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Abstract : Optical transport networks (OTNs) carry Ethernet traffic over lightpaths that can be
provisioned using elastic optical networks (EONs) with flexible spectrum allocation. Under dynamic
traffic, frequent client arrivals and departures create scattered free capacity across parallel lightpaths in
the transport layer and spectrum fragmentation in the optical layer, leading to underutilized lightpath
capacity and spectrum gaps. To quantify and mitigate the transport-layer inefficiency, we introduce
a metric called lightpath utilization entropy and propose a corresponding OTN consolidation strategy
that rearranges existing clients across lightpaths serving the same O/D pair to consolidate free ca-
pacity. Because this operation is confined to the electrical domain, it can be executed quickly and
with minimal service disruption. To jointly address both impairments, we further develop a cross-layer
framework that simultaneously consolidates client allocation in the transport layer and reconfigures
lightpath placement in the optical layer. We formulate the resulting cross-layer consolidation and de-
fragmentation (CLCD) problem as a cutting-stock model and solve it efficiently by column generation.
Because optical-layer reconfiguration is slower, CLCD is executed less frequently than OTN consoli-
dation and is complemented by the latter at a higher frequency. Simulation results demonstrate that
the proposed framework, combining CLCD with OTN consolidation, reduces the blocking ratio by up
to 51% under medium traffic loads and outperforms single-layer (EON-only) defragmentation in both
performance and resource utilization.

Keywords : Bandwidth fragmentation; defragmentation algorithms; elastic optical networks; optical
transport networks; cross-layer consolidation and defragmentation

Acknowledgements: This work was supported by Mitacs and Ciena Corporation.
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1 Introduction

Transport networks have evolved significantly in recent years due to the growing demand for high-speed
data transmission and flexible resource allocation. Elastic Optical Networks (EONs), with their ability
to adjust channel bandwidth dynamically, have emerged as a critical solution for optimizing spectral
resources. Unlike traditional Wavelength Division Multiplexing (WDM) networks that rely on fixed
wavelength grids, EONs enhance spectral efficiency by enabling Bandwidth-Variable Transponders
(BVTs) to provision just enough bandwidth for each connection request based on traffic demands.

Parallel to this, Optical Transport Network (OTN) technology is widely used to encapsulate Eth-
ernet services and groom multiple client flows into high-capacity optical channels, thereby enabling
an OTN-over-EON architecture to jointly leverage OTN grooming and EON spectrum flexibility to
accommodate heterogeneous Ethernet demands in a scalable manner. Under this architecture, when
a new Ethernet demand arrives, the network reuses established lightpaths whenever possible and sets
up new optical lightpaths only when additional capacity is required.

However, the dynamic provisioning that makes OTN-over-EON attractive under fluctuating traffic
also introduces new challenges over time. As traffic continuously arrives and departs, the accumulation
of provisioning and teardown connections produces two distinct forms of inefficiency in the OTN and
EON layers. In the OTN layer, lightpaths often become partially filled, so that free capacity is scattered
across many parallel lightpaths of the same O/D pair as small residual chunks, with no single lightpath
holding enough to accept a large incoming demand. As a result, a new client can be blocked even when
the aggregate free capacity is sufficient. In the EON layer, by contrast, when all clients on a lightpath
depart, tearing down the lightpath leaves spectrum gaps. This effect is exacerbated in spectrum-flexible
operation, where lightpaths may be set up, released, expanded, or contracted using BVTs. Due to
spectrum continuity and contiguity constraints, these gaps make it difficult to find usable spectrum
blocks for establishing new lightpaths, especially for large-bandwidth demands. Taken together, OTN-
layer capacity dispersion and EON-layer spectrum fragmentation degrade overall network efficiency,
increase the blocking probability, and complicate resource management.

Several approaches have been proposed to mitigate fragmentation in the EON layer. Preventive
techniques carefully place new connections to limit fragmentation. For instance, spectrum partitioning
has been investigated to steer connection requests with different bandwidth requirements to dedicated
spectral regions [2, 10, 18]. Fragmentation-aware Routing and Spectrum Assignment (FA-RSA) algo-
rithms proactively select routes and frequency slots during lightpath establishment to reduce future
fragmentation [6, 13, 20, 21]. These methods rely on quantitative fragmentation indicators, such as a
fragmentation index [18] or Shannon-entropy-based measures [20, 21], to guide resource allocation.

Reactive defragmentation techniques reorganize existing connections in response to network con-
ditions, employing strategies like spectrum shifting, make-before-break approaches, or iterative ad-
justment of established lightpaths [4, 14-16, 19, 22]. These methods are triggered either by lightpath
blockage caused by spectrum fragmentation or when fragmentation exceeds a threshold. More re-
cently, learning-based approaches have been investigated to make EON defragmentation proactive and
self-adaptive. For example, Etezadi et al. [7] proposed DeepDefrag, a deep reinforcement learning
framework that jointly decides when to trigger defragmentation, which connections to reconfigure, and
where to reallocate them in the spectrum, by considering service attributes, multiple fragmentation
metrics, and the reconfiguration cost. Although these methods substantially improve EON-layer de-
fragmentation, they all operate strictly at the optical layer and do not address the payload within
lightpaths or the associated transport-layer packing inefficiencies.

Concerning multilayer modeling, earlier studies (e.g., [12]) considered provisioning for IP over GM-
PLS networks, highlighting the benefits of coordinated resource management across layers. Although
fragmentation mitigation is a key motivation for multilayer coordination, not all multilayer reconfigu-
ration frameworks explicitly optimize fragmentation. In the context of multilayer optimization, Tanaka
et al. [17] proposed a multiperiod IP-over-EON reconfiguration framework that iteratively updates the
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IP virtual topology and then performs RSA in the optical layer. Their heuristic further incorporates
adaptive bandwidth resizing together with distance- and bitrate-adaptive modulation to improve en-
ergy efficiency under periodically changing traffic matrices. However, the framework primarily targets
energy-aware reconfiguration rather than fragmentation-driven optimization.

