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Abstract In this paper, we propose a novel hybrid strategy that combines mixed integer linear
programming (MILP) formulation with different alternative routing approaches that is capable of
solving, simultaneously, the routing, modulation format and spectrum assignment problem in the
design of elastic optical networks. We extend our proposal to a path-link formulation that, although
it is not guaranteed to find the optimal solution, it has shown reasonable solutions within inferior
simulation time, allowing it to be used in not very short networks. We also compare our proposal
with another MILP formulation and three adapted heuristics, all available in the literature. The
results show the benefits of our proposal considering diverse simulation scenarios and different
number of modulation formats over 19 realistic networks in terms of simulation run time and
maximum number of used set of slots.

Keywords Mixed Integer Linear Programming · Optical Network · Routing, Modulation Level
and Spectrum Assignment · Static Traffic

1 Introduction

The routing and spectrum assignment (RSA) problem (Wang et al., 2011), plays an important role
in design of modern elastic optical networks (EON) (Chatterjee and Oki, 2020; Alyatama et al.,
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2020; Xuan et al., 2017). It is very similar to the routing and wavelength assignment (RWA) problem
well-described in the literature of wavelength division multiplexing (WDM) networks Ramaswami
et al. (2009). The main difference basically corresponds to the flexible bandwidth assigned to the
call requests in comparison to the fixed bandwidth considered in WDM networks. RSA and RWA
problems are concerned with the search for a route with available network resources to attend each
network call request. The practical planning of both strategies requires a solution with resource
saving (Wang et al., 2011; Klinkowski and Walkowiak, 2011; Christodoulopoulos et al., 2010; Zang
et al., 2000).

Many papers in the literature have attempted to assess the significance of saving frequency
spectrum in the prevention of network capacity crunch (Chralyvy, 2009; Waldman, 2018; Mavri-
dopoulos et al., 2020). The granularity and correct elastic bandwidth assignment are challenges to
be overcome when designing EON optimization algorithms. The network planner must have the
possibility to evaluate the frequency spectrum usage and the costs of different network configura-
tions, considering peculiar characteristics and constraints (Cavalcante et al., 2017). To reduce the
cost of EONs’ design and to guarantee the traffic attendance, the network planner can exploit the
heterogeneity in the transmission systems so that some long-distance high transmission bit-rate
paths are assigned to a modulation format having high bandwidth-distance product (Zhao et al.,
2015). Unfortunately, higher spectral efficiency modulation format would only allow shorter trans-
mission distances due to network physical impairments (Zhao et al., 2015). Therefore, when more
than one modulation format is available in the network, the complexity of optimization techniques
increases drastically (Christodoulopoulos et al., 2011; Velasco et al., 2012). This problem is called
routing, modulation level and spectrum assignment (RMLSA) in the literature (Varvarigos, 2013).
Some strategies have already been proposed to solve the RMLSA problem to achieve optimal re-
sults, but the formulation complexity has shown to be even higher than the RSA problem (without
modulation format constraints), making processing time intractable for realistic network applica-
tions (Klinkowski et al., 2011). Methods based on heuristics (Yin et al., 2013a; Savory, 2014) and
meta-heuristics, such as evolutionary-based algorithms (Gong et al., 2012) and deep neural net-
works (Chen et al., 2018), have been tested to find sub-optimal solutions considering integer linear
programming (ILP) formulations applied to the RMLSA problem. However, researchers have not
treated in much details the solution of the problem for several networks with different caractheristics
(size, physical connectivity etc).

Therefore, the design of EONs incorporating modulation equipment required the development
of models that take into account the limitations imposed by these tecnnologies and by the physical
substrate as well. Besides, the particular nature of the transported traffic. The key issue in the
EONs design process once the physical realization has been achieved, is to properly dimension the
network with respect to slots number and to determine a frequency allocation plan.

In this paper, we address jointly optimization of modulation format and spectrum assignment.
The network planning problems can be solved offline since the network is not yet in operation
and hence generally no strict time limit is applied to solve those problems. In contrast, when the
network is in operation, stringent solving times are usually necessary. Focusing on both, offline and
in-operation planning, the contribution of this paper is a hybrid MILP formulation that can be used
to model network planning variant of the RMLSA problem, named PSP–MILP formulation (MILP
with predefined set of paths), with optimized paths using any alternative routing algorithm (in this
paper, Yen algorithm (Katoh et al., 1982)).

