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practical distributed implementation for PROUD, in which
sensors and actuators form clusters by constructing MSTs
cooperatively, then the actuators construct the priori routes
by traversing the MSTs independently.

5.1 Forming R-clusters

First, the sensors construct MSTs locally by commu-
nicating with their neighbors. Given the communication
range of sensors is R, the weight of each edge e in the MST
must be smaller than or equal to R,; that is, w(e) < R,. We
refer to such an MST as an R-Cluster, RC(V, I/), which
includes all the sensors that are within R, to some sen-
sors in RC(V, F/). The cost of the R-cluster is denoted by
Cost(RC), which is the sum of w(e), Ve € F. It will be
stored by the sensors in RC(V, F). There are many existing
distributed algorithms for forming an MST [21][22], and we
apply a fast algorithm from [23] for this purpose.

5.2 Connecting R-clusters

An R-cluster forest is formed by the sensors as above.
These R-clusters can be connected together to form MSTs
that contain more sensor locations. We divide the network
into M sub-areas, cach of which is explored by one ac-
tuator. Each actuator looks for the R-clusters in its area
and connects them if they are within a certain distance, say
|RC1, RCs|| < 6. Then, a new cluster is formed with cost
COSt(RCl) + COSt(RCQ) + ||RC'17 RCQ”

Similarly, the actuators also connect their R-
clusters/clusters with those in their neighboring areas.
Algorithm 3 shows how two actuators A1 and A2 connect
their R-clusters RCy and RCs, where B D is the boundary
of the two corresponding areas.

Algorithm 3 Connecting the R-Clusters
Function Connect-Cluster( RC1(V1, Fv), RCo(Va, Ea))

AV
if (| RC, BD|| < 6) and (J|RCo, BD| < §) then
Actnators A and A, exchange locations close to BD;
Find the shortest edge e that connects RCy and RCq»;
if ¢ < 4 then
Form new cluster C,,c., (V, E);
Ve Vi Vo

Cost(Cpew) = Cost{RCL) + Cost{RCY) + wle);
end if
end if

5.3 Allocating Actuators

Actuators are then allocated to the clusters, such that
each cluster is assigned to at least one actuator and no clus-
ters are unassigned. This can be achieved by running Al-
gorithm 4 by individual actuators. Each actuator associates

itself to any unassigned clusters in its area. If the associ-
ated cluster is crossing two or more areas, the actuator has
to inform the actuators in those areas. It is possible that
the number of clusters is greater than the number of actua-
tors. The unassigned clusters can be connected with some
assigned clusters to ensure they are served by at least one
actuator. On the contrary, a remaining actuator can asso-
ciate itself with a nearby cluster with the highest cost. If
multiple actuators are serving one cluster, they can divide it
equally and serve the sensors involved independently.

Finally, a priori route is computed by the actuator in each
cluster using the Approx-TSP-Tour algorithm [20].

Algorithm 4 Allocating actuators to clusters
Function Allocate-Actuator (Actuator A)
if 3 unassigned C; in A’s area then
A associates with any C;#;
if C;* across other areas y then
A alerts the actuators in y;
end if
for ¥V remaining unassigned C; do
Find closest assigned cluster ' to C;;
Connect-Cluster(C;, C');
end for
else
Find Cx with the highest cost in neighboring areas;
A associates with Cx;
Divide C* equally with other associated actuators;
end if

6 Enhancements to PROUD

In this section, we discuss the integration of actuators
with variable speeds and also show two enhancements for
load balancing among actuators.

6.1 Actuators with Variable Speeds

So far we have considered actuators with constant speeds
only. Actuators with variable speeds however could achieve
even shorter inter-arrival time for heterogeneous networks.

Let o; be the expected average actuator inter-arrival time
for the sensors with weight ;. For simplicity, we assume
the visiting probability p; of the sensors with the shortest
expected average actuator inter-arrival time oq to be 1. The
visiting probability of the remaining sensors with the ex-
pected average actuator inter-arrival time, say o;, can be
calculated by o4 /0;. The visiting probability to sensors can
be updated adaptively by the actuators according to the dy-
namic change of the expected average actuator inter-arrival
time. By adjusting the speeds of the actuators, we can en-
sure sensors with the same visiting probability can achieve
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Figure 6. Energy consumption of actuators
with task exchange.

scale and large-scale networks. We also discussed a dis-
tributed implementation and extended the approach to ac-
commodate actuators with variable speeds. We further pro-
posed the Multi-Route Improvement and the Task Exchange
algorithms for evenly distributing workload among the ac-
tuators. Simulation results suggested that the proposed al-
gorithm can greatly reduce the average inter-arrival times
in wireless sensor-actuator networks for highly weighted
sensors. The approach also adapts well to the dynamic
change of the network and effectively balances the energy
consumption of the actuators.
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