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Abstract  The recently proposed light trail architecture offers a promising candi-
date for carrying IP centric traffic over optical networks. In this paper,
we first give a brief introduction to the light trail architecture, then
focus on the optimal design of survivable light trail optical network.
Two protection schemes, namely connection based protection and link
based protection, that can achieve 100% protection against single link
failure are proposed and compared. The survivable light trail design
problem using connection based protection model is formulated as an
integer linear programming (ILP) optimization problem. The numer-
ical results obtained from solving our ILP formulation are presented
and show that the design achieves high wavelength utilization as well
as 100% protection again single link failure.

1. Introduction

The explosive growth in IP traffic in the last decade has triggered a
lot of research activities in devising new high-speed transmission and
switching technologies. Wavelength division multiplexing (WDM) has
emerged as a dominating transmission technology for the next genera-
tion IP backbone network with the capability of supporting a number of
gigabit wavelength channels in a single fiber. In a typical WDM optical
network, the connection between end users are supported by establishing
an all-optical channel, namely lightpath, from the source to the destina-
tion. Signals are delivered transparently between end terminals without
being terminated in the core network. This bit-rate and protocol trans-
parency is a key feature for any backbone network. One challenging
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problem for this wavelength switched optical network is the huge opto-
electronic bandwidth mismatch. Once a lightpath is established, the
entire wavelength is used exclusively by its source and destination node-
pair (s-d pair), and no wavelength multiplexing between multiple nodes
along the lightpath is allowed. Therefore, the wavelength capacity could
be severely underutilized for IP bursts unless the wavelength is filled
up by the efficiently aggregated IP traffic. A recently proposed concept
named light trail [8] offers a strong candidate for supporting IP traf-
fic over optical networks. Light trail architecture can be implemented
using mature components that allows fast provisioning of network re-
source. Hence, in comparison to optical packet switching (OPS) [1-3],
light trail requires neither the high speed electrical header processing for
each packet, nor big optical buffering at a node. Moreover, the exclusion
of fast switching at packet/burst level, combined with the flexible pro-
visioning for diverse traffic granularity make the light trails superior to
conventional circuit and burst switched architecture. Due to the huge
bandwidth involved in WDM optical transporting networks, any link
failure that leaves fiber unusable will have catastrophic results. Surviv-
ability is more predominant in light trail networks because one single link
failure could cause failures of a set of light trails, each of which carries
multiple connections. This paper is devoted to the study of survivable
light trail design. The rest of paper is organized as follows. Section 2 is
a brief introduction to light trail concept. Two protection schemes that
can provide 100% protection in optical layer are proposed and compared
in Section 3. A formal statement of light trail design problem is given
in Section 4, followed by an integer linear programming (ILP) formula-
tion for solving this optimization problem. Section 5 presents numerical
results obtained from our experiments. Section 6 concludes the paper.

2. Light Trail Introduction

A light trail is a unidirectional optical trail between the start node and
the end node. It is similar to a lightpath with one important difference
that the intermediate nodes can also access this unidirectional trail. In
light trails, the wavelength is shared in time and the medium access
is arbitrated by control protocol among the nodes that try to transmit
data simultaneously, that is, upstream nodes have higher priorities than
lower stream nodes. The readers are referred to [8] for the details of
light trails architectures. For the completeness of this paper, here we
give a brief introduction to light trails.
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2.1 Illustration Example

Consider a 4-node light trail shown in Figure 1, which starts from
node 1, passes through node 2, node 3 and ends at node 4. Each of
the nodes 1, 2 and 3 are allowed to send data to any of their respective
downstream nodes without the need for optical switch reconfiguration.
Every node receives the data from the upstream nodes, but only the
corresponding destination node(s) will accept the data packets while
other nodes will ignore them. An out-of-band control signal carrying
information pertaining to the set up, tear down and dimensioning of
light trails is dropped and processed at each node in the light trail.
Since a light trail is unidirectional, a light trail with N nodes offers up

to ( ]\;T ) optical connections along the trail. This example shows that

Figure 1. Illustrative example of traffic streams in a light trail.

light trails offer a method to group a set of nodes at the physical layer.
Therefore, in contrast to optical burst switching (OBS) [4-7], there is
no need to configure switches for each TP burst when using light trails
to transport IP traffic. In fact, this leads to an excellent provisioning
time and an order of magnitude better utilization than OBS under the
similar situation [8].

