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Abstract In this paper, the multicast protection problem on elastic optical networks

(EONs) for the single link-failure case is studied. The segment-based protection is

used as the multicast protection scheme and two algorithms are proposed to solve this

problem, they are Low Spectrum First Segmented Protection Algorithm (LSF-SPA) and

K-Tree Segmented Protection Algorithm (KT-SPA). The proposed algorithms are also

extended to solve the survivable multicast problem on EONs with regenerators. The

simulation results for static and dynamic multicast requests show that the blocking

ratio (BR) and resource utilization ratio (RUR) of KT-SPA and LSF-SPA are better

than the other conventional methods.

Keywords elastic optical network (EON) · multicast protection · algorithm · shared

segment-based protection (SSBP)

1 Introduction

Recently, the Internet traffic demand is rising up by approximately 40% every year,

corresponding to the doubling of the demand every two years [1]. Furthermore, it is

very likely that this trend will continue due to the massively increasing number and

use of Internet services requiring a high amount of data rate. In fact, many big data

applications, distributed file systems, point-to-multipoint real-time and interactive ap-

plications (e.g., video-conferencing and IPTV) use multicast communications in order

to improve the utilization of the physical resources. Multicast service requires that

the same data packet flows to a selected group of destinations, which can share the

data transmission along the common links. This can dramatically improve the network

utilization efficiency by sharing bandwidth along the common links.
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Since the wavelength division multiplexing (WDM) networks require the full allo-

cation of a wavelength to a connection even if the whole wavelength is not necessary,

a wide range of data rate in traffic demands leads to some residual spectrum wasted

in the fixed grids. Likewise, this inefficiency also results in low scalability of connec-

tion requests. That is why, elastic optical networks (EONs), which employ optical or-

thogonal frequency division multiplexing (O-OFDM) technique, have been proposed to

scale the demands by efficiently utilizing the spectrum as they provide finer spectrum

granularity and distance adaptive modulation formatting. EONs can support multiple

distance-adaptive modulation formats and the OFDM transponder can assign continu-

ous subcarriers to serve multicast requests with different bandwidth demand. Through

efficient and flexible modulation format selection and spectrum allocation, O-OFDM-

based EONs are promising candidates for the next generation optical networks of 100G,

400G and beyond [2].

The spectrum of a fiber (or link) in EONs is divided into small unit frequency

slots (FSs), and necessary amount of consecutive frequency slots for a given data rate

are assigned to support the connection. Besides, more efficient spectrum allocation is

achieved in these networks due to flexible grid, and elastic line rates providing finer

granularity. Therefore, EONs perform higher scalability and higher flexibility than

WDM networks. Moreover, these differences become more substantial when the traffic

demand varies in a wide range [3,4]. EONs provide a super-channel connectivity for

accommodating ultra-high capacity demands and a subwavelength granularity for low-

rate transmissions.

Not only efficiency and scalability, but also survivability of the network is significant

since even a single-link failure may cause huge volume of data loss. When setting up

optical paths on optical networks, it is often desirable to set up a link-disjoint or

node-disjoint protection path at the same time. An algorithm that provides routing

and spectrum allocation for dedicated protection in an EON with the same spectrum

range allocated to both working and protection paths was proposed [3,5]. Restoration

and protection are the two main recovery schemes. Restoration tries to provide the

connection by searching resources after it fails. Protection is a pro-active scheme, some

resource reservations are done for a connection before it fails. When the failed link/node

is located in a light-tree of a multicast transmission, the traffic to all the downstream

destinations along the failed link/node will be affected. The network failure will affect

more destinations, if the failed link/node is close to the source node [6]. Survivability

is more sophisticated for multicast than unicast transmission on both WDM networks

and EONs.

The work in [7–14] studied the multicast resource allocation problem over EONs

when source and destination nodes are given. In [15], authors focused on optimization

of a two-layer network in which the overlay network realizes the multicast transmission

and the underlying transport network is implemented as an elastic optical network.

Authors proposed several survivability scenarios that can be applied in the network to

provide the required protection. The protection method using in the optical network

are dedicated path protection scheme. According to our survey, there is no related

article considering the multicast protection on transport network based on EONs.

In this article, the multicast protection problem on EONs for the single link-failure

case is studied. For a given EON and a multicast request, the goal is to find a primary

tree and a set of backup resources to protect the primary tree such that the performance

criterion can be minimized and the multicast request can be protected against single

link-failure. The performance criteria considered in this article are: the blocking ratio
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(BR) and the Resource utilization ratio (RUR). The shared segment-based protection

(SSBP) scheme [16] is used in this article for multicast protection, and two algorithms

are proposed to solve this problem. They are Low Spectrum First Segmented Protection

Algorithm (LSF-SPA) and K-Tree Segmented Protection Algorithm (KT-SPA). The

proposed algorithms are also extended to solve the problem on EONs with regenerators.

The rest of the article is organized as follows. First in Section 2 the related works

are given. In Section 3 the definition and assumptions of the problem are given. In

Sections 4 and 5 the proposed algorithms are described. In Section 6, the proposed

algorithms are extended to handle EONs with regenerators. Then, in Section 7, the

performance of the proposed methods is examined. The conclusion is drawn in Section

8.

2 Related works

2.1 Multicast on EONs

Recently, based on the assumption that all optical switches are multicast-capable (MC),

authors proposed two RSA algorithms for all-optical multicast over EONs, by leverag-

ing the shortest-path tree (SPT) and minimum spanning tree (MST) based multicast-

routing algorithms [8]. The first-fit (FF) approach was used to allocate frequency-

slots on EONS. The simulation results revealed that the multicast efficiency on EONs

is better than that on WDM networks. In [9], authors considered distance-adaptive

frequency-slot allocation on EONs and modulation-enabled node multicast routing and

spectrum assignment (ME-MRSA) problem, three algorithms named as Multicast Rout-

ing and Spectrum Assignment (MRSA), Distance Adaptation Modulation Level-MRSA

(DAML-MRSA) and ME-MRSA algorithms were proposed to solve the ME-MRSA

problem. Simulation results showed that the ME-MRSA strategy highly reduces con-

nection requests’ actually used spectrum resource and the blocking probability.