In [23], a cross-layer spectrum defragmentation approach for IP over EON networks is proposed,
in which both IP traffic flows and established lightpaths are reconfigured to alleviate fragmentation,
with defragmentation triggered on blocking events. More recently, Liu et al. [11] proposed an adaptive
IP /optical cross-layer bandwidth defragmentation algorithm for multi-band optical networks, com-
bining deep reinforcement learning with service clustering and aggregation. Although these studies
capture interactions between IP and optical layers, none of the cross-layer or multilayer works discussed
above addresses OTN grooming or the transport-layer packing inefficiencies specific to OTN-over-EON
architectures.

In this paper, we first introduce a metric called lightpath utilization entropy to quantify the
transport-layer inefficiency caused by free capacity being scattered across many partially-filled par-
allel lightpaths. To mitigate this inefficiency, we propose an OTN consolidation strategy that repacks
Ethernet demands across lightpaths between the same O/D pair, operating entirely in the electrical
domain so that it can be executed quickly and with minimal service disruption. We formulate the
OTN consolidation problem as a mixed-integer program and, due to its computational complexity at
scale, also develop an efficient heuristic to enable frequent online application.

Because OTN consolidation cannot address spectrum fragmentation in the optical layer, we extend
our approach to a cross-layer consolidation and defragmentation (CLCD) model that simultaneously
repacks Ethernet demands at the OTN layer and reconfigures lightpath placement in the EON layer.
We first formulate CLCD as a mixed-integer program and then develop a scalable column-generation
solution. Since modifying optical lightpaths is costly, CLCD is intended to run less frequently than
OTN consolidation, and the combination of the two provides an effective balance between performance
and operational overhead.

Our approach distinguishes itself from existing literature through the following key contributions:

Introduction of lightpath utilization entropy: We introduce a novel metric that penalizes half-
filled lightpaths and rewards configurations in which each lightpath is either full or empty.
OTN consolidation strategy: We propose both a mixed-integer programming formulation and a

heuristic algorithm to reduce lightpath utilization entropy.

Cross-layer consolidation and defragmentation model: We jointly consolidate client allocation
at the OTN layer and defragment the optical spectrum at the EON layer within a single opti-
mization model.

Column generation approach: We develop a column-generation-based approach for efficiently solv-
ing the CLCD problem at large scale.

Performance evaluation: We demonstrate the effectiveness of our approaches through extensive
simulations, showing clear improvements relative to a well-established EON-only baseline.

The reader should be aware that we deliberately omit survivability considerations. Incorporating
working-backup path constraints would require enforcing disjointness or other operator-specific policies
whose interaction with defragmentation is beyond the scope of this work. To isolate the efficiency
gains of OTN consolidation and CLCD, all demands are therefore treated as unprotected working
connections; extending the framework to support protected services is left to future work.

The rest of the paper is organized as follows. Section 2 introduces the OTN and EON structures
and the multilayer network architecture. Section 3 defines the lightpath utilization entropy metric
and presents a heuristic for OTN consolidation. Section 4 presents the CLCD MIP formulation and
the column-generation technique used to solve it. Section 5 reports simulation results, and Section 6
concludes.
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Table 1: Acronyms and Full Forms

Acronym  Full Form
OTN Optical Transport Network
EON Elastic Optical Network
WDM Wavelength Division Multiplexing
MIP Mixed-Integer Programming
CAG Collapsed Auxiliary Graph
CLCD Cross-Layer Consolidation and Defragmentation
BVT Bandwidth-Variable Transponder
BV-WSS Bandwidth-Variable Wavelength Selective Switches
FA-RSA Fragmentation-Aware Routing and Spectrum Assignment
ODU Optical Data Unit
WSSs Wavelength Selective Switches
FS Frequency Slot
O/D Origin-Destination
OPU Optical Payload Unit
RMP Restricted Master Problem
Table 2: Notations and Definitions
Sets
D Set of demands between an O/D pair
H Set of demand types
P Set of EON-layer paths connecting an O/D pair
Sp Set of spectrum segments along path p
L Set of lightpaths connecting an O/D pair
Ly Set of lightpaths that use path p
T Set of all operational transponder modes

T Set of transponder modes whose optical reach is sufficient for path p
A Set of feasible patterns

Parameters / Constants

Wy Data-rate requirement of demand d
Q Capacity of lightpath [

My, Number of demands of type h

W, Bandwidth of demand type h

Fy Number of FSs required by transponder mode ¢
O¢ Optical reach of transponder mode ¢

R Data rate supported by transponder mode ¢
Bps Number of FSs available in segment s on path p

Threshold to trigger OTN consolidation
Fa Number of FSs used by pattern a
n Number of lightpaths between an O/D pair
Np Number of lightpaths on path p
Pap 1 if pattern a uses path p

Decision Variables

Oa1 1 if demand d uses lightpath [

Ty Remaining capacity of lightpath [

Zpits 1 if lightpath [ uses transponder mode ¢ and segment s on path p
Ydpl 1 if demand d is on lightpath [ of path p

Zh
Hha
)\GS

Number of times demand type h is included in the new pattern
Number of times demand type h is included in pattern a
Number of times pattern a is used in spectrum segment s

2 OTN and EON structure in a multilayer network architecture

This section outlines the structures of EON and OTN, describes the multilayer network architecture
they form, and explains how Ethernet clients are mapped into this multilayer framework. EONs divide
the optical spectrum into smaller units called Frequency Slots (FSs), typically of 6.25 GHz width. BVTs
are integral components of EONs, capable of adjusting their spectral width and modulation formats.
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By varying the number of FSs occupied, BVTs provide just enough bandwidth for each lightpath (the
end-to-end optical channel) based on the required data rate and optical reach.