2.2 How Does It Work

Figure 2 provides a typical node structure in light trail framework. In
Figure 2, the multiple wavelengths from the input link are de-multiplexed
and then sent to corresponding light trail switches. A portion of the
signal power goes to the local receiver, the remaining signal power passes
through an optical shutter which is typically an AOTF (Acousto-Optic
Tunable Filter). Figure 3 gives a connection of four light trail nodes
and the corresponding ON/OFF switch configurations. The direction
of communication is from node 1 to node 4. The optical shutter is set
to OFF state at the start and end nodes of the light trail, such that
the signal is blocked from travelling further. For an intermediate node
along the light trail, the optical shutter is set to ON state to allow the
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Figure 2. An example node structure in light trail framework.

signal to pass through the node. We thereby obtain a unidirectional light
trail from the start node to the end node. No switch reconfiguration is
required after the initial light trail setup. Due to the power loss within
the light trail, which mainly comes from the power splitting at each
node, the length of a light trail is limited and can be estimated in terms
of hop-length. The expected length of a light trail is 5 hops [8].

1 2 3 4

Rx Tx Rx Tx Rx Tx Rx Tx

] [ off state [[] on state

Figure 3. An example connection of four light trail nodes.

2.3 Why Light Trails

Current technologies that transport IP centric traffic in optical net-
works are often too expensive, due to their reliance on expensive optical
and opto-electronic approach. Consumers generate diverse granularity
traffic and service providers need technologies that are affordable and
seamlessly upgradable. The light trail offers a technologically exclusive
solution that enables a number of salient features and is practical. It ex-
hibits a set of properties that distinguishes and differentiates from other
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platforms. The following three characteristic properties of light trails
make possible this differentiation:

= Light trails are built using mature components that are config-
ured in such a way that allows extremely fast provisioning of net-
work resources. This allows for dynamic control for the fluctuating
bandwidth requirements.

m Light trails offer a method to group a set of nodes at the physical
layer to create optical multicasting - a key feature for the success
of many applications.

m  The maturity of components leads to the implementation of light
trails in a cost effective manner resulting in economically viable
solutions for mass deployment.

3. Restoration Model in Light Trail Architecture

As stated above, survivability is a critical issue in the design of light
trail optical network due to the fact that single link failure will disrupt
all the light trails that use this link. Each of these light trails carries
multiple connections. Therefore the failure effects would be catastrophic.
For instance, if a failed link has W wavelength, it can carry up to W
Ny

2
NF denotes the number of nodes in the wth light trail, w =1,2,..., W.
Therefore, the worst case for this link failure is a service disruption of

PO ( ]\QT ) connections. To provide 100% protection in WDM layer

light trails. Each light trail contains up to s-d pairs, where

of light trail architecture, we need to provide backup at the time of es-
tablishing light trail. Recall that the key difference between the light
trail and lightpath architecture is that the intermediate nodes in the
light trail can also transmit or receive information. Thus the restoration
model in light trail architecture is different from that in lightpath archi-
tecture [9-11]. Two protection schemes are proposed, namely connection
based protection and link based protection. We assume that there is no
more than one link failure at any time.

3.1 Connection Based Protection

For each connection request R,_g4, the resources are allocated to a pri-
mary connection in a light trail LT} and a backup connection in another
light trail LTs. LT7 and LT, are link-disjoint. The primary connec-
tion is the working connection when there is no link failure. If a link
on LT} fails, the failure information is propagated through the control
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channel. When the source node s of the request receives the failure
information, it starts to transmit the data on LT5 to the destination d
through backup connection. We use an example to illustrate the scheme.
In the example network in Fig 4, suppose there are two light trails, LT7:
1—-2—3—>4, and LT: 2 — 6 — 5 — 4. LT} and LT are
link-disjoint. There is a connection request from node 2 to node 4. The
primary connection can be established on light trail LT} with backup
connection on light trail LT,. Suppose link 2 — 3 on LT} fails, then
light trail LT} cannot be used. When this failure information reaches
source node 2, the source node will start to transmit data use backup
connection on LT5.

