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Abstract— The problem of topology control and routing over
wireless optical backbone networks is addressed. The input to
the problem is a potential topology and a traffic profile. The
constraints are that of limited interfaces at each node and the
limited bandwidth of the links, and the objective is of maximizing
the throughput. The problem turns out to be NP-Hard, and we
propose some heuristics based on graph modelling and multi-
commodity flow algorithms to solve the problem. We also enhance
the heuristics to try and provide fairness to the ingress-egress
pairs in terms of how much traffic we route for each of them.

I. I NTRODUCTION

We consider the problem of topology control in wireless
optical backbone networks, taking the estimated traffic into
consideration. Our aim is to maximize the throughput over
the topology for a given estimate of the traffic. We prove the
problem to be NP-Hard, and then propose heuristics to achieve
the goal. We also propose a scheme to provide fairness to the
traffic routed between different ingress-egress pairs.

We consider wireless optical links because of their at-
tractive characteristics which make them more suitable for
backbone networks (compared to using RF and wireline
optical links). Free-space optics technology is expected to
deliver unprecedented bandwidth, massive carrier reuse, ultra-
low inter-channel interference, low power consumption, and
cost savings where electrical wires and optical fibers are too
expensive to deploy and maintain [1]. A key distinguishing
feature of wireless optical networks is that the links are point-
to-point rather than broadcast. Also, it has wide applicability
from long range satellite to indoor wireless communications.

The problem of topology control for wireless optical net-
works is different from that in wireless RF (radio frequency)
networks since the links are point-to-point as opposed to
broadcast. In wireless optical networks, each node has a
limited number of transceivers, and hence can establish links
with only a limited number of nodes within its transmission
range. Thus, topology control is concerned with determining
the neighbors with which to establish the limited number of
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possible links. In wireless networks, most research for topol-
ogy control so far has focused on RF networks (see e.g., [10],
[11], [16], [17], [18], [19], [20]). In RF-wireless networks with
isotropic antennas, topology control is closely related topower
control. Power is controlled to reduce the transmission range
to conserve power and decrease interference while providing
adequate connectivity.

There are important differences between topology control
for reconfigurable wireline optical networks and topology
control for wireless optical networks. In the wireline case,
transmission range (lightpath length) is not a major issue.
Furthermore, if the optical layer has sufficient resources so
the routing and wavelength assignment problem is always
solvable, then whenever a source and destination both have
available interfaces, a direct connection (one logical hop) can
be established. In contrast, in the wireless case, unless the
destination is within the transmission range of the source,a
multihop connection is required. For these reasons, the many
published results on logical topology design for wireline opti-
cal networks, [12], [13], [14], [15], are not directly applicable
to free-space optical networks.

There has been recent work on topology control in wireless
optical networks ([4], [5]): [5] does not take traffic into con-
sideration, while [4] considers only ring topologies. The work
presented in [6] proposes a framework and some heuristics
for topology control and routing which take potential traffic
into consideration, and we compare our algorithms with those
heuristics. The algorithms presented in this paper have a
lower time complexity than the algorithms proposed in [6].
We also extend the algorithms proposed in [6] to allow for
splitting the traffic as a commodity using multi-commodity
flow formulation.

The heuristics we propose take as input a potential topology
and the estimated aggregate traffic between the ingress-egress
pairs (which we call the traffic profile). Each node is assumed
to have a constraint on the number of interfaces it can have,
and hence on the number of actual links that can be created
from among the potential links. The decision of selecting the
links to be formed is made on the basis of evaluating the
total bandwidth guarantees (which we call throughput) we



can give for the given traffic profile. The traffic profile can
be measured over some previous operation of the network or
can be had from service level agreements (SLAs). We use
matching theory, [9] along with the formulation of routing
as a multi-commodity flow problem to calculate the topology
and bandwidth reservations for the ingress-egress pairs. The
bandwidth reservations calculated can be used for routing and
admission control when the network is formed. The advantages
of computing the bandwidth reservations offline and using that
information for routing and exercising admission control can
be found in [3].

The paper is organized as follows: Section 2 describes
the network model and gives the problem statement. Section
3 explains the policies we compare the algorithms with.
Section 4 explains our algorithm. Section 5 gives the extension
to achieve fairness. Section 6 discusses the computational
complexity and presents the simulation results.

