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Multicast Routing and Distance-Adaptive Spectrum
Allocation in Elastic Optical Networks
with Shared Protection
Anliang Cai, Jun Guo, Member, IEEE, Rongping Lin, Gangxiang Shen, Senior Member, IEEE, and
Moshe Zukerman, Fellow, IEEE

Abstract—We consider an elastic all-optical network, where
each node is multicast-capable and does not support spectrum
conversion. In such a network, for a given set of static multicast demands, we consider distance-adaptive spectrum resource
allocation, and aim to optimize multicast routing, modulation
and spectrum assignment with shared protection in a way that
minimizes the required spectrum resources for accommodating
all multicast sessions. In our design, we provision each multicast
demand by a light-tree where spectrum resources are allocated in
all links included in the tree. We protect each light-tree from any
single link failure in both directions by having a backup path that
is link-disjoint to the path from the source to each destination on
the primary tree. We reserve spectrum resources in the links that
are not in the primary tree but in the backup paths between all
source-destination pairs. The reserved spectrum resources can be
shared to protect multiple light-trees as long as they do not fail
simultaneously. For such a problem, we provide a mixed integer
linear programming formulation. We also develop a scalable
heuristic algorithm with an attribute that enables it to improve
the quality of the results at the cost of longer running times.
Numerical results for small problems show that the heuristic
algorithm performs close to the optimum. In addition, we use
a Markov chain simulation of the network to evaluate the
performance of our proposed algorithm in terms of blocking
probability in a dynamic environment, which demonstrates a
significant improvement over straightforward approaches.
Index Terms—Distance-adaptive transmission, elastic optical
network, multicast routing, shared protection, spectrum assignment.

I. I NTRODUCTION
HE elastic optical network (EON) [2]–[6] based on
the coherent optical orthogonal frequency-division multiplexing technique [7] has recently attracted attention as a
viable means for further increasing efficiency and data rate
of optical networks. It allows partial spectrum overlapping
and flexible bandwidth allocation in a finer granularity, where
multiple low-data-rate subcarriers, or frequency slots (FSs),
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are adequately allocated to a connection. This provides better
flexibility in spectrum assignment and higher spectrum utilization than traditional wavelength-division multiplexing (WDM)
optical networks [8] that follow the ITU-T fixed frequencygrid standard. A considerable effort has been made to tackle
the problem of routing and spectrum assignment (RSA) in
EONs [9], [10]. Recently, an important attribute in EONs,
known as distance-adaptive spectrum resource allocation, has
been proposed [11]. Distance-adaptive transmission entails
the choice of a modulate scheme (MS) for a signal that
is adaptive to the transmission distance of the optical path.
Thus, the RSA problem is extended into a more flexible and
complex problem involving routing, modulation and spectrum
assignment (RMSA) [12]–[14].
A. Background
Multicast services, including synchronization of databases
among geographically distributed datacenters and ultra-highdefinition TV delivery, are gaining popularity. Such pointto-multi-point applications are typically bandwidth-intensive.
For example, uncompressed ultra-high-definition TV with 8K
resolution requires 72 Gb/s, and 3-D high-definition TV would
require even higher bit rate [15]. Compared to IP multicasting,
multicasting in the optical layer based on the WDM technology is more spectrum- and power-efficient [16]. Extensive
studies on multicast routing and wavelength assignment have
been conducted for WDM optical networks [17]–[19]. As a
promising candidate of the next-generation optical transport
network, the EON demonstrates better performance in multicast service provisioning than the traditional WDM optical
network [20].
As an extended concept of lightpath, a light-tree is an
optical channel from a source to multiple destinations [16].
Recent studies focus on provisioning multicast connections
using the light-tree technology [21]–[25], and experiments
have been demonstrated for EONs in [26]. Similar to lightpathbased RMSA in EONs, the light-tree-based multicast-capable
RMSA (MC-RMSA) problem does not consider spectrum
conversion and is required to satisfy three constraints, namely,
spectrum continuity, spectrum contiguity, and spectrum nonoverlapping. The spectrum continuity constraint ensures that
the same FSs should be utilized in all fiber links that are
included in a light-tree. The spectrum contiguity constraint
ensures that the FSs in each fiber link assigned to a light-tree
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are contiguous. Then, the spectrum non-overlapping constraint
prevents any FS in a fiber link from being allocated to two or
more connections.
Protection has been considered an important attribute in
optical networks. Fiber cuts often occur to an optical network
and even a single fiber cut could result in severe service disruption. Therefore, adequate protection should be preplanned
for optical networks so that they can continue to operate under
failures. This is especially true when a trunk of the multicast
tree fails, in which case multiple destinations are affected
and could not receive data from the source. This highlights
the importance of incorporating multicast survivability in the
design of optical networks. Protection in the optical layer is
beneficial in many aspects, e.g., faster recovery speed and
simpler operation than that in higher layers [27]. However,
existing research rarely focuses on multicast protection or
survivability in EONs [28], [29]. In [28], the authors used
multiple lightpaths to support a multicast connection and
proposed a dedicated path protection scheme. Our approach
in this paper is based on shared protection that is more
spectrally efficient than dedicated protection [30]. The authors
of [29] considered shared protection for multicast connections.
However, they did not consider distance-adaptive spectrum
resource allocation, which is our focus in the present paper.
A brief (3-page) and preliminary version of this paper was
presented in [1].
B. Key Contributions
To the best of our knowledge, there is no published work on
light-tree-based MC-RMSA with shared protection in EONs
considering distance-adaptive spectrum resource allocation. In
this paper, we address this important problem. Specifically,
we focus on the problem for static traffic where a set of
multicast demands are given a priori. Each multicast session is supported by a light-tree with the assumption that
all nodes in the network are multicast-capable by adopting
splitter-and-delivery switches [31]. In addition, we consider
a shared protection scheme to protect the light-trees from
any single link failure. Our objective is to minimize the
required spectrum resources subject to the condition that all
the given multicast demands are accommodated. We present a
mathematical formulation in the form of mixed integer linear
programming (MILP) for the problem. Since MILP is known
to be computationally prohibitive for large networks, we also
develop an efficient heuristic algorithm with an attribute that
enables it to improve the quality of the results at the cost
of longer running times. The effectiveness of the proposed
algorithm is demonstrated by extensive numerical results and
a Markov chain simulation of the network in a dynamic
environment.
C. Organization
The remainder of this paper is organized as follows. In
Section II, we review the related work. In Section III, we
provide a detailed description of the problem considered in this
paper. The MILP formulation is presented in Section IV, and
the heuristic algorithm is presented in Section V. Numerical

results and discussions are provided in Section VI. Section VII
concludes the paper.