Figure 4.  An example network.

3.2 Link Based Protection

For each link on a light trail, we provide a backup sub-light trail.
When a link on a light trail fails, the light trail will be rerouted around
the failed link and use backup sub-light trail. To do this, the failure
information will be sent along the control channel. The information
about what are the nodes on the backup sub light trail will be attached
to the message. When the message arrives the source node of light bus,
the source will send setup message along the nodes (including the nodes
on the backup sub-light trail) to setup a new light trail, which basically
is the remaining part of failed light trail plus the backup sub-light trail.
Consider the above example again. Suppose for each of link on LT}, there
is a backup sub-light trail. The backup sub-light trail for link 3 — 4 is
3 — 5 — 4. If link 3 — 4 fails, the information about the failure and
the sub-light trail of link 3 — 4 is sent along the control channel (there
exists bidirectional control channel). When the message reaches source
node 1, node 1 will send a fault management message, which is similar
to light trail set up message, along the control channel to intermediate
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nodes (node 2, 3, and 5) and end node 4. These nodes then configure
the optical shutter and form a new light trail1 -2 —-3 -5 — 4.

3.3 Comparison of Connection Based and Link
Based Protections

The connection based protection has following advantages over link
based protection.

m  Restoration time: In connection based protection, as soon as the
failure information message reaches the source node of a connec-
tion that is using the light trail, the source node can immediately
use backup connection in another light trail to continue the trans-
mission. The maximum restoration time is transmission time of
the control message. In contrast, in link based protection, after
the failure information reaches the source node of the failed light
trail, the source node will have to initiate a light trail setup pro-
cess, i.e. setting up a light trail that includes the remaining part
of the original light trail and the nodes on the backup sub-light
trail of failed link. This takes much more time than restoration in
connection based protection.

m  The length of the light trail: As shown in the illustrative example,
the restored light trail in link based protection is longer than orig-
inal light trail. As we have discussed in Section 2.2, the length of
the light trail is an important parameter that is related to signal-
to-noise and bit-error-rate.

From the above discussion, we conclude that the connection based pro-
tection is more practical for light trail architecture. Therefore only con-
nection based protection is considered in the rest of the paper.

4. Survivable Network Design

The major issue in the design of survivable light trail network is to
identify a set of light trails to carry the given traffic and provide 100%
protection against single link failure. The survivable light trail network
design problem can be defined as follows. Given graph G(V, E), where
V| = N, and traffic matriz Tnxn, to identify a minimum number of
light trails to carry the given traffic in such way that for each connection
request, there is a primary connection established in one light trail and
resources are reserved in another light trail for backup connection . Two
light trails are link-disjoint. As stated earlier, due to the power losses on
the lines, a long light trail may not be advisable. The length of a light
trail is limited and can be estimated in terms of hop-length, denoted by
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BL. According to the study in [8] the expected hop-length of a light
trail is 5. Hence, an initial processing on the traffic matrix is needed.
This can be achieved at higher layer in electrical domain. In this initial
step, a single long hop is recursively divided into multiple hops in order
to satisfy the hop-length constraint of light trail networks. The detail of
this algorithm can be found in [12]. For the sake of completeness, this
algorithm is included in Appendix. The next step is to develop an ILP
formulations to optimize the capacity utilization in terms of number of
light trails, with the given network topology and refined traffic matrix
obtained from traffic matriz preprocessing. The objective is to find a
minimum number of light trails that are required for the system.

4.1 ILP Formulation: Connection Based
Protection

Given the network topology G(V, E), and the traffic matrix obtained
from traffic matriz preprocessing, we first list all possible paths with
the hop-length limit constraint for each s-d node pair. This can be
accomplished by applying breath first search for each node. These eligible
paths form a set of all possible light trails. Among all these possible
choices, we then chose an optimal set of paths to form the light trail
network, such that the total number of light trails are minimized and
the demand constraint and protection constraint are met. This problem
is formulated as an ILP optimization problem. We also assume that each
request cannot be divided into different parts and transferred separately.

