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 CHAPTER 1 

Introduction 

1.1 Background and Motivation 

Optical network change because of high growth bandwidth-hungry applications such as high-definition 

video distribution and data based traffic. Fixed wavelength grid are not fit for 400 G b /s or above and 

neither fit for more connections. It is noted that the demand for traffic handling has been rising 

exponentially and rapid development of global connectivity only aggravated the situation. As a long 

term answer to handle the always growing data traffic plus the various demand range, EONs or 

Spectrum Sliced Elastic Optical Path Networks (SLICE) or Flex-Grid has been lately proposed. With the 

enormous growth of the communication industry and traffic heterogeneity, the next generation of long-

haul elastic optical networks (EONs) has been proposed (motivated from dense wavelength division 

multiplexing (DWDM) networks) to meet future communication demands [1]. 

                                              

                                     Figure1.1: illustrate the demand of bandwidth with time. [116] 

In order to meet forthcoming communication needs, with the vast development of the communication 

industry and traffic heterogeneity, the next generation of long-haul elastic optical networks (EONs) has 

been suggested (driven from dense wavelength division multiplexing (DWDM) networks) [1]. According 

to the industry standard ITU G.694 [7], 88 channels, 50 GHz apart, are supported by dense wavelength 

division multiplexing (DWDM) networks. In the DWDM network, numerous demands are housed in 50 

GHz frequency spaces with slightly different center frequencies. The optical range supporting data rate 

outside 100 G b/s using standard modulation does not fit in the 50GHz ITU grid [1] due to the 

conventional use of a fixed grid of 50 GHz between two adjacent frequency intervals by DWDM [8]. 

Consequently, DWDM networks are not able to meet the growing needs of communications. Therefore, 



EONs are suggested to satisfy the necessities of the future generation of communications. Contrasting to 

the conventional DWDM networks, elastic optical networks can use bandwidth variable transceivers 1 2 

(BVT), making them suitable for diverse traffic demands. Essentially, elastic optical networks use the 

constant elastic optical bandwidth by segregating the bandwidth into enormously numerous frequency 

slots with the enormously small granularity, resulting in the network bandwidth seeming elastic and 

continuous [4]. Without the limitation of the 50 GHz ITU grid, elastic optical networks would be able to 

shift the wider range channels to support high bit rate (such as 400 Gb/s or 1 Tb/s) demands [1, 9]. Thus, 

elastic optical networks are broadly appropriate in the future. Though, the resources required to build 

elastic optical networks (spectrum, regeneration nodes, optical amplifiers, etc.) are limited. The RSA 

difficulty of the Planning resource usage of EON has been the focus to extensive research [3–5, 10–12]. 

The objective of this thesis is to suggest a series of algorithms that can decrease the network resources 

required to implement continental-scale EONs. PLIs such as fiber loss, dispersion and nonlinearities can 

impair the quality of transmission (QoT) in long-haul networks [5]. The QoT recognizes the network’s 

ability of recovering the conveyed information. Physical-layer impairments of elastic optical networks 

have been studied for the past several years. Assessment of the Physical-layer impairments plays an 

important role within network stage preparation [13–15]. The most widely used model for estimating 

the Physical-layer impairments is the transmission reach (TR) model [13], which uses the extreme 

distance a signal can cover without regeneration. Though, the transmission reach model lacks enough 

flexibility and precision. This model approximates the poorest case Physical-layer impairments in place 

of considering the real-time network state. When we apply the transmission reach model in genuine 

realistic situations of routing and spectrum allocation for EONs, it strictly overrates the Physical-layer 

impairments. To get an extra precise evaluation of channel Physical-layer impairments, a state-

dependent model, the Gaussian noise (GN) model [11, 15], has been suggested. However, the Gaussian 

noise model is non convex and is vulnerable from nonlinearities and complexity, making it less usable 

when applied to the RSA problem for elastic optical networks. Thus, we suggest 3 a linearized Gaussian 

noise model to meet the nonlinearity and complexity of the standard GN model. As the network widens, 

the complexity of the RSA problem itself intensifies exponentially. The best method of resolving the RSA 

problem is to use a mixed integer linear programming (MILP). MILP appliances do not perform well on 

large size networks and thus cannot find the best solution within a realistic time [16]. Therefore, to 

overcome this issue, heuristic algorithms have been suggested to provide a sub-optimal solution within 

a realistic time. Scalability, best results, and time-consumption persist to be a problem for heuristic 

algorithms in published literature [2–4, 17]. Thus, we suggest a heuristic algorithm, the sequential 



allocation (SA) algorithm that works at comparatively high speed, works with diverse PLI models, and 

has excellent performance. The SA algorithm can solve the RSA problem for large network topologies 

and traffic sizes. In summary, our suggested work uses a linearization of the GN model to guesstimate 

the PLIs of EONs and solves the RSA problem through the application of the SA algorithm. Our work not 

only provides a substantial saving of resources, but also solves the RSA problem in a rationally short 

time. The high scalability as well as the close-to-optimal output of the suggested technique makes it fit 

for practical networks.  

1.2 Literature Review  

Ramaswami et al1995 was the first to work on the routing and wavelength assignment (RWA) problem 

in fixed grid transparent networks [18]. The RWA problem is treated as an integer linear programming 

(ILP) in a WDM optical network. 4 Ramaswami’s research provides a base for future studies [19–22]. In 

2005, X. Yang et al. worked on translucent optical networks (optical network implemented with 

regeneration nodes) [23]. They suggest heuristic algorithms to enhance the allocation of regeneration 

nodes while solving the RWA problem. Yang’s research is the bases for following studies on translucent 

optical networks [24–26].  

In 2010, K. Christodoulopoulos et al. worked on the static resource allocation problem in EONs [27]. This 

work focuses on the RSA problem for EON and examines several heuristic algorithms, testing the 

performance of each algorithm. Though Christodoulopoulos’s research had a great effect on MILP 

formulations and future studies on the RSA problem, his paper only taking into account the basic RSA 

problem without PLIs.  

In 2014, Wang et al. explained the RSA problem in a large-scale EON (NSF24) with a fast heuristic 

algorithm, called as the recursive MILP (re-MILP), for explaining the RSA problem in a short time [2]. 

Wang’s work also presents the allocation of regeneration nodes and their influences on RSA. Wang’s 

work guarantees the QoT using the TR model. However, in addition to the fact that the TR model 

overrates the signal to interference plus noise ratio (SINR) condition in EONs, the parameters of the TR 

model used in Wang’s work were based on samples attained through laboratory results [13]. Thus, 

Wang’s TR model is not unanimously valid. The performance of Wang’s re-MILP, related with the best 

solution, has the possibility to be enhanced.  

Zhao et al in 2015worked on the resource establishment algorithms in EON suffering from PLIs [4]. They 

worked on standard GN model with a lookup table to explain the nonlinear standard GN model into a 



linear model. They model 5 the RSA as an ILP problem. Though, this algorithm is very time consuming 

and only valid to a limited number of demands in small network topologies. 

In 2015, L. Yan et al. worked on RSA problem in flexible grid networks with the effects of Physical-layer 

impairments. The authors use a MILP model with an outstandingly linearized GN model useful to flexible 

grid networks [6, 12]. Nevertheless, because of this outstandingly linearized GN model, the process of 

Yan’s RSA problem is also time-consuming due to the enormous calculation resources required. 

 In 2016, M. Klinkowski et al. worked on the routing, spectrum, transceiver and regeneration allocation 

(RSTRA) aspect that is an extension of the conventional RSA problem [28]. To professionally address the 

RSTRA problem in EONs, the authors suggest a heuristic algorithm, called to as the minimum cost light-

paths assignment for ordered demands algorithm. They use a basic transmission reach model to make 

sure the QoT, resulting in over-provisioning, and thus redundant costs.  

1.3 Thesis Outline 

This thesis is organized in such a way that in chapter 1, 2 and 3 there is introduction, some back-ground 

information, literature used in the this work. In chapter-4, congestion aware routing in EONs, in chapter-

5, spectrum allocation problem in EONs a branch and price approach and in chapter-6, non linear 

impairments aware resource assignment in EONs has been discussed. Lastly in chapter-7 there is 

conclusion of the whole work.   

 

 

 

 

 

 

 

 



CHAPTER 2 

Elastic Optical Network Description and problem formulation  

In order to entirely understand the RSA difficulty for EONs suffering from physical layer impairments 

(PLIs), here are some fundamental concepts of elastic optical networks (EONs) and two kinds of 

analytical models for ensuring the QoT requirements in Sections 2.1-2.3. Furthermore, signal 

regeneration, as a modern technique to enhance the performance of elastic optical networks (EONs), is 

explained in Section 2.4. Finally, in Sections 2.5-2.6, the overall picture of the RSA problem and heuristic 

algorithms. 

2.1 Elastic Optical Network 

EONs exhibit great potential in regard to being highly efficient and flexible, which saves network 

resources. EONs are able to support both low transmission rates and high transmission rates 

simultaneously [8]. EONs are able to choose a modulation format for each demand that satisfies the QoT 

requirements through transmission with minimal spectrum usage. However, in conventional DWDM 

networks, the optical transmission reach, the channel bit rate, and the optical spectrum are fixed [29]. 

However, some literature [34, 41] considers that full elasticity, i.e., an infinitely small granularity of the 

sub-carriers, might not be easily accomplished by current techniques. Therefore, less-elastic optical 

networks, referred to as flexible grid net works, have been proposed as a more realistic version of EONs. 

[34]. Flexible grid networks have a granularity of 12.5 GHz, dividing the spectrum into specific non 

overlapping slots. Although the flexibility of the flexible grid network with ‘12.5’ Gigahertz granularities 

is better than the ITU DWDM with a 50 GHz grid, there is still finite granularity in the network. Through 

further development of techniques such as more advanced flexible bandwidth transmitters and 

receivers, the full elasticity of the network can successfully be achieved. In addition, the flexible grid 

optical network can be considered as a special case of an EON. To make this research more general, this 

thesis focuses on general EONs instead of flexible grid networks. In summary, there are two main 

properties of EONs. First, the light-path can be generated with heterogeneous bit rates. Second, the BVT 

can generate an arbitrary spectrum. These two properties of EONs enable the high efficiency and the 

flexibility [29]. Because of these properties and the merits of EONs, proper planning for EONs could 

bring enormous benefits. However, the PLIs are unavoidable in large EONs, especially when we consider 

that a great number of demands are transmitted in backbone networks [42]. The PLIs affect the channel 



quality and therefore the quality of the received signal, Estimation of PLIs in EONs is important in the 

network planning stage (designing networks and planning usage of network resources) because using 

conservative estimates leads to irrational resource provisioning. 

2.2 Gaussian Noise Model and Quality of Transmission 

There are several main types of PLIs: nonlinear (NLI) noise, chromatic dispersion and amplified 

spontaneous emission (ASE) noise. Since the chromatic dispersion can be compensated by digital signal 

processing, we only need to consider the impairments caused by the nonlinear interference (NLI) 

(caused by the interaction of nonlinearity and dispersion) and the ASE noise (caused by the Erbium-

doped fiber amplifiers (EDFAs)). Hence, the NLI and the ASE are important when estimating the QoT 

[35]. 

The fiber loss in an optical network is usually 0.2 dB /km. Each span, i.e., the length between two EDFAs, 

is usually 100 km. The transmitted power is attenuated by 20 dB at the end of each span [32]. The 

photo-detector at the receiver is unable to detect the signal with sufficient quality, leading to the 

necessity of using EDFAs as signal amplifiers at the end of each span [32, 43]. However, the amplifying 

process will cause ASE noise, which is modeled as additive Gaussian noise with power spectral density 

(PSD) given as [32] 

                                                           𝐺𝐴𝑆𝐸
𝑠𝑝𝑎𝑛

 = (𝑒αL−1) ꚕν𝑛𝑠𝑝,            (2.1)     

Where 𝑛𝑠𝑝 ‘represents’ the spontaneous emission factor, ꚕ represents the Planck’s constant, α 

represents the fiber power attenuation, and L represents the fiber length per span. Note that we 

assume the gain of the EDFAs is frequency flat [33] and an EDFA exactly compensates the span loss [32]. 

The GN model used for analytically estimating the NLI PSD is valid based on several assumptions, as 

stated in [32, 33]: The fiber links are dispersion uncompensated fibers (i.e. the fiber link purely 

compensated by digital signal processing) with enough length. The signal PSD is homogeneous for each 

polarization. The fiber loss and chromatic dispersion are totally compensated and negated. The NLI PSD 

is accumulated along the light path. The effecting channels are non-overlapping in spectrum. 

With the above assumptions, the GN model can be applied to estimate the signal QoT. The NLI effects 

can be divided into SCI plus XCI [33, 44]: 

                                                       𝐺𝑁𝐿𝐼,𝑖 
𝑠𝑝𝑎𝑛

 =𝐺𝑆𝐶𝐼,𝑖
𝑠𝑝𝑎𝑛

 +𝐺𝑋𝐶𝐼,𝑖
𝑠𝑝𝑎𝑛

       (2.2)  



Where 𝐺𝑆𝐶𝐼,𝑖 
𝑠𝑝𝑎𝑛

represents the 𝑖𝑡ℎ  channel’s NLI PSD per span, 𝐺𝑆𝐶𝐼,𝑖 
𝑠𝑝𝑎𝑛

represents the 𝑖𝑡ℎ  channel’s SCI PSD 

per span, and 𝐺𝑋𝐶𝐼,𝑖 
𝑠𝑝𝑎𝑛

represents the 𝑖𝑡ℎ channel’s XCI PSD per span [5]. SCI is caused by the channel itself, 

only varying with the bandwidth of that channel [33, 44]: 

              𝐺𝑆𝐶𝐼,𝑖 
𝑠𝑝𝑎𝑛

 = µ𝐺𝑖(𝐺𝑖
2arcsinh(ρ∆𝑓𝑖

2)   (2.3)  

Where ρ = (π2|β2|)/2α, µ = (3γ2)/ (2πα|β2|), γ represents the fiber nonlinear parameter, β2 represents 

the group velocity dispersion parameter, ∆𝑓𝑖 represents the 𝑖𝑡ℎ channel’s bandwidth, and 𝐺𝑖  represents 

the 𝑖𝑡ℎ channel’s signal PSD. When ∆fi is large, the inverse hyperbolic sine function and the logarithm 

function are similar [33, 44]. Equation (2.3) can thus be replaced by [49] 

                      𝐺𝑆𝐶𝐼,𝑖 
𝑠𝑝𝑎𝑛

 = µ𝐺𝑖(𝐺𝑖
2 ln (ρ∆𝑓𝑖

2).    (2.4) 

The XCI is caused by the interaction between channels. It depends on the difference in center 

frequencies and bandwidths of the affecting channels [6, 32]: 

   𝐺𝑋𝐶𝐼,𝑖 
𝑠𝑝𝑎𝑛

 = µ𝐺𝑖  (𝐺𝑗
2 ∑ 𝑙𝑛

𝑀𝑐
𝑗=1;𝑗≠1  

⃓𝑓𝑖−𝑓�⃓�+∆𝑓𝑖⁄2

⃓𝑓𝑖−𝑓�⃓�−∆𝑓𝑖⁄2

      (2.5) 

Where Mc represents the number of channels shared on the same fiber link with the 𝑖𝑡ℎ channel and 𝑓𝑘 

represents the 𝑘𝑡ℎ channel’s center frequency. The QoT for each channel at the receiver side is the bit 

error rate (BER), which is related to the SINR, given the modulation format. This thesis focuses on the 

BER before the forward error correction (FEC) process, referred to as the pre-FEC BER. The pre-FEC BER 

used in this thesis is 4×10−3 [5]. In order to guarantee the desired QoT, which is measured by the pre-

FEC BER, the actual SINR over each transparent segment (light-path segment without signal 

regeneration) must satisfy the threshold 

SINR [5]: 

    𝑆𝐼𝑁𝑅𝑖≥ SINR𝑖
𝑡ℎ     (2.6) 

Where ‘the’ 𝑆𝑁𝑅𝑖 is the actual signal to interference plus noise ratio for the ith channel and SINRth i is 

the threshold SINR (the minimum SNR satisfying the QoT requirements) for the 𝑖𝑡ℎ channel [32]. Hence, 

the SINR constraint (2.6) becomes: 

   𝑆𝐼𝑁𝑅𝑖=
𝐺𝑖

(𝐺
𝑁𝐿𝐼,𝑖 
𝑠𝑝𝑎𝑛

+𝐺
𝐴𝑆𝐸,𝑖
𝑠𝑝𝑎𝑛

)𝑁𝑠
 ≥  SINR𝑖

𝑡ℎ   (2.7) 



Where Ns represents the number of spans on the transparent segment, for common modulation 

formats, values for threshold SINR are listed in Table 2.1. 

2.3 Transmission Reach Model 

As a simpler alternative to the GN model, the TR model is broadly used for estimating PLIs to ensure the 

QoT is met in long-haul transmission systems. The TR model is applied in most research addressing the 

RSA problem because of its simplicity [16]. Additionally, the TR model is linear, so it can easily be 

implemented in linear programming algorithms. The TR model estimates the longest transparent 

segment length a signal can travel and still satisfy a conservative estimate of the SINR. The disadvantage 

of the TR model is that it does not take the instantaneous channel state into account. Moreover, the 

parameters of the TR model applied by some researchers are obtained from experimental results [36]. 

