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Abstract
The internet architecture based on TCP/IP protocols faces now new challenges, as wireless access
becomes ubiquitous and enables new mobility scenarios. Such a scenario arises in the intelligent transportation application area in which fast moving vehicles communicate with a distributed roadside
infrastructure. We assume that the infrastructure nodes are connected in a meshed wireline broadband network. In the same time they act as wireless access points interacting with vehicles passing
nearby via a dedicated short range communication protocol. The problem we are addressing in this
work is to find the cost-minimal locations for the placement of the infrastructure nodes. In contrast
to standard location and warehouse problems with fixed costs, the constraints in our problem have
to satisfy that the distance between the selected nodes doesn’t exceed a given distance, and that the
overwhelming part of the total road traffic flows (e.g. 95%) passes at least through one access point.
We present a mixed integer optimization problem formulation, compare it to a greedy heuristic, and
show the impact of the design parameters on the network costs.
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Introduction

The ubiquitous internet architecture based on TCP/IP protocols faces now new challenges caused by a
revolution of wireless access technology that enables new mobility scenarios. In these scenarios the end
points of connections are not stable anymore, the routes have to be opportunistically calculated, new
paradigms of node-by-node reliable transport and disruption-tolerant behavior require that intermediate
nodes are able to cache large amounts of data and offer a routing service dependent on the application.
One such challenging scenario in intelligent transportation is illustrated in Figure 1. The role of
the distributed infrastructure is to store and forward traffic information and safety relevant data to the
vehicles, but also to collect raw data from vehicles and different sensors in the system. Although the
vehicle to infrastructure communication models are not new and are being standardized and developed
in large EU projects such as COOPERS [2] CVIS [9], a decentralized infrastructure model has not been
considered sofar.
In our model we can assume without loss of generality that infrastructure nodes can be placed in the
junctions of the road network (if a road is too long, then additional ”logical” junctions can be created on
it). Each infrastructure node is a wireless access point that can communicate with vehicles approaching
the node from any direction (street). The infrastructure nodes form a wired meshed network meaning
that once a message is in the system, it can be distributed to any relevant node by a special routing
application. The technology for the realization of the network goes beyond the scope of this paper, we
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can however say that the conceived operation mode requires that the system is based on an overlay
network that is able to store and retrieve traffic and safety related messages in very short time from any
point in the network.
The main problem we address in this work is the optimal design of the distributed infrastructure.
More specific, we want to know in which road junctions should be installed infrastructure nodes, such
that a) the network costs are minimized, b) the distance between these nodes does not exceed a certain
value (because of intermittent connectivity) c) the nodes intercept a high percentage, e.g. 95% of the
whole road traffic.
In the next section we are going to express those conditions in a mathematical optimization model.

Figure 1: Road-side network overview
The main contributions of this work are therefore:
• to present a novel application scenario in which a overlay network has to be designed to communicate
with moving vehicles
• to formulate the infrastructure node location problem as a mixed integer program and analyze both
exact and approximate (greedy heuristic) solutions.
The rest of the paper is structured as follows: In Section 2 we give a mixed integer formulation of
the location optimization problem, and propose an approximate solution approach based on a a greedy
heuristic In section 3 we present simulation results on a generated road network, evaluate the solution
quality and compare the exact and the approximate solutions. In section 4 we conclude with an outlook
on further research.
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Problem formulation

The problem formulated below answers the question, where to place the road side units (access points) in
order to minimize the total costs. Classical location problems in operations research such as the facility,
concentrator or warehouse location problem aim to minimize fixed facility costs and routing costs. In
this work we adopt a set cover formulation, well known to be NP-complete (see for example [6], Chapter
8).
We assume that each road junction i is a potential location for an infrastructure node, where the total
costs ci , consist of equipment costs and take into account the difficulty to connect that node to a wired
broadband infrastructure.
To formulate the set cover problem, we consider a road network graph G(N,L) with |N | nodes and
|L| directed links from which we build the hypergraph H=(L,E) where the hypernodes is the set of links
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L, we denote using the node ends, L = (i, j), i, j ∈ N . A hyperlink Ej in H is the set of links in the
neighborhood of node j, Ej = {(i, h) ∈ L|(dist(i, j) ≤ D, dist(h, j) ≤ D)}, i.e. both nodes of the selected
arcs have to be within a given travel distance D from j (see 1). The reason for having chosen a directed
network is to be able to model one-way roads.
We are looking for a subfamily F ⊆ E which covers the set L (edge cover). In this way we can
guarantee that the distance between any two infrastructure nodes on any vehicle route is not larger than
2D.
We denote with alj , l ∈ L, j ∈ E the elements of the incidence matrix of the hypergraph H.
½
1 if l ∈ Ej
alj =
l∈L
(1)
0 otherwise
the variables xj , j ∈ N denote those nodes in which access points (road side units) shall be installed:
½
1 if Ej ∈ F
xj =
j∈N
(2)
0 otherwise
The set cover constraint becomes:

X

alj xj ≥ 1, l ∈ L

(3)

j∈N

The second quality requirement we impose on the network topology is that a predominant part of the
origin-destination (vehicle) flows has to pass through at least one access point node. Let K be the set of
origin-destination pairs and denote with (the ordered node set) Pk = v1 , v2 , .., the path calculated using
a shortest path algorithm, where vi ∈ N, k ∈ K. Further, we define the routing matrix
½
1 if j ∈ Pk , k ∈ K
rkj =
j∈N
(4)
0 otherwise
In order to express that the traffic on path k is covered by at least one access point i.e. xi > 0 we
denote with zk ∈ {0, 1} the decision variables
½
P
1 if j∈N rkj xj > 0
k∈K
(5)
zk =
0 otherwise
Finally, the location problem becomes LOC:
min