II. N ETWORK MODEL AND PROBLEM DEFINITION

We model the network as a graphG = (V,E), where V is
the set of nodes and E is the set of potential links between
them. We consider wireless backbone networks in which each
wireless node is equipped with point-to-point wireless optical
interfaces. By the term ‘node’ we implicitly mean “backbone
node”. Each node has the capability to perform routing. We
assume that it does not move very frequently. We also assume
that wireless links can be set up in any direction with all the
nodes within the transmission range. We do not consider the
possibility of optical beam obscuration, but this assumption
is not essential. Since the transmission distance is related to
the power level of the node, the power level and thus the
transmission range of each node can be different. The wireless
links are unidirectional. If there is a pair of unidirectional links
between two nodes, the link capacities may differ. The number
of transmitters and receivers at each node is limited (whichwe
call an interface constraint), thereby restricting the number of
nodes to which it can connect.

We have a traffic profile, which consists of the aggregate
traffic demands between the sources and destinations. The
traffic demand from nodex to nodey can be different from
the traffic demand from nodey to nodex.

The problem we address is to form a subgraphG′ =
(V,E′), such that the interface constraints are satisfied for all
nodes in the set V (i.e., the degree of each node is bounded
by the number of available interfaces), and we maximize the
throughput considering the traffic profile. The algorithm forms
this subgraph, which we call topology control, and comes
up with routes and bandwidth reservations for the ingress-
egress pairs given in the traffic profile. The server should
recompute the topology, routes and bandwidth reservations
whenever either the traffic profile or the (backbone) node
locations change significantly. We do not anticipate that this
would be done more often than hourly. The nodes then use
this information to perform routing and traffic engineeringon
incoming flows.

We provide a proof that the problem of topology control
is NP-Hard: Consider a small amount of traffic between each
pair of nodes in the network (small enough not to violate
any capacity constraints). The problem of maximizing the
throughput reduces to finding a connected subgraph here. We
can remove the extra edges and the problem reduces to finding
a degree-constrained spanning tree, which is a known NP-Hard
problem. A special case is where we have a degree constraint
of 1 incoming and 1 outgoing edge on each node. In this case,
the problem reduces to finding a hamiltonian cycle, which is
known to be NP-Complete [7].

A. Routing as Multi-commodity flow problem

We set up the problem of routing a given traffic profile
over a computed topology for maximizing the throughput
as a linear multi-commodity flow problem [3]. Let there
be M commodities (profile entries, the value of each entry
is profile(i)), N nodes and L links in the network. We
add a dummy link (infinite cost, infinite capacity) between
the source and destination of each commodity to achieve
feasibility (thus, there are M such links). Letxi(l) be the
amount of commodityi routed through linkl. Let cost(l)
represent the cost of each link, which is1 for an actual link
for our objective of maximizing the throughput. Let the set of
incoming and outgoing links at nodej be denoted byinj and
outj respectively. Letsourcei anddesti represent the source
and destination of profilei. Equation 1 achieves the objective
of maximizing the throughput as the algorithm tries to route
on the actual links due to large cost of the dummy links.
Equation 2 represents the bandwidth constraints. Equations 3
and 4 represent the flow conservation laws.

minimize
L+M∑

l=1

(cost(l)
M∑

i=1

xi(l)) (1)

M∑

i=1

xi(l) ≤ capacity(l) ∀l ∈ {1, .., L} (2)

∑

l∈inj

xi(l) =
∑

l∈outj

xi(l)

∀j ∈ {1, .., N} − {sourcei, desti},∀i ∈ {1, ..,M} (3)

∑

l∈outj

xi(l) −
∑

l∈inj

xi(l) = profile(i),

j = sourcei,∀i ∈ {1, ..,M} (4)

III. ROLLOUT ALGORITHMS

We present a brief description of some rollout algorithms
and their heuristic proposed in [6]. The heuristic takes a traffic
profile and sorts it in decreasing order of demands. For each
entry of the profile in that order, it finds a single constrained
shortest path between the source and the destination, forms
that path (finalizes the links of that path) in the topology (if



one exists which can accommodate all the demand of this
entry), deletes the links violating the interface constraints in
this partial topology, and updates the capacity of the linksof
this shortest path by decreasing by the value of this profile
entry.

A. Route Rollout

This technique is an improvement over the heuristic, and
is guaranteed to work at least as good as the heuristic in
terms of the objective function (throughput). It starts with a
sorted traffic profile (in decreasing order). At stagei, it finds K
constrained shortest paths for profile entryi, and starting with
each of those paths (i.e., temporarily finalizing the links in
that path), it forms the complete topology using the heuristic.
The path which gives the maximum throughput (total demand
routed) is chosen (i.e., links finalized, potential links violating
interface constraints deleted and residual bandwidths updated
to reflect the demand routed), and the algorithm advances to
the next stage.