These experimental results are drawn based on different experimental setups, thus lead to questions on 

the universality of these results. Additionally, the laboratory results are discrete values instead of a 

continuous function, resulting in model inaccuracies [30]. Instead of implementing the TR model based 

on experimental data, we implement a GN model based analytic algorithm to generate the parameters 

of the TR model in order to make the comparison with the 1PM-BPSK: polarization-multiplexed BPSK 

2PM-QPSK: polarization-multiplexed QPSK CLGN model fair. In general, because of the state-

independence of the TR model, using this model in the network planning stage leads to resource over-

provisioning and unnecessary costs. 

2.4 Signal Regeneration 

Because the accumulated PLIs constantly harm the systems, the transmitted signal may not satisfy the 

desired QoT. Consequently, detecting the transmitted signal and recovering the original information 

may fail at the receiver side. Hence, regeneration nodes that perform optical-electrical-optical (OEO) 

conversion for reducing the impairments are needed as intermediate nodes [43]. The regeneration 

(including re-timing, re-shaping and re-amplification) is an electrical process functioning at the 

intermediate nodes. We assume the PLIs are fully negated through the regeneration process [30]. 

A plan for allocation of regeneration nodes should account for the high cost of high speed electronic 

equipment. This equipment’s high cost necessarily implies a similar cost for OEO conversion. These 

considerations require a careful and conservative of the aforementioned allocation plan [30]. Because 

one regeneration circuit can only serve one signal, and a maximal number of regeneration circuits per 



regeneration node are assumed, not all signals can be regenerated at regeneration nodes. And again, 

the appropriate allocation of regeneration nodes could bring significant benefits. 

2.5 Routing and Spectrum Allocation (RSA) Problem 

Routing and wavelength allocation (RWA) algorithms are proposed to coordinate the wavelength 

routing and the assignment simultaneously in order to obtain the best solution for light-path 

deployment in fixed grid DWDM networks with 50 GHz frequency spacing [33]. In the conventional RWA 

problem, routing and wavelength assignment for demands are optimized to obtain the minimum 

resource usage. 

The RSA problem in EONs is an analog of the RWA problem in DWDM networks [34]. Unlike the RWA 

problem, the demands in the RSA problem may be deployed with various transmission rate 

requirements and modulation schemes [32]. In the RWA problem, a demand is transmitted in a 50 GHz 

frequency slot with a fixed discrete center frequency [33, 35]. However, in EONs, the 50 GHz frequency 

slot is further divided into infinitely many narrow frequency slots. Therefore, in the RSA problem, a 

demand is transmitted in a flexible spectrum (a number of narrow frequency slots) from its source to its 

destination [29, 41, 34]. In EONs, without the constraints of a fixed grid in the network, the frequency 

slots, also known as the spectrum, can be assigned seamlessly. The RSA problem in EONs is to 

appropriately route the path of the demands and to carefully assign the required spectrum for the 

demands, in order to save network resources. Since a demand can be assigned a modulation format that 

provides desired performance, selection of the modulation formats for each demand along its light-path 

affects the resources needed by the EONs. Moreover, when regeneration is considered, the noise 

accumulated along the light path is reduced after the OEO conversion process. Hence, with the 

implementation of regeneration nodes, constraints based on either the TR or the GN models are able to 

guarantee that all demands satisfy the QoT for practical networks. 

2.6 Heuristic Method 

Heuristic algorithms are used for solving optimization problems to achieve a tradeoff between the 

complexity of the problems and a guarantee of optimality. RSA problems are NP-hard [47], usually 

formulated as MILPs. MILP is an algorithm to realize the best outcome in a mathematical model with 

linear constraints and objective function. Some variables in MILP are integers, whereas other variables 

are non-integers [48]. Unlike heuristic algorithms, MILPs are able to provide the optimal solution. 



However, due to the existence of integer variables, which come from the integer decision variables in 

the RSA problems, MILP solvers must spend a significant amount of time determining the integer 

variables. Therefore, the optimal solutions are not able to be obtained within a reasonable time using 

MILPs. Especially with large problem dimensions, obtaining the optimal solutions requires 

astronomically high computation resources [30]. 

However, heuristic algorithms are proposed to solve optimization problems within a reasonable time 

and obtain near-optimal solutions. Because of the high scalability as well as the less computational 

resources required, heuristic algorithms [31] have been broadly applied [30, 39, 40, 49, and 50]. [49] 

Accommodates demands in accordance with the length of the routing paths in order to appropriately 

coordinate the network resources usage while speeding up the solving process. [40] Proposes a heuristic 

algorithm, referred to as the R+SA algorithm, which decomposes the RSA difficulty into 2 associate 

difficulties (a direction-finding difficulty plus a spectrum assignment difficulty). After solving the routing 

problem, the R+SA algorithm then assigns spectrum to these routed light-paths. Heuristic algorithms are 

efficient sub-optimal algorithms for solving the RSA problem [43]. However, when the complexity of the 

problem increases, not all variable space are explored within a permitted time period, leading to non-

ideal performance of these algorithms [42, 35, 43,51]. 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3  

From RWA to RSA: routing and spectral resource assignment 

With the principle of separating the vast sending signals-bandwidth of fiber-optics (Approximately  five 

terabits-per-second) into numerous channels for the communication featuring band-widths values 

(Approximately ten  gigabits per second) which is well-matched with electronic processing-speeds 

offend users, optical networks using wave-length division multiplexing guarantee to meet high 

bandwidth necessities needed for rising communication-applications. That’s why, there important 

attention has been there in WDM-networks which consist of wave-length direction finding paths 

(routing) nodes that are inter-connected through fiber-optics. This kind of networks is information 

carriers in the middle of access-stations in the fiber optic-area with no using any in-between optical 

to/as of electronic change. Link is needed to be established within the optic layer alike to such in an 

electrical circuit-switched network, in order to transmit-information as of one right of entry node to 

some one another node. This development has to find out path between two nodes within network plus 

to assign a gratis wave-length on every one connection on the trail. This kind of every single optical-path 

is usually is known as a light-path & it could distance many fiber connections devoid of using some in-

between electronic-development, as using one wave-length division multiplexing channel for each 

connection. Whole band-width on light-path is held in set aside for this link till it is finished, when the 

corresponding wavelengths turn out to be obtainable on every single one the connections on the path. 

Because light-paths are essential structure-block of this network structural design, their effective setup 

is vital. This is hence vital to give the pathways to light-path desires & allocate wave-lengths to every of 

these requests in such a method that optimizes a convinced-performance metric (for example the 

network blocking-probability), This is known as routing wavelength assignment dilemma. The wave-

lengths which are allocated must respect the condition so as to no two optical-paths which divide a 

physical-connection make utilize of the same wave-length on that connection. Furthermore, in networks 

which don’t have wavelength-converters, the similar wave-length be supposed to be used on each and 

every one connection of the optical-path. For growing efficiency of the wave-length routed optical-

networks, the direction finding path (routing) and wavelength assignment problem is considerably 

significant. Through a given system, a most favorable answer of this problem means additional clients 

might be accommodated. In adding up fewer clients will require to be discarded for the period of 

overcrowding. Many research studies are completed so far on the routing and wave-length assignment 

problem, through the appearance of the elastic optical network technology, latest technical-challenges 



are in the market, since a good solution for future speedy optical-transportation. Same is the efficient 

resource assignment of elastic light-paths. Which means, to ensure the spectrum continuity-constraint, 

Alike to wavelength division multiplexing-networks, an elastic optical-link is supposed to live in the alike-

spectrum slice flanked by its end-nodes. Furthermore, the whole band-width of links is supposed to be 

contiguously assigned, which is known as spectrum contiguity-constraint. A fresh contiguity-constraint 

adding up extra complication to the conservative routing wave-length assignment problem, Moreover, 

the on hand direction-finding plus wave-length allocation proposals for the WDM-networks are not in a 

straight line appropriate in elastic optical networks (EONs) now. A new direction finding path (routing) 

plus resource-assignment technique requires be developing, calling routing and spectrum allocation-

problem. Keeping all this in thought, this part stresses on the evolution of direction-finding plus wave-

length allocation difficulty on the way to RSA, later than reviewing the direction-finding plus wave-

length allocation difficulty plus its possible answers. To find-out the precise reply of problem is offered, 

subsequently model of ILP-formulation as a method.  

3.1 The problem of RWA 

Overview of wavelength division multiplexing-technology altered the features of optical-

telecommunications everlastingly. This expertise got recognition in a quiet little time, as a price-efficient 

way to grip the ever growing demands of band-width of network-clients. Communication between end 

clients takes place via all-optical wavelength division multiplexing-channels, within wavelength division 

multiplexing-network, which are called as light-paths. An optical-path supports the link in the network 

plus it could span numerous fiber-connections. A light-path be supposed to reside in the similar wave-

length on every fiber connections via which the light-path passes, at the time wavelength converters are 

not present, this attribute is called as wave-length continuity-constraint. Fig: 3.1 show a wavelength 

division multiplexing-network where light-paths are prepared between two of a kind of nodes on 

dissimilar wave-lengths. This problem of setting up light-paths via direction finding paths (routing) & 

allocating a wavelength to each and every of the links is known as RWA-problem. This dilemma is 

extensively studied [52]. Wave-length continuity-constraint is the most important subject in RWA-

problem, since stated before. Fewer than three operational-scenarios static, incremental plus dynamic, 

the categories of direction-finding plus wave-length allocation difficulty can be made. Complete set of 

link-demands flanked by the node two of a kind is called in go forward, within a static-picture. Intended 

for helping the prearranged links set in a universal style; answers intend to reduce network-resources 

(number of transmitters/fibers within the network). 



 

Figure 3.1: Light path ‘connections' in Wavelength division multiplexing network [modified from 117] 

 On the other hand, in specified topology fixing-figure of wave-lengths for each and every fiber, making 

up as numerous as likely of the prearranged link wishes is the other type of static routing and 

wavelength assignment-problem. Link-demands arrive-sequentially within the incremental-flow set-up. 

The light-path is made for every of the link Request plus it remains inside network indefinitely. To 

increase number of served links in network is another aim. A light-path is also arranged for every link-

demand since it comes in the dynamic-picture. After some finite-time, every light-path gets free also 

know as link hold-time. Maximizing number of links which are setup within network or else reducing 

sum of blocked-links at any time are key aims of this scenario.  This move toward is very compound plus 

long [53], as it is probable to interpret as well as precisely resolve all aforesaid operational routing and 

wavelength assignment cases into ILP-formulations. Routing and wavelength assignment problem into 

two sub-problems it is doable to fracture on the other hand. Individually should be solved routing & 

wavelength allocation. By means of some methods like integer linear programming-formulations, each 

and every one of sub-problems itself might be solved in precise fashion. It’s suitable to make use of 

heuristic-algorithms. 

, though, to give more rapidly as well as simple way out intended for them. The heuristic-solution in 

common is basically a method which is intended to solve a problem more rapidly compared to the slow 

classic techniques, or it is used to determine a fairly accurate on where classic techniques are not 

capable to determine any precise way out. Intended for the pace, this has been realized by trading 

optimality correctness, wholeness or accurateness. At first an instance of Inter Linear Programming-



formulation of routing and wavelength assignment-problem is offered within brightness of above, plus 

after that a concise assessment of some well-known heuristics-answers for every of the associate 

problem is in depth. 

3.1.1 Joint RWA problem 

Like case of ILP-formulation, the static direction-finding plus wavelength assignment difficulty, as well 

recognized and addressed as Static-Light-path Establishment (SLE) problem, within this part of thesis. In 

[52], the in depth-answer to this problem can be seen. Since discussed before, light-path wishes are 

known earlier in this sort of problem plus direction finding path (routing) & wave-length allocation-

operations is carried out off-line. Since distinctive goal is to get smallest amount of wavelength s 

required to create certain set of light-paths intended for the specified substantial-topology. Since 

affirmed, SLE dilemma might be formulated since an integer linear programming in which purpose is to 

reduce the traffic in every connection, which in roll, respectively to reducing amount of light-paths 

transitory via a exacting connection. Suppose λ𝑠𝑑𝑤 stand for the flow (quantity of link desires) as of any 

source, destination and wave-length (s, d, w). This is considered so as to 2 or more light-paths could be 

arranged amid alike transmitter-receiver two of a kind, if necessary, Other than it is significant that 

every of them essentially employ a distinct wave-length, thus λ𝑠𝑑𝑤≤1. This means so as to λ𝑠𝑑𝑤 = 1, 

stipulation there presents a light-path amid transmitter to receiver ( Source ‘s’ , destination ‘d’) by 

means of wave-length ‘w’ and or else λ𝑠𝑑𝑤 = 0. Let  𝐹𝑖𝑗
𝑠𝑑𝑤 represent the flow (amount of links needs) 

from transmitter to receiver (source ‘s’ to destination ‘d’ ) on connection i, j as well as wave-length ‘w’. 

To single path just,  𝐹𝑖𝑗
𝑠𝑑𝑤 ≤1 as a single wave-length lying on a connection might be allocated. Specified 

a network substantial-topology, lay down of wave-lengths, plus the flow-matrix Λ inside which Λ𝑠𝑑 

represent s amount of the link required amid transmitter and receiver (source ‘s’-to-destination ‘d’) 

below the difficulty is formulated:  

Reduce:   𝐹𝑚𝑎𝑥        (3.1) 

Such that, intended for all (‘s’, ‘d’) two of a kind: 

                                                     𝐹𝑚𝑎𝑥 ≥  ∑ 𝐹𝑖𝑗
𝑠𝑑𝑤

s,d,w            For all i, j    

               −λsdw    if s =j 

  ∑ 𝐹𝑖𝑗
𝑠𝑑𝑤

i  - ∑ 𝐹𝑗𝑘
𝑠𝑑𝑤

k  = {        λsdw                 if d = j   (3.3) 



                                                           0  or else 

      ∑ λsdww   = Λ𝑠𝑑          (3.4) 

 

                        Figure 3.2: Fixed Shortest Path route from node 0 to 2 [modified from 118]  

Since formulated the dilemma above is NP-entire [54]. This is able to be solved with methods made in 

[53]. Outcome of this sort of formulation is the smallest amount of the wave-lengths required to make a 

specific set of the light-paths for the agreed substantial-topology. Numerous other integer linear 

programming-formulations are available to use for routing and wavelength assignment problem, 

alongside the offered-formulation. Within [55] numerous of these have been studied. From the central 

part of this thesis, the integer linear programming-formulation is away, prospect studies lying on this 

subject are left to the person who reads, just it is vital to make a note of so as to solving this sort of 

compound-equations is difficult as well as time-lengthy. Particularly, within a dynamic-flow picture 

wherever the coming of link as well as its exit-processes is accidental, plus the network is necessary to 

house inward flow within real time by means of such a composite formulation to house inward flow in 

the direction of the network is completely not practical. On the other hand, as stated before, it is 

probable to see the problem as 2 sub-problems as well as solve those separately using heuristic 

algorithms. Perhaps through doing so a small piece of outcome correctness is missed other than the 



simple-calculations as well as quicker reply-time is achieved. Subsequent, a number of the well-known 

heuristic-algorithms used to solve every of these sub-problems is offered. 

3.1.2 Destination finding path (routing) sub-problem 

 Since discussed earlier, even if joint direction finding path (routing) & wavelength-allocation is a 

difficult-problem, it be able to be make it easy and simple via decoupling the dilemma into 2 divide sub-

problems are: Direction finding path (routing) plus wave-length allocation sub-problems, within this 

part, a variety of methods to the direction finding path (routing) link desires are studied. 

Unchanged (Fixed) Destination Finding Path (Routing): The simplest way to routing a link is to forever 

select the similar fixed way forgiven transmitter-receiver two of a kind. One illustration of this sort of 

technique is unchanged straight destination finding-path (routing). The straight-path route for every of 

the transmitter-receiver 2 of a kind is planned off-line by standard 

 

      Figure 3.3: First (rock-hard) plus other (dashed) paths as of the Nodes (0 to 2) [modified from 119]. 

Straight route-algorithms for instance Dijkstra’s-algorithm [56] or the Bellman Ford-algorithm [57], plus 

any link flanked by the specified two of a kind of nodes are established by means of the prearranged 

path. Within Figure 3.2, the unchanged straight-route as of Nodes (0 to 2) is explained with examples. 

This method to direction-finding links is very straightforward; though, it has some drawbacks i.e. if 
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resources (wavelengths) are joined up along the pathway, then there is a high-probability of blocking in 

the dynamic-case, or in the static-case it can outcome in a huge amount of wave-lengths being used. In 

addition, fixed-routing could not be able to handle fault-situations when single or more connections fail 

within the network. To deal with the connection faults, the direction finding path (routing) method are 

supposed to either assume supplementary routes to the target, or it have to be capable to dynamically 

determine the way. Remember so as to, in Figure 3.2, a link ask for as of Nodes (0 to 2) is going to be 

blocked if a common wave-length is unavailable on both connections in the unchanged-path; otherwise 

if moreover of the connections in unchanged-path is break. 

