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ARTICLE INFO ABSTRACT
Keywords: With flexible allocation of spectrum resources and on-demand bandwidth provisioning, Elastic Optical
Elastic optical networks Networks (EONs) have made it possible to meet the high volumes of traffic demands. Multicast Routing, Modu-

Multicast transmission

Multicast routing

Modulation level and spectrum assignment
Fragmentation metrics

lation level and Spectrum Assignment (MRMSA) algorithms are important in efficient multicast transmissions in
EONs. The dynamic nature of allocating and releasing spectral resources causes the spectrum to be divided into
small empty blocks that are not suitable to be allocated anymore, so the resource utilization reduces greatly.
Many metrics have been introduced in the literature to measure the amount of fragmented spectrum. In this
paper, we propose a novel demand size based fragmentation metric (DemFRAG) to evaluate the suitability
of the optical links or paths to establish the requests. We also propose two fragmentation-aware algorithms
based on this novel metric to efficiently solve MRMSA problem in EONs. The performance of the proposed
fragmentation-aware MRMSA algorithms is evaluated by considering the novel DemFRAG metric and also other
fragmentation metrics in terms of Blocking Probability (BP) and Bandwidth Blocking Probability (BBP) under
different network topologies. Simulation results demonstrate that the proposed MRMSA algorithms with the
DemFRAG metric allow for significant reduction in BP and BBP compared to other algorithms.

1. Introduction does not undergo any serious physical impairment along its path. This
feature, called Distance Adaptive Transmission (DAT), is one of the key
With the ever-increasing growth of traffic requests, the need for high differences between EON and WDM [3].

bandwidth networks has increased a lot. Services like IP Television An Sliceable Bandwidth Variable Transponder (SBVT) has the ca-
(IPTV), Content Delivery Network (CDN) data distribution, transmis-  pability to allocate its capacity into one or several optical flows that
sion of scientific data, and big data transmission have high bandwidth are transmitted to one or several destinations. Therefore, when an
requirements of up to 10-200 Gbps [1]. Elastic Optical Network (EON) SBVT is used to generate a low bit rate channel, its idle capacity can
with efficient and flexible allocation of spectrum resources in optical be exploited for transmitting other independent data flows. An SBVT

fiber links and on-demand bandwidth provisioning makes it possible to
respond to this high volumes of traffic demands. Unlike Wavelength Di- traffic coming from the upper layers according to traffic requirements.
vision Multiplexing (WDM) networks, in EON, each demand is allocated Therefore, optical flows can be aggregated or can be sliced based on
exactly the requested amount of spectrum resources, and in this way, the traffic needs [4].

the waste of resources is minimized. Bandwidth Variable Transponders
(BVTs) equipped at EON nodes can operate at a set of possible bit-
rates and employ a set of modulation formats at any bit-rate. Therefore,
the number of adjacent Frequency Slots (FSs) required for a request
using a given modulation format can be computed [2]. Thus, EONs
allow flexible and dynamic selection of the modulation formats. This
feature allows more efficient usage of the spectrum by allocation of
more spectrally efficient modulation formats when the quality of signal

generates multiple optical flows that can be flexibly associated with the

The resource allocation in EON consists of determining the links,
spectrum range and modulation format of the signal at the transmitter.
In spectrum allocation, three constraints should be considered: spec-
trum contiguity constraint, spectrum continuity constraint and non-
overlapping spectrum assignment. If a demand requires ¢ units of
spectrum, then 7 contiguous subcarrier slots must be allocated to it (due
to the spectrum contiguity constraint), and the same ¢ contiguous slots
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must be allocated on each link along the route of the demand (due
to the spectrum continuity constraint) [4]. Non-overlapping spectrum
assignment implies that one frequency slot can be employed by only a
single connection request at a time and the allocated frequency slots to
different connection requests must be separated by guard-bands.

Some applications such as video streaming, database synchroniza-
tion among distributed datacenters and cloud computing need to send
traffic from one source to multiple destinations in the network, which
is known as multicasting. Multicasting is a form of communication
that simultaneously transmit data traffic from a source to a set of
destinations in an efficient manner, so that creating a multicast tree
is much more efficient than creating a couple of unicast lightpath [5].
Multicast Routing and Spectrum Assignment (MRSA) and Multicast
Routing, Modulation level and Spectrum Assignment (MRMSA) are two
important problems in EONs, thus many research efforts have been
done to effectively solve these problems.

The fulfillment of the continuity and contiguity constraints, together
with the allocation and de-allocation of FSs to connection requests,
may cause fragmentation, i.e., the appearance of isolated idle FSs,
almost unusable for the establishment of new connections, thereby
increasing blocking events [6]. Various approaches have been proposed
to deal with this problem in recent years and many metrics for mea-
suring the amount of fragmented spectrum have been proposed such
as External Fragmentation (EF) [7], Normalized Path Fragmentation
Rate [8] (NPFR), Golden metric [9] and Fragmentation Measure Metric
(FMM) [10].

Our objective in this article is to reduce Blocking Probability (BP)
and Bandwidth Blocking Probability (BBP) by proposing the Least Frag-
mented Path based Tree MRMSA (LFPT-MRMSA) and Optimal Least
Fragmented Tree MRMSA (OLFT-MRMSA) algorithms in order to rout-
ing, modulation level and spectrum assignment for dynamic multicast
traffics with high data rates (300-900 Gbps). We focus on the MRMSA
problem in EONs with multicast-capable switches and propose new
heuristic approaches to efficiently solve the problem. We also introduce
a new fragmentation metric called demand size based fragmentation
metric (DemFRAG) that evaluates the fragmented spectrum on the links
or paths by considering the amount of required traffic of the incoming
multicast request.

In the Least Fragmented Path based Tree MRMSA (LFPT-MRMSA)
algorithm, the list of shortest paths from the source node to each one
of the destination nodes is sorted according to the fragmentation values
calculated by using the DemFRAG metric, and then the multicast tree is
constructed based on the sorted lists. In the Optimal Least Fragmented
Tree MRMSA (OLFT-MRMSA) algorithm, the optimal multicast tree that
has the least amount of fragmentation among all the constructed trees is
selected and the multicast request is established on it. The performance
of the proposed fragmentation-aware algorithms is evaluated by consid-
ering the novel DemFRAG metric and also other fragmentation metrics
introduced in the literature and the BP and BBP values are compared for
different requested traffics at various network loads under the NSFNET
and JPN12 topologies.

The remainder of this paper is organized as follows. In Section 2,
we discuss related works and describe some of the fragmentation
metrics introduced in the literature. Multicast routing, modulation
level and spectrum assignment problem is explained in Section 3.
Our fragmentation-aware MRMSA algorithms and the proposed novel
demand size based fragmentation metric (DemFRAG) are presented
in Section 4. We describe simulation results of the proposed MRMSA
algorithms in Section 5. Conclusion will be expressed in Section 6.

2. Related work

As one of the crucial problems for EON, the Multicast Routing,
Modulation level and Spectrum Assignment (MRMSA) has been widely
investigated. MRMSA can be considered as three sub-problems: mul-
ticast routing, modulation level selection and spectrum assignment.
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Different methods for implementation of multicast routing in EONs
which have been widely used are light-tree, light-forest, light-trail and
lightpath. We can summarize these methods as follows.

+ Light-tree. A light-tree is created from the source node to all
the destination nodes using the Minimum Spanning Tree (MST)
or Shortest Path Tree (SPT) algorithms. Therefore, the light-
tree is considered a point-to-multipoint channel. The same fre-
quency slots on all links of the created light-tree must be assigned
to the multicast request. The light-tree structure can be used
when the network nodes are equipped with multicast-capable
switches [11], [12,13].

Light-forest. A multicast request is fulfilled by several light-
trees so that each light-tree covers only a part of the destination
set [14-16].

Light-trail. A light-trail is based on the Tap-and-Continue (TaC)
concept where the nodes between the two end nodes of the trail
can also receive the signal by tapping a small portion of the
power, while switching the remainder to the output. To perform
optical multicasting, a path must be determined that starts from
the source node and passes through all the destination nodes [17,
18].

Lightpath. Since multicast-capable switches usually have com-
plex structures and can be very expensive, it will be interest-
ing to investigate overlay multicasting in which a logical light-
tree is constructed for the multicast request and multiple uni-
cast lightpaths are created to actually implement it. Therefore,
cost-effective network planning and provisioning will be possible
especially when multicast traffic is not dominant [1,19-21].

A new algorithm based on EON was proposed that employs a sub-
tree based scheme to establish multicast transmissions [3]. The authors
take into account the effects of splitting a transient light at intermediary
nodes based on the signal-to-noise ratio to enhance the accuracy of the
resource allocation. In [11], authors proposed algorithms for generation
of candidate trees for EON multicasting and quality of the obtained sets
of candidate trees was evaluated by running a Routing and Spectrum
Assignment (RSA) algorithm.

