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Design of Light-tree Based Optical Datacenter
Networks

Rongping Lin, Moshe Zukerman,Gangxiang Shen, and Wen-De Zhong

Abstract—Nowadays, people’s daily life is increasingly de-
pendent on Internet applications provided by cloud service
providers (CSP), that replicate their content among geo-
graphically distributed datacenters using inter-datacenter
wide area networks to meet performance and reliability
requirements. This paper provides means for efficient design
of datacenter networks with static traffic scenarios, where
unicast and multicast connection requests are known a
priori along with their start and end times. Also, the optical
channel setup time is given. Integer Linear Programming
(ILP) formulations that consider light-tree and lightpath
connections are developed to minimize the network resource
consumption. Since solving the ILP formulations is time-
consuming for large networks, we also propose efficient
heuristic algorithms. We demonstrate by simulations an
advantage in efficiency of a light-tree based heuristic al-
gorithm over its lightpath counterpart. This is due to its
ability to construct and extend light-trees to groom more
connections. Both heuristic algorithms perform very close
to the corresponding ILP optimal result in a case of a small
network.

Index Terms—Datacenter networks, light-tree, setup time,
Integer Linear Programming (ILP).

I. INTRODUCTION

The Cisco’s 2011 White Paper [1] predicts that cloud ser-
vice providers (CSPs), such as Google, Facebook, Yahoo!

and IBM, will generate most of Internet traffic in coming
years. In particular, it is expected that during 2016 the
total CSP traffic will be 6.6 Zettabyte. By comparison, total
global IP traffic in 2016 (excluding CSP traffic) is around 1.3
Zettabyte [1]. To meet the local performance and reliability
requirement, CSPs replicate their contents among geograph-
ically distributed datacenters using Wavelength- Division
Multiplexing (WDM) based inter-datacenter networks [2].
Since inter-datacenter connections require transport over
long distances, the inter-datacenter networking cost takes
a large portion of the entire network cost in datacenters [3].

Currently, lightpaths are established to connect datacen-
ters for end-to-end connections [2], where a lightpath is an
all-optical channel from a source to a destination without
Optical-Electronic-Optical (O-E-O) conversion at intermedi-
ate nodes [4]. The use of lightpaths is justified as they are far
more efficient and energy-conserving to transport the high
bitrates required between datacenters in the optical domain
than in the electronic domain [5], [6].

In addition to one-to-one unicast connections, datacenter
networks transport many one-to-many multicast connections
due to growing multicast applications and content backup
among datacenters. Light-tree is proposed to optimally sup-
port the multicast connections, where a light-tree is an
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generalization of a lightpath to be a tree topology, and traffic
is sent from a root to its all associated leaves in the optical
domain [7]. Light-trees can efficiently transmit multicast
traffic without an O-E-O conversion process.

This paper provides efficient algorithms for inter-
datacenter network design that is based on the configuration
involving lightpaths and light-trees, and aims to minimize
the used WDM transmission capacity.

A. Related Work
In [2], bandwidth on demand (BOD) method was proposed

to manage CSPs’ dynamic inter-datacenter connection re-
quirements, where end-to-end connections are set up dy-
namically according to demand in order to improve resource
utilization. In [8], [9], to improve resource utilization, multi-
path and multi-hop strategies were employed to transmit
traffic.

While the capacity of a terabit/second capable optical fiber
is divided into multiple parallel wavelengths by the WDM
technology, where each wavelength is expected to transmit
up to 100 gigabit/second data rate, some connection re-
quests among datacenters may require only sub-wavelength
bandwidth. Thus, for a better network resource utilization,
efficient traffic grooming techniques are required to address
the disparity between requested connection bandwidth and
wavelength channel bandwidth. Traffic grooming can be
categorized into dynamic traffic grooming and static traffic
grooming. In the former, connection requests arrive dynami-
cally and the target is to maintain an acceptable blocking
probability of connection requests [10]–[16]. In the static
traffic case, the connection requests are known a priori,
which is more like a network planning problem. An optimal
solution for this type of problem is usually obtained [17]–[24]
by using the Integer Linear Programming (ILP) technique.
In this paper, we focus on the static case and provide ILP
formulations for the inter-datacenter network design.

We find that all the existing research above has not
considered lightpath or light-tree setup time. Such setup
time includes signal propagation and processing times and
the time associated with intermediate node reconfigurations
[25]. This setup time may compromise the performance of the
entire network if the connection setup time is comparable to
the connection duration time, thereby leading to significant
inefficiency in network resource utilization due to wastage
of unutilized resources during setup. Accordingly, assuming
a constant setup time for all connections, a longer connec-
tion duration time increases network resource utilization.
The authors in [26] reduced lightpath setup time by re-
using OXC existing configuration status, which significantly
improves network resource utilization. In [25], a signaling
protocol was developed to select a wavelength for a lightpath
connection with the minimal setup time.

Given the ever-increasing wavelength capacity, durations
of some connections in datacenter networks, may be short,
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therefore, to maintain high level of network efficiency, it is
important to reduce the connection setup time to minimum.
In this paper, we propose to use light-trees to accommo-
date connections, which reduces the setup time of each
connection. Notice that a lightpath or light-tree setup time
is usually dozens of ms, so using a light-tree, not only to
optimally carry multicast connections, but also to mitigate
the overheads of optical connection setup time. This benefit
is gained from the capability of a light-tree to carry a number
of unicast and multicast connections. For example, in Fig.
1, a light-tree rooted at node 1 terminated at nodes 3, 4,
and 6 is established for traffic transmission from datacenter
DC a to any of the other datacenters DC b, DC c, and
DC d. It can groom all unicast and multicast traffic from
its root to its leaves, where traffic destination set is a subset
of {DC b,DC c,DC d}. While this increases the sharing
of the light-tree and reduces the setup time accounted for
each individual connection request, it also incurs the cost
of transmitting traffic to unwanted leaves. We will propose
methods where the benefit from light-tree sharing signifi-
cantly outweighs the cost to unwanted leaves.

Fig. 1. Resource sharing of light-tree.

