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Abstract—New applications require conveying huge bitrate from a source node to multiple destinations. As a result, point-to-

multipoint (P2MP) connections need to be established on the optical layer. In this paper, the P2MP routing and spectrum allocation 
(RSA) problem is formally stated and modelled as an Integer Linear Program (ILP). Exhaustive numerical results show that creating 
several transparent sub-trees noticeably improves the performance obtained by serving the demand using one single tree. Moreover, 
cost savings from exploiting traffic asymmetry can be obtained by installing directed optical transponders consisting of one single 
module. 
 
Index Terms—Light-trees; P2MP-RSA; Flexgrid networks; SBVT. 

I. INTRODUCTION 
Emerging content distribution for multimedia applications and datacenter interconnection services are changing the patterns of 

the traffic that optical networks need to transport. For instance, ultra-high definition video transmission and data synchronization 
among distributed databases running inside geographically distant datacenters require that the same data sourced from a single 
ingress node arrives to a set of different egress nodes; we call this type of demands multicast. As a result of the huge amount of 
data being conveyed (e.g. uncompressed real time 8k transmission needs 72 Gb/s connections [1]), these demands need to be 
transported directly over the optical layer. 

A multicast demand d can be defined by the tuple <sd, T(d), bd>, where sd represents the source node, T(d) the set of 
destination nodes, and bd the requested bitrate. Multicast demands can be served by establishing |T(d)| directed point-to-point 
(P2P) optical connections (lightpaths) from the source node to every destination node. Nonetheless, as demonstrated in [2] for 
optical networks based on the wavelength division multiplexing (WDM) technology, establishing point-to-multipoint (P2MP) 
connections in the optical layer (light-trees) improves the performance of establishing a set of lightpaths. Note that a path is a 
special case of tree, where the set of destination nodes in the former contains just one node. 

As an evolution of the WDM technology, the emerging flexgrid technology is changing optical transport networks [3]. The 
combination of a finer spectrum granularity and advanced modulation formats with the use of sliceable-bandwidth variable 
transponders (SBVT) [4] able to manage traffic flows from/to multiple destinations provides the possibility to leverage the 
characteristics of light-trees. 

To compare the performance of P2MP connections in flexgrid with WDM networks, the authors in [5] proposed two heuristic 
algorithms; they assumed broadcast-and-select based optical nodes. The feasibility of implementing and controlling light-trees in 
flexgrid optical networks was demonstrated in [6], where the authors presented two node architectures. The first node 
architecture uses passive light splitters and requires that the P2MP connection satisfy the spectrum continuity constraint, whereas 
the second one takes advantage of frequency conversion. 

The authors in [7] present an Integer Linear Program (ILP) formulation to compute the Routing and Spectrum Allocation 
(RSA) problem for a set of multicast demands. Their formulation is based on pre-computing a set of paths and ensuring the 
contiguity of the allocated frequency slices. As a result of its huge complexity, a heuristic is proposed. 

In this paper, we compare the performance of paths and trees to deal with multicast traffic in flexgrid optical networks. To this 
end, we state the P2MP-RSA problem that aims at finding the optimal RSA for a set of multicast demands using different routing 
schemes including paths and trees. We adapt the RSA formulation in [8] that relies on sets of pre-computed slots of contiguous 
slices to serve multicast demand, thus reducing the problem’s complexity. Since transparent trees require one single frequency 
slot to be allocated, its performance might drop when long source-to-destination routes are required. In light of that fact, we relax 
that constraint and propose the sub-tree scheme, where several transparent sub-trees serve a single multicast demand. The 
performance of path, tree, and sub-tree schemes is compared. 

Moreover, multicast demands are asymmetrical in contrast to paths, so using trees to serve multicast demands should bring 
some cost savings. A similar case was studied in [9], where the authors showed that because IP traffic is mainly directed, savings 
could be obtained by establishing unidirectional lightpaths. Therefore, given that SBVTs are symmetrical since they consist of 
one transmitter (Tx) and another receiver (Rx) module, we propose directional SBVTs consisting of just one module, either a Tx 
or an Rx. The use of directional SBVTs is evaluated in terms of total SBVT cost. 
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Fig. 1. Routing schemes for multicast traffic 

II. ROUTING SCHEMES FOR MULTICAST DEMANDS 
Fig. 1 illustrates the routing schemes considered in this paper to serve multicast demands in the optical layer; we assume that 

optical cross-connects (OXC) nodes are based on the flexgrid technology. Client routers/switches are connected to OXCs by 
means of SBVTs. Let us assume 400 Gb/s SBVTs that can be shared among 4 paths (SBVT flows). In the case of unidirectional 
paths, SBVTs can be shared by up to 4 incoming paths and up to 4 outgoing paths. In this scenario, the multicast demand <A, 
{B, C, D}, 100 Gb/s> can be served by three lightpaths or, alternatively, by a single light-tree. 