Authors in [5] proposed an efficient scheme, namely Optical Load-
balanced Multicast Routing with Admission Control (OLMR-AC), to
improve the wavelength resources utilization in the network. As an
advantage, OLMR-AC jointly considers both distance and congestion
factors to create a multicast session. For each admitted session, a
bandwidth-guaranteed steiner tree is provided in which not only the
source node has a minimum-cost path to each receiver, but also its over-
all cost is minimal. The effectiveness, in term of spectrum and transmit-
ter usage, among light-trail, light-path and the light-tree in multicast
accommodation were compared and the benefit of having distance-
adaptive transmission for these approaches was evaluated in [17].
Cai et al. [18] consider using the light-trail technology for the ac-
commodation of multicast requests in elastic optical networks with
adaptive modulation. For better spectrum efficiency, they consider
accommodating each multicast by multiple light-trails.

A novel Distributed Sub-Tree based Optical Multicasting (DST-OM)
scheme was proposed in [15] and an integer linear program model
was developed for the DST-OM scheme with the aim of minimizing
the total spectrum consumption of all multicast demands in elastic
optical data center networks. Fan et al. [16] propose and investi-
gate a sub-tree scheme for All-Optical Multicast Routing, Modulation
level and Spectrum Allocation (AOM-RMSA) in EONs. A multicast
request is accommodated by several light-trees and each light-tree
covers only a part of the destination set. They propose two time-
efficient heuristic algorithms that construct sub-trees according to the
link-sharing ratio between the paths from source to two distinct des-
tinations. The proposed algorithms improve the spectrum utilization
by building sub-trees that have smaller tree-spanning size and adopt
higher-level modulation formats.
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In [12], dynamic resource allocation and multicast routing algo-
rithms are proposed for EONs. The proposed algorithms find the short-
est path trees by modeling either the amount of free spectrum in
each link or the link length as the cost function of routing method.
Simulation results reveal that considering the cost function of routing
algorithm based on the available spectrum in each link will improve
the blocking probability while reduce the spectrum efficiency. On
the other hand, by considering link length as the cost function, the
blocking probability becomes worsen whereas the bandwidth efficiency
is improved.

In [13], authors have proposed a light-tree sharing based multicast
routing and spectrum assignment technique. Similar multicast requests
are grouped together and their bandwidth requirements are added up.
For each multicast session request, a layered auxiliary graph is selected
based on the available spectrum in the network and the request’s band-
width demand. An efficient light-tree is generated from this auxiliary
graph, first for the clubbed request and then for the individual requests
separately. The simulation results show that the proposed algorithm
significantly reduces the average tree size and increases the number of
requests satisfied than the well-known existing algorithm mentioned in
literature. Incidentally the average number of splitters required is also
reduced.

Application layer overlay networks though built on top of the
physical network, behave like an independent virtual network made
up of only logical links between the nodes. Several authors have
proposed systems, mechanisms and protocols for the implementation of
multicast media streaming over overlay networks [19]. Liu et al. [20]
studied Overlay Multicast (OL-M) in multicast-incapable EONs, and
proposed the Spectrum-Flexible Member-Only Relay (OL-M-SFMOR)
scheme. Their simulation results indicated that OL-M-SFMOR achieves
significant improvements on the spectrum-efficiency of multicast traffic
in EONs, when compared with other multicast schemes, even including
the all-optical multicast schemes in multicast-capable EONs.

In [21], authors assume that the overlay network is deployed to
provide multicasting Deadline-Driven Requests (DDRs), which require
to transmit given amount of data before data-transfer deadline is up.
They considered a multilayer optimization problem that combines two
approaches — optimization of an overlay dynamic multicasting sessions
and next provisioning of created overlay multicasting trees as a sets of
unicast demands in the underlying optical layer. The authors in [1]
have addressed overlay multicasting problem with the survivability
assumptions and have proposed several survivability scenarios that can
be applied in the network to provide the required protection against
failures.

In [22], authors incorporate a layered approach to design integrated
Multicast-Capable Routing and Spectrum Assignment (MC-RSA) algo-
rithms for achieving efficient all optical multicasting in spectrum-sliced
EONs. The simulation results demonstrate that compared to the existing
MC-RSA algorithms, their approaches achieve more efficient network
planning in terms of spectrum utilization, and provide lower blocking
probabilities in network provisioning.

In [23], the authors have proposed a novel Multicast Two-part Two-
path Two-direction Allocation (MT3A) scheme in order to routing,
spectrum and modulation-level assignment for dynamic multicast traf-
fic in EONs. With this scheme, each sub-request related to a multicast
request is divided into two parts considering the property of Sliceable
Bandwidth Variable Transponders (SBVTs) and is set up in two different
directions in two different lightpaths. By using the MT3A scheme
compared to comparative schemes, with increasing the data rate, BBP
is reduced. In [24], authors investigate efficient allocation of three
types of flows (unicast, anycast, multicast) in EON with dedicated path
protection.

Walkowiak et al. [25] propose three new approaches for optimiza-
tion of multicast traffic in EONs that implement distance-adaptive
transmission. Two of the approaches are based on integer linear pro-
gramming modeling, whereas the last one is an effective heuristic. The
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algorithms based on candidate tree modeling of multicasting outper-
form other methods for larger problem instances in terms of spectrum
usage and applicability. In [26], authors investigate multicasting over
spectrum elastic optical networks by developing two heuristic algo-
rithms. The multicast performance over elastic optical networks is
compared to that over ITU-T grid-based WDM optical networks.

In [27], authors present an approximation based Steiner Tree Ap-
proach for RSA (STA-RSA) and compare it with the Shortest Path
Tree based Routing and Spectrum Allocation (SPT-RSA) to show the
benefits of STA-RSA over SPT-RSA. The numerical results show that the
presented approach outperforms the traditional approaches in terms of
bandwidth blocking probability.

In order to further optimize the EON, [28] uses the least connec-
tions algorithm to solve the EON load balancing problem, taking into
account the different server load capacity to improve it. In addition, to
further improve the performance of EON, this paper combines Genetic
Algorithm, improved Least Connections algorithm and Ant Colony
algorithm to propose a new algorithm LC-GAACO. The simulation
results show that the LC-GAACO algorithm will consume more optical
transceivers while taking into account load balancing, but the network
load balancing effect, network spectrum utilization, and blocking rate
are better than traditional algorithms.

Qiu [29] proposed a Time-based Composite-Consumption Aware
(TCCA) MRSA algorithm to optimize both the fragmented and the al-
located resources consumed by the multicast transmission in EONs. By
additionally taking the holding time of each multicast service request
into account, the proposed algorithm can comprehensively optimize
both the fragmented and the allocated resource consumption for the
multicast transmission in EONs.

In [30], authors focus on the problem of routing, modulation level
selection, spectrum, and transceiver assignment for multicast services
with different security levels. They study potential performance gains
resulting from applying a distributed sub-tree scheme to multi-class
multicast service aggregation, realizing reduced overall cost.

Aibin et al. [31] compare various protection methods that may be
applied to protect multicast sessions in EONs. For this purpose, they
adapt two dynamic routing algorithms with additional survivability
constraints and the possibility to change the modulation format at the
regeneration nodes. They compared three approaches for survivable
multicasting in EONSs, these are: dedicated path protection, shared
backup path protection and segment-based protection.

Since a multicast service can be hosted in multiple geographically-
distributed data-centers in an Elastic Optical Data-Center Network
(EO-DCN), Gao et al. [32] construct several Distributed Sub-Light-
Trees (DSLTs) to serve the users of a multicast request. Further, they
protect each source-destination pair of a primary DSLT by a link-
disjoint backup path against any link failure. Spectrum resource can
be shared among the backup paths of different multicast requests or
among the primary paths and the backup paths of the same multicast
request if they do not fail simultaneously.

Cai et al. [33] consider the Routing and Spectrum Allocation (RSA)
problem of protecting all-optical multicast sessions against a single link
failure in elastic optical networks. They use a scheme to protect each of
the paths by an arc-disjoint backup path in the case of any link failure.
For this problem, they provide a node-arc Integer Linear Programming
(ILP) formulation and propose a heuristic algorithm for this protection
scheme and evaluate the improvement achieved by the flexible grids
adopted in EONs over the fixed-grid WDM networks. Based on the
studied scenarios, consistent improvement in efficiency of flexible grid
EONSs over fixed-grid WDM networks has been observed.