In this paper, we will consider static traffic scenarios
where connection requests are known with start and end
times. The scenario of unicast connection was investigated
as a scheduled lightpath demand problem in [27]. Then,
[28] extended the work in [27], considering the case where
connection requests arrive dynamically (arrive before start
times), leading to the associated dynamic scheduling light-
path demand problem. This problem is how to schedule
the routings and resource allocations for connections. These
routings and resource allocations may be modified before the
connection start times in order to achieve a lower block-
ing probability of the future connection requests. All these
publications used the information of start and end times
to increase the resource sharing based on the fact that
time-disjoint (that are scheduled at different time durations)
connections can share network resources. A recent survey
paper [29] covers most of the related work in this field.

B. Contribution
The first contribution of this paper is a light-tree based

datacenter network design that involves traditional traffic
grooming as well as traffic grooming with time-disjoint con-
nections. Next, we provide new ILP formulations and heuris-
tic algorithms aiming to optimize the efficiency of wave-
length transmission resources for both light-tree based and
pure lightpath based designs. Finally, we compare the light-
tree based network design with the traditional lightpath

design and demonstrate a benefit of over 15% transmission
resource saving.

C. Organization
The remainder of this paper is organized as follows. In

Section II, we illustrate the design concept and motivations
using an example. In Section III, the problem statement
is presented. In Section IV, the ILP formulations for light-
tree based and lightpath based designs are provided, and an
example for these optimizations methods applied to a small
network is presented. In Section V, the detailed steps of two
heuristic algorithms, namely, light-tree based and lightpath
based, are described. Section VI presents numerical results
of applying optimal and heuristic methods to test networks
and compares their performance in terms of resource con-
sumption. Finally, Section VII concludes this paper.

II. ILLUSTRATION OF THE DESIGN CONCEPT

As discussed above, in this paper, we consider the design
problem of datacenter networks with static traffic scenarios,
where both light-trees and lightpaths are used to support
connection requests that include connection start and end
times. We also consider lightpath and light-tree setup times.
The duration of the connection can be longer or shorter than
the connection setup time.

For example, the light-tree in Fig. 1 can be shared in the
time domain. It can be shared by time-disjoint connections,
which increases the resource sharing and further reduces the
setup time per connection and improve performance. This
is our scope and motivation. In Fig. 2, an example is given
to illustrate this sharing of light-tree in the time domain,
and to indicate the advantage over the purely lightpath
based method. In Fig. 2, 5 connection requests are given
with their respective start and end times, and the network
topology is same as in Fig. 1. The network time is slotted
with a unit slot size and the duration or holding time of a
connection is measured in the number of slots. A connection
request i, i = 1, 2, . . . , 5, is denoted by a 5-tuple of the
elements (si;Di; fi; ai; bi), where the five elements represent
the source, destination set, bandwidth required, start time,
and end time, respectively. For example, R1(1; 3, 4, 6; 3;3;9),
represents the light-tree in Fig. 1 to transmit traffic from
DC a to DC b, DC c, and DC d, where 1 is the source
node, and 3, 4, and 6 are the destinations, and the last three
numbers are their respective required bandwidth, and start
and end times, respectively. (The start and end times are
bolded.) In the example, the capacity of a wavelength C is
assumed to be equal toOC-12, and the required bandwidth of
connections is OC-x, where only the value x is given omitting
the “OC” for brevity.

In Fig. 2, R1 starts from slot 3, and needs 2 slots to setup
a light-tree, which are marked with crosses in the figure (we
suppose that to setup an optical connection takes 2 slots in
this example), so the first and second slots are also occupied
without traffic transmission. R2 and R3 can share the light-
tree with R1 during R1’s transmission time from slot 3 to
slot 9. This sharing must satisfy the condition that in each
slot, total required bandwidth is no larger than C. However,
R4 and R5 are outside the transmission time of R1 which are
time-disjoint connections of R1. Thus, to carry R4 and R5, we
can either establish new optical channels, or extend the end
time of the light-tree. If new optical channels are established,
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Fig. 2. Resource sharing of light-tree in the bandwidth and time
domain.

setup time will incur. Finally, the solution with the least
resource consumption among all methods is selected. In this
example, the best solution is to extend the light-tree to slot
13 to carry R4 and R5 as shown in Fig. 2 with light gray
slots.

We here provide the detailed calculation. The light-tree
occupies 4 wavelinks (a wavelink is a wavelength channel
in a particular link it traverses) as shown in Fig. 1. If it is
extended to slot 13 from slot 9, the resource consumption is
4 × (13 − 9) = 16. However, if a new light-tree from node
1 to nodes 3 and 6 is established for R4 and R5, the new
light-tree occupies 3 wavelinks in Fig. 1, and the resource
consumption is 3× (2 + 4) = 18, where 2 slots are the setup
time of the new light-tree and 4 slots are the transmission
time of R4 and R5 (from slot 10 to slot 13). It is 2 units more
than that obtained by extending the light-tree of R1 (which
equals 16).

In another case where only lightpaths are used to support
all five connections, three lightpaths are required:

1) Node 1 to node 3 (2 wavelinks) from slot 1 to slot 12,
used by R1 and R4.

2) Node 1 to node 4 (1 wavelinks) from slot 1 to slot 9, used
by R1, R2 and R3.

3) Node 1 to node 6 (3 wavelinks) from slot 1 to slot 13,
used by R1, R2 and R5.

Each lightpath contains 2 slots setup time, so the total
resource consumption is 2 × 12 + 1 × 9 + 3 × 13 = 72,
which is significantly larger than that of the light-tree based
approach (i.e. 4× 13 = 52). Based on the above comparison,
the benefit of using light-trees is clear because a light-
tree can accommodate a number of unicast and multicast
connections in the time domain. Specifically, the light-tree
in the example is shared by 5 connections and the average
setup time of each connection is 0.4 slots.

III. PROBLEM STATEMENT

The problem of datacenter network design for sub-
wavelength connection requests (unicast and multicast) with
start and end times can be stated as follows.

Given:
1) A physical topology G(V,E) is an directed graph de-

noting a datacenter network, where V is the set of
nodes to which datacenters are attached, and E is the
set of directed edges. An edge is called a link and it
represents an optical cable that includes one optical
fiber connecting a pair of nodes. (The assumption of one
optical fiber per link is made for simplicity of notation,

but the model can be generalized to the case of multiple
fibers per link.)