Unchanged (Fixed) Alternate-direction finding path (Routing): This move toward assumes many paths 

between sources to destination. To do so, every node of network has to keep direction-finding table so 

as to contain an ordered-register of paths to every destination node. These paths could consist of 

straight-path, second straight-path, third straight-path, and so on. First path connecting sources to 

destination is mentioned since the primary path in catalog of paths to node within the direction-finding-

table at source-node. The primary other route flanked by source and destination is whichever path so as 

to does not share whichever connections (going to be connection put out of place) through the primary 

path in direction-finding catalog at source. Within the similar manner, the second-other path is 

whichever path so as to do not divide up any connections by way of previously presented paths (First 

plus the first other paths) in direction-finding chart of source. Into this intelligence, specified a number 

of serious problems such as layout-of-network & the nodal-grade their present an utmost amount of 

probable paths connecting source & destination. In put into live out, this is probable to bound numeral 

of calculations (i-e to node-2) [58], to speed up the process & decrease the complication. Figure 3.3 

shows a first path (rock-hard line) 

 

Figure 3.4: Adaptive shortest cost path route from node 0 to 2 [modified from120]  
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As of Nodes (0 to 2), along with another path (dashed-line) from (0 to 2), while a link-request reaches, 

source-node tries to set up link in sequence on every of the paths from direction-finding board, in 

anticipation of a path by means of an applicable wave-length-allocation is establish. Stipulation from list 

of alternate paths, no available-path is found, after that link ask for is blocked-gone. Within nearly all of 

the conditions, the direction-finding tables at every-node are known as through numeral of fiber 

connection-segments (nodes) to end. Consequently, direct and straight route to target is the primary-

path within the direction-finding catalog. At what time ties are present within the distance amid 

different routes, single path could be choosing at accidental. Unchanged alternate direction-finding 

gives ease of have power over in favor of making-up as well as tear downing light-paths plus it could be 

utilized to give a little kind of fault-acceptance upon connection brokenness. One more benefit of 

unchanged other direction-finding is: this is able to much decrease the link blocking possibility compared 

to unchanged direction-finding. As discussed previously, this is presented so as to, for some networks, 

containing as a small number of as 2 other paths give much lesser blocking-chances compared to 

containing complete wave-length-conversion at every of the node with unchanged direction-finding 

[58]. 

Adaptive direction-finding: Into adaptive direction-finding, path as of transmitter-node to receiver-node 

is with dynamism selected, depends on the network-position. The network-condition is finding out via 

lay down of the entire links so as to be at present in development. One type of adaptive direction-

finding is adaptive straight cost trail direction-finding, which is healthy in line in favor of use in wave-

length rehabilitated-networks [59]. Underneath this move toward, every idle connection within network 

have a price of one component; every utilize connection within network have a price of ∞, as well as 

furthermore every wave-length converter connection have a price of C-units. Stipulation wave-length 

change be not present, after that C=∞. As soon as a link happens, the straight cost trail connecting 

transmitter and receiver will be found out. One among them is selected at random, if numerous routes 

are available with equal-distance. Through selecting wave-length translation cost suitably, we are able 

to make sure that wave-length-converted paths are choose only at what time wave-length nonstop 

routes are not there. Within straight cost-adaptive direction-finding, link is broke merely at what time 

nearby is no path (also wave-length changed otherwise else wave-length continuous) as of transmitter 

to receiver within system. Adaptive direction-finding needs wide help as of control & management 

protocols in order to endlessly bring up to date direction-finding tables by the side of nodes. Benefit of 

an adaptive direction-finding is: it outcomes in inferior link jamming than unchanged along with 

unchanged other direction-finding. Into network in Figure 3.4, stipulation the connections (one, two) 



plus (four, two) within network are full of activity, after that adaptive-routing algorithm be able to still 

make a link between Nodes zero &two, as mutually shows the unchanged direction-finding protocol as 

well as the unchanged other direction-finding protocols would break the link. An additional shape of 

adaptive direction-finding is smallest amount crowded trace direction-finding [60]. Similar to other 

direction-finding, for every of the transmitter-receiver two of a kind, a pre-selection is done meant for a 

routes-sequence. Whilst a link ask for comes, the smallest amount crowded trail is selected in the midst 

of the programmed paths. The overcrowding on a connection is able to be calculated by numeral of 

wavelengths that are present taking place the connection. Connections that contain less existed wave-

lengths are the more crowded ones. Overcrowding taking place a route be showed through 

overcrowding on most crowded connection within the route. Stipulation we have a bind, after that 

straight trail direction-finding might be utilize to smash the bind. An every other execution is to forever 

give right of way to straight routes, furthermore to utilize Least Congested Path merely in favor of 

breach-ties. Together combinations be studied via simulation within [61], plus it is presented so as to by 

means of straight trail direction-finding primary as well as least congested path next workings well than 

by means of least congested path single-handedly. A drawback of least congested path is because of its 

calculation-difficulty. Into selecting the LCP, we require to examine all connections on each and every 

one applicant routes. A variant of least congested path (LCP) is showed in [60] which is single-handed 

used to examine the primary k connections on every route (known as the transmitter locality-

information), where k is a limit en route for algorithm. This algorithm be able to attain alike 

performance to unchanged other direction-finding, this is presented so as to, at what time k = 2. This is 

too showed within [61] so as to least congested path performs greatly than unchanged other direction-

finding. It was a little studied of the quite well-known as well as practical-solutions existing used in favor 

of the direction-finding associate-problem. Since discussed before, next to the direction-finding 

associate-problem, there on had wave-length allocation associate-problem which might in straight line 

damage the performance-of-system. Within coming subpart, mainly ordinary solutions intended for this 

associate-problem is came to know. 

3.1.3 Wave-length allocation associate-problem 

Within this sub-part, difficulty of wave-length allocation is studied. The purpose of a way out meant for 

this associate-problem is to allocate wave-length to every light-path in such a method that no 2 light-

paths share a like wave-length taking place a known fiber-connection. One thought to make solve this 

difficulty is that to devise this as a chart complexion difficulty [53]. Whereas this thought leads to a total 



as well as precise solution, it is composite plus time-consuming. Since discussed earlier, heuristic-

algorithm is commanding plus strong alternatives. Within this sub-part, 10 most significant plus well-

known heuristics are reviewed in detail, for example;  

1) Random,  

2) Primary-Fit,  

3) Slightest utilized /SPREAD,  

4) Nearly all utilized /PACK,  

5) Least amount Product,  

6) Smallest amount Loaded, 

 7) Utmost Sum,  

8) Relative Capacity Loss,  

9) Wavelength-Reservation, plus 

10) Caring Threshold. 

It is probable to put into practice every one of these heuristics because online algorithms as well as be 

able to be joint by way of dissimilar direction-finding techniques. The primary 8 techniques try to 

decrease the whole jamming chance for fresh links, as previous 2 techniques goal to decrease jamming 

chance for links with the intention of cross additional than one connection. 

Within the debate, the subsequent note as well as meanings is utilized: 

L:  Amount of connections. 

Ml: Amount of fibers on connection l. 

M: Amount of fibers for each connection stipulation the entire connections hold the equal numeral of 

fibers. 

W: Numeral of wave-lengths for each fiber. 

π(p) : Set of the connections consisting route. 



Sp: Along the choose paths p, Set of available wave-lengths. 

D: L-by-W matrix, wherever 𝐷𝑙𝑗 denotes amount of allocated-fiber on connection plus wave-length j. 

Remember so as to price of 𝐷𝑙𝑗 changes amid 0 plus Ml. 

Load: In favor of vibrant flow, the hold instance is exponential shared by means of a normalized average 

of single unit, along with link comes are Poisson; hence, weight is spoken in the scale of Erlangs. 

The account of wave-length allocation-heuristics is hereby described. 

Random Wave-length Allocation (RWA): This method primarily looks for the room of wave-lengths to 

find out set of every single one wave-length so as to be on hand on the necessary-path. In the midst of 

the on hand wavelengths, one is selected arbitrarily (more often with consistent-likelihood). 

Primary-Fit: The entire wave-lengths are numbered in this method. When looking for the wave-lengths 

on hand, lower-numbered wave-length is taken into account before a higher-numbered wavelength. 

Then choosing is done for primary on hand wave-length. This method needs no universal-information. 

The thought of this method is to set entirely the occupied wave-lengths en route for inferior-finish of 

the wave-length room such so as to there is a additional probability of availability in favor of the 

continuous lengthy routes in the direction of higher-end of wavelength-space. This method is very 

efficient in blocking-probability & justice; furthermore it takes the edge over other methods in practice 

because it slows complexity & little computational-overhead. Alike to chance, primary fit does not bring 

in any contact over-head due to rejection universal information is needed. 

Slightest-utilized /SPREAD: Into the network in sort to equilibrium the weight amongst each and every 

one of the wavelengths, slightest-utilized picks the least utilized wave-length. The extended wave-length 

routes end up broke speedily by this technique. Thus, merely link desires so as to cross via little number 

of connections is going to be serviced in network. Random is better than slightest-utilized in 

performance wise. Whereas, extra communication-over-head also introduced (example: worldwide-

information is required to calculate the slightest utilized wave-length). Extra storage-space as well as 

calculation-cost requires in this technique.  Hence, in practice slightest-utilized is not number one.  

Nearly all utilized /PACK: Inside network, nearly all utilized is the contradictory of Slightest-utilized in 

that it attempts on the way to choose the nearly all used wave-length. It outperforms Slightest-utilized 

significantly [64]. The communication-overhead, storage-space, as well as calculation-cost are entirely 



alike to those within slightest-utilized. Nearly all utilized is as well slightly improved in performance 

compare to primary-fit, since it does a better work of packing links into fewer wave-lengths plus it 

conserves extra-capacity of fewer utilized wavelengths. 

Least amount Product: Inside multi-fiber networks, least amount-Product is used [62].  Inside a single-

fiber network, least amount Product is used to become primary-fit.  

The objective of least amount-Product is packing wave-lengths into fibers, plus therefore reducing 

numeral of fibers within-network. Least amount product initial calculates;  

      ∏ 𝐷𝑙𝑗l∈π(p)    (3.7) 

Intended for every of the wave-length j, i.e., 1 ≤ j ≤ W. Stipulation we allow ‘X’ indicate set of wave-

lengths j so as to reduce mentioned cost; afterward least amount product selects the minimum numeral 

wave-length within ‘X’. Since mentioned within the [62], Performance of Least amount product is not 

better than the multi fiber edition of primary-fit within which fibers, and also the wave-lengths are 

prearranged. Least amount product as well introduces extra calculation expenses. 

Smallest amount Loaded: For multi-fiber-networks, the smallest amount Loaded-heuristic similar to 

least amount-Product is as well considered [63]. The wavelength by means of the major residual-

capacity on most-loaded connection beside the path ‘p’, choose by this heuristic. The residual-capacity 

can be 1 otherwise 0, while happens within single-fiber networks; Therefore, the minimum indexed 

wave-length in the midst of residual-capacity ‘1’, choose by the heuristic. Hence, toward primary-fit 

within single-fiber networks, it minimizes. Smallest amount loaded chooses the lowest-indexed wave-

length j within Sp so as to get 

   𝑚𝑎𝑥j∈Sp
 𝑚𝑖𝑛l∈π(p) (𝑀𝑙 - 𝑀𝑙𝑗)   (3.8) 

It is revealed inside [63], so as to nearly all utilized plus primary-fit act upon badly than smallest amount 

Loaded bearing in mind the blocking-probability into a multi-fiber network. 

Utmost-Sum: In favor of multi-fiber networks Utmost-sum [64] was proposed, other than it is able to be 

utilized as well in the case of single-fiber networks. Utmost-sum takes into account the entire probable 

routes (light paths by means of their pre-chosen paths) inside network plus it tries to make the most of 

left behind route-capabilities following the light-path make of. This considers so as to flow-matrix (set of 

probable links desires) be recognized into-advance, plus so as to the path meant for every of the link is 



pre-chosen. These necessities are able to be talented as the flow-matrix is assumed toward be steady 

intended for a phase of time, as well as paths be able to after that be calculated for every possible route 

on the flow. More than a few notations are presented to explain the heuristic. Agree to ψ be a network-

status so as to describe the obtainable light-paths (paths & wavelength allocation) within-network. Into 

utmost-sum, the connection capacity lying on link l as well as wave-length j in condition ψ, R (ψ, l, j ), be 

introduce as numeral of fibers on which wave-length jis idle on link l, example; 

r(ψ, l, j ) = Ml−D(ψ)lj                  (3.9) 

Here, D (ψ) will be the ‘D’ matrix within status ‘ψ’, Route capacity r (ψ, p, j) taking place wave-length j be 

numeral of fibers on whom Wave-length j is obtainable on the nearly all crowded connection all along 

the path p, example; 

         r (ψ, p, j) =  𝑚𝑖𝑛l∈π(p)

r

 r(ψ, l, j )        (3.10) 

Route capacity of route pin position ψ is addition of route-capacities lying on entire wave-lengths, 

example; 

                             R (ψ, p) = ∑ 𝑚𝑖𝑛∈π(p)
𝑚𝑎𝑥
𝑗=1 c (ψ, l, j)  (3.11) 

Agree to 

–Ω (ψ, p) be set of the entire likely wave-lengths so as to are obtainable meant-for the light-path so as 

to is routed on route ‘p’, plus 

–Stipulation wave-length ‘j’ is allocated toward the connection, ψ 0(j) be after that state of network. 

M∑  selects the wave-length ‘j’ so as to increase the amount 

    ∑ R(ψ
0

(j), p)p∈P               (3.12) 

Where ‘P’ will be the ‘set’ of every possible routes intended on behalf of the link ask for in the present 

condition. One time the light-path in favor of the link has been made, where network-condition is 

efficient plus the coming link ask for could be proceeded. 

Relative-Capacity Loss: Relative capacity loss had been mentioned in [65] as well as is depends on MP. 

MP be able to as well be studied since a move toward so as to selects wave-length ‘j’ so as to decrease 

the ‘capacity-loss’ on every light-paths, could be; 



                                        ∑ (R(ψ
0

(j) − (R(ψ
0

(j), p))p∈P    (3.13) 

Here ψ will be the network-positions previous toward the light-path is put awake. As barely capability 

on wave-length j is going to alter following the light-path is position-up on wave-length ‘j’, Utmost-sum 

selects wave-length j to decrease the whole ‘capacity-loss’ on this wave-length, i.e., 

   ∑ (r(ψ
0

(j) − (r(ψ
0

(j), p))p∈P    (3.14) 

Other than that, relative capacity loss selects wave-length ‘j’ on the way to make it less the ‘relative-

capacity-Loss’ (RCL), which is able to be calculated at the same time as 

     ∑ (R(ψ
0

(j) − (r(ψ
0

(j), p))/(r(ψ, p, j)p∈P   (3.15) 

Relative capacity loss is depends on-the surveillance so as to decrease sum capacity loss all so often 

‘does-not’ guide toward the most excellent option of ‘λ’ (wavelength). What time selecting ‘λ’ will chunk 

1 light-path p1, at the same time as selecting wave-length ‘j’ will reduce the capability of ‘λ’ P2 plus P3, 

other than not ‘block-them’, afterward ‘λ’ ‘j’ be supposed to be select over “wave-length” ‘I’, yet 

although the sum capacity loss used for wave-length ‘j’ is larger compare to the sum ‘capacity-loss’ 

meant in favor of wave-length ‘I’.  

Hence, relative capacity loss makes calculation for every route on every existing ‘wavelength’ plus after 

that selects wave-length so as to reduce the total of the relative capacity loss on each and every path. 

Both utmost-sum and RCL are able to be meant for non consistent ‘traffic-flow’ via captivating a 

“weighted” total in excess of the “capacity-losses”. Relative capacity loss have given away to carry out 

improved compare to utmost-sum in the “majority-cases” [52]. Consequently, the wave-length 

allocation techniques so as to have been describe effort to reduce the blocking-probability. Though, 

assuming so as to longer light-paths contain a more chances of receiving blocked compare to small 

routes, few techniques effort to guard lengthy-routes. These-techniques are-the wave-length condition 

plus guarding threshold [66]. They differ as of other wave-length allocation techniques in two habits: 

primary, whom ‘λ’ to select, they do-not state, other than in its place state so as to else ‘not’ the link ask 

for could-be allocate a wave-length beneath the present wave-length practice circumstances. Thus, 

they-cannot run only plus have to be combined by means of other wave-length allocation techniques. 

Secondary, other techniques goal at reducing the whole of “blocking-chances” for each link wishes for, 

as 𝑅𝑠𝑣 plus 𝑇ℎ𝑟 techniques try to guard merely the links so as to traverse multiple fiber connections 

(multi-hop links). That’s why, whilst these 2 techniques be utilized, then sum of jamming chances-



performance within the network could exist more, other than a larger amount of justice be able to be 

obtained, in that links to cross several fiber connections would not contain quietly additional blocking-

chances compare to links so as to cross merely a lone fiber-connection. 

Reservation of the Wavelength: Into wavelength reservation, a known wave-length on a particular 

connection is back off directed to a traffic-flow, typically a multi-hop flow. In favor of instance, within 

Fig: 3.2, wave-length ‘λ1’ on connection (‘1’,’ 2’) could is set aside just to links as of Nodes (0 toward 3); 

Hence, the link ask for as of Nodes (1 toward 2) can-not are put-up to’ λ1’ connection (‘1’, ‘2’), still 

stipulation the wave-length is inactive. This technique decreases the jamming to multi-hop traffic, while 

rising the blocking for links so as to traverse just one fibber-connection (‘single-hop’ flow) [66]. 

Protecting-Threshold: Within𝑇ℎ𝑟 (protecting-threshold), the ‘single-hop’ link is allocated a wave-length 

merely stipulation the numeral-inactive wave-lengths onto-the connection is at or before the 

“mentioned-threshold” [66]. Most ordinary solutions in support of direction-finding plus wave-length 

allocation dilemma and this were a concise study of existing. Yet, separately as of the usefulness of 

these answers to the problems, through foreword of elastic optical network knowledge plus the vital 

require to accomplish the spectrum-contiguity-restraint, the before talk about wave-length allocation 

methods are not in a straight line appropriate in elastic optical network. An alteration in characteristic 

routing and wavelength assignment difficulty has to become to create its answers to the problems well-

matched by means of elastic optical network. On this changeover the subsequently segment stresses. 