OTN technology operates above the EON layer and is responsible for encapsulating client data,
such as Ethernet packets, into optical channels. The core of the OTN architecture is the Optical Data
Unit (ODU) sublayer, which serves as a signal wrapper. The ODU encapsulates client signals into the
Optical Payload Unit (OPU) through a process known as OTN multiplexing or electrical grooming.
ODUflex enhances this flexibility by enabling variable-rate ODU containers whose payload is allocated
in discrete tributary slot granularity (i.e., an integer number of tributary slots, each of 1.25 Gb/s) [9].
Ethernet clients are mapped into ODU tributary slots, with the number of tributary slots allocated
corresponding to the client’s data rate.

Moreover, OTN switching capabilities allow for the extraction of client signals from an ODU and
their insertion back into another ODU [8]. OTN switching is often constrained by the availability of
switching equipment at network nodes. The combination of EON and OTN technologies results in a
three-layer network architecture:

e Ethernet Client Layer: This is the highest layer, representing the Ethernet client demands
between Origin-Destination (O/D) pairs. The data rates of these demands follow standard values,
such as 10GE, 100GE, and 400GE, which we refer to as Ethernet demands of specific types.

e OTN Layer: The middle layer consists of OTN switches and lightpaths. Ethernet clients are
encapsulated into ODU tributary slots and transmitted over lightpaths.

e EON (Physical) Layer: The lowest layer consists of the physical fiber infrastructure managed
by EON technology. Lightpaths in the OTN layer are mapped onto the EON layer and routed
over fiber links, taking into account spectrum continuity and contiguity constraints.

In the OTN layer, as the capacity of a single lightpath may be insufficient to accommodate the
total traffic volume between an O/D pair, multiple lightpaths may connect the same pair of nodes.
However, in OTN technology, Ethernet clients are typically not split across parallel (i.e., same-O/D)
lightpaths. Each Ethernet demand is transmitted over a single lightpath or a sequence of interconnected
lightpaths via OTN switches. Such splitting is avoided due to challenges such as propagation delays
and difficulties in synchronizing data arriving over different paths [9].

In some cases, an Ethernet demand is carried over aggregated lightpaths. This aggregation requires
the lightpaths to traverse the same route through the network and operate on a contiguous segment
of the spectrum. As a result, a bonded lightpath can be treated as a single ’lightpath,” preserving the
validity of the initial assumptions.

Fig. 1a shows the three-layer architecture used in this paper. The bottom layer is the EON, whose
fiber links provide FSs. The middle layer is the OTN layer, where lightpaths are established over the
EON. The top layer represents the Ethernet demand layer. Fig. 1b zooms into the OTN layer and
illustrates how three Ethernet demands of 100, 200, and 400 Gb/s from node A to node F are carried
over OTN lightpaths. Each small rectangle on a lightpath represents an abstract capacity unit, which
may consist of multiple OTN tributary slots, and is used for ease of illustration. Different fill patterns
indicate capacity units occupied by different Ethernet demands. For example, the 100 Gb/s demand
uses the fourth capacity unit on the lightpaths AB, BE, and one of the parallel EF' lightpaths. Two
parallel lightpaths are installed between nodes E and F' to carry the higher traffic volume for this O/D
pair. In addition, lightpath BE has seven available capacity units, whereas lightpath AC has only
four, so BE can multiplex more subwavelength traffic.

Fig. 1c moves down one layer and shows how a single OTN lightpath, AB, is implemented in the
EON. The three vertical bars represent the FS spectrum on the physical fiber links AC, CFE, and EB
that form the route of lightpath AB. The first three FSs on each fiber, drawn with the same hatch
pattern, are reserved for lightpath AB. The remaining FSs, shown with different fill patterns, are used
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by other lightpaths such as AC, CE, and BE, while the unshaded segments labelled Free correspond
to unused F'Ss.

Demand
Ethernet traffic Layer

®—

. 200 Gb/s
Lightpath
@ @ 100 Gb/s (:é Demand
Q e 400 Gb/s& Layer

Lightpath

@ @, OTN Layer

at‘ﬂ@ OTN Layer

é'\g‘ﬂ’lp

ACt _ EON Layer

fiber link

Figure 1: Multilayer network architecture. (a) Three-layer view with Ethernet, OTN, and EON layers. (b) Encapsulation
of Ethernet demands into capacity units across multiple lightpaths. (c) Mapping of OTN lightpaths onto EON-layer FSs
along the underlying fiber links.

3 OTN consolidation

3.1 Lightpath utilization entropy

In OTNs, multiple lightpaths may be established between the same pair of nodes to support high
traffic volumes. Although this increases aggregate capacity, inefficiency arises when the free capacity
is scattered across many partially-filled lightpaths, so that no single lightpath has enough room to
accept a large incoming demand. In such cases, a new demand may be blocked even though the total
free capacity is sufficient. To illustrate this effect, consider the two lightpaths between nodes F and
F shown in Fig. 1b. Although several capacity units remain unused across the two lightpaths, these
free capacity units are split between them. If a new 400 Gb/s Ethernet demand arrives, requiring
four capacity units on a single lightpath, neither lightpath has four free capacity units available. As
a result, the demand is blocked despite the fact that the two lightpaths together have more than four
free capacity units in total.

