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Abstract

In the context of evolving optical communication networks, en-
suring security and cost-effectiveness while maintaining high
performance and energy efficiency is of critical importance. This
paper proposes an optimization framework for multi-band elastic
optical networks (MB-EONSs) that integrates resilience, security
levels, and energy efficiency for each traffic demand by avoid-
ing vulnerable nodes and links susceptible to cyberattacks and
failures. Focusing on the Routing, Modulation, Spectrum, and
Band Assignment, key issues for the operation of MB-EONSs, we
initially develop two ILP models: one based on a cut formula-
tion and the other on an extended formulation. Due to the high
number of variables in the extended model, we employ a column
generation algorithm to solve its linear relaxation. Based on these
results, we design two exact algorithms based on Branch-and-Cut
and Branch-and-Price algorithms. Numerical experiments across
diverse instances, examining their behavior, and complemented
by a comparative study identifying the most effective algorithm
for solving the problem.
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1 Introduction

The exponential growth of global data traffic, driven by the exten-
sive use of mobile devices, digital services, and the deployment
of advanced wireless technologies such as 5G and the upcoming
6G networks, poses significant challenges for telecommunication
infrastructures [7]. In response to this, optical networks have
advanced into flexible and scalable architectures referred to as
Elastic Optical Networks (EONs) or FlexGrid networks. These net-
works utilize adaptable spectrum slices, supporting higher data
rates, dynamic bandwidth allocation, and more efficient resource
utilization. Recently, a new architecture called Multi-band EONs
has been proposed [17], which utilizes multiple frequency bands
within the optical spectrum (such as O, C, L, S, and E bands), en-
abling the simultaneous transmission of data across these bands.
This approach significantly enhances spectral efficiency by mak-
ing better use of the available spectrum and allows for flexible
resource allocation tailored to varying traffic demands [23]. Ad-
ditionally, MB-EONs are generally easier to implement compared
to space division multiplexing (SDM) EONs, which rely on the
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spatial separation of signals through multiple fibers or cores [17].
SDM systems often involve higher CAPEX costs, complex hard-
ware, and more intricate management, making multi-band EONs
a more practical and scalable solution for increasing network
capacity. As a consequence, multi-band EONSs are considered a
more attractive technology for supporting the high data rates,
low latency, and diverse service requirements of next-generation
networks [23].

This paper proposes optimization models and algorithms specif-
ically designed to enhance the performance and efficiency of
multi-band EONs. Our focus is on enhancing MB-EON planning
within a combinatorial optimization framework that integrates
critical aspects such as security, resilience, and energy efficiency.
By incorporating these considerations into our models, we aim
to identify optimal strategies for resource allocation and routing,
thereby improving the overall performance and sustainability of
MB-EONSs. Addressing these interconnected challenges is crucial
for developing optical networks that are secure, resilient, and
environmentally sustainable.

In this context, this paper addresses the Routing, Modulation,
Spectrum, and Band Assignment (RMSBA) problem for control-
ling multi-band elastic optical networks. This involves optimizing
traffic routing, bandwidth allocation, and modulation formats
across multiple frequency bands to maximize spectral efficiency.
Key constraints include spectrum continuity, contiguity, avoid-
ing overlaps, and respecting transmission reach limits dictated
by modulation choices. Additionally, the complexity increases
with the need to coordinate spectrum allocation across multiple
bands, ensuring efficient utilization while minimizing interfer-
ence. Compared to the traditional NP-hard Routing and Spectrum
Assignment (RSA) problem [24] which has been extensively stud-
ied in the literature [2], the RMSBA problem is more recent and
complex, as it involves additional subproblems such as modula-
tion format selection and band assignment [25]. Selecting the
appropriate modulation format for each demand depends on var-
ious factors like transmission distance, bandwidth needs, and
network topology. The inclusion of band assignment further
increases the complexity of RMSBA compared to the Routing,
Modulation and Spectrum Assignment (RMSA) alone [17][25].
Regarding network resilience, numerous survivability schemes
have been proposed to enhance capacity [20] and robustness
while ensuring service continuity under failure scenarios [13][21].
Some of these techniques have been applied to the RMSBA prob-
lem using heuristic methods [23], and AI [14][15]. Additionally,
recent studies have explored sustainable solutions for MB-EONs
[9][16] and various security mechanisms to protect network in-
tegrity [22].