3.2 In the direction of Routing and Spectrum Allocation  

High spectrum efficiency assured by an adaptive range resource-assignment in elastic optical networks 

as well as scalability meant for prospect optical transport-networks, this contains extra difficulties on the 

network-point, particularly resting on the proficient link organization.  Alike to wavelength division 

multiplex networks, an elastic-optical link has to reside in the similar spectrum-part amid their ending-

nodes, so as to make sure the by name spectrum-continuity restraint. Adding up, whole band-width of 

the links has to be closely assigned, as well-referred as the spectrum-contiguity restraint. Within 

extremely easy language, appearance of elastic optical network expertise altered the straight thoughtful 

of optical-channel. Into Fig: 3.5, This matter is shown , in wavelength division multiplexed-networks, 

Since this is presented,  operators do-not require differentiating optical-path by its own as well as 

spectral-resources assigned on a known-path. They merely require identifying a mid frequency in favor 

of optical-path whilst making the end to end optical-link (Fig: 3.5(a)). Into dissimilarity, the mid-



frequency plus the thickness of the spectral-resource assigned to an optical trail be changeable scales in 

elastic optical networks, while represented within Fig: 3.5(b). Into straightforward terms, alongside the 

optical-path by its own, network-operators require alertness of the devoted start-point to stop-point 

spectral-resource to a link in elastic EONs. Fairly obviously, this is able to be incidental 

Fig 3.5: Optical-path (a) Wavelength multiplexed-network (b) ‘elastic-optical’ network behind ‘elastic-

spectrum assignment’. [121] 

With the intention of a flexible range-resource title method in opposition, to the present wavelength 

division multiplexing-frequency network have to be presented. Subsequently, it has been studied that at 

first the existing International Telecommunication Union-T frequency-network plus the wave-length tag 

beneath regularity on the (IETF). After that, idea of frequency-slot since an influential technique in 

support of flexible range-resource description is presented.  

3.2.1 Present International Telecommunication Union-T Wavelength Division Multiplexing 

Frequency-network 

Present International Telecommunication Union-T wavelength division multiplexing frequency-network 

precise within ‘G.694.1’ [67] is ‘anchored en’ route for ‘193.1’ Terahertz, along with helps a variety of 

“channel-spacing” of ‘25’ Gigahertz, ‘50’ Gigahertz, plus ‘100’ Gigahertz while presented in Fig: 3.6(a). 



“Optical-frequency” ‘f’ lying-on the network by means of a “channel-spacing” of ‘𝑓𝑐𝑠’ be able to be 

chosen like “f= 193.1 + n𝑓𝑐𝑠” (Terahertz), While numeral ‘n’ be a frequency-network figure. Just before 

construct this thought realistic, wave-length tagging into the “signaling-communication” in optically-

path grids is “under-going” regularity on the “Internet-Engineering-Task-Force”, plus goal is to make 

sure worldwide wave-length permanence [68]. “Wavelength-Division-Multiplexing” wave-length tag 

beneath regularity takes away “data and knowledge” lying-on the “channel-spacing” as well as the 

numeral ‘n’. Regardless, “Wavelength-Division-Multiplexing” systems having the functionality of these 

sort of “channel-spacing”, as resilient optical-paths do-not contain unchanging limits; the current typical 

is to no use for elastic optical networks, near deal with it, a single talented method.  

 

Figure 3.6: SRDS (a) (a) ITU-T  “channel-spacing” ‘100’ Gigahertz frequency-grid”  (b) ITU-T with channel 

spacing ‘50’ Gigahertz frequency-grid (c) ITU-T with channel spacing 25 Gigahertz frequency grid (d) 

‘frequency-slot’ [modified from 122] 

Into ‘this’ move toward the “spectral-resource-optical-trail” be able to assigned via allocating the 

essential numeral of neighboring ‘FSs’, assuming customer “signal-spectrum-thickness”, plus an 

“successful-filter” band-width all over way. 

3.2.2 Idea of the “Frequency-Slot” 



While talked about before in such a way to understand “elastic-spectrum” assignment, a latest 

“frequency-grid” method on the way to be distinct. Inside this method, adding up to “middle-frequency” 

of different-paths, “frequency-limits” assigned to every path should have showed. Because substance of 

truth, “contiguity-constraints” the “frequency-variety” plus assuming mutually permanence assigned to 

the “channel” should be un-available to further paths. Idea of “frequency-window” has been came too 

been due to this. Referred to the same as “frequency-windows”, on hand optical band-width is 

discredited in “spectrum-units” (example “12.5” Gigahertz) accordingly this thought. In favor of 

instance, “1”, “2” plus “5” Terahertz “optical band-width” keep up a correspondence to ‘80’, ‘160’ as 

well as ‘400’ FSs, in that order. Range of frequencies changeability of light-path is attainable through 

modification the numeral of assigned “FSs” to the links. Every link is distinct via their supposed “center-

frequency” plus their window-thickness. On the way to compose computation simple and easy, a 

tagging method has-been projected [69]. Into the twofold side semi window tagging-method, for each 

‘6.25’ Gigahertz of “spectrum-directory” be devoted since given away. Into brightness of this, “mid-

frequency” of a link is equivalent to ‘193.1’ Terahertz + n×0,00625 Terahertz, so ‘n’ is the mid directory 

as well as the window thickness is equivalent to the numeral of assignment ‘FSs’ for the link multiply 

through ‘12.5’ Gigahertz (“size” of single window in Hertz). Meant for instance, bearing in mind link ‘1’ 

within the Fig: 3.6(d), “mid frequency” be (‘193.1’ + ‘0.00625’ × (-5) = ‘193.06875’ Terahertz plus the 

window-thickness is ‘0.0125’ ×’3’ = ‘0.0375’ Terahertz. Since this mentioned before, “FS” idea 

mentioned a means to separate the “spectrum-area” keen on tiny parts. Into brightness of it, through 

allocating necessary figure of adjacent “FSs”, assuming the customer signal range thickness plus an 

efficient filter band-width all over path, the latest link is able to be recognized within system. On 

opening view, this possibly will seem completely dissimilar as of the means so as to links will be “served” 

within Wavelength Division Multiplexing networks. Though, via doing little alteration into the present 

Routing and Wavelength Allocation answers, this can be likely to fully use “them” within elastic optical 

networks too. Next, obtainable answers meant for Routing Spectrum Assignment difficulty are studied. 

Inside this method, at first an excellent ILP “formulation” of direction-finding plus ‘Spectrum’ 

assignment difficulty is showed. Subsequently, few well-known Routing Spectrum Allocation “heuristic-

algorithms” (together with tailored editions of Routing Wavelength Allocation “heuristics”) are 

momentarily studied. 

3.3 “RSA” difficulties 



Into this part, reading-depends on [70], the characteristic elastic optical network as shown in “Fig: 3.7” is 

assumed. A “spectral-granularity” of the sender plus “WXCs” is single “FS” accordingly to ‘F’ Gigahertz of 

band where “Capacity” of a ‘FS’ is equivalent to ‘C’ Gigabit/second. It’s depends on the “modulation” 

height utilized, example: Two-phase PSK, Q-Phase Shift Keying, 8-Quadrature Amplitude Modulation, 

Even though ‘C’ be able to adjust or higher, meant for this learning a steady ‘C’ is considered. In the 

direction of course the route via the “BV WXC” a “protector-band” of GFSs should be dividing nearby 

band routs. Into understand flow accommodation, since affirmed earlier the sender’s band-width is 

discredited within ‘FS’. Senders are capable to be silent to fully make use of a numeral of ‘FS’ making an 

uninterrupted band equivalent to the band-width insists of a link ask for. To serve-up the link ‘I’ so as to 

require 𝑇𝑖FSs is changed to find up a preliminary frequency slot 𝑓𝑖 after which it will be able to use  𝑇𝑖 

adjacent “FSs” (adding up toward protector-bands). The system layout is denoted through a linked chart 

“G= (V, E)”.  Set of “nodes” is represented by V, that’s how is considered to be ready in the midst of 

band-width changeable “WXCs”. “E” represents the “set” of (P2P) “lone-fiber” connection. Agree to 

“N=|V|” plus “L=|E|” represent the numeral of ‘nodes’ plus numeral of connection of the system. At 

this point the preparation edition of the Routing Spectrum Allocation difficulty is considered; hence a 

‘priori’ identified “flow-matrix” exists. Considering unchangeable ‘FS’ “capacity” ‘C’, a band-width 

request of 𝐵𝑖  is going to be mapped to a request of 𝑇𝑖 ‘FSs’ (example: 𝑇𝑖=dBi/Ce, for a known ‘C’). Hence, 

flow situation is known in the shape of a “matrix” of nonnegative “integers-T”, which is known to be the 

spectrum traffic-flow matrix. After so as to 𝑇𝑠𝑑 represents the numeral of ‘FSs’ needed for the message 

amid transmitter plus receiver. 

 

                            Fig: 3.7: Characteristically “Elastic Optical Network”. [Modified from 123] 

This is too considered so as to for link (‘s’, ‘d’) a incessant band (the incessant ‘set’ of ‘FSs’)  fully used, as 

a result that 𝑇𝑠𝑑 ‘FSs’ are assigned in excess of a solo route so as to link up (‘s’, ‘d’). Within subsequent, 

the combined Routing Spectrum Allocation difficulty that’s how takes care to the difficulty of direction 

finding path plus band assignment concurrently is obtainable. 

https://www.researchgate.net/publication/303895995_Dynamic_Routing_and_Spectrum_Allocation_in_Elastic_Optical_Networks#pf8e
https://www.researchgate.net/publication/303895995_Dynamic_Routing_and_Spectrum_Allocation_in_Elastic_Optical_Networks#pf8e


3.3.1 Combined Routing Spectrum Allocation difficulty 

Inside this sub part the combined Routing Spectrum Allocation difficulty is assumed. In favor of every 

product (‘s’, ‘d’) in order to resolve the difficulty, a “set” of ‘k’ routs is at first pre-computational. 

Assume 𝑃𝑠𝑑 is the “set” of applicant routs intended to (‘s’, ‘d’) as well as “P=𝑈(𝑠,𝑑)𝑃𝑠,𝑑” is going to be 

sum “set” to applicant routs. 

Some “variables”: 

-𝑿𝒑: “Boolean-variable” so as to represent the use of rout p ∈P (𝑋𝑝 equivalent toward zero condition 

rout ‘p’ is ‘not’ use, plus one condition ‘p’ is use). 

-𝒇𝒔𝒅 : “Integer-variable” so as to represents the preliminary frequency meant for link (s, d). Considering 

𝑇𝑡𝑜𝑡𝑎𝑙 =∑ 𝑇𝑠𝑑(𝑠,𝑑)  , there are 0 ≤fsd  < 𝑇𝑡𝑜𝑡𝑎𝑙 

-𝛅𝒔𝒅𝒔,,𝒅,: Boolean variable so as to equivalent to zero condition the preliminary frequency of link (‘s,′, ′d,′) 

If lesser compare to the preliminary “frequency” of link (‘s’, ‘d’) (example; ′s,′, ′d,’<fsd), as well as one or 

else (i.e., fsd < . s,, d,). 

-C: Utmost used frequency slot, Integer Linear Programming direction finding-path as well as band 

assignment “formulation”: reduce ‘c’ 

Theme toward the subsequent “constraints”: 

-Price purpose 

 Meant to every (‘s’, ‘d’) two of a kind: “ C ≥  fsd + Tsd”         (3.16) 

-Solitary direction finding direction-finding “constraints” 

To everyone (‘s’, ‘d’) two of a kind : “ ∑p∈Psd
” =1 

-Initial frequencies “sequence-constraints” meant to each and every one substances (s, d) as well as 

(s,, d,) so as to have 𝑝𝑖∈𝑃𝑠,𝑑 plus 𝑝𝑗∈𝑃𝒔,𝒅,), by way of 𝑝𝑖  and 𝑝𝑗  

Allocating at slightest single shared connection “l (∀ (‘s’, ‘d’), ( ′s,′, ′d,’))”: ∃ 𝑝𝑖∈𝑃𝑠,𝑑   ᴨ ∃𝑝𝑗∈𝑃𝒔,𝒅,) ᴨ (l∈𝑝𝑖  

ᴨ l∈𝑝𝑗)) the subsequent constraints are in employment: 



                                                  δ𝑠𝑑𝑠,𝑑, +δ𝑠,𝑑 ,𝑠𝑑,=1                                   (3.18) 

                                                   𝑓𝑠,,𝑑,− 𝑓𝑠,,𝑑,:  < 𝑇𝑡𝑜𝑡𝑎𝑙. δ𝑠𝑑𝑠,𝑑,                 (3.19) 

                                                   fsd −f𝑠,𝑑, < 𝑇𝑡𝑜𝑡𝑎𝑙. f𝑠,𝑑 ,𝑠𝑑,                      (3.20) 

Constraints 3.18 -3.20 make sure so as to either δ𝑠𝑑𝑠,𝑑,= 1, sense so as to the preliminary “frequency” fsd  

to link (‘s’, ’d’) be lesser compare to preliminary “frequency” 𝑓𝑠,,𝑑, to (′𝑠 ,′′𝑑′) (for example ′fsd′ < f𝑠,𝑑,), or 

else δ𝑠,𝑑 ,𝑠𝑑,== 1 (i.e., fsd >  f𝑠,𝑑,). Remember so as to ′fsd′ along with f𝑠,𝑑,  are enclosed through 

invariable 𝑇𝑡𝑜𝑡𝑎𝑙 thus its dissimilarity be forever minimum than𝑇𝑡𝑜𝑡𝑎𝑙. 

-Spectrum continuity as well as non-overlapping spectrum assignment meant for all substances (s, d) 

plus (s,, d,) so as to have 𝑝𝑖∈𝑃𝑠𝑑 as well as 𝑝𝑗∈𝑃(𝒔,𝒅,), with 𝑝𝑖  plus 𝑝𝑗  distribution at slightest single 

common connection “l”, the subsequent “constraints” are in a job: 

                  “fsd + Tsd + G - 𝑓𝒔,𝒅,  “≤ “(𝑇𝑡𝑜𝑡𝑎𝑙 +G). (1 −δ𝑠𝑑𝑠,𝑑, + 2 −𝑋𝑝𝑖  −𝑋𝑝𝑗 )”    (3.21) 

                  𝑓𝒔,𝒅,+𝑇𝒔,𝒅,+G−fsd ≤ (𝑇𝑡𝑜𝑡𝑎𝑙+G).(1 −δ𝑠,𝑑 ,𝑠𝑑, + 2 −𝑋𝑝𝑖  −𝑋𝑝𝑗)                   (3.22) 

While single or both of the routs 𝑝𝑖  plus 𝑝𝑗  is not proper used (𝑋𝑝𝑖  6= 1 or  𝑋𝑝𝑗 ) 6= 1), after that we 

shouldn’t assume to over lapping of its band. 

 Into current scenario , “constraints: 3.21” plus “3.22” are de-activated (“hold” forever, without regard 

to ‘fsd′ plus ‘𝑓𝒔,𝒅,,’ As RHS to the constraints get the price bigger compare to 𝑇𝑡𝑜𝑡𝑎𝑙, that to all time upper 

than the left hand side. At the present, consider so as to both routs 𝑝𝑖  plus 𝑝𝑗  are fully used (𝑋𝑝𝑖=1 and 

𝑋𝑝𝑗 =1). After that single to the “constraints: 3.21” or “3.22” make it alive with respect to the “values” of 

δ𝑠𝑑𝑠,𝑑,  plusδ𝑠,𝑑 ,𝑠𝑑,. Into exacting, “constraint: 3.21” is make alive at what time δ𝑠𝑑𝑠,𝑑, =1 (so as to be 

when  fsd  <𝑓𝑠,,𝑑,), in that particular scenario ‘3.21’ become: 

“fsd + Tsd+G”≤"𝑓𝒔,𝒅,"            (3.23) 

Making sure so as to band utilized through 2 links (‘s’, ‘d’) plus (‘s,d,) shouldn’t be partly cover. At what 

time δ𝑠𝑑𝑠,𝑑,=1, after that δ𝑠,𝑑 ,𝑠𝑑,=0, as well as “constraint: 3.22” is de-activated, as 3.22 turn out to be: 

“𝑓𝒔,𝒅,+𝑇𝒔,𝒅,−fsd” ≤𝑇𝑡𝑜𝑡𝑎𝑙                                                     (3.24) 

That’s how holds for all time accordingly to fsd plus𝑓𝒔,𝒅,. An alike way, “constraint: 3.22” is make alive at 

what time δ𝑠,𝑑 ,𝑠𝑑,=1 (example; while fsd >𝑓𝒔,𝒅,) plus “constraint: 3.21” is de-activated. Into current 



means, “constraints: 3.21” as well as “3.22” making sure so as to the spectrum assign to links so as to 

fully use routs so as to contain a shared connection not partly cover. Earlier mentioned Integer Linear 

Programming “algorithm” determines to routs ‘p’ (matching to 𝑋𝑝=’1’) as well as “preliminary-

frequencies” “fsd” to the links in excess of “those” routs consequently to reduce whole utilized band ‘c’. 

Band “permanence-constraint” is converted toward non-sharing band share. Therefore, “preliminary-

frequencies” to the links so as to fully use a common connection are prearranged consequently to its 

assigned band does not partly cover (secretarial as well to the necessary protector spectrum Gin-amid). 