Fig. 1a shows the path scheme, where three 100 Gb/s unidirectional lightpaths (also known as sub-path), are set-up. Each sub-
path consumes one Tx SBVT flow from those available in the source router and one Rx SBVT flow in the destination router. 
Furthermore, one spectrum slot is allocated for each sub-path along the route. Although the path scheme requires many resources 
(SBVT flows and spectrum), every sub-path can be routed independently from the other ones serving the same demand, which 
provides high flexibility in the case where spectral resources are scarce or fragmented. 

To reduce resource utilization, the tree scheme can be implemented (Fig. 1b) to source a single 100 Gb/s signal, which 
remarkably reduces the required number of Tx SBVT flows to just one. Besides, spectral resources can be shared on some 
segments along the tree (e.g. from OXC-A to OXC-D), which reduces also spectral resource utilization. Notwithstanding, a 
single spectrum allocation is required for the whole tree, which might increase demands blocking ratio in case no continuous 
spectrum allocation is available along the tree, e.g. as a result of spectrum fragmentation. 

In light of the above, we propose the sub-tree scheme to combine flexibility of sub-paths with resource savings of trees (Fig. 
1c). Under this scheme, a multicast demand can be served as a combination of light-trees, each enforcing the spectrum continuity 
constraint. In the example, two light-trees are created as a result of spectrum fragmentation. Thus, two Tx SBVT flows are 
needed at the source router, whereas spectral resources are shared in the segment OXC-A / OXC-D. 

III. THE P2MP-RSA PROBLEM 
In this section, we formally state the P2MP-RSA problem and present an ILP formulation to solve it. 

Given: 
i) A network topology represented by a graph G(V,E), where V is the set of nodes including routers and OXCs, and E the set of 

links connecting two nodes; 
ii) a set S of available frequency slices of a given spectral width in each link; 
iii) a set of SBVTs installed in every router; 
iv) a set of multicast demands to be served identified by the tuple <sd, T(d), bd>; v) a selected routing scheme (path, tree, or sub-

tree). 
Output: the RSA for each connection. 
Objective: minimize the amount of rejected (blocked) multicast demands (main objective) and the number of used Tx SBVT 
modules (secondary objective). 

The secondary objective is especially important when the sub-tree scheme is selected; by minimizing the number of used Tx 
modules, the number of sub-connections into which multicast demands are split is also minimized. As a result, a single light-tree 
for each demand will be selected unless a single spectrum allocation cannot be found for such demand. 
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The following ILP formulation is based on the work in [8] on RSA modelling for unicast demands. Since both, path and tree 
schemes are particular cases of the sub-tree scheme, the ILP formulation is based on the latter scheme with configuration 
parameters and data pre-processing for the solutions to enforce either path or tree schemes. Routing constraints build directed 
Steiner trees [10], while spectrum allocation is performed by assigning pre-computed slots to each computed Steiner tree. To 
obtain directed Steiner trees, one path and one slot is found for each sub-connection and those paths sharing links and slots are 
merged into a light-tree. To guarantee the feasibility in the use of SBVTs, the graph is augmented considering Tx and Rx SBVT 
modules as nodes. Links incident to Tx (ETx) and Rx (ERx) modules are configured with the same spectrum structure as links 
connecting OXCs, whereas those links leaving Tx and Rx modules (Eu) are un-capacitated. 

The following sets and parameters are defined: 
Topology and demands 

V Set of nodes, index v. 
E Set of links, index e. 
ETx Subset of links incident to Tx modules. 
ERx Subset of links incident to Rx modules. 
Eu Subset of un-capacitated links. 
l(e) Length of link e in km. 
δ→ve 1 if link e leaves from node v. 
δ←ve 1 if link e arrives to node v. 
D Set of multicast demands, index d. Each demand d is defined by the tuple <sd, T(d), bd>. 

Spectrum 
S Set of spectrum slices, index s. 
C Set of spectrum slots, index c. 
C(d) Set of spectrum slots for demand d. 
fes Equal to 1 if slice s in link e is free. 