II. R ELATED W ORK
Extensive studies on multicasting in optical networks have
been reported in the literature. When all or part of the
network nodes are based on the multicast-incapable tapand-continue switch [32], solutions based on the light-trail
technology [33], [34] have been proposed for provision of
multicast demands [35]–[39]. In WDM networks where there
is a mix of multicast-capable and multicast-incapable nodes,
it was demonstrated in [40] that the light-trail-based solution,
namely, light-hierarchy, achieves a lower blocking probability
than the one based on the light-tree technology. Also, the
light-trail-based solutions have an advantage in grooming subwavelength connections in WDM networks [37].
In this paper, we focus on using the light-tree technology
to provision multicast demands under the assumption that all
network nodes are multicast-capable. We note that, for any
light-trail-based solution associated with a multicast connection in a network that contains multicast-incapable nodes, there
is an equivalent light-tree-based solution in the corresponding
multicast-capable network. In our context, since we consider
flexi-grid networks where just-enough FSs are allocated to
each demand, and since the FS capacity can be small relative
to the high bit rate applications that we consider, the weakness
of light-tree in grooming may not be a major issue. As a result,
a light-tree-based solution has an advantage over a light-trailbased solution to provision high bit rate demands in multicastcapable EONs as we consider in the present paper.
For the MC-RMSA problem in EONs, Gong et al. [21] and
Walkowiak et al. [22] proposed integer linear programming
(ILP) formulations and heuristic algorithms based on the
light-tree technology. Ruiz and Velasco [23] evaluated three
provisioning schemes for multicast connections, namely, path,
tree, and subtree schemes. Walkowiak et al. [24] investigated
the impact of the degree limitation of a multicast tree node
and the transmission distance implications of optical signal
splitting. Yu et al. [25] considered a network with modulationenabled nodes, where the MSs of the input and output signals
can be different. While the above studies mainly aimed at the
optical layer, Ruiz and Velasco [41] also considered serving
multicast demands in multiple layers.
Numerous studies have been conducted on multicast protection in WDM optical networks. Singhal et al. [30] proposed
self-sharing schemes for protecting a multicast session from
any single link failure. Singhal et al. [42] further proposed the
more spectrally efficient cross-sharing scheme for protecting
multiple multicast sessions from any link failure. Constantinou
et al. [43] proposed a directed-graph multicast protection
scheme based on the minimum-cost path heuristic (MPH) [44].
Network coding has been considered in [45] for provisioning
multicast connections with 1+1 dedicated protection. In this
paper, we address the important problem of MC-RMSA in
EONs considering shared protection for multiple multicast
sessions.
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TABLE I
T RANSPARENT R EACH AND C APACITY PER FS FOR E ACH MS [14]
MS

Transparent Reach [km]

Capacity per FS [Gb/s]

BPSK
QPSK
8QAM

4000
2000
1000

12.5
25
37.5

III. MC-RMSA WITH S HARED P ROTECTION
In this section, we begin by providing the model of the
EON considered in this paper. Then, we describe the concept
of distance-adaptive transmission and discuss its implications
in spectrum resource allocation in EONs. Next, we present the
shared protection scheme used in our context for protecting
multiple multicast sessions in EONs. Finally, we provide the
statement of the MC-RMSA problem with shared protection.
A. Network Model
The EON is represented by a directed graph G = (V, L),
where V is the set of nodes and L is the set of directed
links. Every two adjacent nodes i and j are connected by
two directed links in opposite directions, each of which
corresponds to a unidirectional fiber link, denoted by (i, j) for
the one from node i to node j and ( j, i) for the one from
node j to node i. Let ` i j denote the weight of fiber link
(i, j) representing its physical length. We assume ` i j = ` j i
for all (i, j) ∈ L without loss of generality. Let G denote
the bandwidth of an FS in units of GHz. The set of MSs is
M. For m ∈ M, we denote by τm the transparent reach of a
signal modulated by MS m, and by Cm the capacity per FS
modulated by MS m.
B. Distance-Adaptive Transmission
To efficiently utilize the spectrum resources, we consider distance-adaptive spectrum resource allocation in EONs,
where minimum spectrum resources are adaptively allocated to
an all-optical channel according to its physical condition [46]–
[48]. As in [14], [46], the channel condition is measured by
its physical transmission distance. In this context, a more
spectrally efficient (or higher-order) MS implies fewer spectrum resources for serving a demand but is associated with
a shorter transparent reach. As an example, Table I provides
the transparent reach and the capacity per FS of three MSs,
namely, BPSK, QPSK and 8QAM. The values are used in [14]
based on [46].
If the transmission distance of the connection is longer
than the transparent reach of the chosen MS, regenerators are
required to regenerate the signal. This indicates a fundamental
tradeoff between the cost of the transparent reach and the
spectrum usage in choosing an MS. Accordingly, in distanceadaptive spectrum resource allocation, the highest-order available MS is chosen so that the transmission distance of the
connection does not exceed the transparent reach of the MS.
In this way of distance-adaptive transmission [5], the number
of regenerators required in the network can be minimized,
while the spectrum usage is kept at a reasonable level.

C. Shared Protection
A light-tree for a multicast session is a unidirectional
connection where an optical signal is transmitted from a
given source to multiple destinations. Under normal operations
where no failure occurs, such a tree is called a primary tree,
which can be viewed as a set of primary paths between the
source and each destination. A primary link is a link in a
primary tree. One protection scheme to protect a light-tree is
by having each of its primary paths protected via a link-disjoint
backup path. The backup paths for the corresponding sourcedestination (SD) pairs can share spectrum resources in their
common link(s). The advantages of such path-based protection
have been recognized in [30].
To protect a light-tree, there are two mutually exclusive
cases in the protection scheme. One case is that the backup
path of any SD pair shares no common link with the primary
tree. The other case is that at least one of the backup paths
shares common link(s) with the primary tree. However, any
common link must be a link in the primary paths of other
SD pairs since, for each SD pair, the backup path and the
primary path are link-disjoint. This is known as self-sharing
protection [42]. Thus, a light-tree can be protected as long
as for each SD pair of the multicast session, a backup path
is link-disjoint to its primary path, and we reserve spectrum
resources in the backup-only links that are not in the primary
tree but in the backup paths of all SD pairs. These reserved
spectrum resources could be utilized when the primary tree
fails.
For the case of protecting multiple light-trees, the reserved
spectrum resources in the backup-only links can be shared
as long as these light-trees do not fail simultaneously. Such
shared protection among multiple light-trees is known as
cross-sharing [42].
In this paper, we consider four types of links that are
included for serving a multicast connection, namely, primaryonly link, backup-only link, self-sharing link, and crosssharing link. For a multicast connection, a primary-only link is
a link included only in the primary tree. Similarly, a backuponly link is a link included only as backup, while a self-sharing
link is a link that is included in both primary and backup paths
of different SD pairs. Hence, primary-only, backup-only, and
self-sharing links are mutually exclusive. A cross-sharing link
is a link that is included in multiple multicast connections only
as backup. Thus, a cross-sharing link for multiple multicast
connections is a backup-only link in each of these multicast
connections, while a backup-only link may not be a crosssharing link.
Figure 1 illustrates the shared protection scheme that we
consider in this paper based on the above basic concepts. For
the example network of Fig. 1a, Figs. 1b and 1c show the
routing case of two multicast sessions, i.e., M1 = hA; {B, C}i
and M2 = hB; {C, D}i, respectively. Here, a multicast session
is denoted as hs; {d 1, d 2, . . . , d n }i where s is the source node,
and {d 1, d 2, . . . , d n } are the set of destination nodes. As shown
in Fig. 1b, the primary tree of M1 contains links ( A, B) and
( A, C). The backup path to destination node B and that to
destination node C are A → D → B and A → D → C,
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Fig. 1. An example of the shared protection scheme: (a) a four-node fullymesh network; (b) routing for M 1 = hA; {B, C }i; (c) routing for M2 =
hB; {C, D }i; and (d) sharing between M 1 and M 2.