2) All the fibers in the network are identical and each fiber
carries W wavelengths; each wavelength has a capacity
of C[b/s].

3) We assume that if two nodes are connected by a link
on one direction, then they are also connected by an
identical link on the opposite direction.

4) There are no wavelength converters in the network,
which means a lightpath or light-tree traversing mul-
tiple links must use the same wavelength.

5) All nodes are capable of splitting an incoming optical
signal into multiple ones to be transmitted through the
outgoing ports to form a light-tree.

6) A set of connection requests with start and end times of
sub-wavelength or wavelength capacity demands.

Our goal is to design the network with the minimal wavelink
resource consumption. In particular, we provide:

1) A set of light-trees and lightpaths: In a light-tree or
a lightpath, the transmission from the source to the
destination(s) is all-optical, which provides transmission
channel for connection requests.

2) Traffic routing: For each connection we assign one light-
tree or lightpath, which provides one-hop routing for its
traffic. This can be easily extended to the case in which
connections traverse multiple lightpaths or light-trees
as in [22].

3) Physical routing and wavelength assignment (RWA): the
routing and wavelength assignment of all the light-trees
and lightpaths established for connection requests.

IV. ILP FORMULATIONS

In our formulations, a light-tree (or a lightpath) is
denoted by (i, w, k, p, q), where i is the source node, w
is the particular wavelength used, k is the index of the
combination of adjacent links (the outgoing branches of a
light-tree from a node can extend to any set of its adjacent
links), p is the start time and q is the end time. The
variable k has different ranges for light-tree and lightpath:
for light-tree 1 ≤ k ≤ 2Deg(i) − 1 as there are 2Deg(i) − 1
combinations of adjacent links of node i, where Deg(i) is the
nodal degree of node i. Recall that node i is the source node
of the light-tree (or lightpath). In the case of a lightpath,
we have Deg(i) combinations. As in any combination the
lightpath can traverse only one branch of the tree (one link),
1 ≤ k ≤ Deg(i). For any node x in light-tree (i, w, k, p, q),
let a Boolean parameter T x

iwk,p,q take the value of 1 if
node x is a destination of the light-tree (i, w, k, p, q), and
0 otherwise. For a lightpath, there is only one destination
for light-tree (i, w, k, p, q), which requires

∑
x T

x
iwk,p,q = 1,

and the outgoing branch from a node is no larger than
1. Both light-tree and lightpath based ILP formulations
are provided in this section. They share the same input
parameters, variables, and ILP objective function. Thus, we
present them first. Next, we provide separate constraints
for each of the formulations.

Given:
V : set of nodes in the network.
E: set of edges in the network.
W : number of wavelengths per fiber.
C: capacity of a wavelength.
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Pmn : indicator of interconnecting nodes m and n. As we
assume that there are two fibers existing on the opposite
directions if m and n are connected, then Pmn = Pnm = 1.
e: setup time of a lightpath or a light-tree.
T : total number of slots. The network time is slotted from

1 to T with a unit slot size.
R: maximal index of connection request.
(sr;Dr; fr; ar; br): r = 1, 2, . . . , R, a 5-tuple of the elements

denoting connection request r, where five elements represent
the source, destination set, bandwidth required, start time,
and end time, respectively. Accordingly, the total duration
time of the request is br − ar + 1 slots.

Variables:
T x
iwk,p,q : a Boolean variable. It takes the value of 1 if node

x is a destination of the light-tree (i, w, k, p, q), otherwise 0.
Fmn
iwk,p,q: an integer commodity-flow variable [30], denoting

the number of units of commodity flowing on link (m,n) for
light-tree (i, w, k, p, q). Each destination of a light-tree needs
one unit of commodity. Thus, a total of

∑
x T

x
iwk,p,q units of

commodity flow out of the source i for light-tree (i, w, k, p, q).
The variable Fmn

iwk,p,q is equal to the number of destinations
in the downstream of link (m,n).
Mmn

iwk,p,q : a Boolean variable. It takes the value of 1 when
light-tree (i, w, k, p, q) traverses link (m,n), otherwise 0.
λr
iwk,p,q: a Boolean variable. It takes the value of 1 if con-

nection request r traverses light-tree (i, w, k, p, q), otherwise
0.
Qr,x

iwk,p,q: a Boolean variable. It takes the value of 1 if node
x is a destination of light-tree (i, w, k, p, q) which is occupied
by connection request r, otherwise 0. This variable should
be set to λr

iwk,p,q times T x
iwk,p,q.

Objective:

Minimize
∑

i,w,k,p,q

(q − p+ 1) ·Mmn
iwk,p,q (1)

The objective is to minimize wavelink resources used, which
is the sum of the duration times of the wavelinks.

A. Light-tree based Formulation
As discussed before, light-tree can not only optimally

support multicast connections, but also support unicast
connections with improved resource sharing. As the setup
time of a light-tree or a lightpath is assumed to be e slots,
a connection request should consume at least e+ 1 slots.

Constraints:
Physical RWA of light-tree∑

n∈adj(i)

F in
iwk,p,q =

∑
x

T x
iwk,p,q

∀i, w, k, p ≤ T − e, q ≥ p+ e (2)∑
m∈adj(x)

Fmx
iwk,p,q −

∑
n∈adj(x)

F xn
iwk,p,q = T x

iwk,p,q

∀i, w, k,∀x 6= i, p ≤ T − e, q ≥ p+ e (3)
Fmn
iwk,p,q ≥Mmn

iwk,p,q

∀i, w, k, p ≤ T − e, q ≥ p+ e, mn ∈ E (4)
Fmn
iwk,p,q ≤ |V | ·Mmn

iwk,p,q

∀i, w, k, p ≤ T − e, q ≥ p+ e, mn ∈ E (5)∑
i,k,p≤t≤q

Mmn
iwk,p,q ≤ Pmn ∀w, t ≤ T, mn ∈ E (6)