This scenario highlights the importance of efficient demand packing across the lightpaths serving
the same node pair. Ideally, each lightpath should be either fully utilized (i.e., carrying as much
traffic as possible) or completely empty (i.e., available for release or for a new large demand), since
intermediate fill levels both waste capacity and block large demands. To characterize the inefliciency
caused by many simultaneously half-filled lightpaths, we introduce the lightpath utilization entropy,
which measures how far, on average, the lightpaths of an O/D pair are from these two preferred states.
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To formally define lightpath utilization entropy, consider a pair of nodes (u,v) connected by a set
of lightpaths £. Let n be the number of these lightpaths. For each lightpath [ € L, let Q; denote its
total capacity and r; its remaining (unused) capacity. The lightpath utilization entropy f is defined
as the average binary entropy of the utilization ratios of these lightpaths:

=2 (3) 2

lel

Here, H(-) is the binary entropy function given by:
H (x) = =x1oga(x) — (1 = x)log,y(1 — x) (2)

The binary entropy function is maximized at y = 0.5 (a half-filled lightpath, which is the worst
case for both accepting a new large demand and for being released), and drops to zero as x — 0 (an
empty, releasable lightpath) or x — 1 (a fully packed one); both extremes are desirable. The metric f
is therefore minimized when each lightpath of the O/D pair is individually pushed toward one of the
two extremes.

3.2 Optimization model

To reduce lightpath utilization entropy and improve network efficiency, we propose a process called
OTN consolidation: existing Ethernet demands are reassigned across the lightpaths serving the same
node pair so that free capacity becomes concentrated on as few lightpaths as possible. The operation
is confined to the OTN layer; it does not modify lightpath configurations, physical routes, allocated
spectrum, or modulation formats.

Fig. 2 illustrates OTN consolidation using a bins-and-items analogy. Each bin corresponds to a
lightpath between the same node pair, with fixed total capacity @; and remaining free capacity r; shown
below each bin. The colored items represent already established Ethernet demands (red: 100 Gb/s;
blue: 10 Gb/s; green: 400 Gb/s). In Fig. 2a, all four bins are partially filled: the free capacity
is spread across them, so no single bin has 400 Gb/s available even though the aggregate residual
capacity is sufficient. This configuration yields a high utilization entropy, f = 0.78. Fig. 2b shows
the configuration after OTN consolidation: the same demands are repacked so that three lightpaths
become fully utilized and one becomes empty, giving (r1,7r2,73,74) = (0,0, 70,600) Gb/s and reducing
the utilization entropy to f = 0.13. The empty lightpath (r4 = 600 Gb/s) can now accommodate
the new 400 Gb/s demand. We model OTN consolidation as the following optimization problem that
minimizes f:

= win - 5217 () (32)

U el

s.t. > =1 VdeD (3b)

leL
r = Ql — Z Hled Vie Ll (3C)

deD
Oa1 6{0,1} VdeD,VieLl (3d)
rp >0 vie Ll (3e)
where:

D : Set of Ethernet demands between the node pair. (4)
Wy : Data rate required by demand d € D. (5)

04 : Binary variable indicating if demand d is assigned to lightpath [. (6)
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Constraint (3b) ensures each demand is assigned to exactly one lightpath. Constraint (3c) calculates
the remaining capacity on each lightpath after assignment. The objective function (3a) is nonlinear
due to the entropy term but can be linearized using piecewise approximations, allowing the use of MIP
solvers. However, the exact solution of (3) may become computationally intractable for large network
instances, motivating the use of more scalable solution techniques.

400 100

Q4=800, r1=180 Q,=800, ;=100 Q3=600, 3=200 Q4=600, [;=190 Qq=800,r1=0  Qu=800,r=0  Q3=600, r3=70  Q4=600, r4=600

(a) (b)

Figure 2: lllustration of OTN consolidation across four parallel lightpaths (bins). (a) Before consolidation: free capacity
is spread over several partially-filled lightpaths, giving a high utilization entropy. (b) After consolidation: demands are
repacked so that most lightpaths become full and one becomes empty, driving the utilization entropy down.

3.3 Heuristic approach

To address scalability in practical deployments, we developed a heuristic algorithm that approximates
the optimal solution of the OTN consolidation problem (3). As summarized in Algorithm 1, the
procedure iterates through each O/D pair (u,v) in the network. For a given pair, the algorithm first
constructs the set £ of lightpaths serving the node pair and the set D of Ethernet demands routed
over those lightpaths, and then computes the initial lightpath utilization entropy f°. Once these sets
are established, the lightpaths are sorted in descending order of capacity to prioritize the largest ones
for consolidation. For each lightpath [ € £, an initially empty assignment set A; is created to store
the demands that will ultimately be mapped to it.

Algorithm 1 Heuristic OTN Consolidation Algorithm

1: Input: Current network status.

2: Output: Updated Ethernet demand assignment

3: for each O/D pair (u,v) do

4: Initialize D and £

5: f9 « Calculate initial lightpath utilization entropy

6: Sort £ in descending order of capacity (tie-breaker: increasing start FS)
7 A; < 0,V 1 € L: Create initial mapping

8: while L is not empty do

9: l < Select the first lightpath of £

10: A; < Solve a knapsack problem to assign demands from D
11: L+ L\A{l}
12: D <+ D \ Al

13: f* < Calculate new lightpath utilization entropy using mapping A
14: if fO— f* > G then

15: Apply the new assignment A
16: else
17: Discard changes

18: Return Updated Ethernet demand assignment

The algorithm then processes the lightpaths in the sorted order. For each [, a dynamic-programming-
based knapsack procedure selects a subset of the remaining demands in D that maximizes the total
assigned bandwidth without exceeding the capacity of [. The selected demands are added to A; and
removed from D, and the algorithm moves on to the next lightpath in the sorted list. This process
continues until all lightpaths in £ have been examined, yielding a complete reassignment of demands
across the available lightpaths.

After the reassignment is completed, the algorithm recomputes the lightpath utilization entropy,
denoted f*, for the updated demand-lightpath assignment. The new mapping is accepted only if it
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yields a sufficiently large reduction; that is, if f© — f* > G, where G € [0, 1] specifies the minimum
required improvement. Otherwise, the original assignment is retained.

By introducing the threshold G, we ensure that consolidation is applied only when it yields a signif-
icant reduction in lightpath utilization entropy, avoiding unnecessary disruption to active connections.
This heuristic provides a balance between optimization quality and computational efficiency, making
it suitable for large-scale networks where exact solutions are impractical.