In [10], Gong et al. considered the static and dynamic multicast routing problem

on EONs with multicast-capable(MC) nodes, two Integer Linear Programming (ILP)

models (includes joint ILP and separate ILP) were proposed. Joint ILP considered all

multicasts and optimized together, but separate ILP optimized one multicast request

alone. In addition, they considered the inference from modulation-level and distance

in the RMSA (Routing, Modulation-level, and Spectrum Assignment) subproblem. In

order to reduce the complexity of calculating, an adaptive genetic algorithm (AGA)

was proposed to solve the problem. The dynamic multicast routing problem was also

considered in [10]. The simulation results found that the genetic algorithm (GA) has

shorter time, and is more efficiently than ILP. The blocking ratio of the proposed GA

is lower than that of the SPT and MST methods.

In [11], Shen et al. studied the dynamic advanced reservation (AR) multicast rout-

ing problem on the data center EONs with MC nodes. The problem considered re-

quest scheduling and routing and spectrum assignment (RSA) jointly and optimize the

network performance in terms of blocking probability and request setup delay. Two

algorithms (named as multicast-capable separated RSA (MC-S-RSA) and multicast-

capable integrated RSA (MC-I-RSA)) were proposed to realize all-optical multicast

routing for data backup and migration. The proposed algorithms were adopted from

the MST algorithm to calculate the light-tree for each AR multicast request. The MC-I-

RSA accomplished the light-tree calculation and spectrum assignment in one step with
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the assistance of layered auxiliary graphs [11]. The authors also adopted two request

scheduling algorithms ( least time to wait (LTW) algorithm and smallest FS start-

ing index (SFSSI) ) based on either the service time window or the FS window. The

simulation results indicated that the MC-I-RSA-LTW algorithm provides the smallest

blocking probability and reasonably small average setup delay [11].

In [12], Walkowiak et al. proposed three approaches to optimize multicast traffic

in EONs that implement distance-adaptive transmission (DAT). The DAT consists in

selecting a modulation for a particular demand based only on the transmission dis-

tance and the modulation format is selected according to the most distant receiver

in the light-tree. If the transmission distance to the furthest receiver exceeds the dis-

tance range of all modulation formats, regenerators are required. All network nodes

are equipped with MC optical cross-connects. Two ILP models, named as Flow Multi-

cast Model and Candidate Tree Model, and an effective Adaptive Frequency Assignment

(AFA) heuristic algorithm were proposed. Algorithms based on the candidate tree mod-

eling of multicasting outperform other methods for larger problem instances in terms

of spectrum usage and applicability.

However, since the MC nodes usually have complicated structures and can be pro-

hibitively expensive, it is not practical to build EONs with them. It would be interesting

to investigate overlay multicast (OL-M) in EONs built with nodes without MC capa-

bilities. In [13], Liu et al. studied overlay multicast in multicast incapable (MI) EONs,

and proposed a scheme named as the OL-M with spectrum-flexible member-only re-

lay (OL-M-SFMOR) algorithm. Simulation results indicated that in static network

planning, OL-M-SFMOR achieved significant savings on spectrum-utilization over the

other schemes, including the all-optical multicast schemes in multicast-capable EONs,

while in dynamic network provisioning, the OL-M-SFMOR algorithm also provided

the lowest blocking probabilities [13].

2.2 Layered approach on EONs

In [14], Liu et al. incorporated a layered approach to design integrated multicast-capable

routing and spectrum assignment (MC-RSA) algorithm for achieving efficient all-optical

multicast in EONs. For each multicast request, the proposed algorithm decomposed

the physical topology into several layered auxiliary graphs according to the network

spectrum utilization. Then, based on the request’s bandwidth requirement, a proper

layer is selected, and a light-tree is calculated within it. With these procedures, the RSA

for each multicast request can be done in an integrated way. The simulation results

demonstrated that compared to the existing MC-RSA algorithms, the layered graph

approach achieves more efficient network planning in terms of spectrum utilization,

and provide lower blocking probabilities in network provisioning.

2.3 Multicast protection on WDM networks

Several schemes have been proposed to achieve survivability on the optical layer on

WDM networks. According the survey in [6,16–19], five major multicast protecting

schemes have been proposed in the literature, they are: (1) tree-based protection [17],

(2) ring-based protection, (3) path-based protection [6], (4) segment-based protection

[16,18,19], and (5) cycle-based protection [20].
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The tree-based protection scheme [17] (a pair of link (node)-disjoint trees is con-

structed for each multicast request) is the most common protecting method to protect

the light-tree for optical multicast against link (node)-failure. But, it has the draw-

back that network resources are used excessively, and link/node-disjoint trees may not

be found in some cases. In the path (segment)-based protection scheme, each des-

tination is protected by a backup path (segment) which is link/node-disjoint to the

path of the primary tree [6]. Path-based and segment-based protection schemes are

more efficient than tree-based protection schemes since the resources of the backup

paths (segments) can be shared by others backup paths (segments), if their primary

paths are link/node-disjoint. In [16,18,19], for the single link-failure case, an efficient

segment-based protection method has been used to protect the dynamic multicast re-

quests.

In [20], authors discussed several protecting cycle (p-cycle) based multicast pro-

tection approaches, including the link-protecting p-cycle based approach, the tree-

protecting p-cycle based approach, the node-and-link based protecting p-cycle ap-

proach, and the flow p-cycle based approach. They showed that these p-cycle based

methods outperform other existing optical multicast protection approaches in both

capacity efficiency and recovery speed.

2.4 Shared segment-based protection (SSBP)

Figure 1 shows the conventional segment protection for a light-tree (modified from

Figure 1 in [16]). The primary tree is divided into four working segments (s → d1,

s → a → b, b → e → d3, and b → d2), each working segment is protected by a

link-disjoint backup segment. In Figure 1 two backup segments (b → e → d3 and

b → d2) share the same backup wavelength on link b → c, because their corresponding

working segments are link-disjoint. For example, in Figure 1 we can only reserve backup

wavelength on link d1 → b, and share wavelength capacity on link s → d1 for the backup

segment s → d1 → b. Similarly, to protect working segment s → d1, we only reserve

wavelength capacity on link a → d1.

Fig. 1 Segment-based multicast protection example.