The overall structure of the study takes the form of six sections, including this introductory
section. Section 2 is a brief explanation and literaure review about the RMLSA problem. Section 3
explains about the tradittional formulation approaches. Section 4 begins by laying out the theo-
retical dimensions of the research and is concerned with hybrid formulation. Section 5 presents the
findings of the research, focusing on a small and several large networks. Finally, Section 6 gives a
brief summary, a critique of the findings and identifies areas for further research.
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2 Routing, Modulation Level and Spectrum Assignment

In this section, we describe in details the RMLSA problem, the literature review of EONs under
static traffic, a complete MILP formulation, extracted from (Oner, 2016), and three adapted heuris-
tics from the literature (Wang et al., 2011; Durães et al., 2010) to be jointly used with our proposed
hybrid MILP strategy.

2.1 The RMLSA Problem

In transparent EONs, data is routed along the links without going through any optical-electrical-
optical conversion (Gerstel et al., 2012). If it is not possible to do frequency spectrum conversion
when a call request is routed between a source and a destination node, the same frequency slots (FS)
must be used throughout the set of links that composes the lightpath. This condition is known in
the literature as continuity constraint (Christodoulopoulos et al., 2011; Oner, 2016). Another point
related to EONs is that, for a single call request, the assigned FSs must be adjacent to one another,
for efficiency sake. This is the contiguity constraint (Christodoulopoulos et al., 2011; Oner, 2016).
This paper adopts both continuity and contiguity constraints.

The quality of transmission (QoT) of a specific call request depends on the distance and the
transmission bit rate. Thus, the chosen modulation format must be such that the signal QoT after
the signal propagates along the route links is above the minimum QoT required by the modulation
format (modulation format constraint). Therefore, whenever a call request must be assigned to a
route between two nodes in an EON, these three constraints must be considered, which together
constitute the main functions of the RMLSA problem (Christodoulopoulos et al., 2011). Thus,
RMLSA problem becomes more intricate because the routing must take into account which is
the best path to take, relative to the available modulation formats and their respective physical
distances (Christodoulopoulos et al., 2010).

Consider that each FS occupies ΩGHz of bandwidth and that a demand of EGbps is admitted
with a modulation format with spectral efficiency [Gbps per GHz. The number of FSs necessary
to attend such call request is given by (1).

? =

⌈
E

Ω[

⌉
, (1)

in which dGe is the upper integer closest to G (ceil operator). If the spectral efficiency ([) of the
modulation format is increased, the number of required slots (?) is decreased. Nevertheless, a higher
spectral efficiency implies a shorter transmission distance.

Fig. 1 shows an example of a RMLSA solution considering a four-node ring network. The nodes
and the links are plotted in black. The nodes are numbered from 1 to 4. The paths from the source
to the destination node, through which the traffic flows, are represented by directional arrows. The
set of FSs for each of the eight links (48 9) are on the left and right sides of Fig. 1. The blue filled
boxes are the FSs that were assigned to a traffic demand (E8 9) indicated above the box. The grey
colored boxes without indication are considered as guard bands.

Suppose that the traffic matrix + =
{
E8 9 ∈ #4×4

}
, in which the elements E8 9 represent the traffic

demand from node 8 to node 9 in Gbps, whose values are described by (2), must be attended by
the network shown in Fig. 1.

+ =


0 50 50 25
70 0 65 30
60 120 0 45
100 35 150 0

 (2)
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Fig. 1: Example of a RMLSA solution considering a four-node ring network.

For the example illustrated in Fig. 1, it was considered that: (0) the strategy that solves the RMLSA
problem for the four-node ring network is a heuristic that always chooses the shortest path to route
the emerging demand; (1) just the modulation formats 8-QAM and 16-QAM can be used; (2) every
link has a distance of 500 km; (3) the policy that dictates at which position to assign the set of FSs
always chooses the first free slots (FF); and (4) exactly one guard band should be reserved.

The heuristic picks the traffic elements in a particular order, from the traffic matrix. In this
example, elements will be chosen first from left to right, and then from top to bottom (reading
pattern). The first valid element to assign is the 50Gbps demand from node 1 to node 2. The
shortest path uses link 412. Since the total distance is equal to 500 km, it is possible to use 16-
QAM as modulation format. Thus, applying (1), a single slot is assigned for the link 412. The next
demand is from node 1 to node 3 with 50Gbps. There are two shortest paths, so the heuristic can
choose any of these two paths. The sequence of nodes that participates in the path is 1→ 2→ 3.
The total distance is equal to 1000 km. Thus, the best modulation format that can be used is 8-
QAM and two contiguous FSs must be assigned continuously throughout links 412 and 423. Note,
in Fig. 1, that the demand C13 had to be assigned after the guard band (slot 2) in link 412. For this
reason, in link 423, the first two slots were left unassigned. This is in accordance with the continuity
constraint, which forces the algorithm to use the same set of slots in all links, for the same call
request. Following the same pattern to the other static traffic matrix elements, at the end, the
RMLSA solution produced by the heuristic will be as presented in Fig. 1. Notice that, in link 423,
only the first slot can be occupied, because the second slot must be used as guard band. In addition,
in link 421, the second and third slots cannot be assigned at all, since there is no way to insert a
demand (even with a single slot) alongside the two required guard band slots. This phenomenon,
in which free scattered FSs become virtually useless, is called spectrum fragmentation (Yin et al.,
2013b; Wang, 2019; Hua and Qiu, 2020; Adhikari et al., 2020).