In order to guarantee the reliability and increase the efficiency of
the multicast transmission in EONs, Pan et al. [34] proposed a Multiple
Leaf-Ringing based Protection algorithm with Spectrum Defragmenta-
tion (MLRP-SD). The proposed algorithm firstly sorts the destination
nodes of a multicast service into multiple groups. Then, it constructs
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Table 1
Researches about multicasting in EONs.
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Reference Objective

Description

Kmiecik et al. [1]
Tarhani et al. [3]
Aboomasoudi et al. [5]

MRMSA + traffic protection
MRMSA
MRSA + load balancing

Walkowiak et al. [11] MRMSA
Moharrami et al. [12] MRMSA
Choudhury et al. [13] MRSA

Guo et al. [14] MRMSA
Zhang et al. [15] MRMSA
Fan et al. [16] MRMSA
Cai et al. [17] MRMSA
Cai et al. [18] MRMSA
Firdhous et al. [19] MRMSA
Liu et al. [20] MRMSA
Kmiecik et al. [21] MRMSA
Liu et al. [22] MRSA

Sarraf et al. [23] MRMSA

Goscien et al. [24] RMSA + MRMSA + traffic

protection
Walkowiak et al. [25] MRMSA
Wang et al. [26] MRSA
Choudhury et al. [27] MRMSA

Liu et al. [28] MRSA + load balancing

Qiu et al. [29] MRMSA
Tang et al. [30]
Aibin et al. [31]
Gao et al. [32]
Cai et al. [33]
Pan et al. [34]

MRMSA + service aggregation
MRMSA + traffic protection
MRMSA + traffic protection
MRSA+ traffic protection
MRMSA-+traffic protection

Two-layer optimization of survivable overlay multicasting in EON
Efficient sub-tree based scheme fot multicasting in EON

Improving acceptance rate of QoS-guaranteed point-to-multipoint
traffic flows in EONs

Calculation of various candidate trees for multicasting in EON
Spectrum-usage-aware resource allocation and multicast routing in
EON

Multicasting in flexible-grid optical networks based on light-tree
sharing approach

Link-aware distributed steiner subtree scheme for all-optical
multicasting in elastic optical data center networks (EO-DCN)
Distributed sub-tree based optical multicasting scheme in EO-DCNs
Distance-adaptive spectrum resource allocation for all-optical
multicasting in EON

Comparison of different multicast approaches in EON

Multicasting in EONs with multiple light-trails and adaptive
modulation

Review on multicasting over overlay networks

Spectrum-efficient overlay multicasting in multicast-incapable EON
Dynamic overlay multicasting for deadline-driven requests
provisioning in EONs

Design integrated RSA for multicast in EON with a layered approach
A two-part two-path two-direction allocation multicasting scheme in
EON

Optimization of unicast, anycast and multicast flows in survivable
EON

Optimization of multicast traffic in EON with distance-adaptive
transmission

Performance analysis of multicast traffic over spectrum EON
Performance of routing and spectrum allocation approaches for
multicast traffic in EON

Research on load balancing algorithm of multicast services based on
EON

Time based resource-consumption-aware spectrum assignment for
multicast traffic in EON

Multi-class multicast service aggregation in EO-DCNs

Different strategies for dynamic multicast traffic protection in EON
Multicast provisioning with shared protection in EO-DCNs

Elastic versus WDM networks with dedicated multicast protection
Protection algorithm with spectrum defragmentation for multicast
traffic in EON

one leaf ring for all the destination nodes in one group and two dedi-
cated trunk paths (including one protection trunk path) from the source
to each constructed ring. The proposed MLRP-SD algorithm triggers
spectrum defragmentation to re-optimize resource utilization in the
network when sufficient available spectrum resources cannot be found
along the sought protection trunk paths. The simulation results show
that the proposed MLRP-SD algorithm can guarantee the reliability of
multicast traffic with low service blocking probability. A summary of
researches about multicasting in EONSs is presented in Table 1.
Dynamic allocation and release of frequency slots to/from connec-
tion requests create a new problem called fragmentation that if it is
not dealt with correctly, it will cause a waste of spectrum resources.
The proposed method in [35] uses a novel fragmentation coefficient
based Routing, Spectrum and Core Allocation (RSCA). The aim of
the plan is to make sure that the spectrum is used as effectively
as possible. The study in [36] presents a new spectrum allocation
approach that incorporates path selection and careful consideration
of crosstalk (XT) limitations. Authors propose a novel Fragmentation
Coefficient and Dynamic Core-Changing-based Routing, Spectrum, and
Core Allocation (FC-DCCRSCA) technique. The algorithm begins by
searching for the shortest paths using the Dijkstra algorithm. It then
proceeds to evaluate Fragmentation Coefficients (FC) using the Con-
tinuous Aligned Slot Ratio (CASR) model. In [37] authors design a
spectrum fragmentation evaluation model, and based on this model,
propose an improved Lowest Fragmentation Fit Dynamic Bandwidth Al-
location (LFF-DBA) algorithm to optimize network resource allocation
in the Software-Defined Elastic Optical Network (SD-EON). In [38], two

new algorithms are proposed in SDM-EON to improve the fragmenta-
tion problem and improve blocking probability, called Priority Select
Frequency (P-S-F) and Priority Select Core (P-S-CO). Authors assume
that connection demands have three priorities as high-priority, mid-
priority, and low-priority and the requested bandwidth of a connection
demand is divided into smaller sizes to be setup in multiple cores.
Performance evaluation results proved the reduction in connection
blocking probability.

In the next subsection, we explain some of the fragmentation met-
rics that have been used frequently in the literature.

2.1. Fragmentation metrics

The dynamic allocation and release of spectrum resources cause
spectrum fragmentation and reduce resource efficiency. There are dif-
ferent metrics proposed in the literature to quantify the fragmented
spectrum on links or paths in the EON. In these metrics, the number
of available free frequency slots, or the number/size of free frequency
blocks, or the position of free and occupied frequency slots, or a com-
bination of these parameters are measured to evaluate the fragmented
spectrum on a link or path. Some of the fragmentation metrics that have
been used frequently in the literature are as follows:

» Shannon’s Entropy (z) [39]: This metric is based on shannons
entropy theory and is formulated by Eq. (1):

fi S
T=Y Zin(2) €))
gj S fi
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where S denotes the number of slots and f; denotes the number
of the available contiguous slots in block i. A block is a set of free
frequency slots on spectrum. Parameters I and r denote the set
of blocks consisting of contiguous slots in each link or path and
estimated value for fragmentation, respectively.

External Fragmentation (EF) [7]: The EF metric is quantified by
Eq. (2):

EF—=1- Size of biggest frequency block

@
Total free frequency slots
Normalized Path Fragmentation Rate (NPFR) [8]: The NPFR
metric measures fragmented value of spectrum on a path and is
shown in Eq. (3):

(ZZ/ +) X N
NPFR = i=1 sizeof ?hﬂj:lrie block ! 3)
2

where N/ is the number of free frequency blocks on a path and
m shows the number of all frequency slots on the path.

Fc [40]: The Fc metric takes into account the fact that fragmen-
tation is dependent on the bandwidth of connection requests.
Hence, the fragmentation can also be a function of the number of
slots required by a connection request. This metric is expressed
in Eq. (4):

¢ X Free(c)

Fec=1- —————
Total free slots

@
where ¢ is the number of slots required for a certain connection
and Free(c) is a function that counts the number of simultane-
ous requests of size ¢ that can be satisfied. In the Fc metric,
the amount of fragmented spectrum is calculated based on the
number of empty blocks that can be allocated to an input request,
and the inappropriate places are ignored.

Golden metric [9]: This metric is a two dimensional metric
and takes into account the minimum and maximum value of the
required frequency slots of all requests to quantify the fragmen-
tation degree in the network. The fragmentation value of a link,
path, or core is calculated based on two dimensions a and b.
Suppose that requested slots of demands are between n; and n, (so
that n; < n,). For each free frequency block Gap;, two parameters
a; and b; are computed as follows:

. . . —size(Gap;)
- if szze(Gapi) <np: a; = 0, bi = m
- if size(Gap;)) >ny : a; = _sizeGap) b;=0

average[ny.ny|’
. . . size(Gap;)—n;+1
- < Y<n, — size(Gap))—m +1
if n; < size(Gap;) < n, 4G = rageim]
p = —tmosizeGapy)
i

average[n;,n,|
where size(Gap;) is the number of frequency slots in Gap; and
average[n;, n,] is the average of intervals n; and n,. Finally, for
all gaps, the a and b values and the Golden metric are calculated
as follows where N is the total number of gaps in a given path,
link or core.

N N
a= ; a, b= % b;, GoldenMetric = ﬁ 5)
Fragmentation Measure Metric (FMM) [10]: The FMM mea-
sures fragmentation value according to Eq. (6):

LFFS

X Gaps X
LBFS

FMM = ( | BgstGap X S BgstGap — SmstGap X SSmstGap| + 1 ) /100

|SBgstGap — SSmstGap| + 1
(6)

where LFFS and LBFS are the index of last full and last
blank frequency slot on the path consequently. Gaps indicates the
number of free slots on the path. BgstGap, SBgstGap, SmstGap,
and S SmstGap are the number of biggest gap and its size and the
number of smallest gap and its size on the path consequently.
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When we Compare different fragmentation metrics, as illustrated in
Table 2, all metrics except Fc do not consider the exact required Fre-
quency Slots (FSs) of incoming request, and thus they are not based on
demand size. The Golden metric considers the minimum and maximum
values of the required FSs of all requests. The EF and Fc metrics do not
take into account all free frequency blocks to evaluate fragmentation
status of paths. Among all fragmentation metrics, only the Golden
metric considers the negative impact of inappropriate frequency blocks
to evaluate paths.

By considering the accurate size of demands, all free frequency
blocks, and the negative impact of inappropriate frequency blocks, we
propose a more suitable metric for measuring the amount of fragmen-
tation in the paths.

2.2. Motivation and contribution

Dynamic establishment and disruption of connections in the EONs
cause the spectrum to find free FSs called fragmented places that are
not suitable to be allocated anymore, so the resource utilization reduces
greatly. We can establish connections through appropriate paths by
defining accurate fragmentation metrics to evaluate fragmented spec-
trum on paths more precisely. We try to improve the performance of
spectrum allocation in EONs by focusing on the fragmentation problem.