Eqs. (2)-(6) are the commodity-flow conservation
constraints for creating physical routing of light-tree
(i, w, k, p, q). Eq. (2) ensures that, for the source node i, the
number of units of the outgoing commodity is equal to the
number of destinations. Eq. (3) ensures that for light-tree
(i, w, k, p, q), if node x is a destination, the number of units
of incoming commodity is larger than that of outgoing
commodity by 1; otherwise, they are equal. Eqs. (4) and (5)
ensure that if link (m,n) carries the commodity of light-tree
(i, w, k, p, q), then this link is traversed by the light-tree;
otherwise, not traversed. Eq. (6) ensures that at any slot,
the wavelength w of a fiber link (m,n) can be occupied by
at most one light-tree.
Traffic routing of connection request

λr
srwk,p,q + T x

srwk,p,q ≥ 2Qr,x
srwk,p,q

∀w, k, r, ∀x 6= sr, p ≤ T − e, q ≥ p+ e (7)
λr
srwk,p,q + T x

srwk,p,q ≤ Qr,x
srwk,p,q + 1

∀w, k, r, ∀x 6= sr, p ≤ T − e, q ≥ p+ e (8)

As Qr,x
iwk,p,q is set to be λr

iwk,p,q times T x
iwk,p,q, we use

Eqs. (7) and (8) to assign value to Qr,x
iwk,p,q. These equations

ensure that if a connection request r traverses light-tree
(i, w, k, p, q), and node x is a destination of the light-tree,
then Qr,x

iwk,p,q will be set to 1, otherwise 0.

∑
w,k,ar≥p+e&br≤q

λr
srwk,p,q = 1 ∀r (9)∑

w,k,p,q

Qr,x
srwk,p,q = 1 ∀r, ∀x ∈ Dr (10)

Eq. (9) ensures that a connection request has one light-tree
to transmit its traffic, where the start time of the connection
request is no earlier than the start time of the light-tree
plus the setup time, and the end time of the connection
request is no later than the end time of the light-tree. This is
because during the setup time, even resources are reserved,
but cannot transmit traffic, so traffic can only start after
it. Eq. (10) ensures that each destination of a connection
request must be reached.

∑
r(ar≤t≤br)

fr · λr
srwk,p,q ≤ C

∀w, k, ∀t ∈ [p, q], p ≤ T − e, q ≥ p+ e (11)

Eq. (11) ensures that at any time slot, the total band-
width required by the connection requests in a light-tree
(i, w, k, p, q) must be no larger than the wavelength capacity.

B. Lightpath based Formulation

If lightpaths are established to support connection
requests, only one destination can be reached for each
lightpath. For a multicast request, multiple lightpaths are
established from the source to each of the destinations.
These lightpaths can also groom traffic of other connections
with the same source and destination.

Constraints:



5

Physical RWA of lightpath∑
n∈adj(i)

M in
iwk,p,q =

∑
x

T x
iwk,p,q

∀i, w, k, p ≤ T − e, q ≥ p+ e (12)∑
m∈adj(x)

Mmx
iwk,p,q −

∑
n∈adj(x)

Mxn
iwk,p,q = T x

iwk,p,q

∀i, w, k,∀x 6= i, p ≤ T − e, q ≥ p+ e (13)∑
x

T x
iwk,p,q ≤ 1 ∀i, w, k, p ≤ T − e, q ≥ p+ e (14)∑

i,k,p≤t≤q

Mmn
iwk,p,q ≤ Pmn ∀w, t ≤ T, mn ∈ E (15)

Eqs. (12)-(15) are the constraints for creating physical
routing of lightpath (i, w, k, p, q). Their explanations are sim-
ilar to their light-tree counterparts, except that they consider
only one destination, while their counterparts consider mul-
tiple destinations.
Traffic routing of connection request∑

w,k,ar≥p+e&br≤q

λr
srwk,p,q = |Dr| ∀r (16)

Eq. (16) ensures that the number of lightpaths used to
transmit traffic for a connection request is the same as the
number of destinations of the connection request. The other
constraints are similar to those provided in the light-tree
case, which are given by Eqs. (7), (8), (10) and (11). The only
difference is in the lightpath case the range of k is 1 ≤ k ≤
Deg(i).

C. Numbers of Variables and Constraints
We check the numbers of variables and constraints of the

two formulations to gain insight into the complexities of the
ILP problems. For the light-tree based formulation, the num-
ber of variables is O(|V ||E|W2gT 2 +R|V |2W2gT 2), where g
is the maximal nodal degree in the network. The number of
constraints is O(|V |2W2gT 2 + |V ||E|W2gT 2 + R|V |W2gT 2).
Both grow quadratically with the number of nodes. For
the lightpath based formulation, they are O(g|V ||E|WT 2 +
gR|V |2WT 2) and O(g|V |2WT 2 + g|V ||E|WT 2 + gR|V |WT 2).
They also grow quadratically with the number of nodes,
but they are lower than their counterparts in the light-tree
based case. As network size grows, solving the ILP problem
becomes prohibitively time-consuming. Thus, heuristic algo-
rithms are needed for scalability.

D. An Example for the ILP Formulations
An example of a small network which uses the ILP formu-

lations to find an optimal solution is given below. The test
network has six nodes as shown in Fig. 1. We assume that
the network time is divided into 6 slots with a unit slot size
for simplicity and the setup time is 2 slots for a light-tree
or a lightpath. Ten randomly generated connection requests
including two multicast requests as shown in Table I, are
given as the input to the formulations. The source and the
destination(s) of a connection request are randomly selected
from the network nodes. We assume that the capacity C
of a wavelength is OC-12, and the required bandwidth
of a connection request is a random integer with uniform
distribution from 1 to 12 (an integer i denotes a bandwidth
of OC-i). We used a commercial ILP solver, CPLEX [31] to
solve the ILP formulations.

The traffic routing of 10 connection requests is obtained
from the ILP solution, where Table I is for light-tree based
and Table II is for lightpath based formulations. In Table I,
we see that two light-trees are established for two multicast
connections with different source nodes. These two light-
trees are also shared by other connection requests, grooming
traffic of other connection requests. For example, light-tree (4
→ 1, 2, 3, 5) [1, 6] (where 4 is the source, 1, 2, 3 and 5 are the
destinations, and [1, 6] denotes the start and end times) is
used to carry the first connection request (multicast request),
and this light-tree also grooms connection requests 3 and 4
during its duration time. This on average decreases resource
consumption and setup time of each connection request.