B. Index Rollout

This technique decides the order in which the profile entries
should be routed to get maximum throughput. At each stage,
it uses the heuristic to form the complete topology starting
from each of the unrouted profile entries (and sorting the
remaining unrouted entries in decreasing order), and calculates
the throughput in each case. It selects the profile entry which
gives the maximum throughput, and finalizes the links for its
shortest path, along with updating the residual bandwidthsand
deleting links violating the interface constraints.

C. Integrated Rollout

This rollout takes into consideration both the index and
the routes. Unlike index rollout, at each stage, it finds K
constrained shortest paths for each of the unrouted entries,
and for each case, it uses the heuristic to route the rest
of the unrouted profile entries. The profile entry (and the
corresponding path) giving the maximum throughput is chosen
and those links finalized, and the algorithm advances to next
stage.

In all the above cases, we are routing the whole profile entry
over a single path (and not routing it at all if we are not able
to route it all over one path). As an improvement, we can
split the traffic linearly by applying the multi-commodity flow
algorithm over the topology computed by these (as explained
in Section 2) and get a better throughput.

IV. A PPLICATION OFMATCHING THEORY

Here we present a new algorithm to form the topology and
route the traffic profiles. The algorithm is outlined below and
explained in the following subsections.

1) Weight the links in the initial graph to favor the links
which are expected to have a higher traffic flow.

2) Map the network to one which can be given as an
input to a maximum weight matching problem, [9] and
solve the matching problem to get a maximum weight
subgraph which satisfies the interface constraints.

3) Solve the multi-commodity flow problem over this topol-
ogy.

4) Modify the topology sequentially and solve the multi-
commodity flow problem again each time, and finally,
keep the topology which gives the maximum throughput.

A. Giving Initial Weight to Edges

The way we map the problem to maximum weight matching
problem, if we give the same weight to all the links in the
network, the output topology will have the maximum number
of links while satisfying the degree constraints (as we try
to maximize the weight during maximum weight matching,
so same weight to all edges would result in maximizing the
number of edges). We call the algorithm using this policy
as Uniform Weighted Matching (UWM). As our objective is
maximizing the throughput, so it is better to give extra weight
to edges which are expected to carry more traffic. We call
the algorithm using this policy asTraffic Weighted Matching
(TWM), and explain it below.

• Give a weight of 1 to all edges.
• Find K shortest paths (maximum) of same length for each

traffic profile (over the potential topology).
• Each time a link comes in a path, add to its weight

profile(i)/numberSP , whereprofile(i) is the value of
the profile entry, andnumberSP the number of shortest
paths we found for that profile entry.

Another possibility is to give weights according to the
number of paths a link comes on irrespective of the amount
of traffic. In this case, we add 1 to the weight of a link in
step 3 above. We called the algorithm using this strategy as
Flow Weighted Matching. We work with shortest paths as the
multi-commodity flow formulation will prefer shorter paths
for a commodity because it minimizes the cost function of
Equation 1 (to maximize the throughput).

B. Mapping to Maximum Weight Matching

Given a graphG = (V,E) (which corresponds to the po-
tential network) with edge weights as explained in subsection
A, we form a graphG′ = (V ′, E′) and give it as an input to
the maximum weight matching problem. Let the number of
transmit and receive interfaces (i.e., input and output degree
constraints) at each vertex be∆. Figure 1 shows an example
potential topology with∆ = 2. The steps of mapping are
explained below.

• For each vertex, we form2∆ vertices in graph G’ (∆
of them correspond to the transmit interfaces, and∆ to
receive interfaces).

• For each edge between two vertices in G, we form two
vertices in G’, and add an edge between them (of weight
0), as well as between one of them and the transmit
interface vertices (all∆ of them) of the vertex it was
going out of (with weight equal to the weight of the
corresponding edge in G). Also add edges between the
other vertex (in G’) of this edge (from G) and the receive
interface vertices of the vertex it was incident on (with
weight equal to the weight of the corresponding edge



Fig. 1. Potential Topology,∆ = 2

Fig. 2. Modified graph from potential topology

in G). The resulting graph for our example is shown in
Figure 2 (the edges shown without weights have a weight
of 1 here). T, R and E refer to the vertices corresponding
to transmit interfaces, receive interfaces and edges in G
respectively.

• Add a clique with2∆N vertices to the graph G’, with
each edge in the clique having a weight0. Add 0 weight
edges between each of these vertices and each of the
vertices in G’ which correspond to the transmit and
receive interfaces of the vertices in graph G.