Offered “formulation” is an illustration of precise answers to the Routing and Spectrum Allocation 

dilemma. Since discussed before, this sort of answers are lengthy as well as composite. Though, alike to 

Routing and Wavelength Allocation dilemma, nearby contain quite a few heuristic Routing and Spectrum 

Allocation “algorithms”. Within present “heuristic-algorithms”, combined Routing and Spectrum 

Allocation difficulty is de-composed keen on 2 key associate problems.  

i) Direction finding path  

ii) Spectrum-assignment   

Direction finding path associate difficulty is exactly identical since this was showed previously within this 

episode; as a result the offered “heuristics” are as well utilized into mentioned scenario. In addition to it, 

through the facilitation of ‘FS’ idea as well as assuming “contiguity-constraint”, this will likely to alter 

existing wave-length assignment “heuristics” en route for band “assignment-ones”. Into next a number 

of ‘them’ has viewed. 

3.3.2 The Routing Spectrum Allocation “heuristic-algorithms” 

In order to resolve the Routing Spectrum Allocation difficulty in a best way, more than a few “heuristic-

algorithms” presented for future. Into common ‘they’ are able to be calculated while “1-step” otherwise 

“2-step” methods [71]. 

-“2-step” Method: Since discussed earlier Routing Spectrum Allocation difficulty able to be split in-to 

direction finding path plus band allocation associate difficulties plus ‘solved’ in order. Concerning 

destination finding paths (routing) as well the algorithms before mentioned intended for RWA a load 

balanced direction finding paths (routing) that find out the routing through “balancing” weight inside 

network to ‘potentially’ reduce the band practice within the ‘network’ is open within [72]. This has been 

exposed with the purpose of “straight-route” out-performs weight-fair direction-finding in look upon 



decreasing entirety band capital utilized within system as weight-fair direction-finding path obtains 

improved performance through the aim to reduce used spectrum directory inside the network [72]. 

Later than direction-finding, spectrum assignment problem be able to be solved by means of single 

“subsequent-algorithms”: 

– “First-Fit”: Inside ‘this’ design since this accessible within [73], entirely band ‘slots’ been prearranged. 

Through “pre-computed” ‘k’ straight route prearranged as of straight path toward the ‘longest’ 

individual, ‘this’ “algorithm” hunt ‘the’ essential uninterrupted ‘slots-in’ rising arrange of the ‘band-slot’ 

directory. This chooses the initial set up path as well as slots full filling the necessities of link ask for. 

Since affirmed, ‘this’ algorithm is the tailored edition of First-Fit “heuristic-algorithm” intended to 

Wavelength Division Multiplex networks. 

– “Random Fit”: As well discussed First Fit ‘algorithm’, here numerous further band assignment 

‘algorithms’ so as to be by means of the main beliefs of RWA heuristic algorithms. One of those is RF 

algorithm [74]. Through the identical path ordering course of action while First Fit, accidental ‘fit’ takes 

fresh link within arbitrarily choose band piece through sufficient room with initial set up path. 

– “Smallest-Fit”: Single dissimilarity amid Smallest-Fit plus 2 further talks about ‘algorithms’ so as to link 

ask for to be found within the minimum existing ‘spectral’ with initial establish way. 

– “Lowest-Starting-Slot”: Since accessible inside [75], meant for every applicant path, this algorithm 

hunt to initial uninterrupted ‘slots’ practicable to fresh ask for in uphill arrange to ‘slot’ directory. This 

chooses pathway through lowly opening ‘slot’ in the midst of set of applicant routs. These algorithm 

strengths void filling within intelligence so as to voids of volume bigger compare to ask for ‘slots’ will be 

used. First-Fit that is fast as well as easy in comparison; spectrum utilization has improved by lowest 

starting slot algorithm since of their canceled filling ability. Within network preparation dilemma (for 

example; ‘static’ circumstances), difficulty of prearrange link ask-for intended for a known traffic-flow 

‘matrix’ becomes as well an essential concern. Since substance of truth, dissimilar prearranging 

techniques possibly will outcome in different spectrum use. Quite a few prearranging-policies are 

mentioned in [75]:  

a) Nearly all sub-carriers initial prearranging that commands to links wishes-for in declining prearrange 

of its re-quested band-width as well as dish-up them by means of the uppermost band-width at initial? 



b) Longest route primary prearranging, that prearranges links wishes-for in downward order of the 

numeral connections its straight routs use as well as ‘serves’ the links so as to have longest route first.  

C) Determine a close most favorable ordering based on before mentioned ordering trials is determine by 

Simulated annealing Meta heuristic (i.e. a) plus b). Simulation outcome shows so as to the best 

presented way out is simulated annealing prearranging move toward [75]. 

-One-step approach: By means of a one-step approach 2 unlike algorithms Modified Dijkstra’s-Shortest-

Path (MSP) plus “Spectrum-Constraint-Path-Vector-Searching” (SCPVS) are anticipated within [76]. 

These algorithms determine destination finding path as well as the existing contiguous band at the same 

time. Modified Dijkstra’s shortest path is implemented by examining the existing spectrum in the MSP, 

as well as “Spectrum-Constraint-Path-Vector-Searching”, makes a route vector-hierarchy by means of 

band constraint to hunt universal most favorable path. 

3.4 Chapter review 

The problem of direction-finding path (Routing) as well as spectrum assignment within all optical 

transport networks has been addressed in this chapter. In broad-spectrum, a solution to this problem 

shows a direction-finding path (route) as well as assigned spectrum resource meant for inward link up 

wishes since to optimize sure ‘performance-metric’ (for example; system jamming chances). 

 Into begin by; the Routing and Wavelength Assignment difficulty studied. This dilemma can be grouped 

in static, incremental and dynamic, 3 operational schemes. The whole set of link wishes among nodes 

pairs are identified earlier within static-situation. Answers to the problems plan to reduce ‘system-

resources’ (numeral of wave-lengths otherwise the numeral of fibers within system) to a prearranged 

set of links-serving in a worldwide mode. On the other hand, setting up as a lot of as probable of the 

given links desires within known layout of the network with the unchanging numeral wave-lengths for 

each fiber is the extra kind of static Routing and Wavelength Assignment difficulty. Link up desires reach 

your destination in sequence within ‘incremental’ traffic flow scenario. The light path is made up per 

each link up ask for, plus this leftovers within set of connections for ever. Once more the aim is to make 

the most of the number of serviced links within system. The light-path as well set-up for every link asks 

for since it comes within dynamic situation. Though, every light-path becomes free following a little 

quantity of ‘time’ (hold-time of the link). Decreasing the quantity of link jamming, else so as to increase 

the numeral of links so as to make within the system at whichever ‘time’ is the core aim of this scenario. 



Additional stress took place resting on this, within lively-operational situation the core center of this 

thesis. 2 achievable methods meant to find answers for dynamic Routing and Wavelength Allocation 

difficulty have been presented, so as to be to say the precise solution by means of ILP formations plus 

expected answers to the problem using “heuristic-algorithms”.  Integer Linear Programming formulation 

approaches to an accurate answers of the difficulty. Though, the method is extremely difficult plus 

lengthy time-wise. On the other hand, this is likely to smash the Routing and Wavelength Allocation 

difficulty into 2 associate difficulties,  

i) Destination finding paths  

 ii) Wave-length allocation, plus give answers to the problems unconnectedly. 

A tough tool meant to give answer to every associate difficulty in simple as well as quick method given 

by heuristic-algorithms. A heuristic is a method intended for solving a problem extra speedily when 

typical techniques are excessively slow, or to find out an estimated solution when typical techniques be 

unsuccessful to determine any precise answers to the problems. Through ‘trade-optimality’ it is 

obtained, wholeness, correctness, or exactness for pace. Within this background, few well-known 

direction-finding paths (Routing) as well as wavelength assignments algorithms have been studied. 

Through rising the Elastic Optical Network technology a number of technical as well as operational calls 

to prove or justify, more importantly proficient ‘resource-assignment’ for link has been pose on the 

optical-network height. Alike to Wavelength Division Multiplexing networks, so as to be ensured the 

“spectrum-continuity” constraint, a flexible optical links have to live in the similar spectrum part 

between its end-nodes. Adding up, in addition referred as the spectrum-contiguity constraint, the whole 

links bandwidth has to be closely assigned. Some amount of difficulty to the conventional Routing and 

Wavelength Allocation difficulty added by the fresh restraint. As a result, the existing direction-finding 

plus Wave-length allocation proposals meant for WDM networks are not present in a straight line 

applicable in elastic optical networks. A fresh direction finding path (routing) as well as resource 

assignment technique have to be developed, that is to say direction finding path (routing) plus spectrum 

assignment. In brightness of this, development of Routing and Wavelength Allocation dilemma in the 

direction of RSA has been studied. In this means, the idea of FS as a tough as well as cooperative tool 

meant to translate RWA solutions for elastic optical networks presented. In brightness of this, an Integer 

Linear Programming formulation of Routing Spectrum Assignment difficulty plus a number of well-

known heuristic solutions has been studied. 



CHAPTER 4 

Over-Crowding “Aware-Routing” within Non-linear EONs 

‘Symbol-rate’, format of the modulation plus error-correction format in EONs changes by digital 

coherent transceivers, in order to provide service to the ‘demands’ of the network in a good way. For 

routing algorithm these ‘parameters’ are intrinsically joined in nonlinear optical networks. It is proposed 

that the reference for the ‘National Science Foundation Network’ (‘14’ ‘nodes’, ‘22’ connections) within 

a non-linear EON and presents their effectiveness congestion routing. To approximately calculate the 

network blocking probability (NBP) that is repeated 10000 times till a demand becomes blocked, with 

hundred G b E ‘demands’ the network is ‘loaded’ in sequence at the same time.  

The following three ways of considered for routing algorithms: 

1) The most short Path direction-finding 

2) Easy overcrowding attentive ‘algorithm’ 

3) “Weighted” over-crowding attentive direction-finding ‘with’ ‘50’, ‘25’, ‘12.5’, plus ‘6.25’ Gigahertz 

“resolution” flex grids were taken in-to account. When the Shortest Path routing is compared with 

overcrowding attentive direction-finding, for network blocking probability = “1%” using a ‘50’ Gigahertz 

“grid” the network ‘capacity’ was found double. A five time increase was noticed in network capacity at 

the time over-crowding attentive direction-finding is coupled with a ‘6.25’ Gigahertz ‘resolution’ flex 

grid. One more study shows that the routing,  the common problem  of direction-finding plus wave-

length allocation has been replaced by ‘modulation’ plus ‘spectrum’ assignment “(RMSA)”, as the 

‘optical’ ‘networks’ go in the way being capable to resolve the flexible ‘demands’ [77], [78]. Between the 

dimensions the combination noticed because of non-linearity of the ‘fiber’, it simplifies the high 

dimensionality of RMSA challenge. Initially, a routing challenge becomes the nonlinear optical network 

the RMSA; it depends on the availability of ‘signal-to-noise’ for a specific the ‘spectrum’ of the ‘optical’ 

and route to-be ‘given’ de-pending on the rate of necessary values [79], by task of format of the 

‘modulation’ plus ‘FEC’. In case of nonlinear RMSA, the given increase in significance of the ‘algorithm’ 

for direction-finding, the  congestion aware routing algorithms impact could be evaluated  and for the 

NSFNET topology quantify its efficiency plus ‘performance’ in de-laying the on-set of blocking the 

network. 



4.1 Fundamental Assumption for the planned “model”  

The assumptions of following analysis are made to an evaluation of congestion aware routing:  

❖ The data rate is fixed at client side (In this consideration is limited to 100 G b E assumed 

on the way to be 104 G bit/s together with framing in addition with overhead for FEC) 

❖ Modulation format and FEC can be varied by transceivers. 

❖ Width equivalent to the symbol rate having a rectangular spectrum where the channels 

are Nyquist fashioned. 

❖ Sandwiched between channels there are negligible guard bands 

❖ When lumped ‘EDFA’ is combined by a band-width of ‘5’ Terahertz, it is noticed that a periodic  

fiber of ‘single-mode’ is observed   

❖ All over the network the spacing between amplifiers is fixed (In this 100 km span length is 

considered) 

❖ In the whole network the fiber plant is the similar where no optical dispersion 

compensation is employed 

❖ So how the whole nonlinear layer impairments is directly increased to the length of the  

path adds incoherently by nonlinear interference where Gaussian  noise  model  is   

applicable [80],  [81]    

❖ Where initial  noise cause is  from  the  erbium doped fiber amplifier in  the connections, Losses 

at the node may be ignored 

❖ Nonlinear impairments correspond to 100% spectral utilization where within connection the 

blocking occurs the ‘spectral’ utilization is suitably more  

❖ At what time the first blocked demand occurs at the point We assume the network to become 

blocking 

 

4.2 Planned “Algorithm” for non-linear “RMSA”  



Below is the ‘utilizing’ Nyquist ‘pulse-shaping’ non-linear flexible ‘network’ which is referred algorithm 

for RMSA: 

✓ For Optimum signal power spectral density is find out by the fiber and amplifier parameters   

✓ The connection by the maximum use of ‘spectrum’ is avoided if shortest path is chosen for a two 

of a kind of nodes (which is relative to spectral usage, find out by measuring the overall optical 

power)    

✓ For  route to obtain the expected ‘SNR’, find out overall number ‘of’ amplifier spans (100 km in 

this)   

✓ In favor of  SNR, for a range formats of ‘polarization-division-multiplexed’ with Nyquist spectra, 

known values based between signal-to-noise ratio plus network-spectral-efficiency, where also 

included the ‘forward-error-correction’ up-and-down rate, utmost net spectral efficiency (NSE) 

could be obtained 

✓ Allocating spectrum not only serves the  demand  between  the  two  nodes but also find out the 

gross symbol rate 

4.3 Modeling for fiber nonlinearities 

 It is enough to allow multifaceted network studies,  a model that capture the  features that is salient of 

the non-linear impairments, whereas there are abundant  models be available for fiber nonlinearities. 

Found in [80]  the Gaussian noise model can be used [81] so as  lately been exposed to be precise by use 

of ‘digital-coherent-transceivers’ for un-compensated connections [82] as is most probable to happen 

within potential non-linear EONs. By means of the model of ‘Gaussian-noise’,  this could be found [83], 

[84] if so as to the entirety on hand the whole range of wavelength ‘B’ is modulated having an 

attenuation co-efficient of ‘α’ over a ‘single-span’ plus successful measurement lengthwise “1/α”, by the 

following equation the ‘optimum’ PSD (Ssig ) is given:  

                                       Ssig =  √
3 27π β αSASE

16γ2 ln (
2 B2π 2|β | 

3a
)
          (4.1)                                    

Where SAS E     2nsphν (G 1) is the amplified ‘spontaneous-emission-noise’ (ASE) of ‘PSD’ and β2 is the 

dispersion coefficient (nsp is the population inversion factor, ‘photon-energy is the ‘hv’ plus ‘G’ is the 

amplifier gain) Consider incoherent totaling over ‘N’ ‘identical-spans’ of the ‘noise’, the resultant signal-

to-noise-ratio is                                                                                         



                                  SNR= 
2𝑆 𝑠𝑖𝑔

3𝑁𝑆𝐴𝑆𝐸
                              (4.2)                    

It is assumed that a particular ‘fiber’ kind ‘such’ as regular fiber with ‘single-mode’ in the company of 

attenuation of 0.22 dB/kilometer, non-linear co-efficient ‘γ’= 1.3 W−1km−1 plus chromatic dispersion of 

16.7 p s/nm/kilometer. Considering the amplifiers with the span measurement lengthwise between 

amplifiers being 100 kilometer after that 27 m W/Terahertz is the best possible ‘power-density’ over the 

‘5’ Terahertz band-width plus has a noise figure of 5 dB. The fiber nonlinearities are able to account by 

restricting the power spectral density to 27 m W/THz.  SN R after the primary span is ‘24.5’ dB and then 

N ‘spans’ the SNR within dB is 

                       S N R dB= 24.5 − 10 log10 (N)   (4.3) 

4.4 Optimal Modulation Format 

The linear SNR with the focus of the format of ‘polarization-multiplexed’, the NSE is provided in [86] 

Where Shannon provides a relation between the spectral efficiency 

                    NSE = 2 log2 (1 + SN R)                 (4.4)             

To investigate an another estimate bound as to what might  be achievable in practice, ever as the 

Shannon limit does not point out the forward error correction ‘coding’ over-head otherwise the format 

of the ‘modulation’ so as must be working. Decide to use logical terms from [87] joint with straight 

simulation of the performance in the attendance of ‘additive-white-Gaussian’ noise , so as to assume 

this for PDM-QAM constellations.          

 

                             Figure 4.1: NSE in opposition to ‘SNR’ for a range of PDM-QAM [124] 

Formats, The NSE too reduce needs a higher rate of the symbol for a mentioned rate of data, when the 

existing SNR decreases. 