2.2 Literature Review

In practice, before deploying a EON, certain activities need to be undertaken and there are a lot of
works about this. Previous studies, as presented in (López et al., 2016), have reported demonstration
of EONs planning and it is a clear illustration of the importance of the topic. The authors present
several studies with MILP and heuristics for the design of EONs. Most studies starting with inputs
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from the service layer and from the state of the already deployed resources. A designing phase
needs to be carried out to produce recommendations that can be used to design the network for a
given period of time. After that, the network design is verified and manually implemented. While
the network is in operation, its capacity can be continuously monitored and the resulting data
is used as input for the next planning cycle (López et al., 2016; Mesquita et al., 2020). In case
of unexpected increase in demand or network changes, nonetheless, the planning process may be
restarted. To do so, traffic demands need to be routed over the network. Note that the RMLSA
problem is a part of the optimization problem that needs to be solved over several aspects and
there is a broad literature about that. Recently, (Yaghubi-Namaad et al., 2018; Lira et al., 2020).

Some studies of EONs explore the RMLSA problem using ILP formulation. In some papers
(Klinkowski et al., 2011; Abkenar and Rahbar, 2017; Zhao et al., 2015; Gong et al., 2013) new ILP
formulations and heuristics were proposed to minimize the bandwidth, i.e., the number of used set
of slots across the network, while satisfying the demands on throughput and quality for all call
requests.

Ríos et al. (2018) proposed an ILP model considering serial optimization (RML+SA) and link-
oriented routing. The proposal, among all tested models, was one of those that converged to the
best solution given its division into phases. Evolutionary algorithms such as genetic (Lechowicz
and Walkowiak, 2016) and tabu search (Goścień et al., 2015) were proposed to solve the RMLSA
offline problem and to enhance the spectrum utilization. Wang et al. (2015), in order to balance the
optimality and complexity of the algorithm, proposed a recursive MILP formulation that yielded a
suboptimal yet comparable solution to the MILP by using a lower and more consistent running time.
Assis et al. (2019) proposed a novel and unified MILP formulation for dedicated path protection
and two new protection schemes in EONs with multiple service-level agreements, grooming, and
RSA. The proposed formulation enabled different survivability levels for the network traffic demands
subject to committed service profiles, including bandwidth squeezing for each source and destination
node pair, which could increase the number of surviving paths in the network at the price of reducing
the traffic bandwidth under a link failure.

3 MILP Formulation and Heuristics from Literature

The RMLSA problem can be solved optimally to minimize a desired performance metric with the
use of MILP formulations (Wang et al., 2015; Assis et al., 2019). Although MILP formulations
can provide the best possible result, RMLSA is a NP-complete problem (Christodoulopoulos et al.,
2011). Basically, it means that the execution time grows exponentially as a function of the number
of nodes and links. Because of that, it is impractical to use these formulations for larger networks.
Thus, in this paper, we have adapted the MILP formulation (Oner, 2016) to include pre-defined
paths, from three different heuristics in the literature (SPSR, BLSA and BSR) (Wang et al., 2011;
Durães et al., 2010), as well as added modulation format constraints with the aim of alleviating
the run time for larger networks. This hybrid MILP approach is referred to as pre-defined shortest
paths MILP formulation (PSP–MILP).

Prior to commencing the PSP–MILP study, the Subsection 3.1 provides a detailed description of
the complete RMLSA MILP formulation, that uses balance equations instead of a pre-defined set of
paths, therefore referred here to as non predefined set of paths (NPSP–MILP). We also present the
adapted heuristics (Subsection 3.2 to Subsection 3.4). All these approaches will be compared to the
proposed PSP–MILP formulation in order to show the superior performance of PSP–MILP when
compared to the heuristics, and its reduced computational time when compared to NPSP–MILP
formulation.
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3.1 NPSP–MILP Formulation