Configuration 
B Capacity (in Gb/s) of each SBVT. 
F Maximum number of flows for each SBVT. 
R Maximum reach (in km) for any connection. 
α Cost multiplier. 
{p, q} Binary parameters for scheme selection: path={1,0}; tree={0,1}; sub-tree={1,1}. 

The decision variables are: 
xdtec Binary, equal to 1 if destination t of demand d is reached through link e and slot c; 0 otherwise. 
ydec Binary, equal to 1 if slot c is assigned to demand d in link e; 0 otherwise. 
wdc Binary, equal to 1 if slot c is assigned to demand d; 0 otherwise. 
ze Binary, equal to 1 if link e is used; 0 otherwise. 
ud Binary, equal to 1 if demand d is blocked; 0 otherwise. 

The P2MP-RSA formulation is as follows: 
( ) ∑ ∑

∈ ∈

+⋅⋅−
Dd Ee

edd
Tx

zubRSAMPP αmin2  (1) 

subject to: 

( )
( )

( )
{ }

( )








=∈∈∀−−

≠∈∈∀

=∈∈∀−

=⋅−∑ ∑
∈ ∈

←→

tvdTtDdu

tsvdTtDd

svdTtDdu

x

d

d

dd

Ee dCc
dtecveve

),(,,1

,),(,,0

),(,,1

δδ

 

(2) 

( ) { } ( )dCctsvdTtDdx d
Ee

dtecveve ∈≠∈∈∀=⋅−∑
∈

←→ ,,),(,,0δδ
 (3) 

( )
( )dTtDdRxel

Ee dCc
dtec ∈∈∀≤⋅∑ ∑

∈ ∈

,,)(  
(4) 

( )
( )( )( ) ( )dCcEeDdydTqx dec

dTt
dtec ∈∈∈∀⋅−⋅+≤∑

∈

,,,11
 (5) 

( )dCcDdwEy
Ee

dcdec ∈∈∀⋅≤∑
∈

,,
 (6) 

( )( )
( )

DddTpw
dCc

dc ∈∀−⋅+≤∑
∈

,11
 (7) 

( )
SsEEefyq u

es
Dd

dec
dCc

cs ∈∩∈∀≤⋅∑ ∑
∈ ∈

,,
 (8) 

Date: August 18, 2014 
Universitat Politècnica de Catalunya (UPC). Department of Computers Architecture. Technical Report: UPC-DAC-RR-GEN-2014-1. 



Marc Ruiz and Luis Velasco 4 

( )

RxTx
e

Dd dCc
dec EEezFy ∪∈∀⋅≤∑ ∑

∈ ∈

,
 (9) 

( )

RxTx
e

Dd dCc
decd EEezByb ∪∈∀⋅≤⋅∑ ∑

∈ ∈

,
 (10) 

The objective function (1) minimizes both the amount of blocked demands and the number of used Tx modules. 
Constraints (2) to (4) deal with sub-connection routing. Constraint (2) finds a directed path from source to destination using 

multi-commodity flow conservation equalities. Note that the whole demand is rejected if a sub-connection cannot be served. 
Constraint (3) ensures spectrum continuity in every intermediate node of every path. Finally, constraint (4) ensures that the 
maximum reach is not exceeded. 

Constraint (5) is in charge of building light-trees by joining sub-paths of the same demand sharing the same slot in one or 
more links. By assigning parameter q=0, such sub-connection slot sharing is not permitted, which is one of the definitions of the 
path scheme. Otherwise, any amount of sub-connections serving a demand can share the same slot. 

Constraints (6) and (7) control demands being split into several light-trees. Constraint (6) stores the number of distinct slots 
used for each demand, whilst constraint (7) makes sure that this number can be greater than one only if p=1 (path and sub-tree 
schemes). Otherwise, only one light-tree per demand is allowed (tree scheme). 

Constraints (8) to (10) deal with capacity constraints. Constraint (8) makes sure that every slice in a capacitated link is 
assigned to at most one connection. Constraint (9) guarantees that the number of connections assigned to a SBVT module, does 
not exceed the maximum number of SBVT flows, whereas constraint (10) makes sure that the bitrate through each module does 
not exceed the SBVT’s capacity. 

To evaluate the performance of the proposed schemes, numerical results obtained by solving the P2MP-RSA problem are 
presented in the next section. 

