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Abstract—We consider the problem of optimizing the topol- a congestion minimization problem in the form of a mixed
ogy of free-space optical networks jointly with path-orierted integer program (MIP) to dynamically make decisions about
protection. Our proposed scheme is based on a mixed integer iha choice of network topology in response to link failures,

linear programming formulation. In this problem, candidat es of d f heuristi dt ve th bl
working paths and protection paths are found for each origin 210 @ range ol heuristics were proposed 1o solve the problem

destination (OD) pair, and the optimization algorithm chocses N @& more efficient manner.
the optimal working path and protection path for every OD pair On the other hand, to design survivable networks, protectio

such that the congestion in the network is minimized. Numeal gnd restoration schemes in different network layers haes be
results demonstrate the efficiency of our proposed approacin  gytensively studied to combat network failures [9][11h&w
terms of the number of constraints and solution time. . . . .

a network failure on the working path is detected, protectio
schemes are able to immediately re-route data onto the pre-
allocated backup path. In contrast, an alternative pathyis d

Free-space optical (FSO) wireless communication has begimically established in real time in restoration schenpesu
continuously growing as an attractive solution for highadathe detection of a network failure. As such, protection stee
rates communications over short distances in the recems yegan react faster to network failures at the cost of reserving
[1]. A direct line-of-sight is imperative in an FSO link,more spare capacity. While restoration schemes usually tak
which consists of a transmitter, the propagation channél anger to recover connections, they are more efficient in
a receiver. Invisible, eye-safe light beams are used betwagrms of the utilization of network resources. Protection a
FSO links to provide optical bandwidth connections that CaBstoration can be imp|emented using two techniques: path_
send and receive voice, video, and data information [1].nn @riented or link-oriented [11].

FSO netWOfk, end users are connected by inSta”ing Optica"n this paper, we J0|nt|y consider t0p0|ogy control and
transceivers on windows, building rooftops or exterior I8l path-oriented protection for FSO networks. The remainder o
An example of an imaginary urban FSO network of five nodeghe paper is organized as follows. In Section II, the network
employed in the Melbourne central business district (CBQhodel and notation are described. The problem formulation
area, is illustrated in Fig. 1. of topology control without assuming routing is introduced

Commercially available FSO equipments can provide higly Section IIl. In Section IV, our scheme in which we com-

speed data rates in the range of 100 Mbps to 2.5 Gbpse topology control and path-oriented protection for FSO

and a data rate as high as 160 Gbps has been repofeflvorks is presented. Numerical evaluation and discossio
in demonstration systems [2]. Potential applications @& thappear in Section V.

FSO technology include last mile network access, entexpris
connectivity, fiber backup, disaster recovery, etc. Il. NETWORK MODEL AND NOTATION

The main challenges for FSO communication are to combatConsider a network oV nodes as a digrapl =< V, E >,
atmospheric disturbances and building sway. Exampleseof twhere V' is the set of nodes in the network aiftlis the set
former include fog, absorption, scattering, and scirttdla, of potential links in the network. A link between two nodes
which may result in high bit-error rate and long transmissioi and j is represented ag, j). It is assumed that the traffic
delay. The latter usually leads to the difficulty to maintaimatrix R of size N x N (the [s, d]|th entry R, denotes the
the strict line-of-sight requirement [3]. The design of dymic average traffic flow from source nodeto destination node
logical topologies has been widely studied for wavelengthl) is knowna priori. In addition, we introduce the following
division multiplexed optical networks (e.g., [4]-[7]). I{8], important notation.
Desai and Milner extended similar topology control techieis) o ,\gjd : the amount of traffic on links, j) from the origin
to autonomous reconfigurable FSO networks. They formulated destination (OD) paifs, d].

 b;; : binary decision variable represents the selection of
F. Shu is supported by the National ICT Australia, Victoriabbratory. link (z j)
I. Ouveysi and M. Zukerman are with the Australian ResearctrCil Special ’ . .
Research Centre for Ultra-Broadband Information Netwd&SBIN), EEE o Ay degree constraint of node
Dept., The University of Melbourne, Victoria 3010, Austzal « W#d: set of working path candidates for OD péit d].

I. INTRODUCTION



Fig. 1. An FSO network of five nodes in the Melbourne CBD areasli2d lines represent
potential links and solid lines show an example of the restltopology after optimization.