By considering Distance Adaptive Transmission (DAT), the number
of required FSs for a request is determined based on the length of
the selected path for establishing the request, thus required number
of FSs will vary on different paths. We propose a novel metric for
measuring the degree of fragmentation on paths according to the exact
FS requirements of requests determined based on the DAT technique.

Many metrics have been introduced in the literature to measure the
amount of fragmented spectrum. From the fragmentation metrics listed
in Table 2, only the Fc is based on the size of incoming request but does
not consider inappropriate free frequency blocks to evaluate links or
paths in the network. The Golden metric considers the negative impact
of inappropriate frequency blocks but is not based on the exact size of
the request. It uses the minimum and maximum values of required FSs
of all incoming requests to the network.

The contribution of this paper is to propose a novel fragmentation
metric that not only is based on the size of the requests and takes into
account the required FSs on the assumed path but also considers the
frequency blocks that are not appropriate for assigning to the request.
By considering the accurate size of requests, all free frequency blocks,
and the negative impact of inappropriate free frequency blocks, we can
measure the fragmented spectrum on the paths more precisely. In other
words, for each path, the free frequency blocks that can be allocated
and also those that cannot be allocated to the request are calculated
based on the number of FSs needed on that path, based on its length,
and then the suitability of the path for the request is examined.

Setting up a light-tree that contains all source and destination
nodes is one of the most used ways to establish a multicast request
from a source node to a set of destination nodes. By introducing
a novel demand size based fragmentation metric, we propose two
fragmentation-aware heuristic algorithms to solve the MRMSA problem
in EONs. Different methods are used in these algorithms for con-
structing the multicast light-tree. In the proposed fragmentation-aware
algorithms, our main objective is to reduce BP and BBP. The main
contributions of this paper can be summarized as follows:

» By considering the accurate size of requests, all free frequency
blocks, and the negative impact of inappropriate free frequency
blocks, we introduce a novel demand size based fragmentation
metric named DemFRAG to evaluate the fragmented spectrum
more precisely. The DemFRAG metric can be used to calculate
the amount of fragmentation on the links, paths or cores. We can
employ this metric in the point to point and point to multi-point
transmission frameworks.
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Table 2
Comparison of different fragmentation metrics.
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Fragmentation metric Is based on demand size?

Considers all free blocks? Considers negative impact

of inappropriate blocks?

T No Yes No
EF No No No
Fc Yes No No
NPFR No Yes No
Golden Metric No Yes Yes
FMM No Yes No
DemFRAG Yes Yes Yes
» We propose the Least Fragmented Path based Tree MRMSA Table 3
(LFPT-MRMSA) algorithm for dynamic multicast requests in Transmission reach of modulation levels.
EON. In the LFPT-MRMSA algorithm, the multicast light-tree is Modulation level Transmission reach (km) Capacity (Gbps) m
constructed by considering the least fragmented shortest path for BPSK Greater than 2500 12,5 1
each source and destination node pair based on the proposed QPSK 2500 25 2
. 8-QAM 1250 37.5 3
DemFRAG metric. 16-QAM P <0 B

We propose the Optimal Least Fragmented Tree MRMSA (OLFT-
MRMSA) algorithm for dynamic multicast requests in EON. In
the OLFT-MRMSA algorithm, among various possible multicast
light-trees containing source and destination nodes, the least
fragmented light-tree is selected based on the proposed DemFRAG
metric.

We compare the performance of the proposed LFPT-MRMSA and
OLFT-MRMSA algorithms by considering the novel DemFRAG
metric and also other fragmentation metrics in terms of BP and
BBP under NSFNET and JPN12 network topologies.

We show that our proposed novel DemFRAG metric provides
significant reductions in BP and BBP compared to other fragmen-
tation metrics.

3. Multicast routing, modulation level and spectrum assignment

With the multicast-capable switches in EON nodes, a light-tree
containing the source and destination nodes can be constructed to
establish the multicast request. The constructed light-trees for the mul-
ticast request may be different depending on the features considered
in the tree construction procedure. An example of the construction of
multicast light-tree has been depicted in Fig. 1 for a request from the
source node A to the destination nodes { D, E, F}. Three light-trees T},
T, and T; have been created for this request. The path {A - B — D}
from A to D, the path {A - C — E} from A to E, and the path
{A > C -» F} from A to F are used to construct the light-tree T}
for this multicast request. The path {A - C — D} from A to D, the
path {A - C - E} from A to E, and the path {A - C - F} from A
to F are used to construct the light-tree T,. The path {A - B — D}
from A to D, the path {A - B — D — E} from A to E, and the path
{A— C — F} from A to F are used to construct the light-tree T;.

In the Distance Adaptive Transmission (DAT), the modulation level
and required FSs for a request can be specified according to the distance
between the source and destination node. The modulation levels are
m = 1,2,3,4 to signify Binary Phase Shift Keying (BPSK), Quadra-
ture Phase Shift Keying (QPSK), 8-Quadrature Amplitude Modulation
(8-QAM), and 16-Quadrature Amplitude Modulation (16-QAM). It is
assumed that they can support the data rate of 12.5, 25, 37.5, and 50
Gbps per frequency slice. The relation between the modulation levels
and transmission reach is depicted in Table 3.

The number of required frequency slots for the request i denoted by
FS,,n is obtained by using Eq. (7) [41]:

b;
FSnum = [m] + NG @)

In Eq. (7), Yy, is the width of one frequency slot and usually is set
to 12.5 Gbps, b; is the requested bandwidth of request i and N is the
number of guard band slots.

In a multicast light-tree, the modulation level is calculated based on
the diameter of the light-tree, i.e. the length of longest path from the
source node to destination nodes.

4. Fragmentation-aware MRMSA algorithms

Fragmentation-aware multicast routing, modulation level and spec-
trum assignment algorithms try to improve the performance of resource
allocation in the network by focusing on the fragmentation prob-
lem. By considering fragmentation, we could reduce BP and BBP.
To do this, we propose a novel fragmentation metric that can mea-
sure the fragmentation degree of paths more precisely and use it
in our fragmentation-aware algorithms. Supposing that all nodes in
the network are multicast-capable, we design two multicast light-tree
construction methods based on the proposed novel fragmentation met-
ric. These algorithms are named as the Least Fragmented Path based
Tree Multicast Routing, Modulation level and Spectrum Assignment
(LFPT-MRMSA) and Optimal Least Fragmented Tree Multicast Routing,
Modulation level and Spectrum Assignment (OLFT-MRMSA).

In Section 4.1, we propose our novel fragmentation metric and
present an example. The network model is explained in Section 4.2. We
describe our LFPT-MRMSA and OLFT-MRMSA algorithms and explain
their details in Sections 4.3 and 4.4.

4.1. Demand size based fragmentation metric (DemFRAG)

By establishing and releasing connections dynamically, the spec-
trum finds free FSs called fragmented places that are not suitable to be
allocated anymore, so the resource utilization reduces greatly. Hence,
by having some metrics in defining fragmentation, we can establish a
connection in a correct place through paths and enhance the resource
utilization.

When the DAT technique is used, the number of FSs is allocated
based on the path length, thus the number of necessary FSs will vary
on different paths, since they have various length. For a more accurate
evaluation of the spectrum fragmentation, for each path, the free blocks
that can be allocated to the request and also those that cannot, are
specified based on the required FSs on that path according to its length,
and then the suitability of path for establishing the request is examined.

Suppose that there are n free frequency blocks on a path and the size
of demand between the source and destination node is F.S,,,, (required
frequency slots). As discussed, the required FS,,,, will be different for
each path depending on its length. We will take this into account to
calculate the value of fragmentation on a path more accurately. For
the path P and the required FS? slots on this path, the demand size

num

based fragmentation metric (DemFRAG) is calculated by Eq. (8):
X dif (size(blockl), FSy )

num

DemFRAG(P,FS* )=

®
o Xy size(block)
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Fig. 1. An example network graph and various light-trees for a multicast request from node A to destination nodes {D, E, F}.

For each free frequency block block” on path P, we compute the

difference between size of the block and the required FSP slots on
this path as follows:
dif (size(block?), FSy, ) = size(block}) - FSy 9

The dif function returns a positive or zero value for the blocks with
suitable size for assigning to the request and a negative value for
inappropriate ones. The lower value of the DemFRAG metric indicates
more fragmentation of the spectrum on a path.

The Algorithm 1 describes the calculation steps of the DemFRAG
metric for path P. To compute the fragmentation value in a path, the
intersection of the statuses of the slots with the same index on all links
along the path must be considered. In line 1, algorithm finds all free
frequency blocks on path P. If at least one free frequency block exists
on P, for each free block blockj’.’ , the size S}P and the difference di ij
between the size of the block and required frequency slots F.S” —are
calculated. If there is no free frequency block on P, the DemFRAG is set
with the value —FS,,,, in line 14. The FS,,,, is the maximum number
of frequency slots on each link of the path.