The complete MILP formulation presented in this subsection is an adaptation of (Assis et al., 2019)
in which grooming and protection mechanisms equations were removed. Since NPSP–MILP uses
flow balance equations, it is guaranteed to find the best routes to be used by any demand in the
network. Therefore, NPSP–MILP can find the best possible RMLSA solutions that minimize the
spectral use and save resources. However, it cannot provide its optimum solution in reasonable time
for larger networks. The parameters, variables, objective function, modulation format, routing on
physical topology, spectrum continuity and contiguity constraints, all related with NPSP–MILP,
are presented as follows:
Parameters

– �: set of graph � with physical links (< − =) and (= − <).
– �: set of demands 8 9 . From node 8 to node 9 .
– 3<=: length of a link (< − =) on the physical topology.
– E8 9 : traffic intensity (inGbps) for each demand 8 9 .
– ": number of available modulation formats.
– [I : spectral efficiency of modulation format I, in which I ∈ 1, . . . , ".
– 3I : lightpath maximum reach using modulation format I, in which I ∈ 1, . . . , ".
– j: a large number.
– F : the frequency guard band in terms of number of slots.

Variables

– ?8 9 : number of slots from node 8 to node 9 .
– %

8 9
<=: route in terms of number of slots from node 8 to node 9 throughout a fiber link (<-=).

– �
8 9
<=: binary variable that is equal to 1, if %8 9

<= > 0, and is equal to 0 if %8 9
<= = 0.

– n I
8 9
: binary variable that is equal to 1, if the modulation format I is used, and 0 otherwise.

– (8 9 : binary variable that represents the starting frequency of connection 8 9 .
– ,8 9 ,:C : binary variable that is equal to 1, if (8 9 < (:C , and 0 otherwise.
– �: maximum number of frequency slots.

Objective function
The objective function, described by (3), intends to minimize the highest slot index used in any
link of the network.

"8=8<8I4 : � (3)

Modulation format constraints
The restrictions described by (4) and (5) determine the number of required slots for the lightpath
given an assigned modulation format. Whenever I is not the chosen modulation format, n I

8, 9
= 0

and the trivial solution ?8 9 > −∞ is found. On the other hand, for the chosen modulation format,
n I
8, 9
= 1 and the number of slots, which is an integer value, is calculated as +8 9

Ω[I
≤ ?8 9 ≤

+8 9

Ω[I
+ 1.

?8 9 ≥
(
E8 9

Ω[I

)
−

(
1 − n I

8 9

)
j for I = 1, 2, . . . , " (4)

?8 9 ≤
(
E8 9

Ω[I

)
+ 1 +

(
1 − n I

8 9

)
j for I = 1, 2, . . . , " (5)

The distance limitation and the modulation format are adopted in a lightpath with restrictions (6)
to (9). (6) asserts that ?8 9 = 0 whenever no modulation format is assigned. (7) and (8) assure that
at least one modulation format is assigned to the connection whenever traffic is assigned to it, i.e
E8 9 ≠ 0. (9) assures that the distance limitation of the chosen modulation format is satisfied.
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?8 9 ≤ j
∑
I

n I
8 9

(6)∑
I

n I
8 9
≤ 1 (7)

∑
I

n I
8 9
≥ E

8 9

j
(8)∑

<=

�
8 9
<=3<= ≤

∑
I

3In
I
8 9

(9)

Routing on physical topology
Routing in the optical layer is treated by (10), which establishes a constraint on flow conservation.

∑
=

%
8 9
<= −

∑
=

%
8 9
=< =


?8 9 < = 8

−?8 9 < = 9

0 < ≠ 8, 9

∀8 9 , < (10)

The used bandwidth must not exceed the spectrum capacity of the fiber, including frequency band
guard (�). The restriction referring to the evaluation of the frequency band guard overload and the
restriction that guarantees that the lightpath traffic cannot be partitioned in the physical topology
are expressed by (11) and (12).

�
8 9
<= ≥

%
8 9
<=

j
∀8 9 , <= (11)

�
8 9
<= + �8 9

<;
≤ 1 ∀8, 9 , <; = ≠ ; (12)

The initial frequency of a call request and its slot numbers must no exceed the link capacity (in
terms of slots), according to (13).

?8 9 + (8 9 ≤ � ∀8 9 (13)

Spectrum continuity and contiguity constraints
In the event that lightpaths 8 9 and :C share a fiber in the network, �8 9

<= = �:C
<= = 1 and either

,8 9 ,:C = 1 and ,:C ,8 9 = 0 or the opposity. Based on this, ,8 9 ,:C +,:C ,8 9 = 1. Accordingly, if ,8 9 ,:C = 1,
,:C ,8 9 = 0, and vice versa. Based on this and with (14) to (18), the frequency ,8 9 ,:C +,:C ,8 9 = 1 and
the frequency spectrum cannot be overlapped. On the contrary, ,8 9 ,:C and ,:C ,8 9 can both be equal
to zero if the lightpaths 8 → 9 and : → C do not share fibers. Thus, �8 9

<= and �:C
<= cannot be equal

to 1 simultaneously, consequently, there is no restriction on spectrum overlap.