To the best of our knowledge, the simultaneous consideration of
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resilience, security, and sustainability in cost-effective RMSBA
has not yet been explored in the literature. Additionally, polyhe-
dral approaches and decomposition methods have not been ap-
plied to the RMSBA, even when these aspects are not considered.
These approaches have proven effective for the RSA problem in
[4-6, 12] and for the Routing Wavelength Assignment (RWA)
in [3]. Therefore, this paper introduces the first optimization
framework for RMSBA that integrates resilience, security, and
energy considerations, utilizing column generation and cutting-
plane algorithms. Our mathematical models are based on two
integer linear programming formulations: the first, referred to
as the cut formulation, and the second, an extended formulation
referred to as the path formulation, which involves a significantly
larger number of variables. To deal with this, we develop a col-
umn generation algorithm to solve the linear relaxation of the
extended formulation and investigate its associated pricing prob-
lem. Based on these results, we develop two exact optimization
approaches: a Branch-and-Cut (B&C) algorithm based on the cut
formulation, and a Branch-and-Price (B&P) algorithm based on
the path formulation. We evaluate their effectiveness through a
series of computational experiments and perform a comparative
analysis to assess their performance, scalability, and suitability
for solving problems of different sizes and complexities.

The rest of this paper is organized as follows. The RMSBA prob-
lem is described in Section 2. In Section 3, we introduce the cut
formulation of the RMSBA problem and develop a Branch-and-
Cut algorithm to solve it. Section 4 presents the path formulation
and details the column generation approach used to solve its
linear relaxation. A Branch-and-Price algorithm is then devel-
oped to solve the problem. Section 5 provides a presentation of
the computational results, including performance analysis and
comparative study between our approaches. Finally, Section 6
concludes the paper with a summary of results and discusses
potential directions for future research.

2 Problem Description

The RMSBA problem can be modeled as follows. The topology of
the MB-EON network is represented by an undirected, loopless,
and connected graph G = (V,E), where V is the set of nodes
(such as data centers, core routers, or edge devices), and E is the
set of fiber links. Each link e € E is characterized by its length
t, € R* (in kms), cost c, (in euros), and a subset of spectrum
bands Be C {C,L,S, E}. These bands are defined as spectrum
slots: S€ = {1,...,5¢}, St = {1,...,5.}, S = {1,...,5¢}, and
SS =1{1,...,5s}. The overall spectrum setis S = {1, ..., 3}, where
§= maX{§c, SL, Ss, S_E}.

The network must serve a set of non-splittable traffic demands
K, where each demand k € K is characterized by its origin node
o € V, destination node di € V, and bandwidth requirement by,
(in Gbps). Regarding security, several key parameters are taken
into account: the security level of each demand, denoted as s, can
take values in {1, 2, 3}, representing increasing levels of security
from basic protection to highly secure transmission. The vulnera-
bility of each node i € V, denoted as v;, assesses its susceptibility
to attacks or failures, with v; € {0, 1, 2} (0: low vulnerability, 1:
moderate, 2: high). Similarly, the vulnerability of links, v, is eval-
uated within {0, 1, 2}, with the same interpretation. Based on this,
we denote by Vok the set of nodes i € V'\ {og, di } such thatv; > s,
referred to as forbidden nodes due to security constraints. Also,
we denote by Eé‘ the set of edges e € E with v, > s, also con-
sidered forbidden edges due to security constraints. This means
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that even highly vulnerable nodes or links can be used for highly
secure requests, as long as their vulnerability does not exceed the
security level required. In addition, a set of modulation formats
¥ is considered. Each modulation format f € ¥ is characterized
by its spectral efficiency 77 (in Gbps per slot) and its maximum
reach #¢ (in kms), which is the maximum transmission distance
achievable without regeneration.

