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1. Introduction

An ad hoc network is a system of mobile nodes that communtbateigh the use of wireless links. Due
to the lack of central authority, ad hoc networks have noedfitopology, and their communication pattern
depends on the actual position of individual nodes. Thigadtaristic presents a great challenge for some
fundamental design tasks such as ensuring connectivilystoess, and proper routing over the network.

Applications of ad hoc networks are pervasive, includingskly coupled systems of personal digital as-
sistants (and other equipment using wireless technolody as bluetooth) as well as sensor networks. Ap-
plications occur on urban and rural settings, includingueamissions and military operations. Optimization
techniques have been applied on several ad hoc networlgongbsuch as routing, correction of measurement
errors, and ensuring general connectivity [5]. In this pape propose an algorithm for group communica-
tion, which is a vital resource when a collaborative taskaBrged. In this case, we assume that members of
the network must keep in contact for as long as possible derdo exchange vital information.

Consider a graplty = (V, E), where the seV of nodes corresponds to candidate positions in a given area.
The setU contains elements representing members of the ad hoc retsach element € U has associated
positionp,(u), at each instant € 1,..., T, whereT is the given time horizon. Assume that the initial and
final positions for eachy € U are known, and given respectively by andd,,, for eachu € U. Each edge

e € I has an associated distance given by funciisn : £ — R, . Elements of the wireless network move
according to simple rules. At each time stegin element can stay at the same position or move to one of the
positions inN (p;(u)) —whereN : V — 2V is a function returning the neighborhood of a node.

Two elements of the wireless network are connected at a gireninstant if the distance between them is
less than the radius, which is determined by the range of the wireless equipmEstal communication is
measured as the summation of the number of connectionsvadhiy the system over time. To formalize
this, letr : V2 — {0, 1} be a function returning if the distance between nodes is less tharThen, the
objective function for our problem can be represented as, >, ,cp 7(pe(u), p:(v)). Moreover, we
require that each patR from s, to d,, for eachu € U, have total distanc®’ dist(e) of at mostD,,
units, whereD,, is a natural limit on the travel autonomy of wireless agent

ecP

It has been determined [4] that the problem described alsoM®ihard. This can be shown by a reduction
from the well known 3SAT problem. Moreover, it is NP-hard eve find an optimal solution for one stage
of the problem at a given timee To see this, consider an algorithm that maximizes the nuoflmnnections
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at timet, by defining the positions for members of the network. Rus #igorithm for different set&’?,

with |U?| = i andi varying from1 to 7. Then, the algorithm stops when the number of connections is
less then(;'), and the value returned is— 1; clearly, the algorithm described above computes the vafue
the maximum clique on the underlying unit graph. Howevedifig the maximum clique on a unit graph is
known to be NP-hard [1].

In this paper, we propose a heuristic for maximizing conmiégtbased on the greedy randomized adaptive
search algorithm (GRASP) of Feo and Resende [3]. The algorjirovides a quick way of determining
solutions for the problem without the necessity of a fullse@numerative algorithm. The solutions provided
by the resulting algorithm are close to the optimal for mdghe tested instances.

2. Greedy Randomized Adaptive Search Procedure

Greedy randomized adaptive search procedure is a metatietor combinatorial optimization that aims to
find very good solutions though the controlled use of randaming, greedy selection, and local search.
The metaheuristic has been used in the last decade in sepéiralzation problems with very good results in
practice. LetF’ be the set of feasible solutions for the a problénwhere each solutiof € F'is composed
of k discrete components, . . ., a;. GRASP constructs a sequencg}; of solutions forII, such that each
S; is feasible forl. At the end, the algorithm returns the best of the solutioonsé.

Each GRASP solution is built in two stages, call@eedy randomized constructiand intensification
phases. The construction phase receives as parametertance®f the problem, a ranking functign:
A(S) — R (whereA(S) is the domain of feasible componenits,. .., a) for a partial solutionS), and a
constan) < « < 1. It starts with an empty partial solutio$.. Assuming thatA(S)| = I, the algorithm
creates a list of the best ranked components inA(.S), and returns a uniformly chosen elementrom
this list. The current partial solution is augmented withand the procedure is repeated until the solution is
feasible,i.e.S € F.