There is another light-tree (6 → 1, 4) [2, 6], which is
established for multicast connection request 2, but with only
one more slot extension, it can also support the connection
request 7. This demonstrates the ability of the light-tree to
carry additional connections at relatively low marginal cost.
Such saving is also achievable by lightpath based solution as
illustrated in Table II, where two lightpaths are established
for connection request 2 with different duration times in
order to also carry connection 7. The end time of lightpath
(6 → 4) [2, 6] is one slot later than the end time of request
2. This extension enables the transmission of the traffic of
connection request 7. We can see that this extension of light-
tree or lightpath consumes fewer resources than establishing
a new light-tree or lightpath, and a light-tree is more likely
to be shared compared to a lightpath as there are multiple
destinations in a light-tree.

With the information of light-tree routings and their re-
spective duration times, we can calculate the total network
resource usage by Eq. (1). The physical routings of light-
tree and lightpath are not given here as they can be easily
derived from Fig. 1 with minimal physical links. Thus, the
total resource consumptions of the light-tree based case and
the lightpath based case are 61 and 74, respectively, where
the light-tree based approach shows a significant smaller
resource consumption value. This is because in the lightpath
based formulation, a lightpath can only reach one destina-
tion, which limits resource sharing and further leads the
setup time to be not as efficient as in the light-tree case. We
can see that there are 9 optical connections (correspondingly,
9 setup times) in Table II while only 5 optical connections
(correspondingly, 5 setup times) in Table I.

In the above example, it took several hours to solve the ILP
formulation running on a PC with 2.8 GHz CPU and 1024
MB RAM. The ILP approach cannot scale to large networks,
so heuristic algorithms are needed. In the development of the
heuristic algorithms we incorporate the following observa-
tions from the optimal solution obtained by the ILP method.

1) A light-tree can be used to groom many connections to
reduce the average setup time of a connection request.

2) A light-tree should be extended in the time domain to
accommodate time-disjoint connections if the resource
incurred by extension is less than that used by estab-
lishing a new light-tree.

V. HEURISTIC ALGORITHMS

Motivated by the above observations, we propose a light-
tree based heuristic algorithm for datacenter network design
with static connection requests. In the algorithm, a light-
tree may be selected to groom traffic of other connection
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TABLE I
LIGHT-TREE BASED TRAFFIC ROUTING

Index Request Traffic routing

1 (4; 1, 2, 3, 5; 3; 3, 6) (4 → 1, 2, 3, 5) [1, 6]

2 (6; 1, 4; 7; 4, 5) (6 → 1, 4) [2, 6]

3 (4; 1; 2; 4, 6) (4 → 1, 2, 3, 5) [1, 6]

4 (4; 2; 1; 5, 6) (4 → 1, 2, 3, 5) [1, 6]

5 (5; 1; 12; 3, 3) (5 → 1) [1, 3]

6 (2; 4; 3; 4, 5) (2 → 4) [2, 5]

7 (6; 4; 10; 6, 6) (6 → 1, 4) [2, 6]

8 (1; 3; 5; 3, 5) (1 → 3) [1, 6]

9 (2; 4; 4; 5, 5) (2 → 4) [2, 5]

10 (1; 3; 6; 4, 6) (1 → 3) [1, 6]

TABLE II
LIGHTPATH BASED TRAFFIC ROUTING

Index Request Traffic routing

(4 → 1) [1, 6]
1 (4; 1, 2, 3, 5; 3; 3, 6) (4 → 2) [1, 6]

(4 → 3) [1, 6]
(4 → 4) [1, 6]

2 (6; 1, 4; 7; 4, 5) (6 → 1) [2, 5]
(6 → 4) [2, 6]

3 (4; 1; 2; 4, 6) (4 → 1) [1, 6]

4 (4; 2; 1; 5, 6) (4 → 2) [1, 6]

5 (5; 1; 12; 3, 3) (5 → 1) [1, 3]

6 (2; 4; 3; 4, 5) (2 → 4) [2, 5]

7 (6; 4; 10; 6, 6) (6 → 4) [2, 6]

8 (1; 3; 5; 3, 5) (1 → 3) [1, 6]

9 (2; 4; 4; 5, 5) (2 → 4) [2, 5]

10 (1; 3; 6; 4, 6) (1 → 3) [1, 6]

requests. When this grooming happens between time-disjoint
requests, i.e., the start and/or end times of light-tree need
to be extended to include the duration of the connection
requests, additional resources are consumed. We define the
resource used by the extension of light-tree as extension
resource, which is defined as

extension resource = no. of light-tree wavelinks
× no. of slots extended (17)

There are six scenarios of grooming a connection request
onto an existing light-tree in the time domain, which are
illustrated in Fig. 3. Suppose that the existing light-tree has
start time at a slot and end time at b slot, and the setup
time is e, so traffic can be transmitted from slot a+ e. If the
start time of the connection request is before slot a+ e, then
additional resources are needed as the establishment of the
light-tree will be earlier than the start time of the connection
request. Similarly, if the end time of the connection request
is larger than b, then addition resources are required as the
end time of the light-tree is delayed. The total numbers of
slots extended in the six scenarios of Fig. 3 are (a) a+ e− x,
(b) a+ e− x, (c) 0, (d) y− b, (e) y− b, and (f) a+ e− x+ y− b,
respectively. According to (17), the product of the number
of slots extended and the number of wavelinks of the light-
tree gives the value of the extension resource. The proposed
heuristic algorithm, Algorithm 1, will select a light-tree to

Algorithm 1: Light-tree based heuristic algorithm
Input: A network G(V,E) with capacity C of each
wavelength, optical connection setup time, and a set of
connection requests.
Output: (a) RWA of light-trees with start and end
times, (b) Traffic routings and time allocations of the
connection requests in the light-trees, (c) Resource
consumption.
Algorithm BEGIN:

1 Sort connection requests in a descending order of
destination set size and label them from 1 to R; the ith
request is denoted as (si;Di; fi; ai; bi) .