The RMSBA involves selecting one routing path py, choosing one
modulation format f; € 7, and allocating one spectrum interval
Sk C S for each demand k € K. These allocations must satisfy sev-
eral physical and operational constraints. First, the total spectrum
width wkk allocated to demand k must be sufficient to meet its

T
k| bk

bandwidth requirement by, calculated as: w f 'U_B-‘ + 1, where

B =12.5 GHz is the bandwidth per slot [21]. The additional slot
accounts for a guard band to prevent interference between adja-
cent spectrum allocations. Also, the spectrum Sy for each demand
must be allocated across a band b € B, on each link e in the path
Pk, maintaining spectrum continuity. The total length of the path
Pk must satisfy the maximum reach constraint associated with
the selected modulation format: ¥,c,, f < ff . Furthermore,
the selected path must avoid nodes and links with vulnerability
levels exceeding the demand’s security level s, ensuring both
security and resilience. Specifically, it cannot pass through nodes
Vok and links Elg , as these vulnerability values are indicative of
both security risks and failure. Spectrum continuity must be pre-
served along the entire path. For this, the spectrum S allocated
to demand k must be contiguous and consistent throughout py,
with no gaps. Spectrum contiguity also requires that the allo-
cated spectrum intervals are contiguous blocks within S. Notice
that allocations for different demands k and k" must not overlap
on shared bands over the same link. The total number of slots
used on each band b € B, of each link e to all demands passing
through it must not exceed the available spectrum $;. Regarding
energy consumption, each active slot consumes a fixed amount
of energy, Ejo; (in Watts). The total energy used is estimated
by multiplying the number of active slots in each band by Egj,;,
summed across all bands used in the network. Additionally, a
maximum energy consumption EGreen is considered to promote
energy-efficient and green network operation for the MB-EONSs.
The main goal is to minimize the total routing cost of all demands,
ensuring an efficient, reliable, and cost-effective network opera-
tion for MB-EON .

Figure 1 illustrates a feasible solution to the RMSBA problem,
involving six demands, a single modulation format, and at most
two bands allocated per link. Each link is characterized by a
triplet (£, ce, ve), and each node i € V has vulnerability v; = 0.

Figure 1: A feasible solution for an instance of the RMSBA.

[5,10,1]
-f _rate, (in gb) -1, (in kms)
B) Set of modulation formats F.

ok |dic| bi |si | wh Pi Sk
a|c|80|2]4n a>d->c | {1,2,3,4,5}
c |d|80|1[5+1| c>b>a>d |{4,56,7,89}
a|c|40|1]2n a->b->c {1,2,3}

b [d|40]1]2+ b->a->d {6,7,8}

a |d[40[1]2n a->d {1,2,3}
a|cl40]1]2n a->b->c {1,2,3}

C) Set of demands K and their final
routing and spectrum allocation.

[10,5,1]
A) MB-EON with Security.

In the following sections, we devise two exact optimization ap-
proaches to solve the RMSBA problem.
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3 Branch-and-Cut Algorithm

The first approach employs a Branch-and-Cut algorithm to solve
the RMSBA problem. For this, we first introduce the cut formula-
tion based on the following decision variables.

For each demand k € K, each modulation format f € F, and each
spectrum slot s € S, we consider the variable z& , Whichis set to 1
if slot s is the last in the spectrum interval Sy allocated to demand
k using modulation format f, and 0 otherwise. Additionally, for
each demand k € K, modulation format f € F, slot s € S, edge
e € E, and band b € B,, the binary variable x]]ﬁsb
slot s is the last allocated to demand k over band b of edge e
with modulation format f, and 0 otherwise. Furthermore, we
define another binary variable a; , which equals 1 if slot s € sb
is utilized on band b of edge e, and 0 otherwise.

The RMSBA problem is then equivalent to solving the following
linear program:

is set to 1 if

(1)

ZZZZC Xfop

e€E beBe feF g= W

subject to

> ZZZ xh€ 21 VE € K VX CVIX N {op didl = 1,

e€d(X) beBe f€F ¢= w

)

Z iz}’ﬁ)szl, Vk € K,

feF s:wljf

®)

fsb < zjﬁs, Vk € K,Ve € EVf € F,Vs € {wk, .,5}, (4)
beBe

ZZ Z[ fsb—ff szs’ Yk e K,Vf€F, (5

e€E beBe 5=y

e

f
min(s+w; 1,5p)
ZZ Z jliibsabs’ VeEE’VbEBexVSGSb,
keK feF s'=s
(6)
ZZZW]" fsb—§b, Ve € E,Vb € B, (7)
keK feF = w
Zabs 2 Z Z Z w]’i ]lieb, Ye € E,Vb € B,,  (8)
keK feF = W
Z Z ZEslot abs < Egreens 9)
e€E beB, s=1
w’;—l
220 A+ 2 D xpl =0 VkeK (0)
feF s=1 e€E beBe
Z Z fsb 0, Vkek, (11)
f€F e€E beB, s=5p+1
> Y a0 vkek
zeVOkf F ecd(i) beB, s=1
Sb
Z Zx]’izib =0, VkeKk, (13)
ecE fE €Be s=1