In [19], authors used two other SSBP schemes named SSNF [21] (segment-based

protection with sister node first) method and LP (level protection) method for multicast

protection. The major differences of these methods are the ways of dividing the working
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tree. In SSNF, sister nodes are defined as the nodes with a common parent, once the

sister nodes are identified, the proposed method tries to protect the segments from the

branch point to its children using a least cost tree. If such a least cost tree does not exist,

then the conventional segment protection approach is used to protect each segment

individually. In LP, given a primary tree, the level value for a node is the number of

the segments between that segmentation node and the source node. Segments of the

tree are divided into segment groups according to level of nodes and segments in the

same group are protected by computing a single arc-disjoint backup path that starts

from any lower level segmentation node and spans every segmentation node in the

same group. The protection process of the LP heuristic starts from the lower levels and

continues to the higher levels in a hierarchical manner. Therefore, backup paths have

to be arc-disjoint from their segment group and arc-disjoint from the segment groups

that lie between higher levels [19].

2.5 MTFA

To find a light-tree for a multicast request, the multicast tree finding algorithm (MTFA)

is used in this article. The MTFA is modified from the well-known single-source shortest

path algorithm (or Dijkstra’s shortest path algorithm). In MTFA, first, for a graph with

nonnegative cost and a multicast request, the Dijkstra’s shortest path algorithm [22]

is used to find an initial shortest path tree. Then, those nodes and links which are

not used to reach the destinations are pruned from the shortest path tree to form the

primary multicast tree.

3 Problem definition

In this section, the assumptions, constraints, notations, and the definitions of the prob-

lem are given.

3.1 Assumptions

The assumptions of the multicast protection problem on EONs for single link-failure

case are given as follows.

– The physical network is a two-connected network, which remains connected even

after removing a link.

– For each link in the physical network, there is a fiber connecting the end-nodes,

and signals can be transmitted bidirectionally.

– All nodes in the network are equipped with MC capabilities, but without frequency-

converting capabilities.

– For simplicity, the numbers of frequency slots provided by links are all equal. Each

link has a limited number of frequency slots.

– At each instance, only a single link will fail.

– The destinations of each multicast request are fixed and known, it is not allowed

to add or remove destinations during the transmission period.
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3.2 Constraints

In EONs, several constraints should be satisfied, these constraints are listed as follows.

– Spectrum continuity : This constraint requires that, for a given lightpath, the same

block of frequency-slots of every link along the lightpath is allocated.

– Subcarrier consecutiveness: Due to the very nature of OFDM, subcarriers of the

same data stream must be consecutive along the frequency domain. Hence, all

frequency slots assigned in a link for a given request should be adjacent in the

spectrum.

– Non-overlapping spectrum assignment: Allocated frequency slots for primary paths

must be separated by guard bands in order to prevent interfering, i.e., at least one

frequency slot must be assigned as a guard band between the frequency slot set of

every lightpaths. Likewise, this constraint also implies that one frequency slot can

be employed by only a single lightpath at a time.

– Link disjointness: The primary and the backup lightpaths of multicast request must

be link-disjoint, so as to provide two independent routes for a request.

3.3 Notations

– G = (V,E, cl): The physical topology of the network, where V = {v1, v2, ..., vn} is

the set of nodes (|V | = n), E = {e1, e2, ..., em} is the set of links (|E| = m), and cl
is the cost of the link el ∈ E, the initial cost of link el is 1.

– B: The number of frequency slots provided by each fiber.

– r = (s, D, C): The multicast request, where s ∈ V is the source node, D = {d1,

d2, ..., d|D|} ⊆ V is the set of destinations, |D|(< |V |) is the size of multicast

request r, and C is the bandwidth requirement of the multicast request r which is

represented by the number of required frequency slots.

– TR = (VT , ET ): The primary tree for the multicast request r, where VT ⊆ V is the

set of tree nodes and ET ⊆ E is the set of links on the tree.

– {ws1, ws2, ..., wsw}: The set of working segments of the primary tree TR. A segment

in TR is defined as the sequence of edges from the source or any branching node

(on the tree) to a leaf node or to a downstream branching node. A destination node

is always considered as the end-node of a segment, it is either a leaf node in a tree

or a branching node. The segments of the light-tree can be obtained by performing

the traverse from the source node of the tree and down to all destinations in O(n)

time.

– BS = {bs1, bs2, ..., bsw}: The set of backup segments, where bsi ∈ BS is the

backup segment of the working segment wsi ∈ TR, that is, two segments bsi and

wsi are link-disjoint.

– Blj : The number of occupied frequency slots on link el ∈ E between jth and

(j + C − 1)th frequency slots.

3.4 Performance criteria

– Blocking ratio (BR): BR is the ratio of the number of multicast requests blocked by

the network (either the primary tree or the protecting resources cannot be found)
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to the number of all multicast requests arrived at the network. Smaller BR means

that the network can provide services for more multicast requests simultaneously.

– Resource utilization ratio (RUR): RUR is the ratio of the total allocated backup

resources to the total allocated working resources for the requests. Smaller RUR

means that a smaller backup resources reserved on all the backup paths and a

higher degree of resource sharing.

In this article, given an EON network G = (V,E, cl) and a multicast request r = (s,

D,C), the goal is to find a primary multicast tree TR and a set of backup segments

BS such that the performance criterion can be minimized and the multicast request

can be protected against single link-failure. The performance criteria studied in this

article are BR and RUR. To support a multicast demand, a light-tree defined as a

point-to-multipoint connection is established in EON. Two algorithms are proposed

to solve this problem, they are Low Spectrum First Segmented Protection Algorithm

(LSF-SPA) and K-Tree Segmented Protection Algorithm (KT-SPA). The details of the

algorithms are described in the following sections.

4 Low Spectrum First Segmented Protection Algorithm (LSF-SPA)

To solve this problem, an algorithm, named as Low Spectrum First Segmented Pro-

tection Algorithm (LSF-SPA), is proposed. For the multicast request r = (s,D,C), a

primal multicast tree and backup segments are found to protect the multicast request

in EONs, the lower frequency-slots on EON are examined and allocated first.

To simplify the process of finding the multicast tree and backup segments in EON,

the layered graph approach [14] is used. Let bl[j] be the status of the link el ∈ E on jth

frequency-slot which is a binary value indicator; bl[j] = 0 means that the jth frequency

slot of link el is free or is only used by backup segments of current requests; otherwise

(that is, the jth frequency slot is used by a primary tree), bl[j] = 1. For the network

G(V,E) and the given multicast request r = (s,D,C), the layered graph (LG) is a set

of graphs LG ={Gj(V j , Ej), j = 1, 2, ..., B−C+1}. For the graph Gj(V j , Ej), where

V j = V and Ej={el |Blj =
∑j+C−1

z=j
bl[z]= 0, el ∈ E}. It is worth noting that two

multicast trees can not share the same link for their primary trees.