respectively. These two backup paths share a common link
( A, D), but share no common link with the primary tree. In
this case, a link included is either a primary-only link or a
backup-only link, and there are no self-sharing links. For M2,
as shown in Fig. 1c, the primary tree contains links (B, C) and
(B, D). To protect the primary path B → C from a single link
failure, a link-disjoint backup path B → D → C is found,
which uses the link (B, D) in the primary path B → D.
Similarly, a link-disjoint backup path B → C → D is found
for the primary path B → D, which uses the link (B, C) in
the primary path B → C. In this case, both (B, C) and (B, D)
are self-sharing links. Links (C, D) and (D, C) are backuponly links, where the reserved spectrum resources could be
used to protect other multicast connections by cross-sharing.
In Fig. 1d, link (D, C) is a backup-only link for both M1 and
M2, so the reserved spectrum resources in the link can be used
to protect both multicast connections. This is because their
primary connections contain no common links and will not fail
simultaneously in case of a single link failure, and therefore
there is no competition on utilizing the reserved resources in
the cross-sharing link for service restoration.
D. Problem Statement
In this paper, we focus on the MC-RMSA problem with
shared protection for static traffic. Specifically, we consider a
set of multicast demands R. For r ∈ R, the multicast demand r
is denoted by hs r ; Fr ; t r i, requesting a data transmission from
the source s r to the set of destinations Fr at bit rate t r . Let ω rm
denote the number of FSs to be assigned to serve the multicast
demand r for the required bit rate given that MS m is utilized.
By definition, we have ω rm = dt r /Cm e as presented in [14],
where dxe is the smallest integer that is greater than or equal
to x. For instance, based on the values of MSs in Table I, an
FS modulated by QPSK has a capacity CQPSK = 25 Gb/s and
a transparent reach τQPSK = 2, 000 km. We can observe from
Table I that, for an example multicast connection requesting
t r = 45 Gb/s and a transmission distance of 1,800 km, the

number of required FSs given that QPSK is utilized is two, i.e.,
r
ωQPSK
= 2. Here, the highest-order MS that can be assigned
to this particular connection is QPSK since τQPSK > 1, 800 km
but τ8QAM < 1, 800 km.
Based on the network model described above, we further make the following assumptions. We assume that the
EON does not support spectrum conversion. Thus, the spectrum continuity constraint must be satisfied. To support
distance-adaptive spectrum resource allocation, all transponders are central frequency tunable and also MS tunable. Each
node is multicast-capable based on the splitter-and-delivery
switch [31]. An input signal going through such a multicastcapable node can be dropped locally and/or switched to one,
many, or all of its output ports. We assume that the power loss
of the signal due to the splitting is compensated by amplifiers
in the node. For simplicity, in this paper we do not consider
the use of regenerators. We assume that every SD pair has
at least one pair of disjoint paths, of which the transmission
distance is within the transparent reach of the lowest-order
MS considered, e.g., 4,000 km for BPSK as in Table I. This
assumption is made for simplicity and extension to larger
networks that involve regenerators is left for future work.
In this case, to implement the shared protection scheme
where spectrum resources used in a link of the primary path
between an SD pair can be utilized to protect another SD pair
within the same multicast session, we consider that the same
spectrum resources (modulated by the same MS) are allocated
in each link of the primary tree and reserved in the backuponly links of the multicast connection. Such consideration also
implies faster recovery and transponder savings. Thus, for MS
assignment, all primary and backup paths should be taken into
account in the transparent reach constraint. For example, for
the multicast session M2 in Fig. 1c, the backup paths of the
primary paths B → C and B → D are B → D → C and
B → C → D, respectively. The longest transmission distance
among all four paths is 1,000 km, thus the MS assigned to the
multicast connection of M2 should have a transparent reach
of no less than 1,000 km.
The objective of the MC-RMSA problem with shared
protection is to minimize the maximum spectrum among the
required spectrum in all links subject to the condition that all
the given multicast demands are accommodated with the consideration of distance-adaptive spectrum resource allocation.
The light-tree of each multicast session is protected on an SD
pair basis, where for each SD pair of the multicast connection
the primary path is protected by a link-disjoint backup path
from any single link failure in both directions. This means that
the network can continue to operate when only one link fails
at a time.
IV. MILP F ORMULATION
To solve the MC-RMSA problem with shared protection, we
provide here the MILP formulation. Let ∆ be a large number.
We use a set, O, of operation indicator as presented in the
following. To find a primary and a backup paths for each
SD pair for protection concern, we set O = {1, 2}, where
the variables with a superscript of elements 1 and 2 are for
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the primary and backup connection, respectively. We use a
general term, i.e., routing subgraph, to denote the primary tree
and backup paths for all SD pairs used to serve a protected
multicast demand. Here for each SD pair, the primary path and
the backup path does not share any common link, not even a
link in opposite directions.
A. Variables
r, o
Pd,
ij

X irj
Yirj
Dr

Nr
r
Km

Sr
Er
Tirj
Hrr21

Zrr21

C

Binary; equals one if a path to destination d, d ∈ Fr ,
of multicast connection r, r ∈ R, traverses fiber link
(i, j), (i, j) ∈ L, for operation (primary or backup)
indicator o, o ∈ O; zero, otherwise.
Binary; equals one if fiber link (i, j), (i, j) ∈ L, is
included to serve multicast connection r, r ∈ R.
Binary; equals one if fiber link (i, j), (i, j) ∈ L, is a
primary link of multicast connection r, r ∈ R.
Real; denotes a distance that is longer than or equal
to the longest distance among all the paths included
in multicast connection r, r ∈ R.
Integer; denotes the number of FSs in primary links
allocated to multicast connection r, r ∈ R; Nr ≥ 0.
Binary; equals one if MS m, m ∈ M, is assigned to
multicast connection r, r ∈ R; zero, otherwise.
Integer; denotes the starting FS index of multicast
connection r, r ∈ R; Sr ≥ 1.
Integer; denotes the ending FS index of multicast
connection r, r ∈ R; Er ≥ 1.
Integer; denotes a number that is no smaller than the
number of FSs in fiber link (i, j), (i, j) ∈ L, assigned
to multicast connection r, r ∈ R; Tirj ≥ 0.
Binary; equals one if a fiber link included to serve
multicast connection r1, r1 ∈ R, is a primary link
of another multicast connection r2, r2 ∈ R, where
r1 , r2.
Binary; equals zero if the ending FS index Er 2 of
multicast connection r2, r2 ∈ R, is smaller than the
starting FS index Sr 1 of another multicast connection
r1, r1 ∈ R, where r1 , r2, i.e., Sr 1 ≥ Er 2 + 1.
Integer; maximum number among the numbers of
required FSs in all fiber links.