« W2 an arbitrary working path candidate in d&t*?.  the indicator functions;; as follows:

. P34 set of protection path candidates for OD paird). , . .
« P3?: an arbitrary protection path candidate in $&t. 5ij = { (1) gtﬁgg,‘j;;a”dj can see each other,
« XMW . the amount of traffic on linki, j) from working '

path candidates of OD pajs, dJ.
o A%F : the amount of traffic on linki, j) from protection

path candidates of OD pajs, d]. min z
o )\ : total traffic on link (¢, j) € E.

The objective function:

Subject to:
In Fig. 1, the dashed lines represent the potential Iinks,l) Flow conservation at nodie
through which it is possible for nodes to communicate with

each other. While the number of transceivers installed on > o tRea 1T i=s;
each node (i.e., the degree of node) is limited, the actual D 0N =Y At =4 —Reg ifi= d;
network topology can be optimally decided by minimizing J J 0 otherwise.
certain optimization metrics, (e.g., congestion, comroation Vi € V,V[s, d).

delay, bit error rate, etc.). The solid lines in Fig. 1 denmmats 2) Bound on variable:

an optimal solution where the degree of nodes is constramed » o

two. In the following, we will describe optimization schese zz Z A, V(L) € B

to make decisions about the choice of the optimal topology [s,d]

for FSO networks. 3) Bound on traffic flow variables:

0 <A} < Ryabyy, V(i j) € B, V[s,d].
I1l. THE NODE-ARC FORMULATION
4) Degree of each node constrained:

In general, network flow problems can be formulated as )
“node-arc” or “arc-path” models. The former means the flow Z‘Sijbij <Aq, VieV
variables are associated with each link of the network, evhil J
they are assigned to eligible routes in “arc-path” modeld.[1 5) Bound on decision variablds;:

In wavelength-routed optical networks, the problem of con- o
gestion minimization has been formulated to design logical bij €{0,1}, V(i,j) € E.
topologies. Recently, the same problem in the form of a As in [8], no routing is assumed in the above problem and
non-linear MIP formulated as a “node-arc” model has bedhe formulation searches the optimal topology and optimal
extended to FSO networks with ring topologies [8]. In thisouting simultaneously. In practice, one might be morerinte
section, we re-formulate the problem in a simpler mannested in finding the optimal topologies when the set of pdessib
where the objective function is linearized. First let us wefi routes for each OD pair is given.



wl are being sent on the protection path. If a link failure oscur
on the working path, the receiver is still able to retrieve th
data from the protection path. In the load sharing mode, the
w2 proportions of data sending on the working and on protection
s C~ %ol paths can be pre-determined. When a failure happens, all the
\:“\ pl >O'" data of a particular OD pair can be temporarily sent on the
N "O- ST fmmmmmmmT T unaffected path until the failed path is recovered. In tlzipqr,
s e we use thel + 1 protection mode. The MIP program in our
b’ p2 scheme is formulated as follows.
Objective function:

Fig. 2.  Work/protection path candidates example. minimize z (1)

1) Flow constraints: To address the flow conservation
V. OUR PROPOSEDSCHEME constraints, we first defin@j¢ and Q3¢ as the set of nodes

R sd
In this section, we describe our joint topology control anfpat appear as the second ”Ode ona patW_m“ and P,
path protection scheme, in which the problem is formulatd§SPectively. Thus for the working path candidates,

as an arc-path model. sl = v (s,0) € Wi e Wedy,
A. Finding Working/Protection Path Candidates

First, we show a solution to find the set of working and
protection path candidates for each OD pair. Any path in the Q3 = {v:(s,0) € szd € psi},
set of working path candidated ¢ must be link-disjoint . . ) .
with any path in the set of protection path candidafze. The flow conservation constraints for working path candi-
Fig. 2 illustrates a simple example of two working patifates are as follows:
candidates and two protection path candidates. Assuming it AW R Vis.d 2
is required to findky, € Z* working path candidates and Z v sds Vs, ] 2
kp € Z* protection path candidates for each OD daji] in
the networkG =< V, E' >, we propose the following solution. and similarly, for protection path candidates:

Similarly, for the protection path candidates, we have

vle}g

Step 1 Use the Dijkstra’s algorithm to find the shortest path > AP =Ry, Vs,d). 3)
for OD pair [s, d]; vEQ!
Step 2 Disable all the links on the shortest path found in

If a path candidate is selected as the working/protection
path for a specific OD pair, the traffic flow on an arbitrary
link of this path is the same as on any other link of the
path. Therefore, on any working path candidat&! =