On Gj(V j , Ej), the link el ∈ Ej represents that there are free continuous frequency

slots within jth to (j +C − 1)th on the link el ∈ E for the primary multicast tree. If a

lightpath (or light-tree) can be found on Gj(V j , Ej), it means that the lightpath (or

light-tree) can be allocated on network G and the starting index of frequency-slots is

j and for C continuous frequency-slots. Consider the graph Gj , j=1, 2, ..., B −C + 1,

to find the primary multicast tree on the Gj , the cost of the link in Gj is adjusted

by applying the formula (1). In formula (1), the cost of link el ∈ Gj which cannot be

allocated for the request is set to infinity. Otherwise cost link el is set to 1. It means

that the lower cost of the link may have higher change to be selected as the primary

tree.

c′l =















+∞, if Blj =
∑j+C−1

z=j
bl[j] > 0

cl, others.

(1)
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Then, the MTFA described in Section 2.4 is applied on graph Gj to find the pri-

mary multicast tree WTj. If the primary tree can be found on Gj , then the primary

tree WTj is divided into a set of working segments denoted as {ws1j , ws2j , ..., wswj }.

Since the EON considered in this article does not have the wavelength-converting (or

frequency-converting) capability. The backup segment of each working segment should

be allocated on the same continuous frequency-slots. That is, if the primary multicast

tree can be found on the graph Gj , the set of backup segments should be found on

the same graph Gj for providing the protection. Then, for each working segment, a

link-disjoint backup segment on Gj is found for protection. For all working segments

in the primary multicast tree, if all backup segments {bs1j , bs
2
j , ..., bs

w
j } can be found

on Gj , then the multicast request can be established.

To describe the backup segments finding process, several notations used in the

algorithm are listed follows. cl is the basic cost of link el ∈ Ej , which is set to 1

initially. c′l is the dynamic cost of link el ∈ Ej for backup segment calculation of

the current working segment. The value of c′l is determined by the current network

state, and the assignment of later backup segments does not affect the former backup

segment. Let b∗l [j] be the status of the link el ∈ E on jth frequency-slot which is a

binary value indicator; b∗l [j] = 0 means that the jth frequency slot of link el is used by

backup segments of current requests; otherwise, b∗l [j] = 1.

To find the backup segment with the great resource sharing of the working segment

wsij ∈ WTj on graph Gj , the cost of links is dynamically adjusted according to the

formula (2), and then the Dijkstra’s algorithm is used to find a link-disjoint backup

segment with the minimum cost for the working segment. On Gj , the links having the

same link with the working segment wsij cannot be used, the cost of links is set to

+∞. If the link el has not been used by any working or backup segment on Gj , the

cost of el is set to cl. If the link el is used by a working segment wsaj other than wsij
(i.e., i 6= a) on Gj , the cost of el is set to constant α. A real number α =0.05 is used

to avoiding find larger hops lightpath. If the link el not in wsij and there are some

frequency-slots used by other backup segments other than bsij , then the cost of link

el is set to cl − B∗
lj/C + α, where B∗

lj =
∑j+C−1

z=j
b∗l [j] is the number of frequency

slots of the link el ∈ Gj used by some backup segments. The cost of link el is set to

cl −B∗
lj/C + α for increasing the resource sharing ratio. We can see from the formula

(2), that those links, which are on the primary tree other than the working segment,

have a sufficiently small cost. And these links that have reserved enough shared backup

frequent slots have less link cost. If the backup segments traverse these links, no need

to reserve new frequency-slots, the frequency sharing can be enhanced.

c′l =







































+∞, if el ∈ wsij

α, if el ∈ ws
a(a 6=i)
j

cl −
B∗

lj

C + α, if ((el /∈ wsij) ∩ (el ∈ bs
a(a 6=i)
j ))

cl, otherwise

(2)

The link with greater resource sharing ratio may have more chance to be selected as

the backup segment, thus the cost of link may be smaller. The details of the LSF-SPA

are described as in Algorithm 1.
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Algorithm 1 Low Spectrum First Segmented Protection Algorithm (LSF-

SPA)

1: Input: G(V,E, cl), multicast r = (s, D,C)
2: Output: the primary tree TR and a set of backup segments BS;
3: j = 1.
4: while (j ≤ B − C + 1) do

5: {
6: // for all possible frequency slots

7: WTj = ∅, BS = ∅, construct graph Gj(V j , Ej) and update cost of links in Ej by the formula
(1).

8: Perform MTFA on graph Gj to find the primary multicast tree WTj .

9: if (WTj can be found on Gj(V j , Ej)) then

10: {

11: Temporarily allocate resources for primary tree WTj on Gj, partition the primary tree

WTj into a set of working segments {ws1j , ws2j , ..., wswj }, and let i = 1.

12: while (i ≤ w) do

13: {
14: // find the possible backup segment of each working segment

15: For wsij , let G′ = Gj and update cost of links in graph G′ by applying the formula (2).

16: Perform Dijkstra algorithm on graph G′ to find the backup segment bsij .

17: if (backup segment bsij cannot be found) then

18: break; // exist while-loop within 12–24 and try next graph Gj+1

19: else

20: Temporarily allocate resources for backup segment bsij on Gj .

21: Add segment bsij to the BS and increase value of i by 1.

22: end if

23: }
24: end while

25: if (all backup segments of the primary tree WTj can be found) then

26: TR = WTj and return TR and BS.
27: end if

28: }
29: end if

30: Release resources allocated to WTj and BS, and j++. //find next layered graph
31: }
32: end while

33: Block the request and return.

The time complexity of the LSF-SPA is analyzed as follows: The time for computing

the primary multicast tree WTj takes O(m + n log n) time. Construct layered graphs

Gj , j = 1, 2, ..., B − C + 1 take O(B ×m). For each working segment, the cost of the

links in Gj should be updated and takes O(m). Thus, finding a primary multicast tree

and associated w backup segments on graph Gj takes O(m+ n log n+m+ w × (m+

n log n))=O(w × (m+ n log n) +mB), and w = O(|D|). Thus, the time complexity of

the KT-SPA is O(B × (w × (m+ n log n))) =O(B|D|(m + n log n)).