78

f >0, VkeK\VfeFVseSs, (14)

f bzo VkeK,erF,VeeE,VbeBe,VseSb, (15)
0<aj <1,YecEVbeB,Vses (16)

zk €{0,1}, VkeK\¥feFVseSs, (17)
€{0,1}, VkeK,Vf € F,VecEVYbecB,Vsesb. (18)

fsb

The objective function (1) aims to minimize the total routing cost
of demands. Inequalities (2), known as cut inequalities, ensure
that the final path for each demand forms a continuous, feasible
route from the source to the destination, respecting the network
topology. These constraints prevent disjointed or infeasible paths.
In addition, constraint (3) ensures that each demand is assigned
exactly one modulation format for its entire route, establish-
ing a consistent modulation choice along the path. Additionally,
this constraint links the modulation assignment to spectrum
allocation by guaranteeing that if a demand uses modulation
format f, exactly one slot within the allowed range Sy is desig-
nated as the last slot, maintaining spectrum continuity along the
route. Constraints (4) establish the relationship between the last-
slot assignment, modulation format, and band assignment over
edges, ensuring consistency and continuity in spectrum usage.
Inequalities (5) restrict the total length of each demand’s path
to not exceed the maximum transmission distance supported by
the chosen modulation format, ensuring feasible signal trans-
mission. To prevent spectrum overlaps, inequalities (6) enforce
non-overlapping spectrum allocations among different demands
sharing the same band on each edge. The capacity constraints for
each band on each edge are enforced by inequalities (7), which
limit the total spectrum usage within available slots. These are
further refined by inequalities (8), which specify the minimum
number of slots required on each band b € B, of every edge e € E,
ensuring sufficient spectrum for demand requirements.

The total energy consumption is constrained by inequalities (9),
limiting the overall energy used by the network. Constraints (10)
prevent the allocation of slots below the minimum ending posi-
tion wjlﬁ, while constraints (11) ensure that the maximum ending
position over each band is maintained within feasible limits. The
security constraints are expressed through equations (12)-(13).
All decision variables are restricted within defined bounds by in-
equalities (14)—(16) when considering the linear relaxation of the
model. Also, constraints (17)-(18) guarantee their binary nature.
Note that the cut inequalities (2) are exponential in number. How-
ever, these inequalities are separable in polynomial time using
network flow algorithms, like Goldberg and Tarjan algorithm [11].
The overall complexity of the separation procedure for these in-
equalities across all demands is bounded by O(|V|?- \/E |K]) [5]
Based on these results, we develop a Branch-and-Cut algorithm
to solve the RMSBA problem. This integrates a Branch-and-Bound
(B&B) with a cutting-plane algorithm, which iteratively refines
the linear relaxation of the problem. Starting from an initial re-
laxed formulation (3)-(16), the algorithm identifies violated cut
inequalities (2). These inequalities are then added dynamically as
cutting planes to eliminate infeasible regions from the solution
space, thereby tightening the feasible region and guiding the
algorithm toward optimal solutions. This process repeats until
no new cuts are found. The resulting solution is optimal for the
linear relaxation. Moreover, if it is integral, it is optimal for the
original problem. Otherwise, we branch on a fractional variable
to create subproblems, continuing the process until an optimal
integer solution is found.
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Next, we introduce the path formulation, and devise a Branch-
and-Price algorithm to solve the RMSBA problem.

4 Branch-and-Price Algorithm

The path formulation shares all the variables with the cut formu-
lation. Additionally, we consider the path variables uk’ , which
take the value 1 if path p € Py ¢ is used to route demand k when
modulation format f is assigned to that demand, and 0 otherwise.
Here, Py ¢ denotes the set of all (o, di)-paths where the length
of each path p € Py ¢ is less than #r. We denote by Py f(e) the
subset of paths in P r that pass through edge e. Moreover, this
formulation shares all the constraints with the cut formulation,
except for the cut inequalities (2), which are replaced by the
following constraints:

S

Kk _ k
Z Upp = Z Zf.s
PEPf s:w}

Z Z ”fp—ZZZ e, VkeK\YeeE. (20)

fEF pePy r(e) beBe feF = w

Vk € K,Vf € F, (19)

Inequalities (19) ensure that only one path is selected to route
each demand, and that the chosen path is compatible with the
assigned modulation format. In addition, inequalities (20) indi-
cate whether, for demand k, the edge e is used in the final route
or not.