4.2 Notation

The network topology is represented as a directed graph G(N, L) with
N nodes and L links with W wavelengths on each link. The following
notations are used.

m n=12..., N: Number assigned to each node in the network.
= p,p1,p2 = 1,2..., P: Number assigned to a path in the network.

m ,j,k=1,2,...,N(N —1): Number assigned to a node pair. The
source and destination nodes of a connection request forms a node
pair.

The following notations are used for path related information.

" 5;: Path indicator which takes a value of one if primary connection
for request 7 is established on light trail p; zero otherwise (binary
variable).
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" 1/},: Path indicator which takes a value of one if backup connec-

tion for connection request 7 is established on light trail p; zero
otherwise (binary variable).

L] w;,: Node pair indicator, which takes a value of one if node pair ¢
is on path p; zero otherwise (data).

=}, Takes a value of one if path p is used by some primary connec-
tion or (and) backup connection; zero otherwise (binary variable).

= " Demanded capacity of connection request i (data).

m [, p,: Takes a value of one if p; and ps are link-disjoint; zero
otherwise (binary data).

4.3 ILP Formulation
4.3.1 Objective. = Minimize number of light trails:

P
min Z hy (1)
p=1

4.3.2 Constraints.

1 On demand constraint for each node pair: For each request, there is
one primary connection in one light trail, and a backup connection
in another light trail.

P

> o =1 1<i<N(N-1) (2)
p=1

P . .

> viwh =1 1<i<N(N-1) (3)
p=1

2 On topology diversity of primary and backup connections: The
primary and backup connection for a request are established in
two link-disjoint light trails.

Oy +vptn) (1 =1Ip; ) <1 1<i<N(N-1),1<p;,pa <P
(4)

3 On link capacity constraints: The total demand of all the connec-
tions on one light trail cannot exceed one wavelength capacity.

N(N-1) N(N-1)
Y Gpdit Y pwpdi<C 1<p<P (5
=1 =1
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4 On light trail identification constraints: If one or more of the pri-
mary or backup connections use a path, then this path is a light

trail.
N ) N )

(N—-1 o (N—-1 o
2y < D Gyt Y, vy, 1<p<P (6)
=1 =1

N(N-1)  N©N-1)
AN(N —1h, > > dhp+ >, vy, 1<p<P (7
=1 =1

5. Numerical Results

In this section, we present numerical results obtained by solving the
above ILP formulation. We use CPLEX Linear Optimizer 7.0 [13] to
solve the ILP formulation proposed in Section 4.3. First, we use a sim-
ple example to illustrate the solutions obtained from solving our ILP
formulation. We then present results on the example 6-node network
shown in Figure 4, and a 10-node network shown in Figure 5. To sim-
plify the problem, we assume each physical link is bidirectional with the
same length.

5.1 A Simple Illustrative Example

We present a simple illustrative example that helps to understand the
solution obtained from solving the ILP formulation, which optimally
identify the light trails covering all the working connections and backup
connections. Consider the example network in Figure 4 again. Table
1 is an traffic matrix for this illustration example. The integer num-
bers indicates the request capacity in unit of OC-1 (51.84 Mbps), while
the entire wavelength capacity is OC-48. Here we only take fractional
wavelength capacity into consideration for the study of grooming. The
study in [8] shows the average length of light trails is 5 hops. By tak-
ing the size of the example network into consideration, we choose hop
length limit BL = 3. Table 2 gives the resulting light trails that covers
all the connection requests and their corresponding backup connections.
The notation (s,d) and (s,d), in column 4 denote the accommodated
primary and backup connection, respectively. As described in Section
3, to provide 100% protection for single link failure, for each request we
allocate resource for a working connection in one light trail and reserve
resource for the backup connection in another light trail. These two light
trails must be disjoint. In Table 2, the working connection for request (1,
2) uses light trail 1 — 2 — 3, while backup connection for this request
is accommodated in light trail 1 — 6 — 2. These two light trails are
link-disjoint. Similarly, for request (1, 3), two link disjoint light trails
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Table 1. Requests matrix for a 6-node network.

1 2 3 4 5 6
170 11 6 0 14 8
210 0 0 O 5 O
310 0 0 O 0 O
410 0 0 O 0 O
5(0 0 0 0 0 O
6/0 0 0 0O 19 O

Table 2. Resulting light trails for example request matrix I.