{8, €50,0, 09,9, , U, €uq,d}, (Wheree;; denotes the link
between nodé andj;), we have the following flow conserva-
tion constraints for working path candidates:

step 1;
Step 3 Use the k shortest path (ksp) algorithm to fikgd
protection path candidates for OD pair, d], and store them
to Ps¢;
Step 4 Disable all the links on all thép paths found in step
3
Step 5 Restore the shortest path found in step 1;
Step 6 Use the ksp algorithm to findy, working path ASEW — \sd W — = )\SffivW. (4)
candidates for OD paifs, d], and store them té1 <. I “

Similarly on any protection path candidaté’;d =

The above procedure is repeated for each OD pair to find the ey, v, €vg, g, - - - , U, €na, d}, We have,
required number of working and protection path candidates. ol P ol P sl P
The shortest paths are searched in terms of number of hops A F At == A (5)

and we used the ksp algorithm proposed in [12]. 2) Bound on traffic flow variablesThe following binary

B. Joint Topology Control and Path-Oriented Protection ~ decision variables are defined:

We model the problem in a manner that only one path in the 1 if path W3¢ is selected as the
two sets to be selected as working path and protection path fo ¢ = working path for OD pair [s, dJ;
each OD pair, respectively, while the objective functioroaf 0 otherwise,
problem is still to minimize congestion in the network. Ireth
normal conditions, the two paths for a particular OD pair ca?'Pd
operate either in + 1 protection or load sharing manner. For a 1 if path P;‘d is selected as the
specific OD pairfs, d], in the1 + 1 protection mode, original 'y;d = protection path for OD pads, dJ;

data are being sent on the working path and duplicate data 0 otherwise.



Because we only choose one working path and one prot
tion path for each OD pair, the following constraints hold:

Z(bfud =1, V[S’d]' (6)

and

S opt=1, Vls,dl. 7)

If a working path candidate is not selected as the working

path, all the traffic flow decision variables associated gt
are set to zero. Therefore,
AW < 93 R,

for any OD pair[s, d], (8)

where (i,7) € W2d € W#d. Similarly, for protection path
candidates,

X < 43R, for any OD pair[s, d, 9)

where(i, j) € B3? € P,
3) Bound on variablez: The total traffic amount on link
(i,4) is given by:

Aij = Y NPT A for all (i, ) € E.

[s,d] [s,d]
The bound on variable is given by:
z > \ij, forall (i,7) € E. (10)
D by <A, VieV. (11)

J

4) Bound on decision variablesthe decision variables are
binary, thus we have
bij € {07 1}1 V(’L,]) € E (12)
Let us assume link(i,j) is an arbitrary link on the path
candidateW ¢, If W24 is chosen as the working path;?
is set to one and the decision varialblg of link (i, 5) will
be set to one. On the other hand}ifs? is not chosen as the
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Fig. 4. Comparisons of solution time.

V. NUMERICAL EVALUATION AND DISCUSSION

working path,¢3¢ is set to zero, but it is still possible that the We evaluated the performance of our scheme using CPLEX

selected working paths for other OD pairs include lifikj).
Therefore, we have the following constraint:

¢34 < by; for all (i, 5) € W (13)
and similarly for protection paths:
yad < by for all (i, ) € P3d. (14)

6.0 on a 3 GHz Pentium 4 with 1-GB RAM. The degree
constraintA; of node i is uniformly set to three for all
nodes in the networks. The numbers of working and protection
path candidatesky, and kp, were both set to three. The
networks of 5, 10, 15, 20 and 25 nodes with potential links
were randomly generated. For such a randomly generated
network of N nodes, we also randomly generated fNex N
traffic matrices, whose entries were uniformly chosen from
[0,1]. Results in Fig. 3 and 4 were averages over five. Fig.
3 illustrates an comparison of the no routing scheme and

Thus we have formulated an MIP program in which weur scheme in terms of the number of constraints. It shows

jointly consider topology control and path-oriented potitn

that the number of constraints in our scheme is significantly

for FSO networks. The objective function is given by (1), anceduced. For example, WheN = 20 and N = 25, the

the constraints are from (2) to (14).

number of constraints of our scheme is less than half of the



no routing scheme. The solution time of the proposed scheme
is also dramatically decreased compared to the no routing
one, as depicted in Fig. 4. For relatively large networksy.(e
containing more than 25 nodes), our scheme may also be slow
for certain applications. In such cases further heuristiey

be needed.

VI. CONCLUSION

To combat link failures, survivable FSO networks need to
be designed. In this paper, we proposed a scheme, in which we
jointly consider topology control and path-oriented pobien
for FSO networks. We formulated an MIP program, in which
the optimal network topology is established such that the
congestion is minimized, and at the same time, a working path
and a protection path are found for each OD pair. Numerical
results demonstrated the efficiency of our scheme in terms of
the number of constraints and solution time.
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