As previously noted, the path formulation involves an exponen-
tial number of variables due to the potentially large number of
feasible paths |Py ¢| for each demand k € K and modulation
format f € F, meaning that |Py | can grow exponentially. To
manage this, we develop a column generation algorithm to solve
its linear relaxation. This begins with a restricted master problem
(RMP) containing a small subset of path variables, which provides
a feasible basis for the master problem. To initialize this set, we
precompute a set of candidate paths P,Z‘;’ c P’; for each demand
k and modulation format f using a brute-force algorithm in a
sub-graph Gy = (V \ VX, E\ E(’)C ), while respecting the maximum
length £¢. The resulting set of paths forms a feasible initial basis
for the RMP.

At each iteration, the algorithm checks for the existence of a
variable ujkrlp not currently in the RMP with a negative reduced
cost. If such a variable exists, it is added to the RMP, which is
then resolved. The process terminates when all path variables
u have non-negative reduced costs. The problem of identifying
variables with negative reduced costs is known as the pricing
problem. This involves finding a feasible path p for demand k and
modulation format f such that the variable uj’ﬁ’P has a negative
reduced cost, if such a path exists.

Let aj’i € R and A¥ < 0 be the dual variables associated with
the constraints (19) and (20) respectively. These dual variables
are used to compute the reduced cost for potential paths that
are not yet included in the current basis of the RMP. Based on
this, the reduced cost of a path p for demand k and modula-
tion f is: RC(p) = aJ’E = Zecp A¥. The main goal is to identify,
for each demand k € K and modulation f € F, a path p* in
G = (V\ VK, E\ EF) with

(21)

RC(p*) = aji —;;il}( Z /1]6‘ < 0 subject to Z £ < {f.

eep eep*
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The variable u¥ , corresponding to the path p* with the most
negative reduced cost can be added to the current RMP to en-
hance the solution. As a consequence, the pricing problem can
be formulated as a Resource Constrained Shortest Path Problem,
which is known to be weakly NP-hard [8]. For this, we propose
a pseudo-polynomial time dynamic programming algorithm to
solve it.

By integrating a Branch-and-Bound algorithm with column gen-
eration, we develop a Branch-and-Price algorithm to solve the
RMSBA problem. In this approach, column generation is used to
solve the linear relaxation at each node of the branching tree.

5 Computational Study

The Branch-and-Cut and Branch-and-Price algorithms were de-
veloped in C++ using SCIP 7.0 [10], while CPLEX 12.9 [18] served
as the LP solver. Computational tests were conducted on a Debian
GNU/Linux 9.13 system. The hardware setup included an Intel
Xeon E5-2650 v2 processor with 32 cores running at 2.60 GHz,
and a total RAM capacity of 248 GB. Each instance was allocated
a maximum CPU time of 18000 seconds. The test instances com-
prised four realistic graphs from SND-LIB [19], and four from
RSA-LIB [1], featuring up to 161 nodes and 166 edges as shown
in Table 1.

Table 1: List of graphs used in the experiments.

Graphs V| | |E| | Average Degree
German | 17 25 2,94
Nsfnet 14 | 21 3
SND-LIB | — e [ 161 | 166 2,06
France 25 45 3,6
British 22 35 3,18
DT 14 23 3,29
RSA-LIB —pN 22 | 34 3,58
Euro 16 36 4,5

For each graph, the demand set K was generated randomly, with
K| taking values in {10, 20, 30, 40, 50, 100, 150, 200}.

For each demand set size |K|, four distinct demand sets were
generated, resulting in a total of 32 instances per graph (total of
250 instances). The demand bandwidths by were uniformly dis-
tributed within the interval [200, 400] Mbps. Additionally, three
distinct modulation formats were used. When |K| < 50, only the
C band was considered; for 100 < |K| < 150, both C and L bands
were employed; and for |K| > 200, three bands C, L, and S were
utilized on each edge. The maximum number of slots for 5S¢, 5i,
and $s reached up to 320. Regarding security and vulnerability
parameters, we randomly assign security and vulnerability levels
while maintaining demand routing feasibility. Similarly, for each
band b, we verify that the allocated slots §; suffice to route all
demands K.