No. Ly |Lp| | Accommodated s — d pairs | load
1 | {123} 2 (1,2),(L,3)s 17
2 [ {1,265} | 3 | (2,5),(6,5), (1,50 (1,6), | 46
3 {17 6, 2} 2 (1,6),(1,2)s 19
4 {1, 6, 3, 5} 3 (1,3),(1,5),(6,5)s 39
5 {2, 3, 5} 2 (2,5)s 5

1—-6 >3 —=5and 1 — 2 — 3 are used. 5 light trails and total 12
wavelength-links are used for this request matrix.

5.2 Results

We demonstrate result on the example network given in Figure 4
and 5. Table 3 provides a randomly generated traffic matrix for 6 node
network. Assume the hop-length limit BL = 3, from the topology we can
observe that all s-d pairs have paths within this hop-length limit, hence,
the traffic matriz preprocessing will not make any change of the given
traffic matrix. Since we perform experiments mainly on small fractional
wavelength requests, the number of wavelengths on each link is not a
critical constraint. For this example, W = 4 is sufficient, although we
do not put constraint on number of wavelengths. Table 4 presents the
results from solving the ILP formulation with hop-length limit BL = 3.
The solution is obtained by running CPLEX for 10 minutes on Pentium
IIT 400MHZ processor with 256 MB RAM.

Table 4 shows the 21 light trails that are needed to carry the primary
and backup connections. The traffic assignment obtained from solving
ILP formulation is also listed. For each light trail, the summation of all
the traffic requests on it calculated as shown in the right most column
in Table 4. It can be seen that most of the light trails are fully or almost
fully occupied, hence, the resource utilization is quite high.
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Table 3. Requests matrix for a 6-node network.

1 2 3 4 5 6
110 7T 6 9 19 17
2127 0 3 6 28 2
3114 3 0 19 31 9
4126 5 29 0 5 23
5127 20 20 17 0 14
6|9 30 1 1 1 0

Table 4. Resulting light trails.

No. Lp |LB] Accommodated s — d pairs Load
1 {1, 2, 3, 4} 3 (1,2),(1,4),(1,3)s, (2,4)s, (3,4)s 47
2 {1, 6, 3, 2} 3 (1,3),(1,2)s,(6,2) 43
3 {1, 6, 5, 4} 3 (1,4)s,(1,5),(1,6),(6,4), (6,5) 47
4 {2, 3, 6, 1} 3 (2,1),(2,6),(3,1),(2,3)s 46
5 {1, 2, 6, 3} 3 (2,3),(1,6)s 20
6 {2, 6, 5, 4} 3 (2,4),(2,5)s,(2,6) 36
7 {1, 2, 3, 5} 3 (2,5),(1,5)s 47
8 {3, 2, 6,5} 3 (3,2),(3,5),(3,6) 43
9 {4, 3,2, 1} 3 (3,1)p,(4,1),(4,2)p 45
10 {4, 5, 6, 2} 3 (4,2),(4,6), (5,2)s 48
11 | {4, 3, 5, 6} 3 (4,3),(4,5),(5,6)s 48
12 {5, 6,2, 1} 3 (5,1),(6,1) 36
13 {5, 3,2, 1} 3 (5,2),(2,1)s 47
14 | {5, 6, 3, 4} 3 (5,3),(6,3),(5,4)s, (6,4)s 39
15 {3, 5, 4} 2 (3,4), (5,4) 36
16 | {4, 5, 3,6} 3 (5,6),(4,5)s, (4,3)s 48
17 | {4, 3,6, 2} 3 (6,2),(3,2)s 33
18 | {6, 2, 3, 5} 3 (3,5)s, (6,3)s, (6,5)s 33
19 | {4,3,6,1} 3 (3,6)s, (6,1)s,(4,6)s 41
20 | {4,5,6,1} | 3 (4,1), 26
21 | {5,3,6,1} | 3 (5,3)s, (5,1)s 47
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Figure 5. A 10-node 15-link network.

Table 5. Traffic matrix for a 10-node network.