2 for i = 1 to R do
//select existing light-trees to groom request i, Ex
contains all existing light-trees, each is denoted as
{sj ;Dj ;u; aj ; bj}, where u = {uk, aj ≤ k ≤ bj} is the
set of available bandwidths of light-tree j at its
duration time

3 Select the light-tree j from Ex with the satisfaction
of all four conditions: (1) Di ⊆ Dj , (2) fi ≤ uk, where
k is in the overlap time, (3) can carry request i with
the minimal extension resource, and (4) if multiple
light-trees have the same minimal extension
resource, select the one with the minimal waste. If
such a light-tree is not feasible, establish a new
light-tree for request i, then Continue to next i.

4 If the minimal extension resource of the selected
light-tree is smaller than the resource of
establishing a new light-tree, extend the duration
time of the light-tree accordingly, then groom
request i onto the selected light-tree, otherwise,
establish a new light-tree for request i.

end
//Merge light-trees to save resources

5 for t = 1 to |V | do
6 Sort light-trees rooted at t in a descending order of

size of light-tree destinations and label them from 1
to n.

7 for i = 1 to n do
8 for j = i+ 1 to n do
9 Merge two light-trees i and j to be a larger

one if resource can be saved. If the merging is
successful, go back to command 6 to start
over again until no more merging happen.

end
end

end
END

groom traffic according to the extension resource value.
In Algorithm 1, the connection requests are first sorted

in a descending order of destination set size. The algorithm
gives preference to larger connection requests because larger
light-trees can be shared by more connection requests with
traditional traffic grooming and in the time domain with
time-disjoint connections, so as to increase the resource shar-
ing and reduce the setup time of each connection request.
The complexity of sorting is O(R2). The loop from command 2
to command 4 is to select an existing light-tree to groom the
connection request. Except the requirements (1) Di ⊆ Dj ,
and (2) fi ≤ uk, where k is in the overlap time, there
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Fig. 3. Time relationship for six traffic grooming scenarios where the lower part of each graph shows the start and end times of the
light-tree, and the upper part shows the start and end times of the connection request.

are other two requirements (3) and (4) which incorporate
the observations from the optimal solution of the ILP. The
requirement (3) says that the selected light-tree should have
the minimal extension resource among all other light-trees.
This requirement is to groom traffic in the time domain while
keeping low resource consumption. The requirement (4) says
that under the requirement (3), the minimal waste light-tree
will be selected, where the waste is defined as the number
of destinations of the light-tree that are not the destinations
of the connection (equal to |Dj |− |Di|). The requirements (3)
and (4) aim to achieve high light-tree sharing and reduce the
resource wasted to unwanted leaves. At command 4, if the
extension resource of the selected light-tree is smaller that
the resource of establishing a new light-tree (the number
of wavelinks of new light-tree times the duration time),
this request is groomed onto the selected light-tree with (or
without) extending the light-tree. Accordingly, the available
bandwidth of the light-tree is updated as uk−fi, where k is in
the overlap time and be C−fi in other times transmitting the
new traffic. Otherwise, a new light-tree will be established.
The complexity of this loop is O(R2 + R|V |2 log |V |) as the
upper bound of the number of existing light-tree is R and
establishing a light-tree is O(|V |2 log |V |) (The Minimum-
cost Path Heuristic (MPH) algorithm [32] is applied to derive
the minimum cost light-tree which is known to be NP-
complete problem).

After grooming traffic and establishing light-trees, the
algorithm tries to merge multiple light-trees or lightpaths to
one light-tree if the merging operation can further reduce the
resources used. This merging process has the complexity of
O(R2|V |). Thus, the overall complexity of the whole heuristic
algorithm is O(R2|V |+R|V |2 log |V |).

We also consider the heuristic algorithm based on light-
path, which is quite similar to the light-tree based algorithm,
except that in the lightpath based algorithm, there is no
light-tree-merging operation from command 5 to command
9, and instead of establishing a light-tree, multiple light-
paths from the source to each of destination are established.
The overall complexity of the lightpath based algorithm is
O(R2|V |+R|V | log |V |).

VI. NUMERICAL RESULTS

In this section, the performance of the four methods,
including (1) the light-tree based ILP formulation, (2) the
lightpath based ILP formulation, (3) light-tree based heuris-
tic algorithm, and (4) lightpath based heuristic algorithm are

compared in terms of resource consumption in the six-node
network of Fig. 1. Here resource consumption is calculated
as the summation of the durations of the used wavelinks
for all the established light-trees as defined by the objective
function of Eq. (1). We then study the performance of light-
tree based and lightpath based heuristic algorithms in a
larger network, namely, NSFNET in Fig. 4.

Fig. 4. 14-node 21-link NSFNET topology.

A. Six-node Network
Ten requests are generated in each simulation experiment.

As before, the network time is divided into 6 slots and the
setup time is 2 slots. The source and the destination nodes of
connection requests are randomly selected from the network
nodes. The size of a multicast destination set is randomly
chosen between 1 and 5. We still assume that the capacity
C is OC-12, and the required bandwidth is randomly chosen
between 1 and 12. The start time of a connection request is
randomly selected from 3 (2 slots for setup) to 6 and the end
time is larger than the start time by 0, 1, 2, and 3 for the
results in Figs. 5, 6, 7, and 8, respectively. If the end time
exceeds the last slot (i.e. the 6th slot), the last slot will be
used. Accordingly, each scenario has the maximal duration
time, 1 slot, 2 slots, 3 slots, and 4 slots, respectively. Figs. 5–
8 compare the resource consumptions of different methods
under different multicast ratios (a ratio 0 implies that all
connection requests are unicast). Each of the result points
in Figs. 5–9 is the average over 20 simulation runs.

In Fig. 5, when the multicast ratio is increased from
0 to 0.4, the resource consumptions of all methods grow
since a multicast connection request usually occupies more
wavelinks than a unicast request. Thus, an increase in the
multicast ratio consumes more resources. It is clear that
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in the example considered, the light-tree based methods
outperform the lightpath based methods, and the light-tree
based heuristic algorithm performs almost the same as the
light-tree based optimal method, and so does the lightpath
based heuristic algorithm as compared to the lightpath based
optimal method. We observe from the figure that the light-
tree based methods consume on average 14% fewer resources
than the lightpath based methods. As the multicast ratio
increases, the difference between the light-tree based and
lightpath based methods increases. This is because when the
multicast ratio increases, more unicast connections can be
groomed onto light-trees, which increase the grooming gain
of light-tree. Similar results are observed in other scenarios
with different maximal duration times as in Figs. 6, 7, and
8, and the average resource savings of the light-tree based
methods over the lightpath based methods are 16%, 15%,
and 17%, respectively.