(8 9 ≥ 0, ?8 9 ≥ 0 ∀8 9 (14)

,8 9 ,:C +,:C ,8 9 ≤ 1 ∀8 9 , :C : 8 9 ≠ :C (15)

,8 9 ,:C +,:C ,8 9 ≥
[(
�
8 9
<= + �:C

<=

)
− 1

]
∀8 9 , :C : 8 9 ≠ :C (16)

?8 9 + (8 9 + � ≤ (:C + j
[
1 −,8 9 ,:C

]
∀8 9 , :C : 8 9 ≠ :C (17)

?:C + (:C + � ≤ (8 9 + j
[
1 −,:C ,8 9

]
∀8 9 , :C : 8 9 ≠ :C (18)

The objective function (described by (3) and the restriction described by (13)) are used to minimize
the maximum number of spectrum slots for all demands.
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3.2 SPSR–M

The shortest path with maximum spectrum reuse (SPSR) algorithm was proposed by Wang et
al. (2011). SPSR originally aims to minimize the required slot number in EONs considering static
traffic. It was proposed to solve the RSA problem in larger networks and combines the shortest
path routing with the maximum reuse spectrum assignment (MRSA) algorithm. In MRSA, the
spectrum of the lightpaths are first sorted according to the size of the traffic demand. Wang et
al. (2011) considered that larger traffic demand has higher priority, only fiber-disjoint spectrum
paths may reuse the same slots and employed a first-fit (FF) strategy to find available consecutive
slots.

Considering a certain number of frequency slots (by using (1)) and a given demand (3 ⊂ �),
it is possible to notice that the greater the reuse of the slot the greater the reduction in the
maximum number of slots. Based on this idea, the SPSR was adapted in this paper to tackle with
modulation format constraint (SPSR–M). Fig. 2 shows the flowchart of SPSR–M. Basically, each
route is determined by Dijkstra algorithm and the most efficient modulation format available to
this route is assigned. The set of routes is organized in a descending order in terms of number of
slots and the set of slots are assigned to each route using FF algorithm.

3.3 BLSA–M

The balanced load spectrum assignment (BLSA) algorithm was also proposed by Wang et al. (2011).
BLSA determines the routing by balancing the network load to potentially minimize the maximum
slot number in the network links. First, BLSA uses the :-shortest path algorithm to generate :-
routes for each network node-pair. Second, the route for each node-pair is decided with the goal
of balancing the load among all network links. The candidate route that produces the smallest
maximum link load is used as a route for the corresponding node-pair. BLSA considers the route
with the highest traffic demand first, assigning one of the paths to it while minimizing the maximum
link load, until all pairs of nodes with non-zero traffic demands are considered. Finally, it uses the
MRSA algorithm to assign the slots in all routes. In this paper, BLSA algorithm was adapted to
consider the modulation format constraint (BLSA–M). Fig. 2 shows the flowchart of BLSA–M.

3.4 BSR–M

The best among the shortest routes (BSR) algorithm was first proposed to plan WDM net-
works (Durães et al., 2010). The idea of BSR algorithm is to optimize the load balancing of
the network links. It tries to find the best routing solution ((8 9) among the set of fixed short-
est paths (� ). Through iterations, BSR algorithm adjusts the cost of each network link � (;).
This is done with a small weighting factor (U) proportional to the link utilization value (D(;))
obtained in previous iterations (8C). The number maximum of iterations is �)<. BSR algorithm
simulates a routing request and the results of each iteration are the values for each link and the
performance of the spectrum slot number (?8 9). In this paper, we have adapted the BSR first
adapted to serve EONs (Assis et al., 2014) to tackle with modulation format constraint in static
traffic considerations (BSR–M). Fig. 3 shows the flowchart of BSR–M.

4 Our Proposal Hybrid MILP Formulation

In the NPSP–MILP, presented by (3) to (18) (as described in Subsection 3.1), the modeling spans
all feasible regions and fields in a global optimal solution for the RMLSA problem considering
modulation format constraint. Although a global optimum is guaranteed, the solution time increases
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Fig. 2: Flowchart of SPSR–M (BLSA–M).

exponentially, which results impracticality for larger networks. In our proposal the constraints
are created using link-path formulation, in which the paths are known beforehand. To find near
optimal solutions, the PSP–MILP (therefore, with pre-defined paths) is used to substitute NPSP–
MILP in moderate (in terms of size) networks, considering different strategies of alternative routing
algorithms (in this paper, Yen algorithm (Katoh et al., 1982)).