The results of the B&C and B&P methods are summarized in
Table 2. Several indicators are considered, based on the average
across the four instances for each graph and value of |K|: the
average number of nodes in the branching tree (AvgNd), the aver-
age optimality gap (AvgGap) for only instances that were solved
(i.e., instances for which the solver provides at least a feasible
primal solution), the average computational time (AvgTT), the
number of instances solved to optimality (OPT), and the number
of instances for which the solver failed to find a solution (NOSOL).
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Table 2: Comparison between B&C and B&P algorithms.

Instance Branch-and-Cut Branch-and-Price
Graph | [K| | Bands | |S| | AvgNd | AvgGap | #OPT | #NOSOL | AvgTT | AvgNd | AvgGap | #OPT | #NOSOL | AvgTT
10 C 80 1 0,00 4/4 0/4 23,05 1 0,00 4/4 0/4 67,20
20 C 240 1 0,00 4/4 0/4 325,04 1 0,00 4/4 0/4 214,96
30 C 320 1 0,00 4/4 0/4 4834,27 1 0,00 4/4 0/4 586,92
German 40 C 320 1 0,00 3/4 1/4 15019,32 1 0,00 4/4 0/4 1085,49
50 C 320 1 1,92 1/4 3/4 18000,00 1 0,00 4/4 0/4 2148,60
100 C+L 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 263,38
150 C+L 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 542,22
200 | C+L+S | 320 1 - 0/4 4/4 18000,00 1 0,00 3/4 1/4 4920,26
10 C 80 2,75 0,00 4/4 4/4 321,36 1 0,00 4/4 0/4 1,65
20 C 320 | 733,75 8,83 1/4 2/4 16548,51 1 0,00 4/4 0/4 16,35
30 C 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 25,55
Nsfnet 40 C 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 39,31
50 C 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 57,14
100 C+L 320 1 - 0/4 4/4 18000,00 10,5 3,38 2/4 0/4 9583,55
150 C+L 320 1 - 0/4 4/4 18000,00 1 9,53 0/4 2/4 18000,00
200 | C+L+S | 320 1 - 0/4 4/4 18000,00 2,5 15,42 0/4 3/4 18000,00
10 C 160 | 705,75 0,00 1/4 3/4 13889,46 1 0,00 4/4 0/4 17,88
20 C 160 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 35,38
30 C 160 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 65,73
Brain 40 C 160 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 129,39
50 C 200 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 149,50
100 C+L 320 1 - 0/4 4/4 18000,00 1 - 0/4 4/4 18000,00
150 C+L 320 1 - 0/4 4/4 18000,00 1 - 0/4 4/4 18000,00
200 | C+L+S | 320 1 - 0/4 4/4 18000,00 1 - 0/4 4/4 18000,00
10 C 160 1 0,00 4/4 0/4 147,42 1 0,00 4/4 0/4 50,11
20 C 200 1 0,00 4/4 0/4 524,40 1 0,00 4/4 0/4 539,00
30 C 200 1 0,00 1/4 3/4 17902,23 1 0,00 4/4 0/4 320,16
France 40 C 200 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 815,66
50 C 240 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 368,19
100 C+L 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 2313,12
150 C+L 320 1 - 0/4 4/4 18000,00 1 - 0/4 4/4 18000,00
200 | C+L+S | 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 5904,06
10 C 80 1 0,00 4/4 0/4 28,89 1 0,00 4/4 0/4 5,28
20 C 160 1 0,00 4/4 0/4 150,11 1 0,00 4/4 0/4 24,85
30 C 160 1 0,00 4/4 0/4 5928,33 1 0,00 4/4 0/4 49,15
British 40 C 240 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 141,24
50 C 240 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 218,55
100 C+L 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 2723,65
150 C+L 320 1 - 0/4 4/4 18000,00 2 0,00 4/4 0/4 10085,56
200 | C+L+S | 320 1 - 0/4 4/4 18000,00 1,5 0,78 3/4 0/4 11122,66
10 C 80 1 0,00 4/4 0/4 11,05 1 0,00 4/4 0/4 2,53
20 C 160 1 0,00 4/4 0/4 43,41 1 0,00 4/4 0/4 12,87
30 C 160 1 0,00 4/4 0/4 87,22 1 0,00 4/4 0/4 18,52
DT 40 C 240 1 0,00 3/4 1/4 9990,60 1 0,00 4/4 0/4 44,74
50 C 240 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 63,42
100 C+L 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 648,51
150 C+L 320 1 - 0/4 4/4 18000,00 10,5 6,69 0/4 0/4 18000,00
200 | C+L+S | 320 1 - 0/4 4/4 18000,00 13,50 2,65 2/4 0/4 11272,71
10 C 80 1 0,00 4/4 0/4 23,74 1 0,00 4/4 0/4 145,73
20 C 160 1 0,00 4/4 0/4 103,44 1 0,00 4/4 0/4 833,40