OTN consolidation reorganizes Ethernet demands across existing lightpaths but does not modify
the underlying EON spectrum allocation. The next section addresses that limitation.

4 Cross-layer consolidation and defragmentation

CLCD acts on both layers at once by merging or releasing lightpaths serving the same O/D pair,
adjusting their spectral widths, and repositioning their spectrum allocations, while concurrently re-
arranging Ethernet demands on top. Two constraints are considered on these operations. First, the
physical routing paths of established lightpaths are assumed to remain fixed, thereby avoiding rerouting
operations that would introduce additional latency and cause service disruption through Bandwidth-
Variable Wavelength Selective Switch (BV-WSS) adjustments. Second, any modification to a lightpath
configuration must comply with the capabilities of the underlying BVTs, including maximum data rate,
supported modulation formats, and optical-reach limitations.

To perform these operations, we first identify the spectrum regions that each O/D pair can use. For
an O/D pair on a fixed route, an available spectrum segment is a continuous group of FSs that is either
free or already occupied by a lightpath of the same O/D pair. In this way, the available spectrum
segments define the spectrum range within which the O/D pair’s lightpaths can extend, merge, or
shift.

In Fig. 3a, the spectrum allocation on the links along the shortest path between a node pair is
depicted, including four established lightpaths I; to l,. The solid black portions indicate spectrum
occupied by lightpaths belonging to other O/D pairs and are therefore unavailable to the current
optimization. The gray portions correspond to the spectrum used by the lightpaths of the considered
node pair. The available spectrum segments for this pair are denoted by S7 to Sy.

Due to spectrum fragmentation and partial utilization, these four lightpaths do not use the spectrum
efficiently. By strategically expanding lightpaths [; and I toward the lower end of the spectrum, the
demands currently served by I3 and I4 can be migrated onto [y and o, effectively packing the traffic into
fewer lightpaths. Fig. 3b shows the resulting allocation. The extended lightpaths I{* and [$* now carry
the entire demand of the O/D pair; the hashed portions indicate the additional FSs assigned to these
lightpaths within segments S; and S3. Lightpaths I3 and I, become redundant and can be released,
which frees spectrum in S3 and S; and reduces fragmentation. In this example, the consolidation
is enabled by selecting a higher-baud-rate transponder mode to support the increased load on fewer
lightpaths and by shifting their spectrum allocation toward lower-index FSs (see Table 3, which lists
the supported modes, adapted from the Ciena WaveLogic 5 data sheet [1]).

More generally, merging or adjusting the lightpaths serving an O/D pair reduces the number of
guard bands and can replace longer routes with shorter merged ones that consume fewer FSs at the
same data rate. As a result, CLCD removes spectral gaps in the EON layer and reduces the number
of active transponders. To formalize the procedure, we next describe how the available spectrum
segments are computed for each O/D pair.
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Figure 3: Spectrum optimization through CLCD. (a) Initial configuration showing lightpaths [1—{4 and available spectrum
segments S1—S4. (b) After CLCD: the demands on I3 and /4 are migrated onto the expanded lightpaths /9 and IS*,
freeing segments S3 and Sj.

4.1 Segment calculation

When an O/D pair is routed over a single path, the available spectrum segments are obtained directly
from the spectrum occupancy along that path. In the multi-path case, any FSs on shared links are
allocated to the shorter path, since such FSs cannot be used by more than one path simultaneously.

Fig. 4 illustrates this for two candidate paths between nodes A and F' in the EON layer. The green
path is the first shortest path (1-SP), and the red path is the second shortest path (2-SP). In Fig. 4a,
the two paths share fiber link AB. On the 1-SP, the free FSs form two contiguous segments, S; and
Ss5. To avoid conflicts on the shared link, any free FS assigned to a segment on the 1-SP is blocked
(red crosses) on the 2-SP; the remaining free FSs on the 2-SP are grouped into segments S3 and Sy.

Fig. 4b shows the contrasting case where the 1-SP and 2-SP are link-disjoint. Since the two paths
do not share any fiber link, all free FSs may be used independently on each path. The 1-SP therefore
contains segments S; and So, while the 2-SP contains S3 and Sy; the same FS indices may appear on
both paths without causing spectrum conflicts.

With the available spectrum segments characterized for every path of each O/D pair, we are now
ready to formulate the CLCD optimization problem.

EON Layer
FSs on 1-5p

fiber link\,
1-SP Path spectrum

| | EEEE =R T EEEE @ =R
7 & b )

2-SP Path spectrum
B XXX | EEE | EEES
&P €, s, s,
(a) (b)

Figure 4: Segment calculation for different path configurations. (a) Paths sharing a fiber link: FSs already assigned to
the 1-SP are blocked on the 2-SP (red crosses). (b) Link-disjoint paths: all free FSs can be grouped independently on
each path.
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4.2 Optimization model

To model the CLCD process, we propose an MIP formulation with the objective of minimizing the
total spectrum usage while satisfying all Ethernet demands between the O/D pair. We introduce the
following constants and variables to formulate the problem.