• Sum the weight of all the edges in G’ and add that to the
weight of all edges in G’. We do this to make sure we
get a perfect matching using a maximum weight matching
algorithm.

We solve the maximum weight matching problem on G’,
and deduce the resulting topology based on the result we get.
We show the rules for mapping from the output of matching
to the graph representing the topology: Figure 3 shows the
scenario (a subgraph from the output of matching algorithm)
when two vertices will have an edge between them in the final
topology. Figure 4 shows the case when two vertices which
had an edge between them in G will not have the edge in
the resulting topology (as they are not connected to the edge

Fig. 3. Vertices are connected

Fig. 4. Vertices are not connected

Fig. 5. Connection between vertices undecidable

Fig. 6. Result of Matching Algorithm

vertices corresponding to the edge between them). We detect
such subgraphs in the output graph from matching algorithm
(the output graph will be composed of such subgraphs only),
and use these rules to deduce the resulting topology.

We added a clique to the graph G’ to avoid the scenario in
which we cannot deduce the topology from the result of the
matching algorithm. Figure 5 shows the case when this has
happened between two vertices. In this case, one of the vertices
connects to the edge vertex in G’, while the other vertex does
not connect with the corresponding edge vertex. This can be
avoided by having perfect matching, and for achieving that
we add a clique of size2∆N and connect each of them to all
the vertices in G’ which correspond to transmit and receive
interfaces of vertices in G. We accommodate the worst case
in which all the vertices will be disconnected in the final
topology.

Figure 6 shows the output (minus the clique vertices and
corresponding edges) of the matching algorithm and Figure 7
shows the final topology we get for the example network of
Figure 1.

C. Topology Change Strategy

We solve the multi-commodity flow problem (as explained
in Section 2) on the topology we get from the algorithm
explained in Section 4.B. We sequentially change this topology
and solve the multi-commodity flow problem on the resulting
topologies to get an improvement in the throughput. The
algorithm for changing the topology is as explained below:

Fig. 7. Final Topology



• Make a list of the profile entries for which we could
route less thanx% of the demand in decreasing order of
demand.

• For the first entry in this list, find (maximum) K shortest
paths each in the potential topology and the current
topology. Form the first path which is present in the
potential topology, but not in the current topology by
deleting the least loaded links (with traffic as given by
the result of multi-commodity flow problem) at each of
the interface-starved nodes in the current topology on this
path. If all the paths are the same then repeat this step
for the next entry in the list.

• Solve the multi-commodity flow problem for this changed
topology. If the throughput is more than the throughput
in the current topology then change the current topology
to this topology and update the list by deleting the entries
for which we have routed more thanx% on this topology.
If the throughput is less than before, then let the current
topology remain the same and start with step 2 for the
next entry in the list.

We finally keep the topology we have at the end of this
procedure.

V. I NCORPORATINGFAIRNESS

In all the algorithms we have seen so far, we do not consider
fairness i.e., trying to route at least a certain fraction ofeach
profile entry while maximizing the throughput. We address
this problem by making changes to the multi-commodity flow
formulation. We use two different weighting strategies for
comparison:

• Fairness1: UseTraffic Weighted Matching.
• Fairness2: UseFlow Weighted Matching. This strategy is

expected to be more fair thanFairness1.

A. Multi-commodity Flow Formulation

The primary change from the formulation explained before
is the addition of the fairness constraint of Equation 5. Here,
we sum the outgoing and incoming flows only over the actual
links (and not over the (infinite capacity, infinite cost) links
we added between the source and destination, as the traffic
flowing over them is what we could not route). We also
change the flow conservation law at intermediate nodes (of
Equation 3) to include only the actual links adjacent to those
nodes (Equation 6). Here,ainj denotes the actual incoming
links at nodej, andaoutj denotes the actual outgoing links
at j. This is done to make sure the traffic for a profile entry is
not routed through the extra links between some nodes other
than the source and destination of this profile entry (otherwise
that will happen as the algorithm tries to force the condition
of Equation 5).

∑

l∈aoutj

xi(l) −
∑

l∈ainj

xi(l) ≥ y ∗ profile(i),

j = sourcei,∀i ∈ {1, ..,M} (5)

∑

l∈ainj

xi(l) =
∑

l∈aoutj

xi(l),

∀j ∈ {1, .., N} − {sourcei, desti},∀i ∈ {1, ..,M} (6)

This formulation will give an infeasible result if it is not able
to route at least fractiony of each profile entry. We follow the
following procedure to get the routes (and reservations) for
the topology we get from the matching algorithm:

• Start aty = 0.95 and solve the changed multi-commodity
flow problem.