30 C 160 1 0,00 4/4 0/4 5208,44 1 0,00 4/4 0/4 1088,89
UBN 40 C 240 1 0,00 3/4 1/4 11757,30 1 0,00 4/4 0/4 1296,32
50 C 240 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 1832,89
100 C+L 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 4357,03
150 C+L 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 9231,60
200 | C+L+S | 320 1 - 0/4 4/4 18000,00 1 - 0/4 4/4 18000,00
10 C 80 1 0,00 4/4 0/4 38,67 1 0,00 4/4 0/4 10,11
20 C 160 | 1028,5 0,00 4/4 0/4 2681,62 1 0,00 4/4 0/4 38,98
30 C 160 | 921,75 0,00 4/4 0/4 5308,37 1 0,00 4/4 0/4 71,87
Euro 40 C 240 2,5 6,87 0/4 2/4 18000,00 1 0,00 4/4 0/4 236,56
50 C 240 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 483,99
100 C+L 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 2682,91
150 C+L 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 8470,84
200 | C+L+S | 320 1 - 0/4 4/4 18000,00 1 0,00 4/4 0/4 11602,85
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The results clearly indicate that the Branch-and-Price out-
performs the Branch-and-Cut in solving the RMSBA problem.
Overall, the B&P demonstrates superior efficiency, successfully
solving a higher percentage of instances to optimality. Specif-
ically, the B&P solves approximately 89.45% of the instances
to optimality, with an average computational time of 3837.93
seconds across all instances (including those not solved to opti-
mality). In contrast, the B&C solves only 33.2% of the instances
to optimality, with an average time of 13948.31 seconds (over all
instances). Notably, 100% of the optimal solutions obtained by the
B&P are found at the root node of the branching tree, compared
to 87% for the B&C. In addition, the B&C was unable to provide
at least a feasible solution for 67.19% of the instances, compared
to only 8.6% when using the B&P. This highlights the B&P’s
ability to converge rapidly in many cases, often solving prob-
lems without extensive branching. Moreover, we observe that
for large demand sets (i.e., when |K| > 100), the B&P maintains
its effectiveness, solving 71.88% of these instances to optimality,
whereas B&C fails to even find a feasible primal solution for all
these instances. Additionally, while the B&P generally performs
well, it occasionally encounters difficulties in providing feasible
solutions for 22.92% of these large-demand instances.
Furthermore, the fact that many solutions are obtained at the root
node indicates that the B&P can effectively exploit the problem
structure, reducing the need for extensive branching. However,
this should be further demonstrated using larger graphs and de-
mand sets. In addition, certain enhancement techniques, such
as primal heuristics and additional valid inequalities to obtain
tighter bounds, can be further utilized to enhance the perfor-
mance of the B&C and B&P algorithms, especially for large-scale
instances.

6 Conclusion and Future Works

In this study, we proposed a combinatorial optimization frame-
work for solving the RMSBA problem in multi-band EONSs, inte-
grating key aspects such as security, resilience, energy efficiency,
and cost-effective routing. Our approach employed both Branch-
and-Cut and Branch-and-Price algorithms to solve the RMSBA
problem. Numerical experiments demonstrated that the B&P
algorithm outperforms the B&C algorithm in terms of solution
quality and computational efficiency for all tested instances. How-
ever, the results also revealed limitations of the B&P approach
when applied to larger instances, highlighting the need to inte-
grate cutting-plane techniques and primal heuristics to further
improve performance.

Future research could explore machine learning techniques to
improve branching, column generation, cut selection, and param-
eter tuning, providing promising directions for more efficient
solutions.
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