T : Set of all operational modes of transponders, where each mode t € T

is defined by a tuple (F, O, Ry). (1)
F; : Number of FSs required for transponder mode t. (8)
O; : Optical reach of transponder mode t. 9)
R; : Data rate supported by transponder mode ¢. (10)
P : Set of EON-layer paths connecting the O/D pair. (11)
Tp : Set of transponder modes whose optical reach Oy is sufficient for path p € P. (12)
Sp : Set of spectrum segments along path p. (13)
By : Number of available F'Ss in the s spectrum segment along the p*™ shortest path. (14)
L, : Set of all lightpaths that use the path p. (15)
Zpits - Binary variable indicating whether lightpath [ € £,
uses transponder mode ¢ € T, and spectrum segment s € Sp. (16)
Ydpi - Binary variable indicating whether Ethernet demand d
is assigned to lightpath [ € £, on path p € P. (17)
The optimization problem is formulated as follows:
Zyrp =min Z TpirsFy (18a)
PEPIEL LET,,5ES,
st Y yapWa< D zpualy VpeP,leL, (18b)
deD t€Tp €Sy

Z Yapr = 1 Vd € D (18c¢)

peP,IEL,
> @pusF < By, VpeP,s€S, (18d)

leLy, teT)y
> mua <1 VpeP,leL, (18¢)

teTp,s€S,y
Tpits, Yapt € {0, 1} (18f)

The objective function (18a) minimizes the total number of FSs used across all lightpaths. Con-
straint (18b) ensures that the total data rate of all Ethernet demands assigned to a lightpath does not
exceed the capacity of the selected transponder mode. Constraint (18c) guarantees that each Ethernet
demand d € D is assigned to exactly one lightpath. Constraint (18d) limits the number of FSs used
in any spectrum segment to stay within its capacity. Lastly, Constraint (18e) restricts each lightpath
to at most one transponder mode. If no transponder mode is assigned (i.e., zps = 0 for all ¢ and s),
the lightpath becomes redundant and can be released.

This MIP model has a polynomial number of variables and constraints. However, for large-scale
networks, it becomes computationally intractable even with state-of-the-art MIP solvers. In the next
subsection, we present a reformulation that can efficiently handle large-scale instances using the column
generation algorithm.
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4.3 Problem reformulation

To address the computational challenges of large-scale instances, we reformulate model (18) around
the notion of a pattern: a feasible grouping of Ethernet demands that can be carried on a single
lightpath with a given transponder mode. For instance, a 600 Gb/s lightpath can serve either six
100GE demands or one 400GE and two 100GE demands, and each such combination is a distinct
pattern. The following notations are introduced for the reformulation:

A : Set of feasible patterns. (19)
H : Set of all demand types. (20)
Mpy, : Number of Ethernet demands of type h. (21)
Iha : Number of times Ethernet demand type h is included in pattern a € A. (22)
©ap : Binary parameter indicating whether pattern a uses path p. (23)
Fo : Number of FSs used by pattern a. (24)
7p : Number of lightpaths on path p. (25)
Aas : Integer variable denoting the number of times pattern a (26)
is used in spectrum segment s € Sp. (27)
The reformulated problem is:
Ziip=min > Falas (28a)
a€A,SES, pEP
s.t. Z Lhadas > My, VheH (28b)
a€A,ES,,pEP
> Faapras < Bps, VpEP,sES, (28¢)
acA
D Papras < s VpeP (28d)
a€A,sES),
Aas € Ly (28e)

The objective (28a) minimizes the total FSs used by the selected patterns. Constraint (28b) ensures
that all demands of each type are served. Constraint (28c) enforces the per-segment FS capacity.
Constraint (28d) caps the number of patterns assigned to path p at the number of lightpaths already
established on that path (7,), so that no new transponders are deployed. Finally, (28¢) defines the
domain of the decision variables. By shifting from per-demand assignments to pattern selection, this
reformulation exposes the problem to column-generation techniques, as detailed next.

4.4 Column generation framework

The pattern-based reformulation significantly increases the number of variables, as each pattern in-
troduces a new variable. For large-scale networks, this results in exponential growth in the variable
space, making direct optimization computationally infeasible. To address this challenge, we adopt a
column generation framework [5].

Column generation is an iterative approach that decomposes the problem into a master problem and
a set of pricing subproblems. In this context, the reformulated model (28) serves as the master problem,
which focuses on determining the optimal mix of patterns. A linear relaxation of the Restricted Master
Problem (RMP), which optimizes over a limited subset of possible patterns, is solved at each iteration.
The pricing subproblems, guided by dual variables obtained from the RMP, identify new patterns
(columns) with negative reduced cost that can improve the objective. These new patterns are added
to the RMP, and the process iterates until convergence.
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Pricing subproblems

For each path p € P and transponder mode ¢ € 7,, the pricing subproblem solves a knapsack problem
(via dynamic programming) to generate patterns with negative reduced cost. Let 7, be the dual
value associated with Constraint (28b). Since the duals of the segment-capacity and max-lightpath
constraints enter the reduced cost only as terms independent of the pattern composition, they do not
affect pattern generation and are omitted from the subproblem.

Wy, : Bandwidth requirement of Ethernet demand type h. (29)

zp, : Number of times demand type h is included in the new pattern. (30)

The subproblem is formulated as follows:

ZL% =min Fy — Z ThZh (31a)
heH
s.t. Z Whzn < Ry (31b)
het
zn € Ly, (31c)

The objective function (31a) minimizes the reduced cost of the master problem. Constraint (31b)
ensures that the total capacity used by the selected demands does not exceed the transponder’s avail-
able capacity.

4.5 Algorithm implementation

The column-generation framework for CLCD is presented in Algorithm 2. It iterates over each O/D
pair (u,v). For a given pair, the algorithm first extracts the set of paths P currently used by (u,v)
and identifies the corresponding available spectrum segments S, along these paths. An initial set of
feasible patterns A is constructed from the current network state, and a RMP is initialized from these
patterns. The initial objective value Z3i,, corresponds to the FS usage of all lightpaths currently
established for the O/D pair.

Next, the column generation loop is executed. At each iteration, the linear relaxation of the
RMP is solved to obtain the dual variables associated with the demand-satisfaction constraint. These
dual values are passed to the pricing subproblems, which, for every path p € P and transponder mode
t € T, solve a knapsack problem to search for new patterns with negative reduced cost. Any improving
patterns found are added to A, and the process repeats until no further patterns with negative reduced
cost can be generated.