1 2 3 4 5 6 7 8 9 10
1 0 10 0 20 8 0 8 0 0 20
2 0 0 100 10 0 10 2 22 O 0
3 6 0 0 6 0 4 0 8 20 O
4 8 0 11 0 0 12 11 0 0 8
5 111 0 0 12 0 11 O 4 0 18
6 |16 0 14 O 8 0 11 16 0 0
7 0 14 0 18 2 0 0 4 11 0
8§ |12 0 10 O 4 8 0 0 0 9
9 4 19 0 4 12 0 0 16 O 0
1011 0 20 O 0O 10 0 22 8 0
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Table 5 is a randomly generated traffic matrix for a 10-node network.
Assume the hop-length limit BL = 4, Table 6 shows the resulting light
trails. The solution is obtained by running cplex for 5 hours on a Pentium
IIT 400MHZ processor with 256 MB RAM.

Compare to Table 4, some of the light trails in Table 6 are not very
efficiently occupied. This is due to the fact that the average number
of requests per node-pair (50/(10 x 9) ~ 0.55) in this traffic matrix
is smaller than the one in the traffic matrix for the 6-node network
(30/(6 x 5) = 1). Since the resulting light trail networks shown in Table
6 still have spare capacities, even if the number of requests increases,
some of new requests could still be accommodated using the existing
light trails. Solving larger network with more requests by ILP is time
consuming, we are working on heuristic algorithms to solve this problem.

6. Conclusions

The concept of light trails has been proposed as a novel architecture
designed for carrying finer granularity bursty IP traffic. The exclusion
of fast switching at packet/burst level, combined with the flexible dy-
namic sub-wavelength provisioning make light trail architecture a strong
candidate for transporting IP traffic over optical networks.

Due to the nature of light trails, survivability is a more predominant
issue in the design of light trail optical networks than it is in traditional
wavelength routed optical networks using lightpaths. We propose two
protection schemes to provide 100% protection against single link failure,
namely connection based protection and link based protection. Connec-
tion based protection scheme has advantages over link based protection
scheme, and is more practical for light trail architecture where the hop-
length is limited due to power loss. Hence, we adopted connection based
protection model and formulated the survivable design problem with the
objective to minimize the number of required light trails as an ILP opti-
mization problem. The numerical results obtained from solving our ILP
formulation are presented and show that the resulting light trail network
achieves good wavelength utilization as well as 100% protection against
single link failure.

The ILP formulation produces the optimal solution to the survivable
light trail network design problems with static traffic demands. However,
the computation time for solving ILP formulation is quite large, and it
becomes unmanageable as the size of the network or the number of
requests increases. We are currently working on the design of efficient
heuristic approaches for solving survivable design problems in light trail
networks.
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Table 6. Resulting light trails.