The intensification phase consists of the implementatioa &fll-climbing procedure. Given a solution
S € F, let N(S) be the set of solutions that can found frairby changing one of the components S.
Then,N(S) is called the neighborhood . The improvement algorithm consists of finding, at each,step
the element™* such that

S* = s’

arg Iax f(s7,

wheref : F — R is the objective function of the problem. At the end of eadpstie makesS «— S* if
S < §*. The algorithm will eventually achieve a local optimum, imigh case the procedure above will
generate a solutiof* such thatS > 5*.

To employ GRASP for solving the cooperative communicatioobfem in ad hoc networks, we need to
specify the set4, the greedy functior, the parametet, and the neighborhool'(S), for S € F. The
components of each solutigh are feasible moves of a member of the ad hoc network from a ndadea
nodew € N(v)U{v}. The complete solution is constructed according to thedtg procedure. Start with
arandomu € U and find the shortest pafh from s, to d,,. If the total distance of is more thanD,,, then

the instance is clearly infeasible, and the algorithm efdse, the algorithm considers each feasible move.
A feasible move connects the final node of a sub-gathfor v € U \ {u}, to another nodev, such that
the shortest path fromw to d, has distance at mo&?, — > . dist(e). The set of all feasible moves in a
solution is defined ad(.5).

The greedy functiom returns for each move id(S) the number of additional connections created by that
move. As described above, the construction procedure arnk the elements ofl(S) according tog, and
return one of the bestl elements. This is repeated until a complete solution foptisdlem is obtained.

The improvement phase is defined by the perturbation fumctiich consists of selecting a wireless agent
u € U and rerouting it, i.e., finding a complete path using the pdoce described above for each time step



Tnstance | Nodes | Radius | Agents | Avg.Soln | Avg Time | Agents | Avg Soln | Avg.Time | Agents | Avg.Soln | Avg Time
U [0 | 1 | 10| 60 | 00 | 15 | 270 | 008 | B | 502 | 281
oL | 3 | 10 | ma o002 | 15| 3036 | 0030 | % | 918 | 1842 40000,0
300 | 5 | 10| 60 | oou | 15| a0 | 002 | B | %000 | Lew 35000,0°F
30000,0
ol 0|0 |50 | 000 | 15| 340 | 006 | % | 98000 | 207 250000
5 [ % | L | 10| 08| 007 | 0 | W84 ] 1057 | 30 | U904 | D32 | | ave.com 200000
6 | |3 |10 |1 | 008 | 2 | a0ns | L08T | 30| 13642 | 58 15000,0
Tl Tl 5 | 10| 1860 | 0% | W | E00 | 131 | 30 | 134850 | 5068 10000.0
§ | ol |10 | 13950 | 006 | 20 | a0 | 180 | W | 13080 | 688 5000.0
O I0 | 1T | B | 02| 003 | B | 618 | asH | 50 | 890 | 300 oo
0] 00 3 | 15| 8| 049 | % | om0 | 4267 | 50 | 3766 | 32459
Wo[00 | 5 | 15 | 340 | 030 | % | om0 | 308 | 50 | 3Wm0 | %20
[0 | 10| 15 | M0 | L0 | % | 000 | 54 | 50 | 3T0 | 45059

Figure 1: Left: numerical results of the algorithm. Rightokition of solution values.

to T'. The set of all perturbations of a solutiétis its neighborhoodv (.S). At each step, all elementse U
are tested, and the procedure stops when no such elentiegitimproves the current solution can be found.

3. Computational Experiments

The described procedure has been implemented in the C pnagrey language using the Linux operating
system. It was tested on a Dell Power Edge 2600 with twin 3.28Ehtium 4 processors with 1M cache
and 6GB of RAM running in hyperthreading mode. The propos@hSP was tested on 60 random unit
graphs with varying densities ranging from 50 to 100 nodd® fRdii of communication vary from 1 to 10
units (miles). We tested each case with different sets ofilmalgents in order to achieve better comparisons
and model real-world scenarios. The graphs were createddgnarator used by Butenko et al. on the
BROADCAST SCHEDULING problem [2].

Numerical results can be seen in Figure 1. The results suinathe solutions from the average of 5 graphs
having the same number of nodes, radius of communicati@ahnamber of mobile agents. As expected, we
obtain better average solutions as we increase the comatiomigange and the number of agents. Subse-
quently, as the complexity of the instance gets larger,|&zids to longer computation times. Nevertheless,
the average solution was found in 1.71s not counting the @@ graphs where 50 agents were routed. The
average time including these instances was 5.54s. We seié¢haroposed GRASP is very robust in that it
is able to solve a variety of instances in a fraction of theetthat would be required by a pure IP solver.
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