B. Objective
Minimize G · C

connection, and the transparent reach constraint is met. The
third is the spectrum assignment group, where the constraints
guarantee that a sufficient number of FSs are assigned to each
multicast connection, and that the three constraints, namely,
spectrum continuity, spectrum contiguity, and spectrum nonoverlapping, are all met. The fourth is a group of redundancy
constraints for faster solutions. The last group provides a lower
bound on the number of FSs required in all links.
1) Searching and Constructing a Routing Subgraph

 1, i = s r or j = d,
r,o
Pd,i
=
j
 0, j = s r or i = d, ∀o ∈ O, r ∈ R, d ∈ Fr
(i, j ) ∈L

(2)
X
X
r, o
r, o
Pd,
=
P
,
ix
d, x j
(i, x) ∈L
(x, j ) ∈L
(3)
∀o ∈ O, r ∈ R, d ∈ Fr , x ∈ V \ {s r , d}
X
r, o
r, o
(Pd,
+ Pd,
) ≤ 1, ∀r ∈ R, d ∈ Fr , (i, j) ∈ L
(4)
ij
ji
X

o ∈O

C. Constraints
The constraints can be classified into five groups. The first
group of constraints is called searching and constructing a
routing subgraph, where the constraints ensure that a pair of
link-disjoint paths is found for each SD pair of a multicast
connection and that a routing subgraph for the multicast
connection is constructed by these paths for all SD pairs. The
second group is called modulation determination. It consists of
constraints ensuring that an MS is assigned to each multicast

r,1
Pd,
,
ij

∀r ∈ R, (i, j) ∈ L

(5)

d ∈Fr

X

Yirj ≤ 1,

∀r ∈ R, j ∈ V

(6)

(i, j ) ∈L

X

∆ · X irj ≥

d ∈Fr , o ∈O

r, o
Pd,
,
ij

∀r ∈ R, (i, j) ∈ L

(7)

Constraints (2) and (3) guarantee that the flow conservation
requirement is met. They are used to search routing paths for
all SD pairs of a multicast connection. Constraint (4) ensures
that the primary and the backup paths for each SD pair of a
multicast connection do not share common link(s), not even a
link in opposite directions, i.e., they are link-disjoint. However,
paths from different SD pairs could share common link(s).
Constraint (5) ensures that a fiber link included in a primary
path is a primary link included for the multicast connection.
Constraint (6) guarantees that a primary tree is constructed by
the primary paths by ensuring that each node in a tree has only
one ingress fiber link. Constraint (7) ensures that a fiber link
included in any path is used to serve the multicast connection.
2) Modulation Determination
X
r
Km
= 1, ∀r ∈ R
(8)
m ∈M

(1)

The objective is to minimize the maximum spectrum among
the required spectrum in all fiber links in the entire network.

X

∆ · Yirj ≥

Dr ≥

X

r, o
` i j · Pd,
,
ij

∀o ∈ O, r ∈ R, d ∈ Fr

(9)

(i, j ) ∈L
r
− 1),
τm − Dr ≥ ∆ · (K m

∀r ∈ R, m ∈ M

(10)

Constraint (8) ensures that one of the MSs is selected for
each multicast connection. Constraints (9) and (10) guarantee
that the transparent reach constraint is met. Constraint (9)
ensures that a distance used to determine the MS assigned
to each multicast connection is no shorter than the longest
distance among all paths included in the multicast connection.
Constraint (10) guarantees that the transparent reach of the
selected MS for the multicast connection is no shorter than
the longest distance among all paths.
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3) Spectrum Assignment
As the MS is determined from the above constraints, the
corresponding number of FSs for the multicast connection can
be obtained. Further, spectrum assignment subject to the three
constraints is presented as follows.
X
r
ω rm · K m
, ∀r ∈ R
(11)
Nr =
m ∈M

Er = Sr + Nr − 1,
Hrr21 ≥ X irj1 + Yirj 2 − 1,

∀r ∈ R

(12)

∀(i, j) ∈ L, r1, r2 ∈ R, r1 , r2 (13)

Zrr21 + Zrr12 = 1,

∀r1, r2 ∈ R, r1 , r2

(14)

Er 2 −Sr 1 ≤ ∆· (Zrr21 +1−Hrr21 )−1,

∀r1, r2 ∈ R, r1 , r2 (15)

Er 1 −Sr 2 ≤ ∆· (Zrr12 +1−Hrr21 )−1,

∀r1, r2 ∈ R, r1 , r2 (16)

Constraint (11) enforces that a number of FSs in accordance to the selected MS are assigned to the multicast connection. Constraint (12) guarantees that spectrum contiguity
constraint is satisfied by assigning a number, calculated by
constraint (11), of contiguous FSs, from the starting FS index
to the ending FS index, to the multicast connection. Constraint (13) models the situation when a fiber link in the primary tree of one multicast connection is also included to serve
another multicast connection. Constraints (14), (15), and (16)
ensure spectrum continuity and spectrum non-overlapping
between two multicast connections. For the former, the same
FSs, from the starting FS index to the ending FS index, in
its primary links and backup-only links are allocated to and
reserved for the multicast connection, respectively. For the
latter, if a primary link of a multicast connection is also used
(as either primary or backup link) to serve another multicast
connection, the indexes of the FSs of one multicast connection
should be smaller than those of the FSs of the other multicast
connection. This is because in shared protection, only the FSs
for the primary connection are exclusive, FSs on a backuponly link are not exclusive for the multicast connection and
can be cross-shared by other connections also only as backup.
4) Lower Bound
C ≥ Er ,

∀r ∈ R

(17)

Constraint (17) ensures that the maximum number among
the numbers of required FSs in all fiber links is greater than or
equal to the maximum number among the ending FS indexes
of all multicast connections.
5) Redundancy Constraint
Tirj ≥ ∆ · (Yirj − 1) + Nr ,
C≥

X

Tirj ,

∀r ∈ R, (i, j) ∈ L
∀(i, j) ∈ L

(18)
(19)

r ∈R

Constraints (18) and (19) are used as redundancy to reduce
the search region for faster solutions. Constraint (18) ensures
that the number of FSs required in each fiber link is greater
than or equal to that of the FSs assigned to the primary connection of each multicast connection. Constraint (19) ensures