To find all free frequency blocks on a path, the algorithm must
check the status of all slots along the path, thus the complexity of
line 1 is O(FS,,,,). Considering at most n free frequency blocks on a
path, the complexity of lines 5 to 16 is O(n) + O(1). Therefore, the
overall complexity of calculation of the DemFRAG metric for a path is
O(FS,,;) + O(n) + 0(1) = O(FS,,4y)-

To calculate the fragmentation value in a light-tree, the intersection
of the statuses of the slots with the same index on all links along the tree
must be considered. Egs. (8) and (9) can also be rewritten for a light-
tree. In this case, the required number of frequency slots is calculated
based on the diameter of the tree. For the light-tree T and the required
FST slots on that, the DemF RAG is calculated by Eqs. (10) and (11):

num

Xy dif (size(block]), F S )

DemFRAG(T, FST )= o (10)
am Xy size(blockT)
dif(size(block]), FS, ) = size(block])— FS} an

The lower value of the DemFRAG metric indicates more fragmen-
tation of the spectrum on a light-tree. In Section 4.1.1, we give an
example to show how we can calculate the DemFRAG metric for a path
or light-tree based on the required frequency slots (FS,,,,)-

Algorithm 1: DemFRAG(P,FS? )

num

Input: Spectrum occupation status of path P and number of
required frequency slots FS? on P
Output: Value of the DemFRAG metric for path P

1 Find all free frequency blocks on P

2 if at least one free frequency block exists on P then

8 SlloJraI =0

4 diftftul = O

5 for each free frequency block blockf on P do

6 Compute the size of blockj’.’ as SI.P

7 Compute the difference between SJ.P and the required

frequency slots FSf on P by Eq. (9) as dif/

8 St}o)tal = Stita/ + SJP

o | | difh, =dirh, +dirf
10 end
11 Compute the value of DemFRAG for P by Eq. (8)

12 end

13 else

14 DemFRAG=-FS,,,
15 end

16 return DemFRAG

4.1.1. Example

As an example, consider a request from node A to node E in the
graph of Fig. 2 with two paths P, = {A - B - D - E} and
P, = {A -> C > D — E}. Suppose that according to the amount of
required bandwidth for this request, we need 3 frequency slots on P,
and P, based on the length of these paths. P, consists of A— B, B— D,
and D — E links, and P, includes A — C, C — D, and D — E links. The
free and occupied frequency slots on each path and its links are shown
in Fig. 2. In path P}, there are 2 frequency blocks with sizes 4 and 3
slots. So for this path, the DemF RAG can be calculated as follow:
“-3)»+3-3)

7
There are 3 frequency blocks with sizes 2, 2, and 1 slots on path P, and
the DemF RAG for this path can be calculated as follow:
Q-3)+2-3)+1-3) _
5

DemFRAG(Py,3) = =0.143

DemFRAG(Py,3) = -0.8
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Fig. 2. An example of calculation of the DemFRAG metric for paths P;, P, and tree T;.

The value of DemFRAG for P, is lower than P, because P, is more
fragmented than P,. The P, is the least fragmented path among these
two paths and is more suitable for setting up the request.
Consider the light-tree 7| for a multicast request from source node
A to destination nodes { D, E, F}. Suppose that according to the amount
of required bandwidth for this request, we need 2 frequency slots on T}
based on its diameter. The tree 7| consists of A—C, C - D, C — E, and
C — F links. There are 5 frequency blocks with sizes 1, 1, 1, 2, and 1
slots on links of T}, thus we calculate the DemF RAG metric as follow:
1-2)+(1-2)+(1-2)+2-2)+(1-2)
< =
The tree T, has only one suitable block for setting up this request and
its DemFRAG value is lower than zero, thus it is relatively fragmented.

DemF RAG(T},2) = -0.67

4.2. Network model

We consider core-networks architecture, so that each node generates
its own traffic. The network is considered as a graph G(V, E) where
V is the set of nodes and E is the set of bidirectional links used to
connect different nodes. We assume that all nodes in the network are
multicast-capable. A multicast request is presented as mR;(s;, D;, b;, t;)
where s; is the source node, D; is the set of destination nodes, b, is the
required bandwidth and ¢, is the holding time of the multicast request
mR;. Requests can arrive at the network at any time.

The notations and variables used in the proposed algorithms are
mentioned in Table 4.

4.3. The LFPT-MRMSA algorithm

The Least Fragmented Path based Tree Multicast Routing, Mod-
ulation level and Spectrum Assignment (LFPT-MRMSA) algorithm is
presented in Algorithm 3. The network graph G, the multicast request
mR;(s;, D;, b;,1;), and the list of K-shortest paths between each pair
of nodes in G are the inputs of the algorithm. The construction of
the multicast light-tree for the request mR; is carried out by using
the shortest candidate paths between the source node and destination
nodes (shortest path tree). We denote the list of shortest paths from

source node s; to destination node d by Path, and Path?i is the list of
Path? for destination set D;.

In lines 1 to 6, for each node d in the destination set D; and
for each path p in the Parh?, the amount of spectrum fragmenta-
tion FragM etricg is calculated by using the DemFRAG metric and
then Path? is sorted based on the calculated FragM etricj values in
descending order.

At the next step, the Build — LFPT(s;, D;, PathPi) procedure illus-
trated in Algorithm 2 is called to construct the multicast tree for the
request mR; based on the least fragmented paths. In this procedure,
for each d in the set D;, the shortest path that has the least value
of fragmentation has higher priority to be selected and added to the
multicast tree.

In line 8 of Algorithm 3, the modulation level is selected according
to the diameter of the constructed tree 7; and the required frequency
slots FSHT;,,, on this tree is calculated. If there are free frequency blocks
with at least F SZ’,,,, slots on T;, the first-fit policy is used to assign
the block to the request by observing the contiguity, continuity, and
non-overlapping constraints, and the multicast request mR; is setup.
Otherwise, it will be blocked. In this algorithm, if the multicast request
mR; is established, the Blocked variable is set to 0; otherwise, it will
be 1 which means that the request has been blocked.

4.3.1. Complexity of the LFPT-MRMSA algorithm

In the following, we analyze the computational time complexity
of the LFPT-MRMSA algorithm in Algorithm 3. First, we calculate the
complexity of the Build — LFPT() procedure presented in Algorithm
2. The complexity of lines 2 and 3 are O(K) and O(|D;|), respectively.
The for loop in line 5 is repeated O(|E|) times in the worst case. The
complexity of checking that whether T; is tree or not is O(|V| + | E|) in
line 9. The overall complexity of the Build — LF PT() function is:

O(Kx(|Di|><|E|+(|V|+|E|))) = O<K><|D,-|><|E|+K><|V|+K><|E|)
:O<Kx|D,-|><|E|) (12)

In Algorithm 3, the complexity of lines 1 to 6 is 0(|D,-| X (K X
FS,  +Kx zog(K)>) = 0(|D,-| x K x FSMX). The K x log(K) is the
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Table 4
Notations and variables.
Variable Description
b; The required bandwidth of the multicast request i
Blocked A binary variable that indicates blocking status of a multicast request
BP The blocking probability
BBP The bandwidth blocking probability
D; The set of destination nodes of the multicast request i

E The set of links in the network
The fragmentation value of the path p from source node s; to destination node d

FragMelr[cg

FSP The required frequency slots on path P
FSsT The required frequency slots on tree T’
FS, The maximum number of frequency slots on each link of G

G The network graph

K The number of shortest paths between node pairs

m A number that indicates the selected modulation format

mR, The multicast request i

Ng The number of guard band slots

Path? The list of shortest paths from source node s; to destination node d
Path? The list of Path? for destination set D,

The source node of the multicast request i
i The holding time of the multicast request i
Vv The set of nodes in the network
The width of one frequency slot

Algorithm 2: Build — LF PT(s;, D;, PathP:)
Input: Source node s;, set of destination nodes D;, and sorted
list of paths Path?:
Output: Multicast light-tree T,
117,=0
2 forr=1to K do

3 for each d in D; do
4 Get rth path from s, to d from Path? as path?
5 for each edge e on parh? do
6 ‘ Add e to T;
7 end
8 end
9 if isTree(T;) then
10 ‘ return T;
11 end
12 end

complexity of sorting Path? in descending order in line 5. Selecting
the modulation level according to the diameter of tree has O(|E|)
complexity in worst case because to calculate the diameter of tree, we
have to obtain the total length of links along the longest path in tree.
Finding free frequency blocks has O(n) complexity if there are at most
n free blocks on 7. The complexity of line 10 for assigning slots of
frequency block on all links of T; is O(FS,I;mxlE |) in the worst case. The
lines 12, 15 and 17 have O(1) complexity, thus the overall complexity
of the LFPT-MRMSA algorithm is as follow:

o(|D,.| x KX FS,, + (Kx D, | x |E|) +1El+n+FSh x |E|)

=O(|Di|><K><(FSmax+|E|)) (13)

4.4. The OLFT-MRMSA algorithm

The Optimal Least Fragmented Tree Multicast Routing, Modulation
level and Spectrum Assignment (OLFT-MRMSA) algorithm is presented
in Algorithm 5. The inputs of algorithm are the network graph G,
the multicast request mR;(s;, D;, b;,t;), and the list of K-shortest paths
between each pair of nodes in G. We denote the list of shortest paths
from source node s, to destination node d by Path? and Path?i is the
list of Path? for destination set D,. The Build — OLFT(s;, D;, PathPi)
procedure presented in Algorithm 4 is called in line 1 to construct the

Algorithm 3: LFPT-MRMSA

Input: Network graph G, multicast request mR(s;, D;, b;,1;), and
list of K-shortest paths between each pairs of nodes in G

Output: Status of the multicast request mR;

for each d in D; do

—

2 for each p in Path’ do

3 Compute the fragmentation value of p as FragM etricg
by using the DemFRAG metric

4 end

5 Sort Path’ according to the values of FragMetric! in

descending order
6 end
T, = Build — LF PT(s;, D;, PathPi)
Select the modulation level according to the diameter of the

® N

multicast tree T; and calculate FS,:im by using Eq. (7)

if free frequency blocks with at least FS,fjm slots are available on
T; then

10 Use the first-fit policy to assign the block

11 Setup the multicast request mR;

12 Blocked = 0

13 end

14 else

15 Blocked =1

16 end

17 return Blocked

-

multicast tree for request mR,;. In this procedure, there are N, iterations,
and in each one of them, a random light-tree is constructed. At each
iteration iter, for each d in the set D;, one of the shortest paths from s,
to d is selected randomly from the list Path? and added to tree. At the
next step, the fragmentation value of constructed tree T}, is computed
as Costy,, by using the DemFRAG metric and compared with Cost,
of the best so far created tree T,,. If Cost,,, is better than Cost,,,
the Cost,, and T,, will be updated. The Build — OLFT(s;, D;, Path?})
returns best multicast light-tree among N, various constructed trees.
By considering a large value for N,, the optimal tree that has the least
fragmentation value can be found.