In comparison with NPSP–MILP, PSP–MILP requires some changes. Given the graph � and
the demand set �, the objective remains the same (minimize �), but PSP–MILP chooses a path
of a source 8 to a destination 9 for each demand from the pre-determined set of routes (%8 9) and
a spectrum assignment that is the same in all links that the demand traverses in its chosen path.
Additional parameters and variables are defined as follows:
Parameters

– VU
8 9, ?

= 1, if link U belongs to path ? realizing demand 8 9 , and 0 otherwise.
– %8 9 : set of : candidate paths for connection 8 9 .
– P = ∪8 9%8 9 : total set of candidate paths for demand set �, 8 9 ∈ �.

Variables
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Fig. 3: Flowchart of BSR–M.

– -8 9 , ?: binary variable that is equal to 1, if path ? is used to demand 8 9 , and 0 otherwise;

Therefore, if ∃? ∈ %8 9: and ∃@ ∈ %8 9C , such that ? ∩ @ ≠ 0, then for each 8 9 C , 8 9 : ∈ � and every
?, @ ∈ P. Then, the constraints described by (19) to (25) are employed instead of (3) to (8).
Paths topology constraints ∑

?∈%8 9

-8 9 , ? = 1 ∀8 9 ∈ � (19)

∑
0

V08 9, ?-8 9 , ? ≤
∑
I

3In
I
8 9

(20)

Spectrum continuity and slot consecutiveness constraints

,8 9 ,:C +,:C ,8 9 = 1 (21)
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(8 9 + ?8 9 + � − (:C ≤ j
[
1 −,8 9 ,:C + 2 − -8 9 , ? − -8 9 ,@

]
(22)

(:C + ?:C + � − (8 9 ≤ j
[
1 −,:C ,8 9 + 2 − -:C , ? − -:C ,@

]
(23)

-8 9 , ? ∈ {0, 1} ? ∈ P (24)

(8 9 ≥ 0 8 9 ∈ � (25)

5 Simulation Setup and Results Discussion

In this section, we describe in details the simulation scenarios involving small (Subsection 5.1) and
large (Subsection 5.2) networks, as well as the results obtained by our proposal (PSP–MILP) in
comparison with NPSP–MILP and other heuristics adapted from the literature (SPSR–M, BLSA–
M and BSR–M).

For all simulations, the traffic matrices were generated as a matrix with the same dimensions
as the network matrix. The simulation environment was set up on an Intel i7 computer with a
3.6GHz processor and 32Gb RAM. For the MILPs we use the solver CPLEX (Cplex, 2009).

5.1 Small Network

Fig. 4 shows the network with six nodes considered in our simulations as small network. The band-
width slot was set at 12.5GHz (Ω = 12.5 GHz) and the guard band filter as well. The modulation
formats available were varied from 1 to 3 (1 ≤ " ≤ 3). Each modulation format has spectral effi-
ciency equal to 1, 2 and 3bps/Hz, respectively, in which 1 ≤ [ ≤ 3. The lightpath maximum reach
under each modulation format I is 31 = 4 hops, 32 = 2 hops and 33 = 1 hop.

Fig. 4: Network with six nodes considered in our simulations as small network.

The run time analysis for a small network (shown in Fig. 4) was conducted only considering
our proposed PSP–MILP jointly with Yen algorithm (with : = 1 and : = 2) in comparison to
NPSP–MILP. The run time with heuristics (SPSR–M, BLSA–M and BSR–M) is around 1ms for
this first simulation scenario analyzed. The PSP–MILP, with : = 1 and : = 2, found a solution in
a few seconds and NPSP–MILP in minutes or seconds, as described in details in Table 1.
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Table 1: Run time analysis for a small network (shown in Fig. 4) conducted only considering our
proposed PSP–MILP jointly with Yen algorithm (Katoh et al., 1982) (with : = 1 and : = 2) in
comparison to NPSP–MILP.