that each fiber link, included as a primary link of the multicast
connections, should have at least the sum of the number of FSs
assigned to those multicast connections.
V. H EURISTIC A LGORITHM
The mathematical formulation of the MC-RMSA problem
with shared protection presented in Section IV can be used
by a MILP solver to find optimal solutions to the problem
in principle. However, MILP is computationally prohibitive
for realistically sized networks. In this section, we develop an
efficient heuristic algorithm to obtain near optimal solutions.
We first present a routing scheme for the multicast session
of a multicast demand. As in our MILP formulation, we also
consider distance-adaptive spectrum resource allocation in the
heuristic approach. To find a routing subgraph, we assume that
the transparent reach is given, which implies that the distance
of a path from the source to each destination should not exceed
the transparent reach. The main idea of our routing scheme for
the multicast session of a multicast demand is to find a routing
subgraph that includes a minimum number of links.
Then, we present a heuristic algorithm to provision a
multicast demand by calling the routing scheme. The main
idea of our heuristic algorithm is to allocate the fewest FSs to
a multicast demand, which implies the highest-order possible
MS. The reason is that the higher-order MS is assigned to
a connection, the fewer FSs are required in each traversed
link. Also, having a higher-order MS corresponds to having
a shorter transparent reach, which generally in return limits
the number of links in the routing subgraph. In this way, the
number of links in the routing subgraph is minimized, and the
number of FSs required in each of these links is minimized,
thus each multicast demand is accommodated with minimum
resources.
Finally, to provision multiple demands, we present a greedy
algorithm. It firstly orders the given multicast demands in
a sequence for accommodation. Then, for each demand, it
repeatedly calls the aforementioned heuristic algorithm and
adds one FS in each link when currently available FSs are not
sufficient until it is accommodated.
A. Multicast Routing Scheme
Our aim is to find a protected tree that will provide a disjoint
path pair for each SD pair of a multicast session subject to
the transparent reach constraint. This is achieved in part by
an algorithm that we call distance-constrained minimum-cost
anycast path that finds a minimum-cost path from a source to
one of the destinations within a given distance. In this way,
we can implement MPH [44] as shown in the following to
obtain a minimum-cost tree by repeatedly resetting to zero
the cost of the links traversed by paths that have already
been found and finding a minimum-cost path among the
remaining destinations until a path is obtained for each SD
pair. Moreover, such an algorithm can be applied to route
anycast (one-to-one-of-many) traffic in EONs with a bound
on the path distance.
The distance-constrained minimum-cost anycast path algorithm is based on the breadth-first search algorithm, and its
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Algorithm 1 Distance-Constrained Minimum-Cost Anycast
Path
Input: A graph G = (V, L), a multicast session r =
hs r ; Fr ; t r i, and a distance τ;
Output: null or a minimum-cost path from the source to one
of the destinations, where its distance does not exceed τ.
1: Create |V | sets of subgraphs, i.e., Gc , c = 0, 1, . . . , |V | −1,
where the subgraphs in Gc have a cost of c;
2: Create a subgraph g with a node s r , reset its cost g.c to
0, and distance g.t to 0, set its end node g.d to s r , and
its set of traversed links g.Γ to ∅, and add it in G0 ;
S |V |−1
3: while Fr , ∅ and G , ∅, where G ← c=0 Gc , do
4:
Remove the first element g1 which has firstly a minimum cost and secondly a minimum distance from G;
5:
if the end node of g1 , i.e., g1 .d ∈ Fr , then
6:
return g1 ;
7:
end if
8:
for all v in the neighboring node set of node g1 .d, do
¯
9:
if v is not in g1 , and link (g1 .d, v), denoted by l,
l¯ ∈ L, then
¯
10:
Create a subgraph g 0 and set g 0 .Γ ← g1 .Γ ∪ {l};
¯ g 0 .t ← g1 .t + l.t,
¯ where
11:
Set g 0 .c ← g1 .c + l.c,
l.c and l.t are the cost and distance of link l,
respectively;
12:
Set g 0 .d ← v, c 0 ← g 0 .c;
13:
if the distance of g 0, g 0 .t ≤ τ, then
14:
if there is already a subgraph gy terminated at
v, gy .c = c 0, and g 0 .t < gy .t, then
15:
Replace gy with g 0;
16:
Delete gy from Gc 0 , and insert g 0 into Gc 0 in
an increasing order of the distance;
17:
else if there is no subgraph of cost c 0, then
18:
Record g 0 for v of cost c 0 and insert g 0 into
Gc 0 in an increasing order of the distance;
19:
end if
20:
end if
21:
end if
22:
end for
23: end while
24: return null;

pseudocode is provided by Algorithm 1. Since in our case,
the link cost is either zero or one, the cost of a path Pi from a
given source, s r , to node i is the sum of the costs of the links
traversed by Pi . Thus, the path cost is a non-negative integer
and is smaller than or equal to |V |−1, where |V | is the number
of the network nodes. For a given path cost, it is possible that
no path of that given cost can be found from s r to node i.
It is also possible that there is at least one shortest-distance
path of that given cost, where we randomly select one of
these shortest paths for possible consideration in the following.
Thus, for a given cost value, out of |V | possible cost values,
each node has at most one selected shortest-distance path from
s r . Consequently, in total, each node has up to |V | selected
shortest-distance paths. Each of these paths is considered at
most once (see Line 4 in Algorithm 1), and therefore we need

to consider at most |V | 2 paths until a minimum-cost path from
s r to one of the destinations within a given distance is found.
In this case, the condition/expression of the while loop in
Line 3 is checked at most |V | 2 times. Within the while loop,
once a shortest-distance path from s r to node n of a certain
cost is considered, we scan the nodes adjacent to n for the for
loop in Line 8, so the number of the adjacent nodes is at most
|V | − 1, which implies at most |V | − 1 potential paths. Then,
within the for loop, for each node v of the adjacent nodes,
we compare its distance of the newly found path, Pv0 , to the
distance of the path, Pv (if there is one recorded at node v),
with the same cost, and delete Pv from a list of (up to |V |)
paths with the same cost if the list contains Pv and insert the
path with the shorter distance into the list in an increasing
order of the distance. To sum up, the while loop exits within
|V | 2 times. Within the while loop, the for loop exits within
|V | times. Within the for loop, the insertion of a path has
a complexity of |V |. Thus, Algorithm 1 has a complexity of
O(|V | 4 ).
For MC-RMSA problem with shared protection, based on
Algorithm 1, we introduce a routing scheme for survivable
routing for the multicast session of a multicast demand. The
routing scheme is called APPF that finds All Primary Paths
First for all the SD pairs and then the corresponding linkdisjoint ones as their backups. The spectrum used in a primary
link of a connection cannot be shared with other connections.
However, in shared protection, for better spectrum efficiency,
the spectrum used in a backup-only link can be shared among
multiple multicast connections also only as backup. Thus the
graphs for finding the primary tree and the backup paths that
are link-disjoint from their corresponding primary paths could
be different, and we denoted them by G p = (Vp , L p ) and
G b = (Vb , L b ), respectively.
In APPF, firstly, we initialize the cost of the links in L p
to one. Secondly, we implement MPH by repeatedly calling
Algorithm 1 for G p to find a primary path Pd from the source
to destination d, and resetting to zero the cost of the links
traversed by Pd , until a path is found for each SD pair. Then, to
guarantee that a primary tree is obtained by the found primary
paths, we use Dijkstra’s algorithm to find a shortest-path tree
in a subgraph consisting of all links in the primary paths. In
this case, the longest path among the paths to all destinations
along the primary tree should have a distance of no longer
than the longest path among the primary paths for all SD
pairs. Thirdly, we arrange the destinations in an increasing
order of the number of links in their primary paths of the
obtained primary tree. After that, we reset the cost of each link
in L b \ L p to zero, and the cost of each link in the obtained
primary tree to zero, and the cost of the remaining links in
L b to one. Thirdly, to find a backup path Pd0 that is linkdisjoint from Pd for each destination d as ordered, we call
Algorithm 1 for G b0 = (Vb , L b0 ), where L b0 is obtained by
removing the links traversed by Pd from L b and also the links
in the reversed direction of Pd from L b if they are in L b , and
reset the cost of the links traversed by Pd0 to zero. Finally, we
obtain a primary tree with a minimum number of links and
the backup paths that are link-disjoint from their corresponding
primary paths for all SD pairs.
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Fig. 2. Illustration for the concepts of SW and SWP: (a) an example network
graph; (b) FS usage; (c) a graph G p on the first SWP for finding a primary
tree for a demand requesting for 3 FSs; (d) a graph G b of the first SWP for
finding the backup paths for a demand requesting for 3 FSs.