Once the column generation phase converges, the final RMP is solved to integrality using an MIP
solver, yielding the optimal values A%, and the corresponding objective value Zif,. The selected
patterns A’. determine which lightpaths are established on which segments, and a first-fit spectrum
allocation policy arranges them in the spectrum. If the resulting configuration reduces the total FS
usage compared to the initial state, it is then applied to the network for the considered O/D pair. To
limit service disruption during this reconfiguration, a make-before-break strategy is employed, whereby
new resources are activated before tearing down the old ones whenever possible.

5 Performance evaluation

In this section, we assess heuristic-based OTN consolidation and column-generation-based CLCD under
dynamic traffic. We first describe the simulation setup, then evaluate OTN consolidation alone, CLCD
alone against an EON-only baseline, and finally the combination of the two.
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Algorithm 2 Column-Generation-Based Cross-Layer Consolidation and Defragmentation Algorithm

1: Input: Current network status, transponder types 7
2: Output: Updated lightpath configuration and Ethernet demand assignment
3: for each O/D pair (u,v) do

4: Initialize P based on paths used for O/D pair (u,v)
5: Sp « Identify available spectrum segments
6: A <+ Construct initial patterns from current demands to lightpaths assignment
7 Zhpe Y Falas
a€A,s€Sy
8: repeat
9: 7p, — Solve linear relaxation of RMP
10: newPatternFound <« false
11: for each path p € P do
12: for each transponder type t € 7, do
13: A’ + Solve the subproblem to find patterns with negative reduced cost
14: if A’ # () then
15: A+— AU A
16: newPatternFound < true
17: until newPatternFound = false

18: A¥ s < Solve RMP with an MIP solver
19: Zin— Y Fadis

acA,s€Sp
20:  if Z}rp < Z},p then
21: Update the lightpaths and Ethernet demands based on A} using first-fit spectrum allocation

22: Return Updated lightpath configuration and Ethernet demand assignment

5.1 Simulation setup

All experiments are conducted under a dynamic traffic model in which, for each O/D pair, Ethernet
demands arrive according to a Poisson process with exponentially distributed holding times. The of-
fered load per O/D pair is expressed in Erlangs; across the different traffic granularities, the aggregate
load is varied between p = 6 and p = 20. Time is measured in Erlang time units, and defragmentation
operations are executed once per time unit. We consider demand data rates of 10GE, 100GE, and
400GE, representing heterogeneous Ethernet traffic. The network is initially empty and gradually pop-
ulated with demands until steady-state performance is observed. Each fiber link supports a spectrum
of 768 FSs with a slot granularity of 6.25 GHz. The transponder operational modes, including their
data rates and required number of FSs per lightpath, are summarized in Table 3; the reported FS
values already include the spectral guard requirements for each mode. Simulations are performed on
the 56-node NA and the 28-node USB topologies, shown in Fig. 5a and Fig. 5b, respectively.
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/g;' "0 4 0108
(a) 56-node NA topology (b) 28-node USB topology

Figure 5: Network topologies used in the simulations. Link lengths are expressed in number of fiber spans.

The simulations were executed on the Narval high-performance computing cluster, operated by
Calcul Québec under the Digital Research Alliance of Canada, using 100 parallel instances. For
CLCD, the restricted master problem was solved to a 0.02% MIP gap with Gurobi; column generation
converged in 8-39 iterations (34 on average), and at most 153 distinct negative-reduced-cost patterns
were generated across all instances. The overall solution process (pricing subproblems, LP relaxation
of the master, and final MIP solution) completed in under 2 seconds per instance.



Les Cahiers du GERAD G-2026-28 14

Table 3: Transponder Operational Modes

Total Capacity Modem Bitrate Modem Baudrate Maximum
(Gb/s) (Gb/s) (Gbaud) FSs required #Modems Spans
600 600 95 19 1 18
700 700 95 19 1 9
800 800 95 19 1 4
700 350 95 35 2 68
900 450 95 35 2 42
1100 550 95 35 2 23
1300 650 95 35 2 14
300 300 56 12 1 34
400 400 56 12 1 10
300 150 56 22 2 96
500 250 56 22 2 42
100 100 35 8 1 75
200 200 35 8 1 16
300 150 35 14 2 44

The evaluation uses the four performance metrics listed below:

Blocking Ratio: Ratio of total blocked Ethernet bandwidth to total requested bandwidth: % ZVVb,
where WP is the total blocked bandwidth and W} is the total requested bandwidth for 0 /D
pair 1.

Average Spectrum Usage %: Ratio of used to total FSs across all fiber links: % x 100%, where
FY and F! denote the used and total FSs on link e.

Average Lightpath Capacity Usage: This reflects the utilization efficiency of all active lightpaths:

2o 5 100%.
Lre(‘.onf

Lightpath Reconfiguration Ratio: Ratio of reconfigured to existing lightpaths: S x 100%,
where L' and L9t denote the corresponding quantities.

Note that we adopt a bandwidth-based definition of the blocking ratio instead of the traditional
count-based metric used in EON-only networks, which measures the number of blocked demands over
the total number of demands. Our approach is motivated by the heterogeneous nature of Ethernet
traffic demands, which may range from 10GE to 400GE. In such scenarios, a simple request count fails
to capture the actual load and resource usage. By measuring the proportion of blocked bandwidth
instead of the number of blocked requests, we obtain a more accurate and meaningful representation
of the network’s performance under diverse traffic demands.

Moreover, for the Lightpath Reconfiguration Ratio, a lightpath is counted as reconfigured only
if its optical configuration changes, for example through a transponder-mode modification, spectrum
resizing, spectrum shifting, merging, or release. We restrict this metric to optical-layer changes because
they are the primary source of service disruption. By contrast, Ethernet-demand reassignment between
lightpaths whose optical configurations remain unchanged is performed entirely in the OTN domain
and is fast and effectively hitless.

