively large problem instances. Such a lower bound then contributes to the 

initial question: the gap between the heuristic solutions and the optimum. Supposed 

that we have a lower bound, i.e. a cost value even lower than the optimum (     ). 

The heuristic solution is higher than the optimum (     ), i.e. the optimality gap is 

 . In such a case, the     distance bounds the optimality gap from above, and this 

    distance will be known even if the optimum itself remains unknown. Scalability 

of the presented heuristics was evaluated by scenarios of various size and complexity. 

α β

Lower bound 

(MIP)
Optimum (ILP) Heuristic solution

 

Figure 4 Bounding the optimality gap 

The presented algorithms were evaluated against a wide set of scenarios and case 

studies, and the results are presented in details in Section 7 of the dissertation. Five 

scenarios were used for evaluation, all of them based on real world data (i.e. various 

settlements in Hungary or parts of Budapest). These scenarios are scaling between 367 

and 7000 demand points, and in the dissertation another, large-scale scenario with 

27.000 demand points is presented for evaluation of scalability. On the first three 

figures, the total deployment costs are compared (normalized values, MIP solution = 

100%). The last three figures show the computation times (in seconds) for the 

specialized BCA/INCA/SACD heuristics, SA (without strict time limits) and MIP. 

The figures support the key findings of the evaluation, namely: 

 the specialized BCA/INCA/SACD heuristics provide a high quality 

approximation of the optimum: the total cost results are within 3-15% from the 

MIP solution (lower bound of the optimum), i.e. even closer to the optimum 
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 these heuristics offer remarkable scalability at the same time, as these are 

typically 3 orders of magnitude faster than the Simulated Annealing, and 5-6 

orders of magnitude faster than MIP calculations: the BCA/INCA/SACD 

heuristics require just a few minutes even for really large-scale scenarios 

 if Simulated Annealing has the necessary 2-3 orders of magnitude longer 

computation times, it delivers solid results, sometimes even better than the 

specialized heuristics – for scenarios with up to thousands of demand points, 

SA is a useful universal optimization approach 

 on the contrary, if SA has also strict time limits, it is clearly outperformed by 

the scalable BCA/INCA/SACD heuristics, especially for the large-scale 

scenarios, i.e. for scenarios with tens of thousands of endpoints, the specialized 

heuristics are the only viable choice 

I have to note here that due to complexity reasons, the MIP solution delivered by the 

MIP solver after 24 hours of computation is not necessarily the optimum itself. In some 

cases a moderate gap exists between the optimum and the MIP solution, and heuristics 

results may fall within this gap. More details are given in the dissertation on this. 

 

Figure 5 Cost comparison of MIP, SA and BCA heuristics 

 

Figure 6 Cost comparison of MIP, SA and INCA heuristics 
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Figure 7 Cost comparison of MIP, SA and SACD heuristics 

 

 

 

Figure 8 Running time comparison of the specialized heuristics vs. SA/MIP 

5 Application of the Results 

Even if the work presented in this dissertation is partly theoretical, the original 

questions, motivating the research are of practical interest. NGA networks are just at 

the beginning of a rapid growth: the technology is now mature, but the huge 

investment needs delayed network deployments. Both optimized network planning and 

techno-economic evaluation supports the process: minimization of network 

deployment costs is key for profitable investments, while techno-economic evaluation 
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is an integral part of the decision making about the service area and network 

technology for deployment. In our recent publications the significant accuracy gain of 

the network deployment cost estimation methodology based on my topology design 

heuristics over the existing geometric modeling approaches was proven [C7][J4]. 

Based on the theoretic work and the presented algorithmic results, a complex 

framework, the AccessPlan Framework [32] was developed during the last few years. 

The framework supports automatic strategic network design and techno-economic 

evaluation and comparison of NGA network technologies. The numerical results 

presented in the validation and evaluation section of the dissertation were not possible 

to achieve without the framework. 

The methodology and the framework was used within several research and R&D 

projects in the recent years. We were involved in a Joint Activity of the EU FP7 BONE 

project [B1][C5][C6], targeting techno-economic evaluation of optical access 

networks, and we were also collaborating with Magyar Telekom within OASE EU FP7 

IP project. Recently, we have been invited in COMBO, an EU FP7 IP project 

consortium about convergence of fixed and mobile broadband access/aggregation 

networks, due to our map-based techno-economic evaluation methodology 

[C12][C13][C15]. Part of the case study data is from joint R&D projects about optical 

access network evaluation and comparison with Magyar Telekom, the incumbent 

network operator in Hungary. Within these projects, the AccessPlan Framework was 

used for the techno-economic calculations. Finally, once the methodology was mature, 

part of the framework development was done within a joint project with NETvisor, a 

telecommunication software development company [C9]. 

6 Summary 

This thesis booklet summarizes the results of my research in the field of algorithmic 

topology design for next generation access (NGA) networks. In the first group of 

theses, I have transformed the engineering challenge to an algorithmic problem, and 

formulated it as an optimization problem, with a suitable graph model. Following the 

classification of NGA network architectures, I have identified the respective special 

cases, and I have analyzed the complexity and approximability of the NTD problem 

and its special cases, which also revealed the key subproblems. In the second group of 

theses, I have proposed specialized, scalable heuristics, as well as a generic 

metaheuristic solution (based on Simulated Annealing) and a mathematical 

programming formulation to calculate the exact optimum. The validation of the 

proposed solution, and the evaluation against real-world case studies concluded my 

work, and it has shown the scalability and the accuracy of the proposed solutions. 
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