PSP–MILP [" ] = 1 [" ] = 2 [" ] = 3
: = 1 2.1 s 2.9 s 3.5 s
: = 2 1247.7 s 8.0 s 8.2 s

NPSP–MILP 24526.2 s 16723.8 s 352.3 s

Fig. 5 shows the maximum number of the used slot indexes as a function of our proposed PSP–
MILP jointly with Yen algorithm (Katoh et al., 1982) (with : = 1 and : = 2) in comparison with
NPSP–MILP, considering 3 different simulation scenarios: (1) |" | = 3 (I1, I2 and I3); (2) |" | = 2 (I1
and I2) and (3) |" | = 1 (I1). The traffic is: (a) E8 9 = 100Gbps and (b) uniformly distributed between
100, 200, 300 and 400Gbps for all source-destination node pairs in the small network.
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Fig. 5: Maximum number of the used slot indexes as a function of our proposed PSP–MILP jointly
with Yen algorithm (Katoh et al., 1982) (with : = 1 and : = 2) in comparison with NPSP–MILP,
considering 3different simulation scenarios: (1) |" | = 3 (I1, I2 and I3); (2) |" | = 2 (I1 and I2) and
(3) |" | = 1 (I1). The traffic is: (a) E8 9 = 100Gbps and (b) uniformly distributed between 100, 200,
300 and 400Gbps for all source-destination node pairs in a small network (as shown in Fig. 4).

It is possible to verify that the maximum number of slots is smaller for the simulation scenario
that considers 3modulation formats in both cases. Since 3 hops connect any pair of nodes in the
topology, only the modulation format I1 has been enabled for " = 1. This modulation format can
be used to establish all call requests. The modulation format I2 also could be used. It is important
to note that the PSP–MILP is not optimum, since it removes the flow conservation equation (10)
and uses a limited set of pre-defined routes. Therefore, these routes may not coincide with the best
routing solutions returned by the NPSP–MILP. In the results shown in Fig. 5a the PSP–MILP
and NPSP–MILP performance coincide, but with the use of a traffic with different transmission
bit rates, PSP–MILP required three additional slots (as shown in Fig. 5b).

Fig. 6 shows a comparison of our proposed PSP–MILP jointly with Yen algorithm (Katoh et al.,
1982) (with : = 1 and : = 2), NPSP–MILP and heuristics for the small network shown in Fig. 4 with
E8 9 = 100Gbps and |" | = 3. One can note that NPSP–MILP and PSP–MILP for : = 2 have better
performance sharing the first place and were able to minimize the maximum slot used. The BSR–M
was in second place, BLSA–M and PSP–MILP for : = 1 shared in third place and SPSR–M was
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the last one. These results are expected since the BLSA–M minimizes the maximum load (number
of slots occupied) in every link and the BSR-M is a refinement of the BLSA–M.
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Fig. 6: Comparison of our proposed PSP–MILP jointly with Yen algorithm (Katoh et al.,
1982) (with : = 1 and : = 2), NPSP–MILP and heuristics for the small network shown in Fig. 4
with E8 9 = 100Gbps and |" | = 3.

5.2 Larger Networks

When a large number of variables is involved, the processing time even for the PSP–MILP for-
mulation is not viable, so, for larger networks with until 11nodes the PSP–MILP is investigated,
but apart from that only the heuristics are investigated. For larger networks simulation scenario,
firstly, the simulation was performed considering our proposed PSP–MILP and the adapted heuris-
tics (SPSR–M, BLSA–M and BSR–M) applied to well-known networks, with different number of
links and nodes (RefNET2, 2020).

Table 2 presents the maximum utilized spectrum slot number for each of the analyzed large
networks, considering the PSP–MILP, SPSR–M, BLSA–M and BSR–M with |" | = 4 and |" | = 1
modulation format.

Table 2: Maximum utilized spectrum slot number for each large network, considering our proposed
PSP–MILP and the adapted heuristics (SPSR–M, BLSA–M and BSR–M) with |" | = 4 and only
|" | = 1 modulation formats. CPU limit time∗ = 24h, CPU time4 < 5min, CPU time† < 1 s.

Network ID Name N L
Nodal
Degree
(mean)

PSP–MILP*
: = 2

PSP–MILP*
: = 1

BSR–M4 BLSA–M†
: = 2

SPSR–M†

|M|=4 |M|=1 |M|=4 |M|=1 |M|=4 |M|=1 |M|=4 |M|=1 |M|=4 |M|=1
1 VIA NET 9 12 2.67 39 80 44 89 39 80 42 88 48 98
2 BREN 10 11 2.20 54 116 54 107 54 107 60 116 68 132
3 LEARN 10 12 2.40 58 107 54 107 54 107 58 113 70 141
4 ABILENE 11 14 2.54 78 143 90 152 80 146 85 150 93 161
5 COMPUSERV 11 14 2.55 46 98 62 125 47 100 60 122 71 133

The results for "=1 follows the results of "=4. Therefore, our biggest concern will be with
the results with several modulation formats available. The spectral efficiency of each modulation
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format, [I , is set as [1 = 1, [2 = 2, [3 = 3 and [4 = 4 bit/s/Hz. The maximum reach of a lightpath
under each modulation format I is 31 = 8, 32 = 4, 33 = 2 and 34 = 1 hop(s). For " = 4, it is apparent
from Table 2 that PSP–MILP for : = 2 has the best performance for that set of networks, except
for the network LEARN. The most interesting finding was BSR–M to have performance similar
to PSP–MILP for 3 (VIA NET, BREN and LEARN) of 5 networks, but with less computational
time (less than 5min). Therefore, that is a strong evidence of BSP–M could be applied for larger
networks. Also there were no significant increase of number of slots when using the BLSA–M
approach. However, SPSR–M did not get good results despite of CPU time to be low. Theses
results, mainly regarding the simulation time, provide further support for the hypothesis of good
reults for large networks with acceptable simulation time.