The BER as a function of SNR, meant for the binary symmetric channel Somewhat after consider soft 

decoding is conventionally use the hard decision decoding bound so as if 𝑃𝑏= BER, after that the utmost 

rate of the code ‘r’ is provided through [86] 

                                                        r = 1 + p b log2 (p b) + (1 – p b) log2 (1 – p b)  (4.5)  

In order to achieve for a specified cardinality of QAM to present Figure-1, since the net spectral 

efficiency is the same as a function of signal to noise ratio. In favor of terrestrial core network optical 

communication, for the ‘fiber’ plus parameters of amplifier earlier mentioned distances of matching 

range from about ‘100’ to ‘10000’ kilometer, the signal to noise ratio will characteristically be in the 

section of ‘5’ to ‘25’ decibel. In excess of the area of attention given away in Fig. 1 the net spectral 

efficiency to be able to be realize by means of PDM-QAM in addition to optimal hard FEC be able to be 

just about bounded by the following appearance 

     NSE ≈ (2 log2 1 + SN R    [ 
210+9SNR

325+22SNR
 ])    (4.6)  

If the best possible start on PSD is used, after that the signal to noise ratio is exclusively distinct by the 

path in the network. Therefore, knowing the signal to noise ratio after that by means of the reasonably 

accurate attainable bound, this afterward explain the suitable sum of spectrum that be supposed to be 

assign in stretchy network.  

4.5 Algorithms for direction-finding (Routing) 

Benchmark is considered is the very shortest path (S.P) routing by means of primary well share of the 

optical ‘spectrum’, plus 2 congestion aware (C.A) variables of the shortest ‘path’ direction-finding with 

the aim of: 

Congestion Aware1 (CA1), select the shortest path so as to avoid the ‘fiber’ connection which is nearly 

all overcrowded, ‘implemented’ by means of Dijkstra’s algorithm lying on the chart where the edging 

weight to most overcrowded route has been taken by ‘ infinity’.  

The most short path by a weighted network, Congestion Aware2 (CA.2),  where the weight of an edging 

union nodes ‘I’ plus ‘j’ is specified by Wij  L ij /ηij where L ij is the substantial length and ηij is the 

proportion of the whole spectrum that is still available on that edge. The spectral usage is proportional 

to the whole optical Power in every connection, as the system runs with a stable PSD, creation 

congestion a parameter which is simple to measure used for an installed network.  



 

Figure 4.2: National Science Foundation Network topology with the lengths in kilometers marked 

on links [modified from 124] 

4.6 Network estimation Chances of blocking  

1) Network loading in sequential    

So as to regulate the approximation of NBP,  the method described in  [89] could be used, within the 

network it sequentially load the network with bidirectional demands flanked by at random selected pair 

of nodes. In order to ease debate is limited to regularly generated traffic through a demand granularity 

of ‘100’ G b E, every of which is separately optically routed from side to side the network. The position at 

which the path assign through the routing algorithm cannot physically be optically routed by the 

network is assumed blocking plus the number of demands recorded. This process is after that frequent 

‘10000’ time to make up the statistical manners of the network blocking chance. Preliminary it is compute 

with the probability so as to blocking is happening inside the network intended for the load of specified 

network.  

2) Statistical Analysis of Network Blocking Chances 

In this analysis the focal point is on the number of demands with the aim of source blocking inside the 

network in ‘1’ percent of occasion. Known that the blocking of network happens after blocking within 

the nearly all congested link, into core worries are with the allocation of a smallest amount. It 

consequently suggests to examine the chance of networking blocking by means of a general extreme 

value allocation whose cumulative allocation function (CDF) could be expressed as [90]:  



Where, k, μ as well as σ are the shape, place as well as scale parameters of the allocation, each and 

every one of which can be find out as of a given data set by means of highest likelihood assessment.  

4.7 Requests to an Exemplar  

Optical Network 

Consequently while to count the profit afforded in an optical network through by means of the 

proposed algorithm within this letter, it is assumed that a mesh topology the NSFNET presented in 

Figure-2, have ‘14’ nodes, ‘22’ edges with the similar lengths of path as for each [90]. 

                                                          

  

                                  (Figure 4.3) [124]                                                                        

     

                

       (Figure 4.4) [124]
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     (Figure 4.6) [124]    

FIGURES 4.3, 4.4, 4.5, 4.6: Probability of the Network blocking for ‘50’ Gigahertz grid (left top), ‘25’ 

Gigahertz grid (right top), ‘12.5’ Gigahertz grid (left bottom) plus ‘6.25’ Gigahertz grid (right bottom). 

Inside each and every one scenario the algorithms for congestion aware (CA.1 plus CA.2 full in segment 

‘VI’) present enhanced performance compare by way of shortest path (SP). In each and every one case 

intended for the blocking probabilities of network larger than ‘1’ percent, the extreme value sharing is 

impossible to tell apart as of the experiential points (shown as dots). 

Of the exacting ‘relevancy’ intended for the signal to noise ratio based RMSA is so that to the most-short 

path plus the most long the most-short path flanked by nodes be 300 kilometer as well as 7800 

kilometer likewise such that it is expected that the SNR is to differ between 5.6 dB and 19.7 dB. It is 

assumed for four feasible grid options (50, 25, 12.5 plus 6.25 GHz), are use to assess the impact of 

performance. Keen on each and every case, it is consider that the signal can exist in several slots be 



supposed to the existing SNR dictate this. It is also considered that the ‘3’ algorithms for direction-

finding, shortest path (SP), a straightforward congestion aware direction-finding ‘algorithm’ (CA1) plus a 

weighted congestion aware direction-finding algorithm (CA2) in depth in part ‘VI’. 

Figure-3 shows good contract between the experiential blocking chances for network plus the built-in 

widespread severe ‘value’ sharing validate the ‘hypothesis’ considered in the study so as to worry by 

means of the allocation of a minimum.  

Table I shows the 2 overcrowding attentive direction-finding algorithms considerably enlarge the 

‘capacity’ intended for 1% blocking chances of network for each and every one of the frequency grids 

assumed, by means of the utmost advantage afforded through combining a flex grid with overcrowding 

attentive direction-finding. For the ‘6.25’ Gigahertz flex grid by means of a weighted congestion aware 

direction-finding algorithm (CA.2), capacity of the network be ‘1744’ demands every of 100 G b E, 

compare to just ‘328’ demands with  standard most short path direction-finding by means of  a 50 

Gigahertz grid.  

These outcomes show the advantage which could be obtain at sequence weighed down optical network, 

showing the present process of optical installed networks [92]. The outcomes for the network loaded 

sequentially point out so as this will warranty more examination, as optical dynamic networks have not 

been reviewed. For the outcome achieved, in the ‘Table-I’ one of the outstanding features enclosed, is 

the major raise in the utmost length of ‘path’ at what time by CA2.  

TABLE 4.1 SHOWS THE CHARACTERISTICS OF PERFORMANCE FOR THE DIRECTION-FINDING 

‘ALGORITHMS’ [124] 

        Grid 

       (GHz) 

      Routing 

    Algorithm  

            L 

         (km) 

ρ𝐿    max {L} 

      (km) 

Number of 100 

G b E demands 

for NBP = 1 % 

          50             SP          3986         2048 7800         328 

          50             CA1          4432         2337 10200        541 

          50             CA2          4340         2375 19500        674 



          25             SP          3986         2047 7800        459 

          25             CA1          4436         2342 10200        802 

          25             CA2          4377         2435 19500        1012 

          12.5             SP          3986         2048 7800        572 

          12.5             CA1          4425         2332 10200        1265 

          12.5             CA2          4417         2443 18300        1513 

          6.25             SP          3988         2049 7800        653 

          6.25             CA1          4430         2336 10200        1558 

          6.25             CA2          4410         2440 18300        1744 

 

Ḹ, ρ𝐿 and max {L} denote the average standard deviation and maximum path length respectively for 

the three different routing algorithm and four frequency grids considered.  
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                 (Figure 4.10) [124]   

Figures 4.7, 4.8, 4.9, 4.10:  Impact of algorithm for direction-finding on the tail sharing of ‘path’ length 

for 50 Gigahertz grid (left top), ‘25’ Gigahertz grid (right top), ‘12.5’ Gigahertz grid (left bottom) plus 6.25 

Gigahertz grid (right bottom).  

Fig. 4 provides a detailed study of the tail sharing for the length of the path, with every one of the 

‘frequency-grids’ plus algorithms for direction-finding. Like shown within Figure-4 for both of the 

overcrowding attentive ‘algorithms’ for direction-finding, within each and every one case extra than 5% 

of each and every one routed lengths of the path go beyond the most long the most  short path of 7800 

kilometer highlighting the further resources overcrowding attentive direction-finding needs.yet, 

intended for a given probability for blocking the network, it is obvious so as to by means of additional 

resources to traffic of the route absent from overcrowding, the number demands of 100 G b E which be 

able to be serve increase considerably. 

4.8 Chapter Summary  

Overcrowding attentive direction-finding has been studied in non-linear EONs as well as found with 

good results for the reference NSFNET topology. To achieve the NBP follows a generalized tremendous 

value sharing been observed, permitting outstanding ‘estimates’ of the ‘load’ meant to a prearranged 

‘NBP’. At what time ‘NSFNET’ is loaded in sequence with ‘100’ G b E demands the prospect ‘algorithm’ 

with a ‘6.25’ Gigahertz flex-grid, permit the network to hold up ‘1744’ demands in comparison with ‘328’ 

‘demands’ by means of a fixed ‘50’ Gigahertz grid with the most short path direction-finding for ‘NBP’ ‘1’ 



percent. The overcrowding attentive direction-finding ‘algorithms’ evaluated resulted in longer average 

routes, with ‘5’ percent of each and every one paths ‘exceeding’ the utmost short in all path in sort to 

enlarge in general network ‘capacity’.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 5 

Spectrum allocation problem in elastic optical networks- a Branch-and-Price approach 

Here presented a branch plus price approach on the way to routing as well as variety portion–a 

fundamental optimization dilemma within flexible visual systems. For an optimal objective value, as well 

as a gluttonous plus a simulated annealing heuristics for improving the upper bounds, Formulated the 

difficulty as a mixed-integer program meant for which developed a branch and price algorithm improved 

with such methods since cutting planes for betterment of lower bounds. Into an effective optimization 

procedure, every single one of these elements is junction. Beginning outcome illustrate so as to the 

algorithm is capable to make optimal solutions plus in an enormous greater part of the assumed cases it 

give enhanced than a standard branch-and-bound technique implemented within the CPLEX solver. 

5.1 Introduction   

These will permit next-generation visual systems on the way chosen spectrally better as well as, in 

conditions of visual band-width provisioning, ascendable as well as flexible [93], [94], The usage of highly 

developed communication plus intonation methods, spectrum-selective swapping technologies, plus 

elastic frequency grids(flex grids). The dilemma of routing and spectrum allocation (‘RSA’) is a not easy in 

the design as well as operation of flex grid elastic optical networks (EONs). Used for asset of end on 

demands so as to try to win intended for spectrum resources, ‘RSA’ comprises in instituting visual path 

(light path) links, modified to the real measurement of the communicated signal. The (RSA) optimize 

dilemma is NP-hard [95]. In the direction to resolve it, mixed-integer programming (‘MIP’) formulations 

[96], [97], metA heuristics [98], [99], [100], as well as heuristics [95], [101], have been proposed in the 

text. Together meta heuristics as well as heuristics be able to make in the vicinity optimum elucidations, 

though, lacking guarantees intended on behalf of global optimality. Could be solved en route for 

optimality on the conflicting, ‘‘MIP’’ interpretations. A general move toward is to exercise a customary 

Branch & Bound (B.B) technique, which instigated within ‘MIP’ solvers, meant aimed at example, in CPLEX 

[102]. The determination of ‘MIP’ by means of ‘B.B’ is able to be still demanding as well as timesaving 

because of the dispensation of a big set of fraction variables. The focal point is on the making of 

optimization algorithm be able of making optimal ‘RSA’ elucidations as well as, at the equal interval, 

viable to CPLEX. To build into a branch-and-price (B.P) framework, several optimization approaches that 

are joint and applied. The algorithm mechanism comprise dilemma relaxation as well as request of cuts, 

both methods used by means of the plan to get better lower bounds and a look for upper bound 



resolutions through resources of a mixture gluttonous ‘RSA’ plus simulated annealing algorithm. First 

round outcome get intended for a 12-node network demonstrate so as to the algorithm is capable to get 

together our objective. To the most excellent of our information, the offered effort is in the middle of the 

first so as to purpose at resolving (RSA) to optimize in competent method. The rest of this work is 

prearranged as follows. In the part two (2) presented (MIP) devising of the assumed (RSA) dilemma. In 

part Three, explained optimization procedure. The algorithm is examined in part four by means of the 

outcome of mathematical experiments. Lastly, in part five (5) concluded all. 

5.2 (MIP) Formulation of (RSA)    

Formulated (RSA) as an (MIP) dilemma as well as by means of a link-Light-Path (L.L) modeling move 

toward so as to propose in [103]. Within Link-Light path (L.L), the variety task associated restrictions are 

detached as of the ‘MIP’ by means of a set of pre calculated light paths. On the similar moment, the (L.L) 

restraints promise so as for every ultimatum light path is chosen as of the pre-calculated set plus the 

chosen light paths remain not in disagreement among. Each other, i.e., their spectra don’t partly cover on 

the network connections. The plan at decreasing the variety breadth required to assign a known set of 

anxieties. Such an optimize purpose takes been regularly used in earlier workings on ‘RSA’ [95].  

Assumed (E.O.N) link is shown through a chart (G=V, E where V) is the set of visual Nodes plus 

(E). is the set of integrity connections. Now every connections e € ‘E’, the similar band-width (i.e., visual 

frequency spectrum) is existing plus it is separated into a set ‘S’={s1,s2. . .s|S|} of regularity parts of a 

permanent width. The set of Node to Node (Traffic) anxieties to be recognized here in the system is 

represented through ‘D’. 

Symbolization collected in Table-1  

TABLE-5.1: Notation 

Sets& Parameters [125]  

 



Talbe 5.2: Variables [125]  

 

Here, notion of a light path is used for ‘MIP’ model. A light path is well known because a two of a kind (p, 

c), wherever (p) is a path and (c) be a network. The direction is a Track from side - side of system from a 

source node to a cessation node of demand (p ⊆E), at the same time as the network is a set of 

contiguous slice (s) shared headed for the light path (c ⊆S). Reminder so as to channel c be supposed to 

be broad sufficient to take the (Bit-Rate) of Claim ‘D’, condition it is should mollify this response. 

Channel (C) is equal for every connection belonging to the direction-finding path so as be called the 

spectrum connection (S.C) constraint. It is considered with the intention of sets of permissible light 

paths L(d) for every request are given, therefore the dilemma making easy to choose one of individuals 

light paths for every demand in such a method that there are no two demands so as to utilize the similar 

slice on the similar connection. Suppose L be the set of every permissible light paths, i.e., L =S d ∈DL(d). 

Every light-path l ∈ L(d) will be allocated a Binary Variable x d l, d ∈ D, l∈ L(d), where x dl = one specifies 

so as to light path l is in fact used to understand the traffic (Bit-Rate) of demand ‘D’. In addition, a Binary 

Flexible x e s, e ∈E, ’S’∈ ‘S’, Shows if there is an old assigned on slice s of link e.  

Finally, the make use of slice ‘S’ in the network is showed via a binary variable x s, S∈S. ‘MIP’ formulation 

is the next: [125]  

    Minimize                        z = ∑ 𝑥𝑠𝑠∈𝑆  

[λ d ]∑ 𝑥𝑑𝑙𝑙∈𝐿(𝑑  = 1(one)               (d €D) 

[π e s ≥ 0]∑𝑑€𝐷  ∑ 𝑋𝑑𝑙𝑙€𝑄(𝑑,𝑒,𝑠)              (e ∈E, s ∈S) 

                      𝑋𝑒𝑠≤𝑋𝑠x s                                 (e ∈E, s ∈S) 

Where, Q (d, e, s) is the set of Light-Path so f demand (D) routed via connection (e) plus slice ‘S’. 

Optimization goal (1a) decreases the quantity of old slice ‘S’ within the network, which is got via totaling 

up variables xs. Constraint (1b) makes sure so as to each demand could use only single light path as of a 



set of permissible light paths. Restraint (1c) makes sure so as to here is no impacts of the shared assets, 

i.e., Here is no two light paths within the system so as to use the similar slices on the similar connection. 

Lastly, constraint (1d) explains variables ‘xs’ so as to point out whether slices are used on some 

connection. Next, Linear-Programming (L.P) reduction of (1) is known as the big dilemma plus the 

variables in Brackets, i. e, λd along with πes, are its double changeable. 

5.3 Optimization Algorithm  

In this part, optimization algorithm intended for solving dilemma has been made (1). The algorithm is 

depends on a (B.P) structure [104], which is a mixture of Branch as well as Bound (B.B) plus Column 

making (C.G) technique [105]. In a ‘B.B’ method, a tree of rectilinear subordinate dilemma, known as 

limited (‘RMP’s), connected toward the (M.P) is produced via a splitting procedure. In exacting, at every 

‘B.B’ node a sub-set of variables is enclosed by resources of additional restraints. Intended for a 

reducing the  Problems (such as problem ‘1’), the answer of every (RMP) give a Lower Bound (L.B) so as 

to is used also to throw away certain ‘B.B’ nodes as of the look  for an most favorable resolution or to 

set an upper bound (U.B), when this solution is also practicable for (MIP). The (B.B) look for is ended 

when here is no nodes absent for processing. At the present, in B.P every ‘RMP’ is solved by means of a 

‘CG; process. That is,’ B.P’ is started through an inadequate set of problem variables (columns) as well as 

at every Node of the ‘‘B.B’’ look for tree, extra variables are produced plus get-together into ‘RMP’.  

As in huge harms maximum columns are inappropriate intended for the difficult “their matching 

variables equivalent nothing in any most favorable solution”, consequently, the dispensation difficulty 

can be reduced by not including these columns as of the formulation.  Reminder so as to an 

unchangeable (perhaps total) set of columns is present into every (RMP) in a standard ‘B.B’ technique. 