Consider the example for routing multicast request r = (s,D, C) =(1,{2, 4}, 2) on

the network shown in Figure 2(a), B = 4 and a matrix FSB×E (shown in Figure 2(b))

is used to represent the current status of usage of frequency-slots. The column index

represents the identity of the link and the row index represents the frequency-slot. The

slot with black of a link denotes the slot has been allocated. The slot with backslash

of a link denotes the slot has been allocated for backup resource. First, the graph G1

is constructed and shown in Figure 2(c). In G1, the primary multicast tree cannot

be found, thus the graph G2 is constructed and shown in Figure 2(d). After applying

MTFA on G2 to find the primary multicast tree WT2, the tree WT2 is shown in

Figure 2(d). For the tree WT2, it can be partitioned into two working segments 1→6→4

and 1→2. The matrix FSB×E is updated by allocating 2 frequency-slots for the tree
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WT2 and shown in Figure 2(e). Then, for each working segment, the cost of link in G2

is updated. For working segment 1→2, the backup segment can be found as 1→6→2

(shown in Figure 2(f)). For working segment 1→6→4, the backup segment can be found

as 1→2→6 →5→4 (shown in Figure 2(g)).

Fig. 2 (a) Graph G, (b) matrix FSB×E , (c) G1, (d) G2 and WT2, (e) matrix FSB×E after
allocating WT2, (f) backup segment for ws1

2
: 1→2, (g) backup segment for ws2

2
: 1→6→4.
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5 K-tree segmented protection algorithm (KT-SPA)

In this section, the K-Tree Segmented Protection Algorithm (KT-SPA) is proposed

to solve this problem. Initially, an integral constant K(≤ |V | − 1), which represents

the maximal number of primary multicast trees will be examined, is selected. Setting

greaterK will earn more chance to find the primary tree and the set of backup segments.

But, on the other side, this may increase the computation time.

In KT-SPA, first the MTFA is applied on G to find the primary multicast tree TR.

Next, links el ∈ TR are removed one-by-one from the network G to form a new graph

G \ el. Then, the MTFA is performed on graph G \ el (∀el ∈ E) again to find a set of

new trees. The set of new trees and the tree TR form a set of candidate trees, without

loss of generality, the set is denoted as TS = {T1, T2, ..., TK}.

To find the primary tree and the backup segments of the multicast request, a

primary tree in TS is examined one-by-one to check whether it can be allocated to the

network G, for all possible starting index (j, j = 1, 2, ..., B−C +1) of frequency-slots.

If the primary tree Tk ∈ TS can be allocated on Gj , the tree Tk is partitioned into

a set of working segments {ws1k, ws2k, ..., wswk }. After updating the cost of link by the

formula (2) in Gj , for each working segment of the tree Tk, the backup segment is found

by performing the Dijkstra algorithm on Gj . If all the backup segments can be found

on Gj , the cost of allocating the pair of the primary tree Tk and backup segments are

computed. Let costj(Tk) be the cost of using Tk as the primary tree and finding the

set BS of backup segments for all working segments of Tk on the layered graph Gj .

The cost costj(Tk) includes the total frequency slots of the primary tree Tk and the

additive (non-shared) frequency slots of the BS. After performing the KT-SPA, the

tree and backup segments with minimal cost is selected as the final result.

If the primary tree Tk cannot be allocated on Gj or any backup segment of the

working segment cannot be found on Gj , then the next graph Gj+1 is examined. If the

primary tree Tk and the backup segments cannot be allocated on all possible graphs

Gj , j = 1, 2, ..., j+C−1, then the value of k is increased by 1, and next candidate tree

in TS is selected and examined repeatedly. The details of the KT-SPA are described

in Algorithm 2.

The time complexity of the KT-SPA is analyzed as follows: The time for computing

the multicast tree TR takes O(m+n log n) time. Then, finding K candidate trees takes

O(K(m + n log n)). Three levels of while loop are used in the algorithm, for the most

inner loop it takes O(w× (m+n log n)). For each possible starting index of frequency-

slot, the block within 22–48, it takes O(B×w×(m+n log n)). Thus, the time complexity

of the KT-SPA is O(KB|D|(m + n log n)).

For the multicast request r = (s,D, C) =(1,{2, 4}, 2), the set TS of candidate

trees of the request is shown in Figure 3(a), where trees T2 and T3 are the same. For

graph G1, tree T1 can be allocated but the BS of tree T1 cannot be found due to lack

of free frequency-slots on G1. On the other side, tree T1 and backup segments can be

successfully allocated on G2 and G3. For the tree T1 on graph G2 and G3, the primary

tree and the backup segments are shown in Figure 3(b) and (c), respectively. We have

cost2(T1) = 13 and cost3(T1) = 10, thus the primary tree T1 on graph G3 is the current

best one.

For graphs G1 and G2, the candidate tree T2 (or T3) cannot be allocated. For graph

G3, the tree T2 (or T3) and backup segments can be successfully allocated (shown in

Figure 3(d)) and cost2(T3) = cost3(T3) = 10. In the tree T4 on graphs G1, G2, and G3,
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the allocation of primary tree and the backup segments is fail. Thus, the best result is

T1 on G3.

Fig. 3 Example (a) the set of candidate trees TS, (b) T1 on G2, (c) T1 on G3, (d) T2 on G3.



14

Algorithm 2 K-Tree Segmented Protection Algorithm (KT-SPA)

1: Input: G(V,E, cl), multicast r = (s, D,C), integer K;
2: Output: the primary tree and a set of backup segments;
3: Perform the MTFA on graph G to find the primary multicast tree TR.
4: if (TR cannot be found) then

5: return block.

6: else

7: Add TR to the set TS and k=1.
8: while ((TR 6= ∅) and (k ≤ K)) do

9: Select and remove a link el ∈ TR.
10: Construct a new graph G′ by removing el ∈ TR from the graph G, i.e., G′ = G \ el
11: Perform the MTFA on graph G′ to find a tree Tel

.
12: if ( (Tel

can be found) ∩ (Tel
6∈ TS)) then

13: Add Tel
to the set TS and increase the value of k by 1.