For networks with 12 or more nodes we used only the adapted heuristics, because our proposed
PSP–MILP can take a very long time to find good solutions. Table 3 presents the maximum utilized
spectrum slot number for each large network, considering SPSR–M, BLSA–M and BSR–M with
|" | = 4 and |" | = 1 modulation formats. Usually, the SPSR–M is compared with BLSA–M. Again,
load balancing was achieved by BLSA–M, but not by SPSR–M. This may be related to the fact
that BLSA–M uses the longer path routing and SPSR–M the shortest path. Hence, the overall path
overlapping in BLSA–M is more than SPSR–M. However, that is better to minimize the �.

Table 3: Maximum utilized spectrum slot number for each large network, considering SPSR–M,
BLSA–M and BSR–M with |" | = 4 and only |" | = 1 modulation formats, CPU limit time∗ = 24 h,
CPU time4 < 5min, CPU time† < 1 s.

Network ID Name N L
Nodal
Degree
(mean)

BSR–M4 BLSA–M†
yen: : = 2

SPSR–M†

|M|=4 |M|=1 |M|=4 |M|=1 |M|=4 |M|=1
6 vBNS 12 17 2.83 94 170 106 186 120 221
7 CESNET 12 19 3.17 69 140 78 160 80 169
8 ITALY 14 29 4.14 52 112 63 132 101 198
9 ACONET 15 22 2.93 98 192 106 207 121 224
10 GERMANY 17 26 3.06 161 258 185 273 201 303
11 SPAIN 17 28 3.29 99 193 133 266 160 321
12 MEMOREX 19 24 2.53 293 427 381 536 419 564
13 CANARIE 19 26 2.74 294 395 314 429 348 477
14 EON 19 37 3.89 99 177 108 206 132 251
15 ARPANET 20 32 3.20 186 298 211 332 211 350
16 PIONIER 21 25 2.38 326 456 450 602 456 629
17 COX 24 40 3.33 221 389 253 440 281 483
18 PORTUGAL 26 36 2.77 479 589 737 911 823 985
19 RENATER 27 35 2.59 396 550 582 866 686 1017

To create a balance between SPSR–M and BLSA–M, the BSR–M works defining the problem
of choosing the best combination among multiple combinations of shortest paths (MCSP) when
we use the fixed routing strategy in EONs. A BSR–M fixed routing algorithm looks for a solution
of the MCSP problem. For different topologies its performance was compared with both SPSR–M
and BLSA–M, indicating a better result in relation to all other cases evaluated. Even for the small
network under range of traffic (100Gbps until 400Gbps). Thus, it is possible to conclude that the
BSR–M algorithm has superior performance for different kind of networks.
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6 Conclusions

In this paper, we proposed a novel hybrid strategy that combines MILP formulation with different
alternative routing approaches that is capable to solve, simultaneously, the routing, modulation
level and spectrum assignment problem in the design of elastic optical networks, considering traffic
static. We considered Yen algorithm as fixed-alternative algorithm to feed PSP–MILP formulation
in diverse simulation scenarios (small and intermediate sizes of networks) and three heuristics
available in the literature were adapted (SPSR–M, BLSA–M and BSR–M) to compare with our
proposal.

PSP–MILP formulation presents a path-link formulation and, although it cannot find the opti-
mal solution for several cases, it finds reasonable solutions within viable simulation time. The results
show the benefits of our proposal considering diverse simulation scenarios and different number of
modulation formats over realistic networks in terms of simulation run time and maximum number
of utilized slot indexes. We found that the path-link formulation can bring benefits in designing
small and intermediate networks.

The finding that BSR–M heuristic can optimize the network design with different configuration
of modulation formats add to a growing body of literature on optical networks design. The scope of
study was limited in terms of physical layer, apart from modulation format constraints, it would be
interesting to assess the effects of physical impairments. Additional advances can be made regarding
dynamic operation of EONs, by means of flexible networking deployment. PSP–MILP can not find
the optimal solution in all circumstances, but many times it can find a solution for larger networks
in an acceptable time.
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