No. Lp |LB] Accommodated s — d pairs Load
1 | {1,2,6,8,5F | 4 (1,5), (6,5)s, (6,85, (3,5)s 36
2 | {1,5,8,7,4 | 4 (5,4), (1,7)s 20
3 | {1,6,7,4,3} | 4 (6,3)s, (1,4)s 34
4 | {1,6,7,9,10} | 4 (1,7),(1,10) 28
500 {2,3,4,7,6F | 4 | (2,4),(2,3), (2,76, (3,4), (2,6), | 38
6 | {2,3,4,7,8 | 4 (3,8), (2,8)s 30
7 {3,4,9, 7} 3 (4,7)s, (3,9) 31
8 | {2,6,7,4,3} | 4 (2,3), (2,6) 20
9 | {3,2,6,7,4} | 4 (3,4), (2,4)s, (6,7)s, (7,4)s 45
10 | {3,2,6,7,9} | 4 (3,61, (3,9), (2,7) 26
11 | {3,4,7,6,1} | 4 (3,6), (4,1), (4,6), (3,1), 38
12 | {4,3,2,6,8 | 4 (2,8),(3,8), (4,6)s 42
13 | {4,7,6,2,3} | 4 (6,3), (4,3)s, (7,2)s 39
14 | {4,7,6,8 10} | 4 (4,10)s, (8,10), (7,8), (4,7) 32
15 {4,9,10 } 2 (4,10) 8
16 | {5,1,2,3,4} | 4 (5,4)p, (1,4) 32
17 | {5 1,62} 3 (5,1), (5,6), (1,2)s 32
18 | {5,1,6,8, 10} | 4 (5,8)5, (5,10), 22
19 | {58761} | 4 (5,61, (5, 1), (8,6), (8,1) 42
20 | {5,8,7,9,10} | 4 (5,8), (5,10), (7,9), (8,10), 42
21 | {6,1,5,8,10} | 4 (1,10)s, (6,8) 36
22 | {6,8,7,9,4} | 4 (7,4), (6,7) 29
23 | {7,8,5 1,2} | 4 (7,80, (7,2) 18
24 | {7,9, 10, 8} 3 (10, 8)s 22
25 | {8,6,2, 1,5} | 4 (8,1)s, (8,6)s, (8,5) 24
26 {7, 4, 9} 2 (7,9 11
27 | {8,10,9,4,3} | 4 (10,3)s, (9,4)s, (8,3), (4, 3) 45
28 | {9,4,3,2,1} | 4 (9,1)5, (9,2), (4, 1), (3,1) 37
29 | {9,4,7,85} | 4 (9,8), (9,5, (7,5)p 30
30 {9,7,4} 2 (9,4) 4
31 | {9,7,6,1,2} | 4 (9,1),(9,2), (1,2) 33
32 | {9,7,6,1,5} | 4 (1,5),(9,5), (7,5), (6,5) 22
33 | {10,8,6,2,3} | 4 (8,3)s, (10,3), (10,6), 40
34 | {10,8,6,2,1} | 4 (10,1), (6,1), 27
35 | {10,8, 7,4, 9} 4 (10,9)s 8
36 | {10,9,7,6,1} | 4 (10,6), (10, 1), (6,1) 37
37 | {10,9,7,6,8 | 4 (9,8)s, (10,8), (10,9) 46

15
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Appendix

In the preprocessing of the traffic matrix, a single long hop traffic is

divided into multiple hops to satisfy the hop-length constraint. For a
given a network physical topology G(V, E), with N nodes and E links,
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we apply Dijkstra’s shortest path algorithm to find the shortest path
between all s-d pairs. This forms a distance matrix Dyxn = {d;;},
where d;; denotes the physical distance from node i to node j. The
length of a light trail is a main constraint due to the loss both at nodes
and over the links. Let BL be the maximum length of a light trail.
For traffic between s-d pair (7, j), where d;; > BL, it is not possible to
accommodate this traffic on a direct light trail. Thus this traffic will
need to go through multiple hops. Here one light trail is counted as
one "hop”. This necessitates the initial step in our approach, namely
traffic matriz preprocessing. Let Tnwxy = {tij} denote the estimated
traffic matrix. Traffic matrix pre-processing will return a modified traffic
matrix that satisfies: Tnwny = {t;; : dij < BL, Vt;; > 0}. Figure 6
provides the pseudo code for traffic matrix preprocessing algorithm. In

INPUT: Graph G = (V,E) and a traffic matrix
Tnxn. OUTPUT: Rearranged traffic matrix Tnxn
and the distance matrix Dyxn. ALGORITHM:
Step 0: Apply Dijkstra’s shortest path algorithm, cal-
culate distance matrix Dyxn. While ( find (4,7) :
tij>0,dij>BL){

1 Pick an intermediate node k: k =
arg minyeyv{dv;|div < BL};

2 Update traffic matrix Tnxn:
(a) ik — ik + tij;
(b) Ty — try + tij;
(C) tij «— 0.

}

Figure 6.  L-bus establishment step 1: Traffic matrix preprocessing

this step, the traffic on s-d pair (i, j) with d;; > BL, will be reallocated
on multiple hops. The goal is to find a node k such that path from node
1 to node k forms the first hop which is less than BL in distance. A next
intermediate node k is found recursively for the source node. Among all
possible intermediate nodes, k is chosen to be as close to the destination
node as possible, as shown in step 1 in Figure 6. This is done in order to
reduce the number of hops that the original traffic has to take. After the
preprocessing of the traffic matrix, each non-zero element in the modified
traffic matrix would have corresponding distance less than BL, which is
the maximum length allowed for a light trail.