14: end if

15: end while

16: end if

17: Let TS = {T1, T2, ..., TK} be the set of candidate trees.
18: Let k = 1, best tree TRb = ∅, segments BSb = ∅, and costb = −∞.
19: while (k ≤ K) do

20: {
21: j = 1.
22: while (j ≤ B − C + 1) do

23: {
24: //for all possible frequency slots

25: if (Tk can be allocated on Gj(V j , Ej)) then

26: Temporarily allocate resources for primary tree Tk on Gj .
27: Partition the tree Tk into a set of segments {ws1k, ws2k, ..., wswk }.
28: i = 1, BS = ∅.
29: while (i ≤ w) do

30: {
31: // find the possible backup segment of each working segment

32: Select a working segment wsik and construct the graph G′ = Gj .
33: Update the cost of links in G′ by the formula (2).

34: Perform Dijkstra algorithm on graph G′ to find segment bsik.

35: if (backup segment bsik cannot be found) then

36: break; exist while-loop within 29–42 // try another j

37: else

38: Temporarily allocate resources for the backup segment bsik.

39: Add bsik to BS and increase i by 1.
40: end if

41: }
42: end while

43: if (all backup segments of the primary tree Tk can be found) then

44: Compute the cost costj(Tk) the tree and segments.
45: if (costj(Tk) < costb ) then

46: Update TRb = TR, BSb = BS, and costb = costj(Tk).
47: end if

48: end if

49: end if

50: Remove G′ and j++. Release resources allocated to Tk and BS.
51: }
52: end while

53: k = k + 1.
54: }
55: end while

56: if (costb > −∞) then

57: Return TRb and BSb.
58: else

59: return block.

60: end if
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6 Algorithm for EON with regenerators

In this section, the multicast protection problem on EONs with pre-allocated regen-

erators is studied in this section. The proposed algorithms described in the previous

sections are modified and extended to tackle this problem.

6.1 Regenerator placement

Physical impairments (for example power loss, noise, and dispersions) of the optical

signal introduced by optical fibers and components enforce fundamental constraints in

EONs and must be taken into consideration in RSA and multicast routing problems.

Due to these physical impairments, themaximum reach that an optical signal can travel

before the signal quality degrades below a level necessary for successful communica-

tion is limited. To overcome these impairments and to travel long distances, lightpath

must be recovered through 3R (re-amplification, re-shaping, re-clocking) regeneration

with optical-electrical-optical (OEO) conversion. Nevertheless, regenerators are costly

devices. Extensive studies reveal that even if only a few nodes are equipped with re-

generators, the network can achieve an acceptable performance close to that of a fully

regeneration capability network [23,24]. The aim of the network designers is to mini-

mize the number of regenerators used in a network is called as Regenerator Placement

Problem (RPP) [25–27].

6.2 Assumption

To tackle the multicast protection problem on EONs with regenerators, several additive

assumptions are described in subsection. We use fixed modulation level for all requests

and the number of hops (or the length) of the lightpath as a criterion of regeneration. If

the number of hops (or distance) traveled by a lightpath without regeneration exceeds

the optical reach distance, the demand must be regenerated at least at one of the

intermediate nodes on its path.

A set R(⊆ V ) of pre-allocated regenerators is allocated on the EON. A positive

integer HL (hop-limit) is used to constrain the lightpath (or segment) without regen-

erator. The hop constraint of the path from the source to the destination node d ∈ D

states that the number of hops between nodes should be less than or equal to HL.

6.3 MTFAR

The proposed algorithm MTFA is modified and extended to find the multicast tree on

EONs with regenerators. In this subsection, the multicast tree finding algorithm with

regenerators (denoted as MTFAR) is described in this subsection. Since the primary

tree found by performing the original MTFA may not satisfied the hop constraint, the

primary tree should be adjusted. The details of the MTFAR algorithm are described

in Algorithm 3.
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Algorithm 3 MTFA with regenerators (MTFAR)

1: Input: network G(V,E, cl), set of regenerators R ⊆ V , multicast request r = (s,D,C), hop-limit
HL;

2: Output: primary tree TR with hop constraint;
3: Perform the MTFA on G to find the primary multicast tree TR for the multicast request r =

(s,D,C).
4: if (TR cannot be found) then

5: return block.

6: else if (Paths to all destination nodes in D satisfy the hop constraint) then

7: return TR.
8: else

9: Find the set FS ⊆ V which consists of destinations or regenerators on TR; for regenerator
which is on the path to a destination node and satisfies the hop constraint.

10: Modify the tree to TR′ by removing nodes and links not being used to reach nodes in FS.
11: Compute the distance of H(u) of the node u ∈ FS, if u ∈ R, then H(u) = 0; otherwise H(u)

equal to the number of hops from node u to the nearest regenerator or source node on the
tree TR′.

12: Construct the set UR(⊂ D) of unvisited destination nodes, nodes in UR are sorted according
to the number of hops from the source on TR in increasing order.

13: while (UR 6= ∅) do

14: Select and remove a destination node v from UR.
15: Find the shortest paths from v to all nodes in FS on G.
16: Find the path p (from v to u) satisfies the constraint that hop(v, u)+H(u) ≤ HL, u ∈ FS.
17: if (path p can be found) then

18: Add the node v on path p to FS and update H(v).
19: else

20: return block.

21: end if

22: end while

23: return TR.
24: end if

6.4 Backup segment with regenerators

After finding the primary tree TR, the primary tree is partitioned into segments. To

find the backup segment with the hop constraint of the working segment from node

u to node v, the starting hop count H(u) for each staring node u of the segment is

kept. Thus, the K-shortest paths algorithm is used to find the backup segment of the

working segment in the proposed algorithms LSF-SPA (line 16) and KT-SPA (lines

33–34). The path with the minimal cost and with hop-constraint is selected as the

backup segment. If all possible paths do not satisfy the constraint, then the multicast

request is blocked.
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7 Simulation results

The COST239 network (with 11 nodes and 25 links denoted as 11n25e) and the

NSF network (24n43e) were used for simulations. The topologies of the two networks

are shown in Figure 4. The number of frequency-slots (B) of each fiber on network

COST239 and NSF is set to 100 and 200, respectively. The proposed algorithms were

coded by using Java programming language. All simulations were run on a personal

computer with Intel i7-2600 3.4 GHz CPU, 16.0 GB RAM and with Windows 7 op-

erating system. All the multicast requests were randomly generated. All nodes in the

network can be selected as source or destinations. The maximal number of destination

nodes of each multicast request is denoted as |Dm|. The number of destinations of

each multicast request is randomly generated with uniform distribution within {2, 3,

..., |Dm|}.