Lastly, to add up the efficiency of the ‘B.B’ look for in B.P, implemented extra methods so as to aspire at 

to make better lower &upper limits. The particulars of the algorithm execution are offered in the next 

sub-sections. Because of space confines, it has been limited the formal explanation to the essential least 

amount. 

5.3.1 Branch and Price  

Let us allow z l b and z u b represent, correspondingly, a lesser plus an Upper-Bound (U.B) on the 

optimize solution so as to be predictable on a given ‘B.B’ node. Let z L B be present the lowest lesser 



bound in the midst of each and every one node so as to be left for processing as well as z U B be the 

most excellent U.B establish.  

The Master-Node of the ‘‘B.B’’ hierarchy is started through z l b: = z L B: = 0 plus z u b: = z U B: = ∞. On 

each ‘B.B’ node, the subsequent proceedings are taken: 

 1) Condition z U B ≤ z l b after that throw away the node as of the hunt. 

 2) Discover fresh value of z u b by means of a heuristic (observe Sec. 3). 

3) Condition z u b< z U B after that set Z u b: = z u b. Condition z U B≤ z l b afterward throws away the 

Node. ‘Three’ solve calm problems (see Section. ‘3.2’). Condition the resolution is larger than ‘z l b’ after 

that update ‘z l b’. Condition is that if z U B ≤ z l b after that throws away the node. 

 4) Start with ‘RMP’ as well as solve it by means of (C.G) “see Section. 3. 1. 1”. Condition is that, if the 

resolution of (RMP) is integral after that bring up to date ‘z U B’ plus throw away the node. Or else, act 

upon separating on chosen Variables (see Section. 3.1.).  Later than either removal or implementation 

the node dispensation, a coming Node to be processed is chosen (Randomly) in the midst of the Nodes 

intended for which z l b = z L B (1st cond.) as well as z u b is least (2nd Cond.).  

1) Column Generation in Addition to Cuts: The (RMP) is begun in the organization of an arrangement of 

admissible Light Paths (LP) in order to both parallel to the heuristic arrangement (the Master-Node) and 

have been produced at the parent hub (in whatever remains of hubs). From that point forward, this set 

is reached out with new Light-Paths. A key part of (CG) is to define and take care of an evaluating issue, 

which concerns discover such another segment in order to, at what time included into (RMP), convey to 

the updating of the impartial function value. Meant for invention (one), the assessing dilemma 

decreases to the seek out intended for Light-Path l = (p, c) for which its decreased price, intended as λ d 

(l) –P e ∈ p Ps ∈ c π e s, wherever d (l) is the insist realized via l, is encouraging. 

 At every single repetition of ‘C.G’, for every demand, it included into set ‘LP’ a Light-Path by means of 

the main optimistic decreased cost, if such light path presents. For more explanation, pass on to [106]. 

As explained in part 3.1.2, chosen light paths in L could not be allowed in several ‘B.B’ nodes as well as 

thus their matching variables x d l are set to zero in the (RMP). At rest, these Variables might be 

redeveloped via (CG). To ease this dilemma, considered so as to a (big) set of applicant s is given, only 

Light-Paths as of this set are worked out by (CG), as well as a  be able to be included into L only if it is 

allowable. Remember so as to z is integer in  



(1) As well as, as a result, z ≥ z l b holds.  

As z denote the integer of used slice s within the system plus optimized the breadth of used spectrum, 

so, at smallest amount z l b one after the other indexed variables x s be supposed to be equivalent to 1 

and the (RMP) be able to improve with the next applicable equivalences (cuts): x s = 1 for s ∈1, 2,...,z l b

 .  

2) Branching: In the expanding step, 2 tyke hubs (indicated as Ω0 and Ω1) of the at present handled 

(parent) hub are made. The segments produced at the parent hub are passed to the tyke hubs. 

Moreover, the estimations of z l b in addition to z u b of the infant hubs are begun with the significant 

estimations of the parent hub. At that point, a subset of light ways (alluded to as restricted) is picked 

and also compelled to be either utilized or not admissible, correspondingly, in Ω1 and Ω0 in addition to 

in their child hubs. It's been allowed those two sorts of expanding, specifically, for a picked request it's 

been oblige/disallow either an) a steering way or b) a light way that it potentially will utilize. 

It’s been applied the first branching regulation awaiting every single one demands have allocate their 

routes and after that it’s been used the second regulation. In the direction of choose a branching 

demand/pathway/light path, It’s been looked for the major fractional flow so as to is passed via such a 

connection which has the maximum digit of together shared and under-utilized slice ‘s’ in the present 

most favorable result to ‘RMP’. 

5.3.2 Lower bounds 

LBs of high-brilliance have the capacity to be accomplished by means of loosening up the SC 

requirement in addition to through settling the subsequent 'MIP' issue, which be able to be formulated 

the same as 𝑧𝑙𝑏= min { y:∑ 𝑥𝑑𝑝𝑝∈𝑃𝑑 =1, d∈ D and ∑ 𝑥𝑑𝑝𝑑∈𝐷,𝑝∈𝑃𝑑:𝑝3𝑒 𝑛𝑑≤ y,e∈𝐸}. As of now, Pd speaks to 

the arrangement of admissible goal discovering way (steering ways) for request d, x_ d p is a parallel 

Variables that shows if way p is utilized to comprehend request d, y is a whole number variables that 

means the quantity of cuts fundamental in the most used association, and in addition n_ d signifies the 

quantity of cuts asked for by request d. In a 'B.B' hub, those heading discovering ways (directing) factors 

d_ d p that relate to confined s are excessively limited in the casual issue. 

5.3.3 Upper bounds 



In each 'B.B' hub, an eager 'RSA' calculation has been run in order to forms requests exclusively, as per a 

given interest mastermind, in addition to relegate them with the most minimal likely cut list (essential 

objective) in addition to on the briefest steering way (less imperative target). In an alike strategy as in 

[99], the interest arrange is being upgraded by applying a reproduced strengthening (SA) calculation, 

Once more, the heuristic considers the confinements constrained on heading discovering ways in 

addition to light ways in 'B.B' hubs. The accomplished arrangements give UBs lying on the arrangement 

of issue (1). 

 

Figure-5.1: DT 12 system [modified from 125] 

 

 

Figure-5.2: A histogram of calculation times (t) meant for the difficult cases that are resolved in the 

Master-Node of B. [125] 

5.4 Mathematical Results       



In this portion, B.P process has been evaluated. The assessment is achieved for a broad (German) 

system of twelfth Nodes plus twenty connections, represented as DT twelfth plus exposed in Figure-1. 

It’s been considered the flex grid of (12.5) GHz. granularity in addition to the spectral competence of 

two bit/s/Hz. It’s been assumed symmetric anxieties with at random produced end nodes as well as 

uniformly shared Bit-Rate requests b/w ten and four handed G bit/s. The digit of requests is |D|∈ {10, 

20, ... , 60} in addition to expected for each (|D|), assessed ten request sets, i.e., sixty traffic examples in 

entirety. The quantity of hopeful directing ways is |Pd| = ten and the arrangement of applicant light 

ways comprises of all conceivable light ways built up on these ways and apportioning any, proper for 

given interest, section of range on the flex grid. Since a reference calculation it's been utilizes (MIP) 

solve CPLEX v.12.5.1 (signified as 'B.B'), which is controlled by methods for its default settings (every last 

one kinds of cuts in addition to heuristics empowered) and additionally in a parallel mode (eight strings). 

CPLEX is excessively utilized in B.P, on the grounds that a LP solver in the section age stage and as a 'MIP' 

solver in the chase for bring down limits (see Section. 3.2). The staying of occasions of B.P, for example, 

handling of 'B.B' hubs in addition to heuristics, is kept running in a consecutive strategy (1 string). The 

calculations are actualized in C++. Scientific trials have been achieved on a 2.7 GHz i7-class machine by 

methods for eight GB RAM. Put a three-hour run-time limit for the two calculations. Our most 

imperative fixate is on preparing times of calculations (‘T’). And also, it’s been accounted for most 

phenomenal arrangements build up (z U B), bring down limits (z U B), the quantity of produced hubs in 

B.P, and also the situation of arrangements (either most positive or practicable). Implied for thirty-eight 

traffic occasions (out of sixty), the B.P calculation was cunning to find the most positive arrangement in 

the ace hub of its 'B.B' diagram, in times between 0.2 in addition to ten seconds. In these circumstances, 

UB arrangements accomplish with the investigative had indistinguishable qualities from the LBs 

delivered by taking care of the casual issue. 'B.B' constantly important extra interval (up to more than 

2.5 k sec.) to take care of the issue, a thorough histogram of T is appeared in Figure-2. Implied aimed at 

the staying of traffic occurrences, B.P achieved the hunt for most favorable way out inside its ‘B.B’ 

diagram. With the major alteration of above three orders of magnitude, now in fourteen cases (out of 

twenty-two) the dispensation times were smaller than of the ‘B.B’ algorithm. The dissimilarity was under 

1 order of scale for examples solved within the three-hour limit, but in the remaining eight cases, ‘B.B’ 

was faster than B.P 

The whole results are shown in Table-II 



TABLE 5.3: Results for cases not solved in the Master Node of B.P (smaller times marked in Valiant) 

[modified from 125] 

 

5.5 Chapter comments 

Branch & Price based optimization system has been developed to find out the direction-finding way and 

spectrum allocation dilemma in elastic optical networks. This algorithm is able to determine most 

favorable ‘RSA’ elucidations in less time than a profitable ‘MIP’ solver for almost 90% of evaluated traffic 

instances. The enactment of B.P can be auxiliary enhanced by fulfilling equivalent dispensation of its 

‘B.B’ nodes plus its heuristics. Work in the future apprehensions suitable lean-tos to our B.P algorithm, 

for example enhanced branch off approaches, with the goal to do resourcefully for bigger linkage plus 

traffic illustrations as well as to description for such features as distance-adaptive communication. 

   

 



CHAPTER 6 

NLI Aware Resource Assignment within EONs  

Within this work, it’s been proposed a formulation for impairment aware nonlinear direction-finding and 

assignment of spectrum in (OOFDM) based networks. The results of this work indicate that the 

bandwidth is reduced by 23 % as compared to traditional transmission reach method. 

6.1 Introduction 

The heterogeneous traffic in future elastic optical communication networks (EOCNs) can be carried by 

using OOFDM. OOFDM be able to capably allocate bandwidth in ‘optical-fibers’. Particularly, the 

subcarriers in OOFDM have better bandwidth utilization than the traditional wavelength division 

multiplexing (WDM) used for optical networks. There are several modulation techniques which can be 

used for the modulation of OOFDM subcarriers where each technique can provide a certain number of 

subcarriers required for a specific service [107]. The physical impairments exist both in WDM and 

OOFDM based optical networks. Whereas the traditional impairment aware and assignment of 

wavelength strategies in EOCNs are based on reach limit of the transmission [108, 111]. The reach based 

method also considers adding up a guard band between the subcarriers to avoid the interference 

between the neighboring subcarriers. However, such type of technique not successful to regard as the 

vibrant nature of the network and guard band can underestimate or overestimate the impairments in 

the connection. Therefore, sophisticated techniques were used in [112, 113] to account for nonlinear 

interference in WDM networks and EOCNs. Furthermore, to investigate the loading of the traffic data in 

EOCNs the authors in [114] have proposed a sequential data loading technique. Within this work, they 

propose a logical representation which utilizes nonlinear impairments to solve the problem of spectrum 

allocation and routing in transparent EOCNS. 

6.2 Model and Problem Statement 

(SNR) used for link has been used for path 𝑟𝑖 is S N 𝑅𝑖 = G/(GASE +GNLI) and the physical layer model in 

[115], where signal ‘PSD’ is the G as well as GASE plus GNLI be able to be defined later than that.  

The ‘PSD’ of the ‘ASE’ noise is: 

 𝐺𝐴𝑆𝐸 =∑  𝑁𝑙𝐺0𝐴𝑆𝐸𝑙∈𝑟𝑖 , where 𝐺0𝐴𝑆𝐸 = (𝑒𝛼𝐿−1) F h ν, 



    𝑵𝒍: Numeral of ‘spans’ on connection ‘l’, 

 L: Measurement lengthwise of every ‘span’, 

   α:  Attenuation of the power, 

   F:  Factor of the spontaneous emission,  

 h: Planck’s constant, plus   

 ν: Frequency of the light. 

        Noise power spectral density as of NLI:   

     𝐺𝑁𝐿𝐼 =∑ 𝑁𝑙𝑙∈𝑟𝑖 𝐺𝑙∈𝑟𝑖 
𝑙   

Where within a one span on link, the power spectral density of the non-linear impairments noise is: 

         𝐺𝑁𝐿𝐼
𝑙 =µasinh (ρ𝐵𝑖

2) + ∑ 𝑙𝑛𝑗 [(∆𝑓𝑖𝑗 + 𝐵𝑗 /2)/ (∆𝑓𝑖𝑗−𝐵𝑗/2)]. 

Within this expression,  µ = (3γ2𝐺3) / (2πα|𝛽2|);           ρ = (π2|𝛽2|)/ (2α) 

                               j: Using ‘I’ connection, J is a different link,   

                 𝑩𝒊 & 𝑩𝒋 are band-widths intended for connections i and j correspondingly, 

                             ∆𝒇𝒊𝒋: Between links i plus j, ∆f is the spacing of the middle frequency, 

                               γ: Coefficient of the fiber nonlinearity, plus 

                     𝜷𝟐: Dispersion of the fiber  

By means of reverse directions there are 2 fibers in every connection ‘I’ within network. Every ‘C’ 

Gigahertz on each fiber here are ‘S’ sub-carriers, nearby is set-up of ‘M’ modulation. The whole to whole 

symmetric two direction link “ask for” matrix is prearranged (An asymmetric-extension case be able to be 

achieved through dealing every 2 of a kind link like two links). In the course of bit rate necessity Λ𝑖 

intended for connection ‘I’, 𝑇𝑖𝑘 has been calculated like numeral sub-carriers essential through link ‘I’ at 

the time allocated ‘k’ format of the modulation. For the bidirectional similar path plus sub-carriers could 

be used. In order to please their ‘bit-rate’ essentials plus the related signal to noise ratio essentials with 

choose modulation format, path; format of the modulation, as well as a adjacent sub-carrier band is 



required for assignment to every link. To reduce utmost band-width is the main goal, for example, on any 

connection allocated for set of links the utmost sub-carrier directory. 

6.3 Bench-mark plus proposed Algorithm  

 6.3.1 Integer-Linear-Programming Formulation  

To reduce utmost band-width used in the whole network, a novel ILP has been proposed. Subsequent 

input parameters which take by the integer linear program: 

  𝑍𝑙,𝑛 ∈ B = {0, 1}, with 𝑍𝑙,𝑛= 1  for link ‘l’, if an end node is node ‘n’ 

              𝑣𝑖,𝑛 ∈ B, with  𝑣𝑖,𝑛 = 1   for link ‘I’, if source/destination is node ‘n’  

   Λ𝑖 Plus  𝑇𝑖𝑘    like mentioned before, 

  𝑆𝑁𝑅𝑘, For modulation format ‘k’, the essential signal to noise ratio threshold 

                                                𝐽𝑖,𝑘,ℎ = µ ln [(0.5h+𝑇𝑖𝑘/2)/ (0.5h−𝑇𝑖𝑘/2)],  

Through link ‘I’ to a different link while ‘I’ is allocated format of the modulation ‘k’ as well as the spacing 

in middle frequency they have, by the small non-linear result happened: 

 h C / 2; 𝐻𝑖,𝑘  = µ asinh(ρ(C𝑇𝑖,𝑘)2),  

While the format ‘k’ which is allocated, the partial non-linear result of link I and a big-number, ‘θ’. 