IV. ILLUSTRATIVE NUMERICAL RESULTS 
The network topologies depicted in Fig. 2 are considered for evaluation, where every link is configured with an optical 

spectrum of 2 THz divided into frequency slices of 6.25 GHz. The QPSK modulation format is considered for every sub-
connection and thus the maximum reach is 2000 km. 

We implemented the P2MP-RSA ILP in Matlab using CPLEX 12.5 as a solver engine. Instances consisting of a number of 
100 Gb/s multicast demands with 5 destinations randomly chosen with a uniform probability were generated. 
Fig. 3 plots blocking probability (Pb) as a function of the offered load for each considered topology, where every value is the 
average of 10 instances; percentage of load increment at Pb=1% for tree and sub-tree schemes compared to the path scheme are 
also shown. For reference, the performance of the tree scheme when nodes include frequency conversion is also plotted. 
Remarkable differences in the performance of the tree scheme can be observed among the topologies, ranging from 20% for the 
BT topology to -11% for the EON topology, compared to the path scheme. This is as a result of the longer distances in the case 
of the EON topology, as the plot under full conversion clearly shows. In contrast, the sub-tree scheme performs the best for the 
three considered topologies, its load gain being as high as 30% for the BT topology, and 17% for the TEL topology. 
Notwithstanding the long distances of the EON topology, feasible route and spectrum allocations can be found when the 
constraint of a single tree is relaxed and several sub-connections are allowed, resulting in the same performance for the path and 
sub-tree schemes (lower bound). 
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TABLE I AVERAGE SBVT MODULES 

  
BT TEL EON 

Path # Tx 7.19 7.12 7.07 
# Rx 7.19 7.12 7.07 

Tree # Tx 1.74 1.72 1.71 
# Rx 7.19 7.12 7.07 

Sub-Tree # Tx 1.81 1.79 1.78 
# Rx 7.19 7.12 7.07 
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Fig. 4. SBVT cost savings 

When focusing on SBVT usage, high differences among the routing schemes can be observed on the amount of Tx modules 
needed. Table I shows the average amount of SBVT Tx and Rx modules for the highest load unleashing Pb≤1%. It is clear that 
the number of Tx and Rx modules must be the same under the path scheme, since every single sub-connection needs one Tx flow 
and another Rx one. Nevertheless, the ratio #Tx/#Rx for the tree and sub-tree schemes is just above 4:1. It is worth highlighting 
that the sub-tree scheme requires just few Tx modules more than the tree scheme, which suggests that the single tree constraint is 
relaxed for just few demands. 

In view that the amount of SBVT Tx modules required is different than that for Rx modules, we propose to have 
unidirectional SBVTs consisting of just one Rx or one Tx module. Let us analyze the savings that can be obtained from using 
unidirectional SBVTs to transport a given load under path and sub-tree schemes. Let us focus on the BT topology under the 11 
Tb/s load, for which Pb=0% for both schemes. To compute the total cost from SBVTs we can use: 

( )nRxnTxkcostRxcostSBVT +⋅⋅=  (11) 

where nTx and nRx are the number of Tx and Rx modules needed, respectively, costRx is the cost of each Rx module, and k 
represents the proportion costTx/costRx; in general, k≥1 for any SBVT architecture [4]. In addition, let us now assume a mix of 
100 Gb/s unicast and multicast demands, where the proportion of multicast traffic ranges from 0 (i.e. only unicast demands) to 1 
(only multicast demands). 

Fig. 4 plots the relative cost savings obtained under different traffic mix. The analysis is carried out for the sub-tree and the 
path scheme as a function of different k values ranging from 1 to 10. Cost savings rapidly grow when the multicast traffic 
volume increases; noticeable cost savings, above 25% even for the unrealistic k=1 cost ratio, are obtained by using directional 
SBVT modules under the sub-tree scheme, when just 25% of the traffic is multicast. 

V. CONCLUSIONS 
Three different routing schemes for multicast traffic on flexgrid optical networks have been analyzed: the path, the tree, and 

the sub-tree schemes. To compare their performance, the P2MP-RSA problem was stated and modeled using an ILP formulation. 
Numerical results showed that the sub-tree scheme outperforms the path and tree schemes, increasing the capacity of national 
network in the range of 17 to 30%. The worst case of the sub-tree scheme was when its performance equals that of the path 
scheme, as a result of the long distance of the network. Finally, analyzing the amount of SBVTs needed to serve the given set of 
demands, the use of directional SBVTs was proposed. Its use combined with the sub-tree scheme provide cost savings of as high 
as 25% when 25% of the traffic is multicast. 
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