Similar to the LFPT-MRMSA algorithm, in line 2 of Algorithm 5,
the modulation level is selected according to the diameter of the
constructed optimal light-tree T; and the required frequency slots FS,:jm
on this tree is calculated. If there are free frequency blocks with at least

opt
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Algorithm 4: Build — OLFT(s;, D;, Path®:)
Input: Source node s;, set of destination nodes D;, and list of
paths Path?i

Output: Multicast light-tree T,

1 Tyop = D
2 Topt =@
3 Cost,,, = -00

opt
4 foriter = 1 to N, do
5 for each d in D; do

6 Randomly select a path from s, to d from Path? as
pathf
7 for each edge e on path? do
8 | Addeto Ty,
9 end
10 end
11 if isTree(T},,.) then

12 Compute the fragmentation value of tree T},,, as Cost

by using the DemF RAG metric

iter

13 if Cost,,, is better than Cost,, then
14 Cost,, = Costyy,,

15 Topt = Tirer

16 end

17 end

18 end

19 return T,

opt

Algorithm 5: OLFT-MRMSA
Input: Network graph G, multicast request mR,(s;, D;, b;,t;), and
list of K-shortest paths between each pairs of nodes in G
Output: Status of the multicast request mR;
1 T; = Build — OLFT(s;, D;, PathP:)
Select the modulation level according to the diameter of the

N

multicast tree T; and calculate F S,ﬁm by using Eq. (7)
3 if free frequency blocks with at least FS,Z’;,,, slots are available on

T; then

4 Use the first-fit policy to assign the block
5 Setup the multicast request mR;

6 Blocked = 0

7 end

8 else

o | Blocked =1

10 end

11 return Blocked

-

FS,,T,Qm slots on T, the first-fit policy is used to assign the block to the
request by observing the contiguity, continuity, and non-overlapping
constraints, and the multicast request mR; is setup. Otherwise, it will
be blocked. In this algorithm, if the multicast request mR; is established,
the Blocked variable is set to 0, and otherwise it will be 1, which means

that the request has been blocked.

4.4.1. Complexity of the OLFT-MRMSA algorithm

In the following, we analyze the computational time complexity of
the OLFT-MRMSA algorithm in Algorithm 5. First, we calculate the
complexity of the Build — OLFT() procedure presented in Algorithm
4. The complexity of lines 5 to 10 are O(| D;| X | E|). The lines 11 to 16
have O((|V'| + |E|) + F S,,,,) time complexity. The overall complexity of
the Build — OLFT() procedure is:

0<N,><(lD,-|><|E|+(|V|+|E|)+FSmax)> = O(N,x(lD,-lxlEHFSmaX))

14)

10
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In the Algorithm 5, selecting the modulation level according to the
diameter of tree in line 2 has O(| E|) complexity. Finding free frequency
blocks in line 3 has O(n) complexity if at most n free blocks are available
on T;. The complexity of line 4 for assigning slots of frequency block on
all links of T; is O(F Sﬁmx | E|) in the worst case. The lines 5, 6, 9 and 11
have O(1) complexity, thus the overall complexity of the OLFT-MRMSA
algorithm is as follows:

T;

O(N, X (1D X |E| + FS, ) + |E| + 1+ FS,, X |E|)

:o(N,x(|D,.|x|E|+FSmax)+Fs£;mx|E|) (15)

5. Simulation results

To evaluate the performance of the proposed fragmentation-aware
MRMSA algorithms with novel DemFRAG metric, we use the NSFNET
and JPN12 network topologies that are depicted in Figs. 3 and 4,
respectively. The source and destinations of multicast requests are ran-
domly and uniformly distributed among the network nodes. Requests
enter the network with a Poisson distribution, and the inter-arrival
time between them follows an exponential distribution with mean of 4,
the holding time of requests follows an exponential distribution with
mean of y. The total number of multicast requests is 10,000 and for
each request, 3, 4 or 5 distinct destinations are randomly selected
with uniform distribution. The network load is assumed to be between
1000 to 5000 Erlang with the step of 1000 Erlang, and the required
bandwidth of incoming requests is 300, 400, 500, 700, and 900 Gbps.
We have considered the number of shortest paths between each pair
of source and destination nodes as 5 paths. Confidence interval is
considered 95% in the simulations and confidence interval bars are
depicted in the figures. The number of frequency slots on each link is
320 and the guard band occupies 1 frequency slot. In the simulations,
u is set to 10 s and 4 is calculated based on the assumed network load
in Erlang. The simulation results have been repeated 15 times for each
value of A and the values of Blocking Probability (BP) (Eq. (16)) and
Bandwidth Blocking Probability (BBP) (Eq. (17)) have been compared
with other fragmentation-aware algorithms.

_ Number of blocked multicast requests

BP = (16)

Number of total multicast requests

Bandwidth of blocked multicast requests

BBP = a7)

Bandwidth of all multicast requests
Simulation parameters are stated in Table 5. In the simulations, we
compare the performance of the proposed LFPT-MRMSA and OLFT-
MRSMA algorithms considering the EF [7], FMM [10], NPFR [8],
Golden [9], Fc [40], and DemFRAG fragmentation metrics:

LFPT+EF - The LFPT-MRMSA algorithm that uses the EF metric
LFPT+FMM - The LFPT-MRMSA algorithm that uses the FMM
metric

LFPT+NPFR - The LFPT-MRMSA algorithm that uses the NPFR
metric

LFPT+Fc - The LFPT-MRMSA algorithm that uses the Fc metric

LFPT+DemFRAG - The LFPT-MRMSA algorithm that uses the
DemFRAG metric

OLFT+EF - The OLFT-MRMSA algorithm that uses the EF metric
OLFT+FMM - The OLFT-MRMSA algorithm that uses the FMM
metric

OLFT+NPFR - The OLFT-MRMSA algorithm that uses the NPFR
metric

OLFT+Fc - The OLFT-MRMSA algorithm that uses the Fc metric
OLFT+DemFRAG - The OLFT-MRMSA algorithm that uses the
DemFRAG metric
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Table 5
Simulation parameters.

Value

14 (NSFNET), 12 (JPN12)
21 (NSFNET), 17 (JPN12)

Parameter

Number of nodes
Number of bidirectional links

Number of frequency slots per link 320

Each frequency slot spectrum width (GHz) 12.5

Link capacity (THz) 4

Number of guard-band frequency slots 1

Number of multicast requests 10000

Random number of destinations 3,4,5

Traffic type (Gbps) 300, 400, 500, 700, 900
Mean service time 10

Network load (Erlang) 1000, 2000, 3000, 4000, 5000

5.1. NSENET network

The NSFNET network has 14 nodes and 21 bidirectional links. Re-
sults of the LFPT-MRMSA and OLFT-MRMSA algorithms in this network
are presented in the next subsections.

5.1.1. Results of the LFPT-MRMSA algorithm

Simulation results of the LFPT-MRMSA algorithm under NSFNET
network topology are shown in Figs. 5-9.

For 300 Gbps traffic, as depicted in Fig. 5(a), at the load of 1000
Erlang, all algorithms have almost similar BP and BBP values but when
the network load exceeds 2000 Erlang, the BP of LFPT+DemFRAG is
lower than all other algorithms and its better performance is obvious.
From Fig. 5(b), the LFPT-MRMSA algorithm with the DemFRAG metric
has the least BBP value at the network loads greater than 2000 Erlang.
Therefore, more multicast requests can be set up by using this met-
ric. The LFPT+EF, LFPT+FMM and LFPT+NPFR algorithms have the
most BP and BBP values at all network loads. The LFPT+Golden and
LFPT+Fc have lower BP and BBP values compared to other algorithms
except the LFPT4+DemFRAG algorithm.