APPF one by one calls Dijkstra’s algorithm once and
Algorithm 1 for a total of 2|Fr | times, where |Fr | is the
number of destinations of the multicast session. The former
can be achieved at a complexity of O(|V | 2 ), and the latter
has a complexity of O(|V | 4 ). Thus, APPF has a complexity
of O(|V | 4 |Fr |).
B. Heuristic Algorithm for Provisioning a Single Demand
Before we present the heuristic algorithm for provisioning
a multicast demand, we introduce the concepts of spectrum
window (SW) and spectrum-window plane (SWP) proposed
in [10]. An SW in a fiber link is a window of spectrum containing a certain number of contiguous FSs. The availability of
an SW is subject to the availability of the FSs it contains. If any
FS within an SW cannot be used by other connections because
of the limitation of the spectrum non-overlapping constraint,
the SW is unavailable; otherwise, it is available. Then, an SWP
is a plane of virtual graph corresponding to an SW. The virtual
graph contains all the nodes of the original one and the links,
in each of which, the SW is available.
Fig. 2 illustrates the concepts of SW and SWP. The original
graph and the usage of FSs in each fiber link are shown in
Figs. 2a and 2b, respectively. Assume that a new demand,
namely, D3, requests three FSs. Then, to accommodate it, an
SW should contain three FSs. In each fiber link, there are
several possible such SWs, e.g., the first SW, second SW,
and third SW occupying FSs 1 to 3, 2 to 4, and 3 to 5,
respectively. The first SW corresponds to the first SWP. If
the first SW in a link is available, the link should be in the
first SWP, and vice versa. A primary tree provisioned for a

multicast connection cannot reuse the spectrum resources in
fiber links that are either allocated along the primary tree or
reserved as backup of other connections, while the backup
paths, which are link-disjoint to their corresponding primary
paths, can share backup-only spectrum resources with other
multicast connections. In Figs. 2c and 2d, we provide a graph
of the first SWP used for finding a primary tree and a graph
of the first SWP for finding the backup paths, respectively.
The latter graph contains two more backup-only links, namely,
links (X, Z ) and (Z, Y ), than the former graph.
Such an SWP scheme provides a simple, but efficient,
way to satisfy the three constraints in spectrum assignment.
Spectrum continuity is guaranteed since the graph of an SWP
contains links with the same available FSs. The requirement
of spectrum contiguity is met since each SW of the links of
the SWP corresponds to a number of contiguous FSs. We also
ensure spectrum non-overlapping by removing links from the
graph of the SWP. The FSs in these links are utilized by other
connections and cannot be reused.
To reduce the number of SWPs to be considered for accommodating a demand, we introduce the concept of an SWP
starting-FS list, which is a list of FS indexes that includes the
lowest numbered FS in every SWP considered for allocating
any future demand. Each time after a multicast demand is
served, the SWP starting at FS n + 1 following the end FS n
of the latest served multicast connection is usually different
from other SWPs. We store the former FS indexes and also
FS 1 in an increasing order in the SWP starting-FS list. Any
SWP starting from an FS between the FSs of i-th and (i + 1)th elements of the SWP starting-FS list will have a subset of
links that are available in the SWP starting at the FS of i-th
element. For the example of Fig. 2b, the SWP starting FS list
includes only FSs 1, 5, and 6. If we consider, for example
possible demands requesting a number of contiguous FSs, a
possible SWP starting at FS 2, 3, or 4 does not need to be
considered, either because it is equivalent to the one starting at
FS 1, or because it contains a subset of links that are available
in the SWP starting at FS 1.
Assuming that a set of feasible MSs is given, for each
multicast demand, we try to assign the MSs from the highest
to the lowest modulation order. For a given MS, we calculate
the number of required FSs. Then, for given FSs in each fiber
link, we scan the SWPs to obtain two graphs, denoted by
G p and G b , which are used to find the primary tree and
the backup paths, respectively. After that, we call a routing
scheme to find a pair of primary and backup paths for each
SD pair of the multicast connection. The details are presented
in Algorithm 2. Algorithm 2 serves a single demand, thus
can be easily applied for the case of dynamic traffic where
demands arrive sequentially and randomly, then hold network
resources for the required service duration, and finally depart.
To reduce running time, we use Line 7–9 in Algorithm 2 to
pre-determine if the SWP has the possibility for finding such
a routing subgraph. Note that to meet the backup requirement,
there should be at least two ingress links at each destination
and two egress links from the source in G b , and similarly, to
meet the primary requirement, at least one ingress link at each
destination and one egress links from the source in G p .
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Algorithm 2 Provisioning a demand with APPF
Input: A network graph G = (V, L), a multicast demand
r = hs r ; Fr ; t r i, a set Mr of feasible MSs and their
corresponding transparent reaches for r, the maximum
number Ω among the FS indexes in a link, and an SWP
starting-FS list;
Output: MC-RMSA for accommodating r.
1: while r has not been accommodated, do
2:
for all MS m in Mr from the highest to the lowest
modulation order, do
3:
Obtain the number, i.e., ω rm , of required FSs for r
and the transparent reach τm assuming that MS m is
utilized;
4:
for all FS index α, α + ω rm − 1 ≤ Ω, from lowest to
highest in the SWP starting-FS list, do
5:
Obtain an SWP whose SW starts from this FS
index α and ends at FS index ε, ε = α + ω rm − 1;
6:
Obtain two graphs, namely, G p = (Vp , L p ) and
G b = (Vb , L b );
7:
if G b does not have two ingress links at each
destination and two egress links from the source,
or G p does not contain one ingress link at each
destination and one egress links from the source,
then
8:
continue;
9:
end if
10:
Call APPF with the inputs of the two graphs, a
multicast session hs r ; Fr ; t r i, and a distance τm ,
to find a routing subgraph for r;
11:
if such a routing subgraph is found, then
12:
Accommodate r by allocating and reserving the
FSs of the present SW in its primary links and
backup-only links, respectively;
13:
Insert FS index ε + 1 into the SWP starting-FS
list in an increasing order;
14:
end if
15:
end for
16:
end for
17: end while
Since APPF has a complexity, i.e., O(|V | 4 |Fr |), Algorithm 2 calls it at most |M |Ω times, where |M | and Ω are
the numbers of considered MSs and FSs in each fiber link.
Thus, Algorithm 2 has a complexity of O(|V | 4 |Fr ||M |Ω).
C. Provisioning of Multiple Demands
We assume that we can find a routing subgraph for every
multicast session by running Dijkstra’s algorithm to first find
a shortest path tree in the original graph and then running
Dijkstra’s algorithm again for each SD pair to find a shortest
path in a modified graph by removing the links traversed by
the path in the tree of both directions. The distances of the
paths to all destinations are within the transparent reach of the
lowest-order MS considered, e.g., 4,000 km for BPSK.
Based on the above assumption and the heuristic algorithm
for provisioning a multicast demand, we present a greedy al-