Given below ‘variables’ contains by the Integer Linear Programming: 

  𝐵𝑖  ∈ N,  number of assigned sub-carriers to link ‘I’,  

                𝑓𝑖 ∈ N,   index of the lowest sub-carrier (opening sub-carrier directory) assigned to link ‘I’, 

  F ∈ N,   on whichever connection, utmost assigned sub-carrier directory 

                 𝑃𝑖𝑙∈ B,  if link ‘l’ is on the path allocated to link ‘I’, this will be ‘1’,  

  𝑞𝑖𝑛 ∈ B,  to link ‘I’ if node ‘n’ is on the path allocated, this will be ‘1’, 

  𝑚𝑖𝑘 ∈ B,  if link ‘I’ is allocated format ‘k’ modulation, this will be ‘1’, 



 
                  𝑦𝑖𝑗 ∈ B,  if links ‘I’ plus ‘j’ contain at least 1 share connection, this will be ‘1’, 

   𝑢𝑖𝑗  ∈ B,  if 𝑦𝑖𝑗  = 1 plus 𝑓𝑖+𝐵𝑖≤𝑓𝑗, will be ‘1’,  

     𝑤𝑖𝑗𝑙∈ R, as of link ‘j’ on connection ‘l’, non-linear outcome to link ‘I’; plus 

     𝑡𝑖𝑙∈ R,  on connection ‘l’, the value of 𝐺𝑁𝐿𝐼
𝑙  of connection ‘I'  

     ∆𝑖𝑗𝑘ℎ∈ B,    between links ‘I’ plus ‘j’, if the spacing in middle-frequency is hC/2 plus ‘j’ is         

allocated format ‘k’ modulation, this will be ‘1’, 

This notation now allows us to formulate the following optimization problem: 

Minimize    ξ 

(a)  ∑ 𝑚𝑖𝑘𝑘  =1                                                  (b)
 𝐵𝑖

= ∑ 𝑇𝑖𝑘𝑘
 𝑚𝑖𝑘

                  (c) ∑ 𝑃𝑖𝑙𝑙 𝑍𝑙,𝑛
=2𝑞𝑖𝑛

-𝑣𝑖𝑛
 

(d) 𝑃𝑖𝑙+𝑃𝑗𝑙≤1+𝑦𝑖,𝑗,         j=I                               (e) ξ ≥𝑓𝑖+𝐵𝑗-1                             (f) ∑  ∆𝑖𝑗𝑘ℎℎ =𝑚𝑗𝑘                          j≠i 

(g)𝑓𝑗+𝐵𝑖-𝑓𝑗≤ θ(1 −𝑢𝑖𝑗                                        (h) 𝑓𝑗+𝐵𝑗-𝑓𝑖≤ θ(1 −𝑦𝑖𝑗+𝑢𝑖𝑗               j≠I  

(i) ∑ ℎ𝑘,ℎ ∆𝑖𝑗𝑘ℎ ≤ θ (1 −𝑢𝑖𝑗) + 2 (𝑓𝑗  -1) +𝐵𝑗 - 2 (𝑓𝑗  -1) - 𝐵𝑖         j≠I 

(j) ∑ ℎ𝑘,ℎ ∆𝑖𝑗𝑘ℎ ≤ θ (1 −𝑦𝑖𝑗  + 𝑢𝑖𝑗) + 2 (𝑓𝑖 -1) +𝐵𝑖 - 2 (𝑓𝑗  -1) - 𝐵𝑗                         j≠I 

(k) 𝑤𝑖𝑗𝑙≥ θ (𝑝𝑗𝑙 -1) + ∑ ∆𝑖𝑗𝑘ℎ𝑘,ℎ  𝐽𝑖𝑗𝑘ℎ          j≠I            (l) 𝑡𝑖𝑙
 ≥ θ (𝑝𝑖𝑙 -1) ∑ 𝑚𝑖𝑘𝑘 𝐻𝑖,𝑘 +  ∑ 𝑤𝑖𝑗𝑙𝑗      j≠I   

(m) G ∑ 𝑚𝑖𝑘𝑘  (1 𝑆𝑁𝑅𝑘⁄ ) ≥  𝐺𝐴𝑆𝐸
0

∑ 𝑝𝑖𝑙 𝑙 𝑁𝑙 ∑  𝑡𝑖𝑙𝑙  ,  

Constraint is here   

(a) Assignment of the modulation-format should be made sure,  

(b) Make sure sub-carrier assignment,  

(c) Make sure without- loop direction finding path (routing),  

(d) Make sure 𝑦𝑖𝑗= 1 if links ‘I’ plus ‘j’ contain at least 1 share connection, 

 (e) The goal value ‘ξ’ into link band-widths is related, 



 (g) Plus (h) making sure non-overlapping spectrum assignment intended for links ‘I’ plus ‘j’ if    𝑦𝑖,𝑗 = 1; 

(f), (i), as well as (j) look upon the spacing in mid frequency between links ‘I’ and ‘j’; plus (k)–(m) making 

sure so as to the SNR essentials of every link is satisfied. 

6.3.2 Future “Heuristics”  

The integer linear program (ILP) optimizes direction finding path (routing) as well as resource allocation 

intended for all links at the same time. Due to lots of numeral-constraints, complication scales badly by 

means of the volume of the networks plus numeral of links. Into deal with it, 2 ‘heuristics’ has been 

proposed: (GL) plus (CL). Within case of these 2 heuristics, by reducing arrange of their ‘bit-rate’ 

necessitiesΛ𝑖 , links are 1st organized. The links are more grouped of size η ≥1 in consecutive non-

overlapping groups in “group list”. After that, integer linear program as of part “3.1” is known as 

consecutively for every “group” of η links, secretarial for the formerly assigned links. To protect against 

‘interference’ as of E ≥1 “prospect-calls”, ‘adaptive’ signal to noise ratio edge has been included, within 

group list, through summing up ∑ ∑ 𝑚𝑖𝑘𝑋𝑖𝑒𝑘𝑘
𝑖+𝐸
𝑒=𝑖+1  into ‘constraint’ (l), with this 𝑋𝑖𝑒𝑘= µ 

ln[1+𝑇𝑒1/(𝑇𝑖𝑘/2)] will be the ‘interference’ as of link e >’I’ to link ‘I’, while ‘make-use’ of the formats of 

the modulation ’k’ as well as ‘1' by them, correspondingly. “E” will be amplified, if assignment of ‘η’ links 

is non-viable. Group list permits performance plus “trade-off” difficulty, via choosing of η. At a time the 

connection list “heuristic” assumes 1 link plus by means of an adaptive margin for future calls, adding up 

the use of a Dijkstra lowly “cost-algorithm”. Within Fig: ‘1’ algorithm is concluded. 

6.3.3 Bench-marks 

Since mentioned in [110], benchmark plus integer linear program, as they are ‘transmission-reach-limits’ 

based. The reach by means of format ‘k’ modulation is computed like b G/ (𝑆𝑁𝑅𝑘 𝐺𝐴𝑆𝐸
0 ) connections, in 

order to ‘account’ for unlike levels of ‘power’  to keep away from the meddling ‘between’ links as well as 

a guard-band of ‘g’ sub-carriers is used, as a replacement  of guessing the actual non linear impairments.  

6.4 Numerical outcome  

The 2 network topologies outcome has been presented [110, Fig. 5]: a bigger “Deutsche-Telekom” 

‘fourteen-node’ network plus the tiny ‘six-node’ network (with average 455.56 km link-length.   

Set parameters to “α = 0.22 dB/km”, “γ = 1.32” 

Initialize:   margin window E = 0;    



   Set  𝑝𝑖𝑙  = 0 ∀I, l;   

   Set ending subcarrier index of connection i as φ𝑖  = +∞, ∀𝑖  

(A) For connection ‘I’ = 1 to I (sorted order) 

// allocate modulation format′𝑘𝑖′, starting subcarrier index ‘𝑓𝑖’ and the route′𝑟𝑖′:  

for each modulation format 1≤ k’≤ M, and each starting subcarrier index 1≤ f’≤ S  

for each link l, assign cost ‘𝑐𝑙’: 

 +∞, if any sub-carrier on ‘l’ from f’ to f’ + 𝑇𝑖𝑘′ −1 is unavailable 

𝑐𝑙= { 

 𝑁𝑙 𝐺𝐴𝑆𝐸
0   +µasinh(ρ 𝑇𝑖𝑘′

2 )+µ ∑ 𝑝𝑗𝑙
𝑖−1
𝑗=1  ln 

∆fij+
   Bj

2⁄

∆fij−
   Bj

2⁄
   ∑ 𝑋𝑖𝑒𝑘

𝑖+𝐸
𝑒=𝑖+1        or else 

end for  

if the Dijkstra path ‘P’ from source to destination of connection ‘I’ has cost ∑ 𝑐𝑙𝑙∊𝑝   ≤G/𝑆𝑁𝑅𝑘′ and 𝑇𝑖𝑘′ + f’ 

−1 < φ𝑖 then 

Update 𝑘𝑖 ←k’, 𝑓𝑖 ← f’, φ𝑖 ← 𝑇𝑖𝑘′ + f’−1, and 𝑟𝑖 ←P 

end if 

end for  

Update 𝑝𝑖𝑙   = 1 for links l∈𝑟𝑖 , and set the states of the subcarriers from 𝑓𝑖 to φ𝑖 on these links as 

unavailable 

End for 

If any connection does not meet the BER requirement then E = E+1; goto (A) 

Figure 6.1: With a edge for ‘E’ prospect calls assigning 1 connection at a time in connection list 

“algorithm”. 
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“(W km) −1”, “β2= −21.7 𝑝𝑠2/km”, “F = 1.8”, “ν = 193 THz”, “L = 100 km”, plus “C = 6.25 Gigahertz” every 

link’s bit error rate (BER) essentials is “10−3”. 

 Binary-Phase-Shift-Keying, Quadrature-Phase-Shift-Keying, 8-QAM, as well as 16-QAM, M = 4 modulation 

formats have been used for the sub-carriers. At the time Binary-Phase-Shift-Keying is allocated every link 

needs a “bit-rate” that is regularly distributed as of ‘1’ to ‘30’ sub-carriers. Given away in Figure ‘2’, 

averaged over ‘10’ link request matrices, the resultant band-widths because a role of the Power-Spectral-

Density. “Figure-2(a)” shows so as to the bench-mark not successful to high Power-Spectral-Density for 

the tiny-network, at the same time as the integer linear program (ILP) gives viable solution for every PSD 

value. In addition, for the scenes in which bench-mark is viable, the integer linear program proceeds to 

up ‘18’ percent bandwidth decrease. The connection list plus group list “heuristics” are viable into every 

one of PSD values furthermore proceeds to a like bandwidth use. In figure 2(b), for the huge D-T network 

the integer linear program was excessively composite, so merely the connection list  heuristic have been 

assumed, plus match up to ‘with’ bench-mark ‘heuristic’ as of [110]. Bench-mark ‘heuristics’ are once 

more merely viable intended for lesser Power-Spectral-Density. By larger values of Power-Spectral-

Density, rendering the ‘optimization’ not viable, the guard-band within bench-mark ‘heuristics’ is not 

enough to account intended for the non linear impairments. Within difference, connection list is viable 

intended for every Power-Spectral-Density ‘values’ plus provide the minimum band-width use, by means 

of up to 23% band-width decrease compared to the Bench-mark.  

     30                          Benchmark-ILP=2                                      200                             Benchmark-heuristic-g=2 

       CL Benchmark-heuristic-g=1 

     25                          Benchmark-ILP=1 150 CL 

                      GL 

      20                   ILP 100 

         

      15 50 

        0.5    1      1.5   2     2.5    3      3.5    4      4.5   5                      0            1             2             3             4            5 

     Power spectral density in 0.01Watt/Terahertz               Power spectral density in 0.01Watt/Terahertz                



  (a) Six-node network outcomes[126]                                                           (b) D-T network outcome [126] 

Figure6..2: Band-width (no. of sub-carriers) versus Power Spectral Density for 2 ‘networks’ by way of the 

planned Integer Linear Programming scheme and two ‘heuristics’ (Connection-List plus Group-List). 

Leading toward early extinction of the related ‘curves’, on higher power spectral density the bench-mark 

‘algorithms’ are not able to give ‘solutions’    

6.5 Chapter Summary  

As a result of including a realistic non linear impairment (NLI) model, novel direction finding path 

(routing) as well as spectrum assignment algorithms were obtain for EONs based on an integer linear 

program ‘optimization’ ‘formulation’. Demonstrate by ‘Simulations’ so as to the proposed algorithms 

assure a viable solution as well as in comparison with ‘state-of-the-art’ techniques save up to ‘23’ percent 

in band-width, which are transmission-reach based.  

 

 

 

 

 

 

 

 

 

 

 



Chapter 7 

Conclusion 

To the optical transport scene, EONs come into sight as a shows potential ‘short’ to ‘mid-term’ solution. 

Through breaking the ‘fixed-grid-spectrum’ assignment bound of conventional wave-length division 

multiplexing networks, in the link ‘provisioning’ EONs boost the elasticity. For doing so, depends on the 

‘traffic’ size, a suitable sized optical spectrum is assigned to links in stretchy optical set-up. In addition, 

un-like the inflexible ‘optical-channels’ of conventional WDM networks, a light-path are able to get 

bigger or agreement elastically to meet dissimilar band-width ‘demands’ in elastic optical network. In a 

spectrum competent way, incoming link ‘requests’ be able to be served in such a manner.    

Chapter-3 focuses on the problem of direction-finding path (Routing) as well as spectrum assignment 

within all optical transport networks has been addressed in this chapter. In broad-spectrum, a solution 

to this problem shows a direction-finding path (route) as well as assigned spectrum resource meant for 

inward link up wishes since to optimize sure ‘performance-metric’ (for example; system jamming 

chances). 

 Into begin by; the Routing and Wavelength Assignment difficulty studied. This dilemma can be grouped 

in static, incremental and dynamic, 3 operational schemes. The whole set of link wishes among nodes 

pairs are identified earlier within static-situation. Answers to the problems plan to reduce ‘system-

resources’ (numeral of wave-lengths otherwise the numeral of fibers within system) to a prearranged 

set of links-serving in a worldwide mode. On the other hand, setting up as a lot of as probable of the 

given links desires within known layout of the network with the unchanging numeral wave-lengths for 

each fiber is the extra kind of static Routing and Wavelength Assignment difficulty. Link up desires reach 

your destination in sequence within ‘incremental’ traffic flow scenario. The light path is made up per 

each link up ask for, plus this leftovers within set of connections for ever. Once more the aim is to make 

the most of the number of serviced links within system. The light-path as well set-up for every link asks 

for since it comes within dynamic situation. Though, every light-path becomes free following a little 

quantity of ‘time’ (hold-time of the link). Decreasing the quantity of link jamming, else so as to increase 

the numeral of links so as to make within the system at whichever ‘time’ is the core aim of this scenario. 

Additional stress took place resting on this, within lively-operational situation the core center of this 

thesis. 2 achievable methods meant to find answers for dynamic Routing and Wavelength Allocation 

difficulty have been presented, so as to be to say the precise solution by means of ILP formations plus 



expected answers to the problem using “heuristic-algorithms”.  Integer Linear Programming formulation 

approaches to an accurate answers of the difficulty. Though, the method is extremely difficult plus 

lengthy time-wise. On the other hand, this is likely to smash the Routing and Wavelength Allocation 

difficulty into 2 associate difficulties,  

i) Destination finding paths  

 ii) Wave-length allocation, plus give answers to the problems unconnectedly. 

A tough tool meant to give answer to every associate difficulty in simple as well as quick method given 

by heuristic-algorithms. A heuristic is a method intended for solving a problem extra speedily when 

typical techniques are excessively slow, or to find out an estimated solution when typical techniques be 

unsuccessful to determine any precise answers to the problems. Through ‘trade-optimality’ it is 

obtained, wholeness, correctness, or exactness for pace. Within this background, few well-known 

direction-finding paths (Routing) as well as wavelength assignments algorithms have been studied. 

Through rising the Elastic Optical Network technology a number of technical as well as operational calls 

to prove or justify, more importantly proficient ‘resource-assignment’ for link has been pose on the 

optical-network height. Alike to Wavelength Division Multiplexing networks, so as to be ensured the 

“spectrum-continuity” constraint, a flexible optical links have to live in the similar spectrum part 

between its end-nodes. Adding up, in addition referred as the spectrum-contiguity constraint, the whole 

links bandwidth has to be closely assigned. Some amount of difficulty to the conventional Routing and 

Wavelength Allocation difficulty added by the fresh restraint. As a result, the existing direction-finding 

plus ‘wave-length’ allocation ‘proposals’ meant for Wavelength Division Multiplexing ‘networks’ are not 

present in a straight line applicable in elastic optical networks. A fresh direction finding path (routing) as 

well as resource assignment technique have to be developed, that is to say direction finding path 

(routing) plus spectrum assignment. In brightness of this, development of Routing and Wavelength 

Allocation dilemma in the direction of RSA has been studied. In this means, the idea of FS as a tough as 

well as cooperative tool meant to translate RWA solutions for elastic optical networks presented. In 

brightness of this, an Integer Linear Programming formulation of Routing Spectrum Assignment difficulty 

plus a number of well-known heuristic solutions has been studied. 

Chapter-4 focuses on the overcrowding attentive direction-finding has been studied in non-linear EONs 

as well as found with good results for the reference NSFNET topology. To achieve the NBP follows a 

generalized tremendous value sharing been observed, permitting outstanding ‘estimates’ of the ‘load’ 



meant to a prearranged ‘NBP’. At what time ‘NSFNET’ is loaded in sequence with ‘100’ G b E demands 

the prospect ‘algorithm’ with a ‘6.25’ Gigahertz flex-grid, permit the network to hold up ‘1744’ demands 

in comparison with ‘328’ ‘demands’ by means of a fixed ‘50’ Gigahertz grid with the most short path 

direction-finding for ‘NBP’ ‘1’ percent. The overcrowding attentive direction-finding ‘algorithms’ 

evaluated resulted in longer average routes, with ‘5’ percent of each and every one paths ‘exceeding’ 

the utmost short in all path in sort to enlarge in general network ‘capacity’.  

Chapter-5 focuses on the branch & Price based optimization system has been developed to find out the 

direction-finding way and spectrum allocation dilemma in elastic optical networks. This algorithm is able 

to determine most favorable ‘RSA’ elucidations in less time than a profitable ‘MIP’ solver for almost 90% 

of evaluated traffic instances. The enactment of B.P can be auxiliary enhanced by fulfilling equivalent 

dispensation of its ‘B.B’ nodes plus its heuristics. Work in the future apprehensions suitable lean-tos to 

our B.P algorithm, for example enhanced branch off approaches, with the goal to do resourcefully for 

bigger linkage plus traffic illustrations as well as to description for such features as distance-adaptive 

communication. 

In Chapter-6, As a result of including a realistic non linear impairment (NLI) model, novel direction finding 

path (routing) as well as spectrum assignment algorithms were obtain for EONs based on an integer 

linear program ‘optimization’ ‘formulation’. Demonstrate by ‘Simulations’ so as to the proposed 

algorithms assure a viable solution as well as in comparison with ‘state-of-the-art’ techniques save up to 

‘23’ percent in band-width, which are transmission-reach based. 
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