We also extract the data that has a multicast ratio 0 in
the four scenarios of Figs. 5–8, and show them in Fig. 9. The
multicast ratio 0 indicates that all connection requests are
unicast. These data illustrate the performance advantage
of light-tree based methods over lightpath based methods
with only unicast connection requests. From Fig. 9, we see
that even without multicast connection requests, the light-
tree based methods can still outperform the lightpath based
methods. This savings is due to the fact that a light-tree
can support more unicast connections with different destina-
tions, which increases the resource sharing and reduces the
setup time per unicast connection. On average, the overall
resource consumption is reduced by 5% over lightpath based
methods.
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Fig. 5. Comparison of resource consumptions when maximal
duration time is 1 slot.

B. NSFNET Network

Because ILP is not scalable, in this section, we compare
between the light-tree and the lightpath based network de-
sign using heuristic algorithms for a larger network, i.e., the
NSFNET network as shown in Fig. 4. We assume that the
bandwidth required by a connection request is still randomly
chosen between 1 and C, where C equals OC-48. The setup
time is 4 slots, and the network time is divided into 100
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Fig. 6. Comparison of resource consumptions when maximal
duration time is 2 slots.
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Fig. 7. Comparison of resource consumptions when maximal
duration time is 3 slots.
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Fig. 8. Comparison of resource consumptions when maximal
duration time is 4 slots.
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Fig. 9. Comparison of resource consumptions when multicast ratio
is 0 (unicast case).

slots. The number of connection requests generated in each
experiment is 1000, and 20 experiments are simulated to
obtain the average value as shown in Fig. 10 and Table III.
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Fig. 10. Comparison of resource consumptions for three different
multicast ratios (NSFNET).

In Fig. 10, three multicast ratios are considered, including
0%, 10%, and 30%. It is clear that the light-tree based
heuristic algorithm which implements the light-tree based
network design achieves a better performance than its light-
path counterpart that implements the lightpath based de-
sign for all of the three multicast ratios. It is noted that
when connection duration time is smaller than setup time
(4 slots), the light-tree based algorithm also shows a better
performance than the lightpath based one, and this better
performance remains when the duration time increases.
This is relevant to datacenter networks that need multicast
for data replications and back-up, and where many high
bitrate connections require duration shorter than the optical
channel setup time.

Next, we simulate three scenarios where duration times of
connection requests are short, medium, and long, which are

TABLE III
RESULTS OF RESOURCE CONSUMPTION

Algorithms 10:5:1 20:5:1 40:5:1

Lightpath based 75779.9 62131.9 53069.9

Light-tree based 61998.4 50547.8 43120.6

from 1 to 20, from 21 to 60, and from 61 to 96 slots (out of
which 4 slots are reserved for the setup time), respectively.
The above connections are of different proportions as 10:5:1,
20:5:1 and 40:5:1 in each scenario, and the duration times in
each category are random distributed. The multicast ratio is
0.1 in all three scenarios. We can see that connections with
short durations are dominant. In Table III, the light-tree
based heuristic algorithm performs significantly better than
the lightpath based case, consuming about 18.2%, 18.6%, and
18.7% less resources in the three scenarios of 10:5:1, 20:5:1,
and 40:5:1, respectively. Also as expected, we can see that
when the portion of the connection with short duration time
increases, the resource consumption of the two algorithms is
reduced.

VII. CONCLUSION

In this paper, we have considered the inter-datacenter
network design problem with static traffic scenarios where
the connection requests are known a priori with additional
information of start and end times. The optical channel
setup time is also taken into consideration, which may be
comparable to the duration time of a connection request
in datacenter networks. We have proposed light-tree and
lightpath based network design methods that rely on ILP for-
mulations and heuristic algorithms. The results reveal that
light-tree based design achieves lower resource consumption
than its lightpath counterpart. This is because light-tree
can optimally support multicast connection requests and
using light-tree to support unicast connections increases the
resource sharing by traditional traffic grooming and traffic
grooming among time-disjoint connections. This will largely
decrease the average setup time per connection. Our heuris-
tics that have been developed based on insights from the
ILP formulations can achieve near optimal results compared
to the ILP benchmark for small networks. The benefit of
over 15% resource efficiency improvement by light-tree based
design over its lightpath counterpart has been demonstrated
for the network example studied.

REFERENCES

[1] Cisco Inc., “Cisco global cloud index: forecast and methodology,
2011–2016,” 2011.

[2] A. Mahimkar, A. Chiu, R. Doverspike, M. D. Feuer, P. Magill,
E. Mavrogiorgis, J. Pastor, S. L. Woodward, and J. Yates,
“Bandwidth on demand for inter-data center communication,”
in Proc. 10th ACM HotNes, Cambridge, MA, USA, Nov. 2011,
pp. 24:1–24:6.

[3] A. Greenberg, J. Hamilton, D. A. Maltz, and P. Patel, “The cost
of a cloud: Research problems in data center networks,” ACM
SIGCOMM Comput. Commun. Rev., vol. 39, no. 1, pp. 68–73,
Jan. 2009.

[4] I. Chlamtac, A. Ganz, and G. Karmi, “Lightpath communica-
tions: An approach to high bandwidth optical WAN’s,” IEEE
Trans. Commun., vol. 40, no. 7, pp. 1171–1182, Jul. 1992.

[5] G. Shen and R. S. Tucker, “Energy-minimized design for IP over
WDM networks,” IEEE/OSA J. Opt. Commun. Netw., vol. 1,
no. 1, pp. 176–186, 2009.



10

[6] R. Tucker, “Green optical communications Part II: Energy lim-
itations in networks,” IEEE J. Sel. Topics Quantum Electron.,
vol. 17, no. 2, pp. 261–274, 2011.