• If it returns a feasible result, keep the current topology
and these routes (and reservations) and exit. Else, de-
creasey by 0.05, and solve the problem again.

If we get the answer aty = 0, then the answer is the same
as what we get at the first step of the algorithm explained in
Section 4.

VI. SIMULATION AND COMPUTATIONAL ANALYSIS

A. Computational Complexity

The proposed algorithms takeO(N4logN) time, with N
being the number of nodes in the network. This complexity
is much lower than that for route rollout (O(N6)) and index
and integrated rollout algorithms (O(N8)). The heuristic used
by these rollout algorithms takesO(N4) time.

B. Simulation Results

The network used for simulations was assumed to have the
following parameters:

• Number of nodes in the network = 20. This represents a
reasonably sized backbone network.

• Nodes are uniformly distributed, with each node having
an average of 6.5 potential neighbors.

• The transmission range of all nodes is assumed to be the
same.

• Capacity of each link = 100 in each direction.
• Number of source-destination pairs = 160, chosen ran-

domly.
• Aggregate traffic between each pair: Uniformly dis-

tributed between 1 and 40 units.
• Number of receive interfaces at each node = 3.
• Number of transmit interfaces at each node = 3.
• Threshold,x, for including a profile in the sequential

topology change list = 20%.
• Number of shortest paths considered in Route Rollout

and Integrated Rollout = 4.
• Number of shortest paths considered for initial weighting

and sequential topology change, K = 3.
• Weight of each link for constrained shortest path com-

putation = 1, thus making the shortest path as the con-
strained min-hop path.

The simulation was run on a different random network and
random profile10 times and in each simulation, the network
topology was formed starting with these parameters. The
simulations were run for the heuristic and rollout algorithms
described in [6], both with and without following it with



TABLE I

AVERAGE THROUGHPUT FORROLLOUT ALGORITHMS

Heuristic Route Rollout Index Rollout Integrated Rollout

0.5748 0.6313 0.6732 0.6892

TABLE II

AVERAGE THROUGHPUT FORROLLOUT ALGORITHMS WITH TRAFFIC

SPLITTING

Heuristic Route Rollout Index Rollout Integrated Rollout

0.7090 0.7223 0.7335 0.7550

solving multi-commodity flow problem for routing. Tables I
and II show the average fractional throughput for the rollout
algorithms and their heuristic for the case where we do not
split the traffic and the case where we split the traffic as a
commodity respectively. As can be seen, splitting the traffic
increases the throughput considerably.

Table III shows the average throughput for the proposed al-
gorithms. The matching algorithm used was an implementation
of H. Gabow’s N-cubed weighted matching algorithm [21].
As we can see, the algorithm withTraffic Weighted Matching
(TWM) works the best, followed byFlow Weighted Matching
(FWM), Uniform Weighted Matching (UWM)and the fairness
schemes.Traffic Weighted Matchingworks 8.88% better than
the heuristic for rollout and2.25% better than the integrated
rollout (with the proposed traffic splitting strategy). Table IV
shows the average throughput we get in the proposed algo-
rithms without using the sequential topology change strategy.
As can be seen by comparing Tables III and IV, the improve-
ment in throughput is the maximum inUniform Weighted
Matching followed by Flow Weighted Matchingand Traffic
Weighted Matching. This, along with the results of Table III,
shows thatTraffic Weighted Matchingworks the best among
these three strategies.

The metric we use to evaluate fairness is the minimum of the
fraction of the demand routed for each profile entry. Table V
shows the average of this parameter over the simulations.Fair-
ness2is more fair (0.53) thanFairness1(0.425) as expected,
though at the cost of throughput, as can be seen from Table III.

TABLE III

AVERAGE THROUGHPUT FORMATCHING HEURISTICS

UWM FWM TWM Fairness1 Fairness2

0.7178 0.7606 0.7720 0.7080 0.6719

TABLE IV

AVERAGE THROUGHPUT FORMATCHING HEURISTICS WITHOUT

SEQUENTIAL TOPOLOGYCHANGE

UWM FWM TWM

0.6650 0.7294 0.7535

TABLE V

AVERAGE M INIMUM ROUTED FORFAIRNESS SCHEMES

Fairness1 Fairness2

0.425 0.53

This metric turns out to be0 for all other algorithms mentioned
in this paper.
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