5.2 Effect of the OTN consolidation threshold

Fig. 6 shows the network’s blocking ratio when periodic OTN consolidation is applied at each time
unit using the heuristic algorithm described in Algorithm 1. As the threshold G (i.e., the minimum
required reduction in lightpath utilization entropy to trigger consolidation) decreases from 0.5 to 0,
the blocking ratio decreases, indicating that a lower threshold, and hence more frequent consolidation,
enables the network to accommodate more demands by reorganizing resources more efficiently.



Les Cahiers du GERAD G-2026-28 15

This improvement is corroborated by Fig. 7: at lower thresholds, OTN consolidation concentrates
free capacity on fewer lightpaths, raising the effective per-lightpath utilization. Fig. 8 further shows
that reducing G increases the number of consolidation operations while simultaneously lowering the
average lightpath utilization entropy in the network, highlighting the trade-off between blocking-ratio
gains and consolidation overhead.
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Figure 6: Blocking ratio of the network with periodic OTN consolidation applied, as a function of the threshold G.
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Figure 7: Lightpath capacity utilization as a function of the threshold G.

5.3 CLCD vs. EON-only defragmentation

CLCD is benchmarked against the well-established Oldest-First First-Fit (OF-FF) algorithm as the
EON-only defragmentation strategy. In OF-FF, the longest-running lightpaths are reconfigured first
and their new spectrum positions are decided by first-fit allocation. OF-FF is widely used as a baseline
because of its strong blocking-ratio performance [3]. The algorithm has two parameters: the period
between consecutive defragmentation cycles and the number of lightpath reallocations per cycle. To
obtain the strongest baseline, we set the period to one time unit (matching the CLCD frequency) and
allow all existing lightpaths to be reallocated in each cycle. Fig. 9 reports the blocking ratio for both
strategies: CLCD significantly outperforms OF-FF, especially at higher traffic loads, because it acts
on both layers, whereas OF-FF is limited to rearranging lightpaths in the spectrum. Figs. 10 and 11
provide insights into resource utilization:

Spectrum Utilization (Fig. 10): OF-FF can lead to higher spectrum utilization because aggressive
compaction turns fragmented free FSs into larger contiguous and usable blocks, which satisfies
continuity/contiguity constraints for more new lightpaths and thus raises the total number of
used FSs.
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Lightpath Capacity Utilization (Fig. 11): CLCD improves utilization by jointly repacking OTN-
layer demands and selectively reconfiguring optical lightpaths, reducing residual unused capacity
inside lightpaths and often decreasing the F'S requirement per carried bit.
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Figure 9: Blocking ratio: CLCD versus EON-only defragmentation (OF-FF).
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5.4 Joint effects of OTN consolidation and CLCD

Fig. 12 compares the blocking ratio under OTN consolidation and CLCD. OTN consolidation alone
improves performance, but the larger gains come from CLCD, which addresses both OTN-layer uti-
lization entropy and EON-layer spectrum fragmentation. For the NA topology, OTN consolidation
alone reduces the blocking ratio by about 9% at 20 Erlangs, 13% at 14 Erlangs, and 39% at 6 Er-
langs; CLCD yields about 41% at 20 Erlangs and 43% at 14 Erlangs; the combined scheme reaches
about 45% (20 Erlangs), 51% (14 Erlangs), and 90% (6 Erlangs) relative to the baseline. The second
topology shows the same qualitative trends. Figs. 13 and 14 further show that CLCD improves both
lightpath-capacity utilization and spectrum usage, with OTN consolidation providing an additional
(smaller) improvement by consolidating residual OTN capacity between CLCD runs.
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Figure 12: Blocking ratio under OTN consolidation, CLCD, and their combination.

We next evaluate how the CLCD interval affects performance. Fig. 15 compares CLCD applied
every 1, 5, or 10 time units. When OTN consolidation is performed every time unit (Fig. 15a),
increasing the CLCD interval has only a limited impact on blocking, indicating that OTN consolidation
partially mitigates OTN-layer packing inefficiency between CLCD runs. Without OTN consolidation
(Fig. 15b), performance degrades more noticeably as the interval grows. Hence OTN consolidation is
a useful complement, while CLCD remains essential when optical-layer fragmentation is the dominant
limiter.

Fig. 16 shows the lightpath reconfiguration ratio. As the CLCD interval grows, more lightpaths
must be modified per run because utilization entropy and spectrum fragmentation have more time to
accumulate; more frequent execution keeps the network better packed and requires fewer changes. OTN
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consolidation further reduces the reconfiguration ratio by maintaining efficient transport-layer packing
with inexpensive electrical-domain moves. These results suggest that CLCD alone is not lightweight
and is better complemented by frequent OTN consolidation than by a shorter CLCD interval.
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Figure 13: Lightpath capacity utilization under CLCD, with and without OTN consolidation.
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Figure 14: EON-layer spectrum usage under CLCD, with and without OTN consolidation.

6 Conclusion

Dynamic Ethernet traffic in OTN-over-EON networks produces two distinct inefficiencies: lightpath
underutilization at the OTN layer and spectrum fragmentation at the EON layer. We introduced
the lightpath utilization entropy metric and a fast OTN consolidation heuristic to address lightpath
underutilization. We also proposed a CLCD framework, formulated as an FS-minimization problem
and solved by column generation, to jointly address lightpath underutilization and spectrum fragmen-
tation. The combination of FS minimization with first-fit deployment packs traffic onto the fewest
slots at the lowest available indices, thereby effecting spectrum defragmentation.

Simulations on two network topologies show that while OTN consolidation alone reduces the block-
ing ratio, the larger gains come from CLCD; combining the two reduces the blocking ratio by up to 51%
at medium traffic loads and also improves spectrum usage and lightpath-capacity utilization relative
to single-layer (EON-only) defragmentation. Frequent OTN consolidation complemented by periodic
CLCD therefore provides a favorable trade-off between resource efficiency and reconfiguration over-
head. Extending the framework to support survivability and redundancy constraints is left as future
work.
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