[7] L. Sahasrabuddhe and B. Mukherjee, “Light trees: Optical
multicasting for improved performance in wavelength routed
networks,” IEEE Commun. Mag., vol. 37, no. 2, pp. 67–73, Feb.
1999.

[8] N. Laoutaris, M. Sirivianos, X. Yang, and P. Rodriguez, “Inter-
datacenter bulk transfers with netstitcher,” in Proc. SIGCOMM
2011, Toronto, Ontario, Canada, Aug. 2011, pp. 74–85.

[9] Y. Feng, B. Li, and B. Li, “Postcard: Minimizing costs on inter-
datacenter traffic with store-and-forward,” in Proc. ICDCSW
2012, Macau, China, Jun. 2012, pp. 43–50.

[10] H. Zhu, H. Zang, K. Zhu, and B. Mukherjee, “A novel generic
graph model for traffic grooming in heterogeneous WDM mesh
networks,” IEEE/ACM Trans. Netw., vol. 11, no. 2, pp. 285–299,
2003.

[11] R. Berry and E. Modiano, “Reducing electronic multiplexing
costs in SONET/WDM rings with dynamically changing traffic,”
IEEE J. Sel. Areas Commun., vol. 18, no. 10, pp. 1961–1971,
2000.

[12] B. Chen, G. Rouskas, and R. Dutta, “On hierarchical traffic
grooming in WDM networks,” IEEE/ACM Trans. Netw., vol. 16,
no. 5, pp. 1226–1238, 2008.

[13] C. Xin, C. Qiao, and S. Dixit, “Traffic grooming in mesh WDM
optical networks-performance analysis,” IEEE J. Sel. Areas
Commun., vol. 22, no. 9, pp. 1658–1669, 2004.

[14] R. Lin, W.-D. Zhong, S. K. Bose, and M. Zukerman, “Light-
tree configuration for multicast traffic grooming in WDM mesh
networks,” Photon. Netw. Commun., vol. 20, no. 2, pp. 151–164,
2010.

[15] L. Guo, X. Wang, J. Cao, W. Hou, and L. Pang, “Multicast
grooming algorithm in waveband switching optical networks,”
J. Lightwave Technol., vol. 28, no. 19, pp. 2856–2864, 2010.

[16] R. Lin, W.-D. Zhong, S. K. Bose, and M. Zukerman, “Leaking
strategy for multicast traffic grooming in WDM mesh net-
works,” J. Lightwave Technol., vol. 30, no. 23, pp. 3709–3719,
2012.

[17] R. Dutta and G. Rouskas, “Traffic grooming in WDM networks:
past and future,” IEEE Network, vol. 16, no. 6, pp. 46–56, 2002.

[18] X. Zhang and C. Qiao, “On scheduling all-to-all personal-
ized connection and cost-effective designs in WDM rings,”
IEEE/ACM Trans. Netw., vol. 7, no. 3, pp. 435–445, 1999.

[19] A. Chiu and E. Modiano, “Traffic grooming algorithms for
reducing electronic multiplexing costs in WDM ring networks,”
J. Lightwave Technol., vol. 18, no. 1, pp. 2–12, 2000.

[20] K. Zhu and B. Mukherjee, “Traffic grooming in an optical WDM
mesh network,” IEEE J. Sel. Areas Commun., vol. 20, no. 1, pp.
122–133, 2002.

[21] J. Wang, W. Cho, V. Vemuri, and B. Mukherjee, “Improved
approaches for cost-effective traffic grooming in WDM ring
networks: ILP formulations and single-hop and multihop con-
nections,” J. Lightwave Technol., vol. 19, no. 11, pp. 1645–1653,
2001.

[22] R. Lin, W.-D. Zhong, S. K. Bose, and M. Zukerman, “Design of
WDM networks with multicast traffic grooming,” J. Lightwave
Technol., vol. 29, no. 16, pp. 2337–2349, Aug. 2011.

[23] ——, “Multicast traffic grooming in Tap-and-Continue WDM
mesh networks,” IEEE/OSA J. Opt. Commun. Netw., vol. 4,
no. 11, pp. 918–935, November 2012.

[24] R. Ul-Mustafa and A. E. Kamal, “Design and provisioning of
WDM networks with multicast traffic grooming,” IEEE J. Sel.
Areas Commun., vol. 24, no. 4, pp. 37–53, 2006.

[25] L. Lu, Q. Zeng, and J. Liu, “A novel distributed signaling
scheme for lightpath setup time optimization in dynamic
wavelength-routed optical networks,” in Proc. SPIE 5626, Net-
work Architectures, Management, and Applications II, 2005, pp.
35–44.

[26] M. Kumar and P. Kumar, “Lightpath setup time optimization
in wavelength routed all-optical networks,” Computer Commu-
nications, vol. 24, no. 10, pp. 984–995, 2001.

[27] J. Kuri, N. Puech, M. Gagnaire, E. Dotaro, and R. Douville,
“Routing and wavelength assignment of scheduled lightpath
demands,” IEEE J. Sel. Areas Commun., vol. 21, no. 8, pp.
1231–1240, 2003.

[28] L. Shen, A. Todimala, B. Ramamurthy, and X. Yang, “Dy-
namic lightpath scheduling in next-generation WDM optical
networks,” in Proc. INFOCOM 2006, 2006, pp. 1–5.

[29] N. Charbonneau and V. Vokkarane, “A survey of advance
reservation routing and wavelength assignment in wavelength-
routed WDM networks,” IEEE Communications Surveys and
Tutorials, vol. 14, no. 4, pp. 1037–1064, 2012.

[30] N. K. Singhal, L. H. Sahasrabuddhe, and B. Mukherjee, “Opti-
mal multicasting of multiple light-trees of different bandwidth
granularities in a WDM mesh network with sparse splitting
capabilities,” IEEE/ACM Trans. Netw., vol. 14, no. 5, pp. 1104–
1117, 2006.

[31] ILOG CPLEX, ILOG, Inc., Mountain View, CA[Online], Avail-
able: http://www.ilog.com/products/cplex/.

[32] H. Takahashi and A. Matsuyama, “An approximate solution for
the Steiner problem in graphs,” Math. Japonica, vol. 24, no. 6,
pp. 573–577, 1980.