For 400 Gbps traffic, as depicted in Fig. 6(a), at all network loads,
the BP of LFPT+DemFRAG is lower than all other algorithms and it
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has better performance. At network loads of 2000 to 5000 Erlang,
the superiority of the LFPT+DemFRAG algorithm is more obvious
compared to others. From Fig. 6(b), the LFPT-MRMSA algorithm with
the DemFRAG metric has the least BBP value at the network loads
greater than 2000 Erlang. Therefore, more multicast requests can be
setup in this algorithm. The LFPT+EF algorithm has the most BP and
BBP values at all network loads.

For 500 Gbps traffic, as depicted in Figs. 7(a) and 7(b), at the load of
1000 Erlang, the BP and BBP values of the LFPT+DemFRAG algorithm
are almost zero. When the network load exceeds 2000 Erlang, the BP
value of LFPT+DemFRAG is lower than all other algorithms. From
Fig. 7(b), the LFPT-MRMSA algorithm with the DemFRAG metric has
the least BBP value at network load of 2000 Erlang and it has had a
significant decrease in BBP value compared to other algorithms. The
LFPT+EF algorithm has the most BP and BBP values at all network
loads. The LFPT+FMM and LFPT+NPFR algorithms have relatively the
same performance at 500 Gbps traffic requests. The LFPT+DemFRAG
algorithm has the least BP and BBP values at all network loads.

For 700 Gbps traffic, as depicted in Figs. 8(a) and 8(b), the BP and
BBP values of the LFPT+DemFRAG algorithm are lower than all other
algorithms at all network loads. The LFPT+EF algorithm has the most
BP and BBP values at all network loads. The LFPT+NPFR has been a
little better than the LFPT+FMM algorithm. At network loads of 1000
and 2000 Erlang, the BP and BBP values of LFPT+Golden are lower
than LFPT+Fc but when the network load exceeds 3000 Erlang, the
LFPT+Fc algorithm has lower BP and BBP values. The LFPT+DemFRAG
algorithm has the least BP and BBP values at all network loads among
all algorithms.

When we increase the traffic requests to 900 Gbps, the BP and BBP
values at all network loads increase. As depicted in Figs. 9(a) and 9(b),
the LFPT+DemFRAG algorithm has the least BP and BBP values at
all network loads. The LFPT+FMM and LFPT+NPFR algorithms have
relatively the same performance at 900 Gbps traffic requests and the
highest BP and BBP values are for the LFPT+EF algorithm.

Therefore, we can conclude that for all types of bandwidth requests
in the NSFNET network topology, the LFPT-MRMSA algorithm with the
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5. Simulation results of LFPT-MRMSA under NSFNET topology at 300 Gbps traffic requests.
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Fig. 7. Simulation results of LFPT-MRMSA under NSFNET topology at 500 Gbps traffic requests.
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Fig. 9. Simulation results of LFPT-MRMSA under NSFNET topology at 900 Gbps traffic requests.

DemFRAG metric improves the efficiency of multicasting by reducing
BP and BBP, and compared to the LFPT-MRMSA algorithm that uses
other fragmentation metrics, it obtains better performance.

5.1.2. Results of the OLFT-MRMSA algorithm

Simulation results of the OLFT-MRMSA algorithm under NSFNET
network topology are shown in the Figs. 10-14. In simulations, we
set the N, to 30, thus the least fragmented tree is selected out of 30
different constructed trees.

For 300 Gbps traffic, as depicted in Fig. 10(a), BP of the OLFT+FMM
algorithm is higher than others. The OLFT+EF and OLFT+NPFR al-
gorithms have similar BP values. The OLFT+Fc and OLFT+DemFRAG
algorithms have lower BP values between all others. The least BP value
is for the OLFT-MRMSA algorithm with the DemFRAG metric at net-
work loads greater than 2000 Erlang. From Fig. 10(b), at network loads
between 1000 and 2000 Erlangs, the BBP values of the OLFT+Fc and
OLFT+DemFRAG algorithms are almost zero. At network loads of 3000,
4000, and 5000 Erlang, our proposed OLFT+DemFRAG algorithm has
the least BBP value among all other algorithms.

For 400 Gbps traffic, as depicted in Figs. 11(a) and 11(b), the
least BP and BBP values are for our OLFT-MRMSA algorithm with the
DemFRAG metric at all network loads. The BP and BBP values of the
OLFT+FMM algorithm are higher than other algorithms. The OLFT+EF
and OLFT+NPFR algorithms have relatively similar BP and BBP values.
The OLFT+Fc and OLFT+DemFRAG algorithms have lower BP values
between all others. At network load of 1000 Erlang, the BP and BBP
values of the OLFT+Fc and OLFT+DemFRAG algorithms are almost
zero.

For 500 Gbps traffic, as depicted in Fig. 12(a), the BP values
of OLFT+FMM, OLFT+EF and OLFT+NPEFR algorithms are relatively
similar and higher than the OLFT+Golden, OLFT+Fc and OLFT+Dem-
FRAG algorithms. The OLFT+Fc and OLFT+DemFRAG algorithms have
lower BP values between all others. The least BP value is for our
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OLFT-MRMSA algorithm with the DemFRAG metric at network loads
greater than 2000 Erlang. From Fig. 12(b), at network load of 1000 Er-
lang, the BBP values of the OLFT+Fc and OLFT+DemFRAG algorithms
are almost zero. At network loads of 3000, 4000, and 5000 Erlang,
OLFT+DemFRAG has the least BBP value among all other algorithms.

According to the simulation results at 700 Gbps traffic requests in
Figs. 13(a) and 13(b), the values of BP and BBP for the OLFT+FMM
and OLFT+EF algorithms are relatively similar and higher than others.
The least BP and BBP values are for the OLFT-MRMSA algorithm with
the DemFRAG metric at all network loads.

The simulation results at 900 Gbps traffic requests illustrated in
Figs. 14(a) and 14(b). According to these figures, we can observe that
at network loads of 4000 and 5000 Erlang, the OLFT+DemFRAG and
OLFT+Fc algorithms have the least BP and BBP values. At network
loads lower than 4000 Erlang, the OLFT+DemFRAG algorithm is better
than OLFT+Fc in reducing the BP and BBP values. Results show that
the highest BP and BBP values obtained when we use the EF, FMM and
NPFR metrics in the OLFT-MRMSA algorithm.

We can conclude that for all types of requested bandwidth in the
NSFNET topology, the OLFT-MRMSA algorithm with the DemFRAG
metric improves the efficiency of multicasting by reducing BP and
BBP. By considering large values for the number of total constructed
multicast trees N,, we can get better results in the OLFT-MRMSA
algorithm but the time complexity will be increased.

5.2. JPN12 network

The JPN12 network is a thinner and wider topology compared to the
NSFNET. It has 12 nodes and 17 bidirectional links. Simulation results
of the LFPT-MRMSA and OLFT-MRMSA algorithms in this network are
discussed in the next subsections.
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Fig. 10. Simulation results of OLFT-MRMSA under NSFNET topology at 300 Gbps traffic requests.
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Fig. 12. Simulation results of OLFT-MRMSA under NSFNET topology at 500 Gbps traffic requests.
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Fig. 13. Simulation results of OLFT-MRMSA under NSFNET topology at 700 Gbps traffic requests.
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Fig. 14. Simulation results of OLFT-MRMSA under NSFNET topology at 900 Gbps traffic requests.

5.2.1. Results of the LFPT-MRMSA algorithm

Simulation results of the LFPT-MRMSA algorithm under JPN12
network topology are illustrated in Figs. 15-19 at traffic requests of
300, 400, 500, 700, and 900 Gbps.

Figs. 15(a) and 15(b) show the BP and BBP values at 300 Gbps
traffic requests respectively. At the network load of 1000 Erlang, the
BP and BBP values of all algorithms are almost zero. When the network
load exceeds 3000 Erlang, the BP and BBP of the LFPT+EF, LFPT+FMM
and LFPT+NPFR algorithms increase significantly. The LFPT+Golden
and LFPT+Fc have relatively the same performance. The least BP and
BBP values are for LFPT+DemFRAG at all network loads.

The results of algorithms in JPN12 at 400 Gbps (see Figs. 16(a)
and 16(b)) are similar to 300 Gbps traffic requests. At the network
load of 1000 Erlang, the BP and BBP values of all algorithms are near
zero. The highest BP and BBP are for LFPT+EF and LFPT+FMM. The
LFPT+DemFRAG has the best performance at all network loads.

For 500 Gbps traffic, as depicted in Figs. 17(a) and 17(b), the
least BP and BBP values are for the LFPT-MRMSA algorithm with the
DemFRAG metric at all network loads.

For 700 and 900 Gbps traffic requests, as depicted in Figs. 18-19,
the BP and BBP in all algorithms increase significantly. The LFPT+EF,
LFPT+FMM and LFPT+NPFR algorithms have higher BP and BBP val-
ues. The least BP and BBP values are for LFPT+DemFRAG at all network
loads.

According to the results of simulation under the JPN12 network
topology, we can conclude that for all types of requested bandwidth,
the LFPT-MRMSA algorithm with the DemFRAG metric improves the
efficiency of multicasting by reducing BP and BBP, and compared to
the LFPT-MRMSA algorithm that uses other fragmentation metrics, it
obtains better performance.
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5.2.2. Results of the OLFT-MRMSA algorithm

Simulation results of the OLFT-MRMSA algorithm under JPN12
network topology are illustrated in Figs. 20-24. In simulations, we
set the N, to 30, thus the least fragmented tree is selected out of 30
different constructed trees.