Three conventional multicast protection algorithms were coded and used for com-

parisons, they are dedicated tree protection (DTP)[17], shared tree protection (STP) [28],

and K-shared tree protection (K-STP). Moreover, two SSBP-based multicast protection

algorithms were also used for comparisons, they are SSNF [21] and LP [19].

The DTP is the simplest method for multicast protection on WDM, two link-

disjoint trees are found to route and protect the multicast. In DTP, first, the MTFA is

performed to find the primary multicast tree for routing the multicast request. After

finding the primary tree, the primary tree is removed from the network and a backup

tree is found to protect it. Then the first-fit assignment approach is used to determine

the allocated frequency slots of two trees. The assigned frequency slots of the primary

and backup trees can be different.

In STP, the primary multicast tree is found by performing MTFA on network G,

the assigned frequency-slot of the tree is determined by first-fit approach. Then, the

cost of link in layered graph is updated by applying the formula (2) and the MTFA is

applied again to find the backup tree of the primary tree. In STP, resources used by

the backup trees can be shared if the associated primary trees are link-disjoint, so it

may get better BR and RUR. In K-STP, K candidate trees are found as the same in

the KT-SPA and stored in TS. The trees in TS are selected and examined one-by-one,

the cost of link in layered graph is updated by applying the formula (2), then the

MTFA is applied to find the backup tree of the primary tree. The K-STP integrated

the advantage of STP and KT-SPA to find possible primary and backup trees to route

and protect the multicast. Since K candidate trees can be selected as the primary tree,

there are more choices so the performance of K-STP may be better than that of the

STP method.

7.1 Comparisons for static traffic

In the static case, the multicast requests have infinite holding time, that is, each multi-

cast request stays forever. For the COST239 and NSF networks, the simulation results

for comparing with conventional multicast protection algorithms are shown in Figure 5.

The results in Figure 5(a) and (d) show that the KT-SPA gets the smallest BR for

the cases with the number of multicast requests greater than 300. The LSF-SPA can

get better performance than the KT-SPA when the number of multicast requests less

than or equal to 300. As the number of multicast requests increasing, the results show

that providing more candidate trees can help reduce the BR value. The DTP is the
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Fig. 4 Simulation networks (a) COST239, (b) NSF.

Fig. 5 Simulation results for comparing with conventional multicast protection algorithms
(a) BR on COST239, (b) RUR on COST239, (c) CPU time in second on COST239, (d) BR
on NSF, (e) RUR on NSF, (f) CPU time in second on NSF.

worst method in these simulations. The K-STP can get lower BR value than the STP,

because in K-STP, K candidate trees can be selected as the primary tree. The STP

method provides backup tree sharing, it can reduce the BR value. The results in Fig-

sure 5(b) and (e) show that the RUR increases a little as the number of multicasts

increases on COST239 and NSF networks. The K-STP can get lower RUR value than

the STP. The KT-SPA gets the smallest RUR in all the cases and the DTP gets the

worst. The second best is the LSF-SPA. The results in Figure 5(c) and (f) show that

the KT-SPA is the most time-consuming algorithm, the LSF-SPA is slower than the

DTP and the STP algorithms. The time spent by the K-STP is more than that of the

STP.

For the COST239 and NSF networks, the simulation results for comparing with

SSBP-based multicast protection algorithms are shown in Figure 6. The results in

Figure. 6(a) and (d) shows that the BR values of SSBP-based methods are very close,

the KT-SPA and the LSF-SPA can get better performance than the other two methods.
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On the NSF network, the LP method can get better performance than the SSNF

method in some cases. Because in the larger network, the lengths of segments may be

greater than that of in the smaller network, using LP method can help to find shorter

backup segments. The results in Figure 6(b) and (e) show that the RUR is stable as

the number of multicasts increases on COST239 and NSF networks, respectively. The

LP method can get lower RUR value than the SSNF. The KT-SPA gets the smallest

RUR in all the cases and the SSNF gets the worst. The second best is the LSF-SPA.

On the NSF network, the RUR values of these methods are closer than that of in the

COST239 network. The results in Figure 5(c) and (f) show that the KT-SPA is the

most time-consuming algorithm, the LSF-SPA method is the quickest method, and the

LP method is slower than the LSF-SPA and the SSNF methods.

Fig. 6 Simulation results for comparing with SSBP-based multicast protection algorithms (a)
BR on COST239, (b) RUR on COST239, (c) CPU time in second on COST239, (d) BR on
NSF, (e) RUR on NSF, (f) CPU time in second on NSF.

The fragmentation ratio (FR) of a link el (denoted as FRl) is the ratio of the

maximal number of continuous free frequency-slots on link el to the number of free

frequency-slots on link el. And let wl be the indicator of the link el, wl is set to 1 if

FRl < 0.5, it means that free frequency-slots on link el are fragmented. The formula

of wl is defined as follows:

wl =

{

1, if FRl < 0.5

0, otherwise.
(3)

And let W =
∑

∀el∈E
wl/|E| be the ratio of the total number of indicators to the

number of links in E. Greater W means that the free frequency slots of the links in

the network are fragmented a lot. The average result of five simulations for W of the

proposed methods on two networks is shown in Figure 7. For the network COST239,

the results in Figure 7(a) and (c) show the simulation results for LSF-SPA and KT-

SPA, respectively. The values of W obtained by LSF-SPA are smaller than that of

KT-SPA. For the result of the KT-SPA (shown in Figure 7(c)), for most of the cases,
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higher than 80 % links of the graph are fragmented. Since LSF-SPA find a primary

tree on network by performing the layered graph approach, it will use the lowest index

of FSs to route the multicast request and this may get a lower fragmentation ratio. In

KT-SPA, several candidate trees are checked and the best one is selected as the primary

tree and backup segments, but the method does not consider the fragmentation status

of the links (because it is very time-consuming). This makes the KT-SPA get a higher

fragmentation ratio than that of the LSF-SPA method.

In Figure 7 (a) and (c), the value of W increases as the maximal number of destina-

tions of multicast request (|Dm|) increases. As the value |Dm| increases, the numbers

of links of the primary tree and backup segments increase. More free resources which

satisfy the constraints should be found to route or protect the request, this will increase

the value of W . For the NSF network, the results in Figure 7(b) and (d) show the simu-

lation results for LSF-SPA and KT-SPA, respectively. Similar to the simulation results

on COST239 network, the values of W obtained by LSF-SPA are smaller than that of

KT-SPA on NSF network for the cases that the number of multicast requests is less

than 300. But for most of the cases the value of W is equal to 1. For larger network

the number of links in the multicast tree and backup segments are greater than that of

on the smaller network. Due to the constraints of EON and segment-based protection,

the value of W increases on the large network.