gorithm that increases the spectrum resources required in each
fiber link in a greedy way when currently available resources in
the network are not sufficient to accommodate it. The greedy
algorithm includes three steps, namely, initialization, orderoperation of the multicast demands, and connection setup one
by one. We also introduce a multi-iteration process [10] to
improve performance.
1) Initialization
To serve a multicast demand, given a set of MSs, we find a
set of feasible MSs that it can utilize and a routing subgraph
that includes the fewest links for the feasible highest-order MS.
Firstly, we obtain a routing subgraph <1 by running Dijkstra’s
algorithm to find a shortest path tree for the multicast, and
for each SD pair a shortest path that is link-disjoint from the
path in the tree. Then, we can obtain the longest distance
among all paths, and therefore obtain the highest-order MS
m1 that <1 can utilize. We also try the given MSs from the
highest to the lowest order until a routing subgraph <2 can
be found by APPF. Similarly, we can obtain the highest-order
MS m2 that <2 can utilize. After that, we select the higherorder MS, denoted by m, between m1 and m2 , and record
the corresponding routing subgraph as a candidate routing
subgraph. If m1 and m2 are the same, m = m1 and we record
as a candidate routing subgraph the routing subgraph that has
fewer primary links (first consideration) and fewer total links
(secondary consideration). Accordingly, we obtain a set of
feasible MSs that are not of higher-order than m.
2) Order Operation of the Demands
The order of serving the demands also affects the result.
In this case, we consider two ordering methods. Similar to
the traffic-volume-decreasing order in [10], one method is to
arrange the requested multicast connections in a decreasing
order of the number of required FSs assuming that the highestorder feasible MS is assigned to each demand. The other is
to randomly shuffle the demands to obtain a random sequence
of demands. Then sequentially serve the requested multicast
connections one by one as follows.
3) Connection Setup One by One
We first reset the number of FSs in each fiber link of
the network to zero. If the demand cannot be accommodated
for the current network resources, we add one FS in each
fiber link, and run Algorithm 2 on the newly available SWP.
This procedure is repeated until the demand is accommodated,
or the number of added FSs reaches the number n of FSs
required by this multicast demand assuming that the highestorder feasible MS is used. If the procedure stops because of
the latter, we do not use Algorithm 2, instead we accommodate
the demand by allocating and reserving the n newly added FSs
in the primary and backup-only links of the candidate routing
subgraph obtained in the initialization step, respectively.
After all the demands are served, we can obtain the number
of required FSs in each link and thus the required spectrum
in units of GHz.
4) Multi-Iteration Process
Since the performance of the proposed greedy algorithm is
dependent on the order that the demands are served, we adopt
a multi-iteration process to further improve the performance.
A result can be obtained for each sequence of demands served
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VI. N UMERICAL R ESULTS
In this section, we present numerical results for the MCRMSA problem with shared protection. We compare the
performance of the proposed heuristic algorithm with the
optimum obtained by solving the MILP formulation. We
investigate the impact of the number of considered demand
sequences on the performance of the heuristic algorithms.
Moreover, we simulate a more straightforward approach where
arriving demands are served one by one.
A. Optimization for Static Multicast Traffic
We consider two ordering methods as mentioned in Section V-C. One is to arrange the demands in a decreasing order
of the number of FSs required by each demand assuming
that the feasible highest-order MS is utilized. The other is to
randomly shuffle the demands to obtain a randomly ordered
demand sequence. For the case of random demand sequence,
to further improve the solution quality, we consider a multiiteration process. For the multi-iteration process, it is important
to know the right number of demand sequences to be used.
If this number is too large it adversely affects the running
time. If it is too small the accuracy is compromised. It is
therefore important to investigate the impact of this number
on the performance of the algorithm.
1) Test Conditions
We consider the following three test networks: (1) a
six-node nine-link (n6s9) network, (2) the 11-node 26-link
COST239 network, and (3) the 24-node 43-link USNET network. In particular, the n6s9 network we consider is obtained
by adding a link with a distance of 700 km between nodes 1
and 4 in the six-node network in [14]. The COST239 network
and the USNET network can be found in [49] and [50],
respectively. The bandwidth of an FS in each fiber is 12.5
GHz. We consider three MSs, namely, BPSK, QPSK, and
8QAM. The MSs and the corresponding transparent reaches
are set as shown in Table I. We consider 10 sets of multicast
demands. Because of the known computational limitations of
the MILP formulation, we only consider that each set contains
10 multicast demands for the n6s9 network, and compare
the performance of the algorithm against the optimal MILP
solution. We use a commercial optimization software, i.e.,
AMPL/Gurobi 6.5.1 [51], to solve the MILP problem. For the
other three larger networks, we consider that each set contains
50 multicast demands, and compare the performance of the

800
Required spectrum [GHz]

via the greedy algorithm. Thus, in multi-iteration process, we
randomly shuffle a set of the demands multiple times, then
obtain multiple demand sequences and thus multiple results,
and select the best one as the final result. In this way, the
quality of the result for the multi-iteration process is dependent
on the number of distinct sequences of the demands. The
larger the number of demand sequences, a better result can be
achieved, however, at the cost of a longer computational time.
Note that, to reduce computation time, we stop the single run
for any demand sequence for which the number of required
FSs exceeds the current minimal result based on the previous
runs, and continue a new run for another demand sequence.
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Fig. 3. Performance comparison for the n6s9 network (10 demands).

proposed heuristic algorithm with different ordering methods.
The multicast sessions of the considered demands are obtained
by randomly shuffling the set of network nodes. The bit rate
values of the demands follow a uniform distribution of range
(100, 200) Gb/s. We use up to 10,000 random sequences for
each set of demands to investigate the number of random
sequences on the performance of the algorithm. We also look
into the relationship between the required spectrum and the
number of destinations.
Henceforth, the following notations, names and abbreviations will be used. We use “MILP” to stand for the MILP
approach. For the heuristic algorithm, we use a prefix, i.e.,
“APPF_G,” to denote the algorithm that uses Algorithm 2
with APPF as the routing scheme in the Greedy algorithm.
We also use several suffixes to denote the type of ordering of
the demands used in the algorithm. For instance, suffix “_DO”
denotes that the set of demands is arranged in a Decreasing
Order mentioned above. The remaining suffixes in this paper
are used to denote a multi-iteration process with a certain
number of considered random sequences, e.g., “_1000” for
1,000 randomly shuffled sequences. In this way, we can obtain
the short name of a greedy algorithm by combining the prefix
and a suffix. For example, “APPF_G_100” is the short name
of a greedy algorithm that employs Algorithm 2 with APPF
considering 100 random sequences for each set of demands.
2) Numerical Results and Performance Comparison
For the n6s9 network, we compare the performance of the
proposed heuristic algorithm to the optimal MILP algorithm.
As shown in Fig. 3, with the increase of the number of destinations, the amount of required spectrum increases steadily.
We observe that the heuristic algorithm, APPF_G_DO, which
is based on ordering the demands in a decreasing order
of their FS requirements, requires on average 11.8% more
spectrum than the optimum. For the multi-iteration methods,
the one with one random sequence performs the worst among
all approaches. The one with 100 random sequences, i.e.,
APPF_G_100, has a significant improvement over APPF_G_1,
and outperforms APPF_G_DO. Also, APPF_G_100 achieves
close performance to MILP, and consumes on average 4.4%
more spectrum than the optimum. This demonstrates the benefit of the multi-iteration process. Further (but not so significant)
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the case of broadcast, the COST239 network achieves more
benefit of such multi-iteration process than the n6s9 network.
The reason is that COST239 has a relatively high nodal degree,
i.e., 4.7, than n6s9, and thus there is a higher possibility of
finding a solution with spectrum resource sharing.
We also consider 50 demands for the USNET network
as shown in Fig. 5. With the increase in the number of
destinations, the amount of required spectrum climbs. Also,
for the ordering methods of the demands, an approach considering 4,000 random sequences, i.e., APPF_G_4000, saves on
average 4.3% spectrum compared to APPF_G_DO. Similar to
the case in the n6s9 network, such a multi-iteration process
does not improve much when there are many destinations in
a multicast session, e.g., 18, as the average nodal degree of
USNET is also low, i.e., 3.6.