Simulation results at 300 Gbps traffics are shown in Figs. 20(a) and
20(b). At the network load of 1000 Erlang, the BP and BBP values of
all algorithms are almost zero. When the network load exceeds 2000
Erlang, the BP and BBP of the OLFT+EF, OLFT+FMM and OLFT+NPFR
algorithms increase significantly. The highest BP and BBP values are for
the OLFT+FMM algorithm. The performance of the OLFT+DemFRAG
algorithm is slightly better than OLFT+Fc at 4000 and 5000 network
loads.

According to simulation results at 400 Gbps traffic requests in Figs.
21(a) and 21(b), the highest BP and BBP values are for the OLFT+FMM
algorithm at all network loads. The performance of
OLFT+DemFRAG is slightly better than OLFT+Fc at the network load
of 3000 to 5000 Erlang.

For 500 Gbps traffics, as illustrated in Figs. 22(a) and 22(b), the
OLFT+Fc and OLFT+DemFRAG have relatively the same performance.
The OLFT+FMM has the worst performance among all algorithms.

According to the simulation results at 700 Gbps traffic requests in
Figs. 23(a) and 23(b), when the network load exceeds 2000 Erlang,
the performance of the OLFT+DemFRAG algorithm is become better
than OLFT+Fc. The highest BP and BBP values are for the OLFT+FMM
algorithm at all network loads. The performances of OLFT+EF and
OLFT+NPEFR are relatively similar at the network loads of 2000 to 5000
Erlang.

For 900 Gbps traffic, as depicted in Figs. 24(a) and 24(b), the
OLFT+FMM has the highest BP and BBP values among all algorithms.
The performances of the OLFT+EF and OLFT+NPFR algorithms are rel-
atively similar. The performance of OLFT+DemFRAG is slightly better
than OLFT+Fc at the network load of 2000 to 5000 Erlang.
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Fig. 17. Simulation results of LFPT-MRMSA under JPN12 topology at 500 Gbps traffic requests.
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Fig. 18. Simulation results of LFPT-MRMSA under JPN12 topology at 700 Gbps traffic requests.
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Fig. 19. Simulation results of LFPT-MRMSA under JPN12 topology at 900 Gbps traffic requests.

According to the results of simulation under JPN12, the OLFT-
MRMSA algorithm with the DemFRAG and Fc metrics have relatively
the same performance in reducing BP and BBP compared to other
fragmentation metrics. This is due to the simple structure of JPN12
network compared to NSFNET. By considering bandwidth requirements
of input requests, both the DemFRAG and Fc metrics can find the least
fragmented multicast light-tree in the OLFT-MRMSA algorithm. We can
obtain better results in the OLFT-MRMSA algorithm, by increasing total
number of constructed multicast trees N,.

5.3. Discussion on improvements of the DemFRAG metric

The results of simulation show that by using the DemFRAG metric
in the LFPT-MRMSA and OLFT-MRMSA algorithms compared to other
fragmentation metrics, under high data rates (300-900 Gbps), BP and
BBP decrease significantly. As well as, The reductions in BP and BBP of
the DemFRAG metric become more pronounced as data rate, network
load, and network topology size increase. This is because of considering
the size of demands and the impact of appropriate and inappropriate
free frequency blocks in calculating the fragmentation degree of paths,
and therefore, achieving more accurate value of fragmentation. Given
this, the LFPT4+DemFRAG and OLFT+DemFRAG algorithms have the
best performance among the compared MRMSA algorithms with other
fragmentation metrics.

We compute the average improvement of the DemFRAG metric in
BP, relative to other fragmentation metrics, in the LFPT-MRMSA and
OLFT-MRMSA algorithms at the network loads of 3000, 4000, and 5000
Erlang to better demonstrate its superiority in decreasing BP. Results
are illustrated in Table 6. We discuss improvement of DemFRAG at 300
Gbps traffic type under the NSFNET and JPN12 topologies.

Under NSFNET, the LFPT+DemFRAG algorithm provides 90.8%,
90.2%, 89.2%, 78.6%, and 62.1% improvement in BP compared to
the LFPT+EF, LFPT+FMM, LFPT+NPFR, LFPT+Golden, and LFPT+Fc
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algorithms respectively. Under JPN12, the LFPT+DemFRAG algorithm
provides 76.7%, 77.2%, 71.6%, 24.6%, and 26.0% improvement in BP
compared to the LFPT+EF, LFPT+FMM, LFPT+NPFR, LFPT+Golden,
and LFPT+Fc algorithms, respectively.

Under NSFNET, the OLFT+DemFRAG algorithm provides 81.3%,
82.9%, 81.4%, 63.2%, and 27.9% improvement in BP compared to
the OLFT+EF, OLFT+FMM, OLFT+NPFR, OLFT+Golden, and OLFT+Fc
algorithms respectively. Under JPN12, the OLFT+DemFRAG algorithm
provides 84.8%, 88.4%, 86.7%, 66.0%, and 11.0% improvement in BP
compared to the OLFT+EF, OLFT+FMM, OLFT+NPFR, OLFT+Golden,
and OLFT+Fc algorithms, respectively.

Achieved improvements are due to increasing spectral efficiency
by using the DemFRAG metric, and therefore, reducing the BP value.
Improvement of DemFRAG at 400, 500, 700, and 900 Gbps traffic types
can be observed from presented results in Table 6. Similar computa-
tions can be carried out to illustrate improvements achieved by the
DemFRAG metric in reducing BBP compared to other fragmentation
metrics.

6. Conclusions

In this paper, we have proposed efficient fragmentation-aware algo-
rithms for multicast routing, modulation level and spectrum assignment
for dynamic multicast traffic with high data rates (300-900 Gbps) in
EONs. We proposed a novel demand size based fragmentation metric
(DemFRAG) that evaluates the fragmentation status of paths based
on the required frequency slots of incoming multicast requests. We
proposed two heuristic algorithms named Least Fragmented Path based
Tree MRMSA (LFPT-MRMSA) algorithm and Optimal Least Fragmented
Tree MRMSA (OLFT-MRMSA) algorithm that are fragmentation-aware
methods based on our novel DemFRAG metric. The performance of the
proposed fragmentation-aware LFPT-MRMSA and OLFT-MRMSA algo-
rithms was compared with the other fragmentation-aware algorithms in
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Fig. 20. Simulation results of OLFT-MRMSA under JPN12 topology at 300 Gbps traffic requests.
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Fig. 21. Simulation results of OLFT-MRMSA under JPN12 topology at 400 Gbps traffic requests.
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Fig. 22. Simulation results of OLFT-MRMSA under JPN12 topology at 500 Gbps traffic requests.
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Fig. 24. Simulation results of OLFT-MRMSA under JPN12 topology at 900 Gbps traffic requests.

Table 6
The DemFRAG metric improvement in Blocking Probability (BP) compared to other fragmentation metrics.

Network Algorithm Traffic (Gbps) EF FMM NPFR Golden Fc
300 90.8% 90.2% 89.2% 78.6% 62.1%
400 76.3% 74.3% 72.6% 56.6% 46.8%

NSFNET LFPT-MRMSA 500 64.1% 61.4% 60.4% 42.9% 29.2%
700 48.7% 44.5% 42.5% 30.2% 27.7%
900 35.0% 31.7% 31.7% 19.1% 11.0%
300 76.7% 77.2% 71.6% 24.6% 26.0%
400 57.4% 56.8% 51.1% 14.5% 17.3%

JPN12 LFPT-MRMSA 500 44.8% 43.8% 38.5% 11.6% 11.9%
700 31.9% 30.9% 27.9% 10.3% 7.9%
900 24.8% 23.5% 21.5% 9.2% 5.6%
300 81.3% 82.9% 81.4% 63.2% 27.9%
400 65.3% 67.1% 64.5% 45.6% 16.0%

NSFNET OLFT-MRMSA 500 54.6% 55.3% 53.2% 33.3% 11.0%
700 40.9% 41.1% 37.8% 26.1% 6.6%
900 31.9% 30.6% 28.9% 18.8% 2.4%
300 84.8% 88.4% 86.7% 66.0% 11.0%
400 66.0% 70.8% 68.2% 47.1% 4.8%

JPN12 OLFT-MRMSA 500 51.4% 57.2% 53.2% 35.4% 1.0%
700 37.0% 40.7% 37.6% 25.0% 1.9%
900 28.5% 31.1% 28.5% 19.0% 1.4%

terms of Blocking Probability (BP) and Bandwidth Blocking Probability CRediT authorship contribution statement
(BBP) for different bandwidth requests and at various network loads

under NSFNET and JPN12 topologies. The simulation results showed Leila Asadzadeh: Writing — original draft, Visualization, Method-
the superiority of the proposed algorithms with the DemFRAG metric ology, Conceptualization. Ahmad Khonsari: Supervision, Developing
over all other algorithms. By using the DemFRAG metric, compared to main idea of the study. Akbar Ghaffarpour Rahbar: Writing — review
the other metrics, the BP and BBP values decrease. So we can conclude & editing, Project administration, Supervision.

that our proposed novel DemFRAG fragmentation metric can evaluate
the value of fragmented spectrum on lightpaths and light-trees very
well.
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