Fig. 7 Simulation results for W: (a) LSF-SPA on COST239, (b) LSF-SPA on NSF, (c) KT-
SPA on COST239, (d) KT-SPA on NSF.

In this paper, the blocking ratio(BR) and resource utilization ratio(RUR) are con-

sidered as two optimization objectives/performance criteria. To understand the re-

lationship (or tradeoff) between the two, the average result of five simulations on

COST239 and NSF networks is shown in Figure 8(a) and Figure 8(b), respectively.

In these figures, the KT-SPA gets lowest RUR on these networks, the LSF-SPA is

the second best, and the DTP gets the worst RUR. For the SSBP-based protection

method, the RUR value is lower than the conventional protection methods for different

BR values. As the BR value increases, the RUR value increases a little (< 5%) for

the SSBP-based protection method, but for the conventional methods the RUR value

increases about 12–20%.

In KT-SPA, in general, the value of K (the maximal number of candidate trees to

be examined) is less than or equal to the number of links in the first primary multicast

tree plus one. Moreover, the value of K may increase for larger network and for more

destinations of the multicast request. The primary tree and the backup segments of the
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Fig. 8 Simulation results for the relationship between BR and RUR on (a) COST239, (b)
NSF.

Fig. 9 Simulation results different values of K in KT-SPA on COST239 for (a) BR, (b) RUR,
(c) CPU time.

multicast request may not be found by performing the KT-SPA algorithm if K is too

small. On the other hand, greater K may lead a greater chance to find the primary tree

and backup segments and may get smaller BR, but it will increase the computation

time. To understand the effect ofK, simulation results for the BR, RUR, and CPU time

on COST239 network for different values of K are shown in Figure 9(a), (b) and (c),

respectively. In Figure 9, if all trees in TS (obtained by performing Algorithm 2 Steps

4–16) were used as the candidate trees, it is denoted as KT-SPA. If at most k trees in

TS were selected and used as candidate trees in KT-SPA, it is denoted as “KT-SPA

K=k.” The simulation result on NSF network is quite similar to the result on COST239
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network, thus it does not showed here. The simulation results in Figure 9 show that

the BR, RUR and the CPU time increases as the number of requests increases. For

different values of K, KT-SPA with greater K can get smaller BR and smaller RUR.

The computation time increases a little as the value of K increases.

7.2 Comparisons for dynamic traffic

In this subsection, the simulation results for dynamic traffic are described. The per-

formance of the proposed algorithms is evaluated through discrete event simulation

studies. We assume that sources and destinations are uniformly distributed over the

network. The bandwidth request is chosen at random. Let C is the number of frequency-

slots allocated for the demand with Cb (bps) and is computed by the formula C =

⌈Cb/Bf ⌉, where Bf (bps) is the bandwidth provided by the single frequency slot.

The multicast traffic generation follows a Poisson distribution process with rate λ and

the session duration is exponentially distributed with rate µ time unit. The load in

Erlang is defined as Load(Erlang) = f × λ × µ, where f is the average number of

required frequency-slots of the multicast requests. For each simulation, 1,000 requests

are generated.

The simulation results of the proposed methods for different loads on COST239 and

NSF networks are shown in Figure 10(a) and (b), respectively. The KT-SPA method

can get the lowest BR and the DTP can get the greatest BR. For most of the cases

of all methods, the BR increases as the load increases. On COST239 network and for

lighter load (<1750) traffic, the K-STP can get smaller BR than that of the LSF-SPA,

but for heavier load (>1750) traffic, the LSF-SPA can get smaller BR than that of the

K-STP. On COST239 network (Figure 10(a)), the performance of the LSF-SPA, SSNF

and LP is very close. On NSF network (Figure 10(b)), the BR of SSNF and LP is lower

than that of the LSF-SPA, but greater than that of the KT-SPA. For larger networks,

the performance of LP is better than LSF-SPA.

7.3 Simulation with regenerators

In the subsection, the results of simulations conducted for the EONs with sparse regen-

erators are described. Regenerators are placed on a network based on the nodal degree

first (NDF) regenerator placement algorithm [23]. That is, nodes with greater nodal

degree are selected for placing regenerator. If multiple such nodes exist, one among

them is selected randomly. Figure 11(a) and (c) show the blocking ratio of the KT-

SPA and LSF-SPA algorithms under different numbers of regenerators (⌈ratio×n⌉) for

different traffic loads on networks COST239 and NSF, respectively. The HL is set to

6, as the number of regenerators increases, the blocking ratio continues to decrease. As

the number of regenerators increases, it is easier to find the primary tree and backup

segments, thus the BR value decreases.

Figure 11(b) and Figure 11(d) show the blocking ratio of the KT-SPA and LSF-SPA

algorithms under different values of HL for different traffic loads on networks COST239

and NSF, respectively. The ratio of regenerators to nodes is set to 75%, when the value

of HL increases, the blocking probability continues to decrease. As the value of HL

increases, it is easier to find the primary tree and backup segments, thus the BR value

decreases.
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Fig. 10 Simulation results for dynamic traffic: (a) COST239, (b) NSF.

8 Conclusions

In this article, the multicast protection on EONs for single link-failure case has been

studied. For a given EON and a multicast request, the goal is to find a primary tree

and a set of backup resources such that the performance criterion can be minimized

and the multicast request can be protected against single link-failure. The performance

criteria studied in this article are BR and RUR. Two algorithms LSF-SPA and KT-SPA

have been proposed to solve this problem. In this article, the physical network remains

connected even after removing a link. All nodes in the network are equipped with

multicast-capable capabilities. The destinations of each multicast request are fixed and

known, that is, it is not allowed to add or remove destinations during the transmission

period. Simulations were conducted to evaluate the BP, RUR, SER and CPU time of

these methods. The KT-SPA gets the smallest RUR is all the cases and the DTP get

the worst. The second best is the LSF-SPA. However, comparing to segment protection

the DTP approach has advantages with simpler management of the network and can

be easier to construct. Moreover, the proposed algorithms have been extended to solve

the multicast protection problem on EONs with pre-allocated regenerators.
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