X

cj xj

(6)

xj rkj , k ∈ K

(7)

j∈N

subject to: (3) and
zk ≤

X
j∈N

zk ≥ 1/N

X

xj rkj , k ∈ K

(8)

j∈N

where (7) and (8) are a reformulation of (5) and
X
X
zk dk ≥ α
dk , 0 < α ≤ 1
k∈K

(9)

k∈K

where dk is the flow demand of commodity k, and α is the proportion of the traffic we want to cover
0<α≤1
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2.1

Related work and approximation heuristic

Since the LOC problem formulated above includes the set cover problem which is NP-complete, it can be
assumed that LOC is also NP-complete. Among the heuristics for set cover, the simplest uses a greedy
algorithm [4], [5]. Other approximation results are discussed in [3].
We first review the greedy algorithm for the weighted set cover, see [6], Chapter 11, then adapt it
to the LOC problem. The idea behind the heuristic is to select at each step the set that contains the
largest number of uncovered elements, however this decision is not revised anymore. In the slightly
modified weighted set cover problem, we select at each step the set Ei such that the metric wi /(|Ei ∩ R|)
is minimized, where wi is weight of set Ei , and the set R contains the the remaining elements (edges)
that have not been selected yet. The heuristic is illustrated below:
Greedy Set Cover
Start with R=E and no sets selected
while R 6= Φ
select set Ei that minimizes wi /(|Ei ∩ R|)
delete set Ei from R
endWhile
Return the selected sets
To adapt the greedy heuristic to our problem, we consider the node si (the ”center” node of the set
Ei ) and the road traffic entering the junction where this node would be located. Since we know the O-D
demands (flows) and the shortest
paths, we can calculate the link flows fhi entering node si , then set the
P
weight accordingly to wi = (h,i)∈A fhi .

Figure 2: Generated test network with 183 nodes
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Experimental results

In order to create a realistic road network topology, the random generation feature of the simulation tool
SUMO [7] was used. The experiments started with a network consisting of 183 nodes and 251 directional
arcs (see Fig. 2). The lengths of the arcs were uniformly distributed between 100 and 900 meters are
used to create the sets Ej of edges bounded by the distance D from node j.
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Figure 3: Total node costs as a function of D, for different values of α
The tests were performed on a Pentium 4 machine using AMPL language and the CPLEX solver in
the Version 9.1.2 [8]. The first investigation using the exact model LOC aimed to determine the impact
of the parameters D and the percentage α of traffic captured by the selected nodes. We can see that,
when we relax α, D becomes the dominant constraint and viceversa. The cost coefficients were uniformly
distributed in [0.5, 1.5], so the costs in Figure 3 are approximatively equal to the number of nodes used
for the cover.

3.1

Comparison with the greedy heuristic

The exact problem LOC and the greedy algorithm have been applied to the same network with 183 nodes.
For this network instance, the CPU times measured were about 10 seconds for the exact optimization and
2-3 seconds for the heuristic (we did not include the preprocessing time needed to calculate the alj and
rki ). The road traffic demand in real conditions varies as a function of the day time, season, weather, etc.
In order to get an idea about the robustness of the algorithms to such changes, we allowed the O-D flows
to change in the range of 50% around the nominal values. The costs did not change, but the selected
nodes varied slightly. In Figure 4 we summarize the results of the exact and heuristics solution.
As expected, the exact solution can be precisely controlled with the parameter α. As the required α
approaches 100%, almost each traffic O-D flow has to be intercepted by at least one access point node,
making the communication infrastructure dense and expensive.
Such a control is not possible with the heuristic. Theoretically, the heuristic is bounded by a factor
H(d) [5], where d is the maximum number of elements in a set Ej and H(d) = 1/1 + 1/2 + ... + 1/(d − 1).
For D=2000, d=10 the approximation is larger than the exact one by a factor of H(d) = 2.8. However
the heuristic results are much better than the bound above. In Figure 4 the heuristic produces a single
point, whereas the exact solution is dependent of α. However, we can calculate for the heuristic solution
a posteriori the flow relative to the total O-D flow, i.e. the value of α: based on the found solution, the
affected O-D flows are summed up (considering each flow only once).
Summarizing, we see that the heuristic gives good solutions, especially for real-life, larger problems.
However, when we relax the distance between nodes 2D, the heuristic solution becomes unsatisfactory
because the traffic flows covered represent a quite low percentage of the whole traffic (e.g. 83% for
D=2000). A much better control is obtained with the exact method by setting high values for α, however
at the cost of intractability for large instances. A LOC instance needs |N |+|K| variables and |A|+2|K|+1
constraints.
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Figure 4: Comparison of exact solution and heuristic results
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Concluding remarks

In this work we consider a novel application scenario in intelligent transportation. In order to realize
this scenario, an overlay network with nodes placed geographically at some of the road junctions has
to be planned. The planning task leads to a mathematical optimization problem for the minimal cost
placement of nodes. In the paper we formulate the problem as a set covering problem with additional
constraints, and compare the solution with that of a greedy heuristic approximation algorithm. Tests
with a network of 183 nodes are documented, but real situations require much larger road networks with
thousands of nodes. It is for further research how the exact MIP and the heuristic behave in practice in
case of large instances.
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