12

15

18

21

Number of destinations

Fig. 5. Performance comparison for the USNET network (50 demands).

improvement is achieved by increasing the number of the
random sequences to 1,000. Thus, 100 random sequences
are considered sufficient to achieve near optimum for the
n6s9 network with 10 demands. For the broadcast case, the
multi-iteration process does not help much and the heuristic
approaches achieve optimum and near optimum since the
average nodal degree, i.e., 3, is low, and thus the probability of
accommodating two or more multicast connections that crossshare backup spectrum resources is low.
For the COST239 network, the performance comparison is
shown in Fig. 4. Similarly, the required spectrum increases
steadily as the number of destinations increases. Since we have
more demands than in the previous case, for multi-iteration
processes, we increase the number of considered random
sequences to look into the impact of the number of demand
sequences on the performance. The heuristic approach with
4,000 random sequences, i.e., APPF_G_4000, saves on average around 9% spectrum compared to the other one with a single decreasingly ordered sequence, i.e., APPF_G_DO. We also
observe that by comparing APPF_G_10000 to APPF_G_4000,
only marginal improvement is obtained for two-and-one-half
times the number of random sequences considered. Thus,
4,000 random sequences are considered sufficient for 50
demands. For the remaining USNET network, we also consider 4,000 random sequences for 50 demands. Moreover, for

So far we have considered a static model aiming to minimize
the maximum spectrum among the required spectrum in all
links for accommodating a given set of unordered demands.
Here, we model the network as a dynamic system where
multicast demands are admitted and complete their service
stochastically over time. In particular, we consider a finite set
of multicast demands, each of which can be either active or
inactive at any point in time. We use the term, arrival, to
designate a multicast demand attempting to obtain service in
the network. An arrival can be either admitted or blocked. If an
arrival is admitted, the state of the multicast demand associated
with that arrival will change its state from inactive to active,
and it will stay active for a period of time (holding time) which
is exponentially distributed with mean 1/µ. Then, it completes
its service and becomes inactive again. A multicast demand
will stay inactive for an exponential amount of time with mean
1/λ until it will attempt to enter the system to generate an
arrival. Our network has a capacity limitation defined by a
finite number of FSs. If a multicast demand arrives and there
are no sufficient FSs to accommodate the demand, this new
arrival will be blocked. A common performance measure for
such a dynamic system is the blocking probability, defined
as the ratio of the number of blocked arrivals of multicast
demands to the total number of arrivals. Let ρ = λ/µ be a
measure of traffic load in our dynamic system.
1) Simulation Conditions
We use the USNET network as a test network, and consider
a set of 50 randomly generated demands. The numbers of
destinations of the demands follow a uniform distribution from
one (unicast) to 23 (broadcast). The bit rates also follow a
uniform distribution with a range (100, 200) Gb/s. For the
above settings, a static optimization problem considering that
the demands are given unordered, is to minimize the maximum
number among the numbers of required FSs in all links under
the condition that all multicast demands are accommodated.
For such a static problem, we employ APPF_G_4000 to obtain
the nearly optimal number F of FSs required in each link.
Then, in the dynamic case, simulated by a Markov chain
simulation, we assume that there are F FSs in each link for
the considered network. In such a network, the demands can

12

Blocking probability [%]

60

Straightforward
APPF_G_4000

40

20

0
1 2 3 4 5

10

15

20

Fig. 6. Blocking probability comparison between the straightforward and our
solutions versus ρ for the USNET network (50 demands).

always be accommodated by the solution of APPF_G_4000,
and multiple arrivals of the same demand is accommodated
exactly the same. Thus, we have no blocking for the approach
based on APPF_G_4000 with F FSs in each link. However,
for a more straightforward method in dynamic systems, where
demands are served one by one, the blocking probability
can be significant. Admitting connections one by one does
not have a wider horizon view and will provide different
solutions for different returns of the same demand since the
accommodation of the demand is attempted based on the
available network resources at the moment of the arrival.
Under this straightforward approach, we use Algorithm 2
with the APPF routing scheme to attempt to admit each
arrival of the demands. We consider a range of scenarios from
light to heavy traffic load. For each traffic load scenarios,
we conduct 11 simulation experiments, each considering one
million arrivals for the given demands, and take the average
over the 11 results with a confidence interval of 95% as the
final result.
2) Simulation Results
The blocking performance is shown in Fig. 6. As we
can see, the straightforward approach for dynamic systems,
denoted as “Straightforward” in the figure, shows to have
losses. The blocking probability increases with the increase
of ρ. Specifically, when traffic load is light ρ = 1, the
blocking probability is low, 1.154 × 10−5 . However, it rises
dramatically to about 39% when ρ = 10, and a further increase
of blocking probability can be observed for a larger ρ, i.e.,
heavier traffic load. In contrast, our approach, denoted as
“APPF_G_4000” in the figure, does not have service blocking
at all for any ρ. This is because that we use the APPF_G_4000
approach to minimize the maximum spectrum among the
required spectrum in all links subject to the condition that all
the given demands are accommodated. For a network where
each fiber link is equipped with the minimized maximum
required spectrum, each time a call arrives, the demand can
always be served using the solution based on APPF_G_4000,
and thus there will be no blocking.

VII. C ONCLUSIONS
We have considered multicast-capable routing, modulation
and spectrum assignment for an elastic all-optical network
with shared protection. For such a network, we have provided
a MILP formulation, and developed a new polynomial time
heuristic algorithm for a range of cases. Because the serving
order of the demands affects the result, we have considered two
cases, one is where the demands are arranged in a sequence
in decreasing order of their FS requirements, and the other
is to randomly shuffle the demands and obtain a randomly
ordered demand sequence. Numerical results showed that the
heuristic algorithm achieves close performance to the optimal
MILP solution. The heuristic algorithm based on shuffling
the demands outperforms the one with specifically ordered
demands. We provided complexity analysis to prove that
the heuristic algorithm has polynomial time complexity. We
considered various cases to demonstrate the scalability of the
heuristic algorithm and the improvement in the quality of
its result that can be achieved by considering more demand
sequences at the cost of longer running time. In this way,
we now have a solution where a tradeoff exists between the
performance and the running time. We also compared our
approach to a more straightforward method in a dynamic
setting using a Markov-chain simulation, where multicast
demands are admitted and complete their service stochastically
over time. Simulation results show that the straightforward
method leads to significant losses under heavy traffic load
while our heuristic solution has no losses. In the future, we
will consider provisioning multicast demands using the lighttrail technology for sparse-splitting networks.
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