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Abstract. Performance issues in Wireless Sensor Networks (WSNs) play
a vital role in many applications. Often the maximum allowable message
transfer delay must be bounded in order to enable time-sensitive applications of WSNs like fire or intrusion detection systems. Hence, it is crucial
to develop algorithms that minimize the worst-case delay in WSNs. In
this work, we focus on the problem of placing multiple sinks such that
the maximum worst-case delay is minimized while keeping the energy
consumption as low as possible. For that purpose we develop an algorithm based on the Genetic Algorithm (GA) paradigm. To model and
consequently control the worst-case delay of a given WSN we build upon
the so-called sensor network calculus (a recent methodology introduced
in [10]). In order to be able to assess the performance of the GA-based
sink placement strategy we compare it to an exhaustive search algorithm
as well as a Monte-Carlo search. All of the strategies are based on a discretization of the originally continuous search space into a finite search
space, which forms a contribution of our work of independent interest. In
the performance comparison with the other strategies the GA exhibits a
favourable behaviour with respect to the quality of the solutions found
and the computational effort invested. It thus seems to be a good candidate for addressing the problem of placing multiple sinks in large-scale
time-sensitive WSNs.
Keywords.Wireless Sensor Networks, Optimal Sink Placement, Genetic
Algorithm, Network Calculus, Worst-Case Delay.
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Introduction

1.1

Background and Motivation

A WSN comprises a collection of autonomous sensing nodes, each equipped with
modest computing ability and memory, a wireless transceiver, power source, and
physical sensors [5]. The potential applications of WSNs are vast and include for
example, environmental monitoring, security and surveillance, precision agriculture, utility plant monitoring, health monitoring, battlefield scenarios, building
?
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management, and disaster recovery. Though, most WSNs are still mainly deployed for research purposes due to a lack of predictability and controllability.
To be successful in commercial environments, predictable and controllable building blocks as well as analytical frameworks for WSNs are essential. Therefore,
there are a number of components and functions of a WSN that need first to be
looked at separately, before combining them to a comprehensive framework for
predictable and controllable WSNs.
In many WSN applications, it is desired to collect the information acquired
by sensors for processing, archiving and other purposes. The station where that
information is required is usually called a sink or base station. A sink normally
has higher capacity as well as cost than usual sensor nodes. Sinks can be sensors
themselves or devices such as PDAs or gateways to other larger networks [5].
For large-scale WSNs, a single-sink model is not scalable since message transfer
delays as well as energy consumption of the sensor nodes become prohibitive, due
to the fact that most of the nodes would be far away from the sink and thus many
hops must be traversed before the sink is reached. As a result, response times
become excessive and the lifetime of the WSN becomes very short. Therefore, it
is sensible to deploy multiple sinks so that messages reach their destination with
less hops and consequently response times are decreased and energy is saved.
Although energy is usually considered the most critical resource in WSNs,
some applications depend heavily on performance characteristics such as message
transfer delays or buffer requirements. In particular, message transfer delay is
the most critical issue for time-sensitive WSN applications like fire or intrusion
detection systems in order to ensure a timely actuation in case of a detection
event.
1.2

Assumptions and Problem Statement

As discussed above, if sinks are placed in good locations, this can reduce traffic flow and energy consumption for sensor nodes. In particular, we focus on
strategies to minimize the maximum worst-case delay, which is important for
any timely actuation based on the information collected by a WSN. Hence, a
worst-case analysis approach is considered. While average-case analysis is useful
in some applications, for many WSN applications like production surveillance or
fire detection, it must be ensured that messages indicating dangerous information are not lost (with high probability) and arrive at the control center with
minimum delay. The worst-case analysis can be performed by utilizing a new
methodology called sensor network calculus [11]. Sensor network calculus is based
on network calculus [7], which is a framework for worst-case analysis allowing
to calculate maximum message transfer delays, maximum buffer requirements
at each sensor node, and lower bounds on duty cycles. Sensor network calculus
customizes the conventional network calculus to the typical setting in WSNs.
In WSNs, the sensor nodes must connect to at least one of the sinks in order
to send data from their surroundings or from their neighboring nodes. In the
latter case, the node acts as a router. So, it is obvious that some nodes are
transferring relatively large amounts of data, even if they are not sources of

heavy traffic. As a result, these nodes run out of battery faster and response
times become excessive, in particular, if nodes and sinks are placed in improper
position. So, sink location affects the network performance, thus the sinks should
be located as good as possible. However, that brings up the question how these
sinks can be placed optimally in order to achieve a minimum message transfer
delay for time-sensitive applications.
In mathematical terms we can pose the problem as follows:

min.
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Here, n denotes the number of sensor nodes and p is the vector of their locations in the sensor field F, these locations are assumed to be given. The values
di are the worst case delays for each sensor node i. By minimizing the maximum
worst-case delay in the field, it is ensured that response times are balanced as far
as possible. k is the number of sinks and the vector s contains their locations,
these locations are the actual decision variables of the optimization problem.
This is somewhat hidden by the fact, that the delays di are only indirectly affected by the choice of the sink locations. In fact, as a first-order effect, the di are
a function of the topology τ , in which the WSN organized the data flow towards
the sinks, and the arrival and service curves of the sensor nodes, denoted as α
and β in the formulae above. While the arrival and service curves are parameters
for a given WSN scenario, the topology is itself a function of the nodes’ locations, the routing algorithm R and the sinks’ locations s, where however only
the sinks’ locations are variable and the other two are again given parameters.
Note, in particular, that we assume the routing algorithm to be given and not
to be subject to the optimization. Although this could in principle be done, it
would aggravate the problem further and is therefore left for further study.
So, in principle, we face a continuous optimization problem where the objective function is to minimize the maximum worst case delay in the field subject
to constraints that ensure that each sensor node is connected to a sink (possible
via multi-hop communication, determined by the routing algorithm) as well as
some geographic constraints. Due to the highly non-linear, jumpy behaviour of

the worst case delay function f , and thus of the objective function, which results from the formulas derived by sensor network calculus (see [10]), the direct
solution of that optimization problem is practically infeasible.
Therefore, the goal of our work is to develop a heuristic strategy for the
sink placement problem that minimizes the maximum worst-case delay in WSNs
based on the sensor network calculus framework. To this end, we propose a Genetic Algorithm-based heuristic for sink placement (GASP) and analyze its performance in comparison to two other strategies. One is an optimal strategy based
on an exhaustive search which serves as an upper bound for the performance
achievable by the GASP, and the other one is a Monte-Carlo based strategy that
should serve as lower bound on the performance that can be expected from the
GA. Note that all strategies are designated for networks in which all the sensor
nodes’ locations are known.
1.3

Outline

In general, optimal sink placement is a hard problem like many other location
problems (it exhibits particular similarity to the uncapacitated warehouse location problem, an NP-complete problem). First, we introduce a method to discretize the search space resulting in a set of candidate locations for the placement
of sinks in a WSN. These candidate locations are based on the concept of regions
of indifference, that is regions for which wherever a sink is placed the routing
topology will not be altered and thus the objective function for the worst-case
delay does not change. Hence any location in such a region of indifference can be
chosen as a candidate location. Nevertheless, for large-scale WSNs the number
of candidate locations still grows very fast and an exhaustive search becomes
quickly prohibitive. That is why we consider a GA-based strategy, although, of
course, it cannot guarantee to arrive at a provably optimal solution.
The organization of the paper is as follows: In the next section, we introduce the GASP algorithms alongside with the method for discretization of the
search space. Next, we analyze the performance of the three mentioned strategies
(GASP, optimal, Monte-Carlo) in Section 3. Section 4 presents related work and
Section 5 concludes the paper.

2

Genetic Algorithm-Based Sink Placement in WSNs

In this section, we first propose a discretization method that reduces the continuous search space into a finite set of candidate locations. Each candidate location
represents a so-called region of indifference, in which wherever we place a sink
the routing topology is not changed and thus also the value of the objective
function, the maximum worst-case delay, is not altered. So, interestingly, the
discretization of the search space does not result in a loss of optimality. Yet,
as we still face a hard combinatorial optimization problem similar to warehouse
location problems (which are known to be NP-complete) where however the objective function is highly non-linear in contrast to those, the only resort for larger

problem instances is a heuristic search technique. In the following two subsections, we discuss the method for the discretization of the search space and the
interior workings of the GA-based sink placement. A more detailed presentation
can be found in [9].
2.1

Discretization of the Search Space

We assume the locations of the sensors and their transmission ranges to be given.
In a first step, we use the nodes’ locations to calculate the total number of regions
of indifference, so that we know the cardinality of the candidate location set. To
do so, we look at the intersection regions of sensor nodes’ transmission ranges. In
that context, nodes are called neighbours if their transmission areas intersect. By
the sensor nodes’ transmission areas we obtain a tesselation of the sensor field.
The atomic regions forming that tesselation become the regions of indifference
for the sink placement problem, because inside such a region it does not matter
where we place a sink since the routing topology remains invariant and thus the
objective function remains unchanged. Thus, within such a region of indifference
we can choose any location as candidate location and consequently discretize the
search space.
To the best of our knowledge, there has been no explicit formula for the
number of intersecting regions when their location and transmission range are
given. In Figure 1, we discuss possible circle intersections and the way to calculate
the total number of regions as given by our formula which is given in Equation
1. In our method, first, we pick a node i with all intersecting neighbors and
for each neighbor we add two regions to the total number of regions. Then
we eliminate node i from the scenario. Based on this a loop invariant can be
formulated which shows the correctness of this procedure. The same procedure
will continue until the last node which has no further neighbors. Notice that
the network is connected so that no further neighbors node means the last node
of our scenario and its neighbors have already been counted. Finally, we add a
region to the total number of regions for the last node.
The formula to calculate the total number of regions of indifference, N (n),
for multi-circle intersections is given in Equation (1) and we give evidence for it
with some graphical illustration in Figure 1.
!
n−1
X
N (n) =
2 ∗ nbi + 1
(1)
i=1

where
n := number of sensor nodes
nbi := number of neighboring nodes after elimination of nodes 1, . . . , i − 1
N (n)is important as it controls a sampling process of the sensor field, where
we iteratively increase the sampling as much as necessary until the maximum

Fig. 1. Multi-circle intersection regions.

number of candidate locations is found. The sampling process works by laying
a grid over the sensor field, determining for each grid point its neighborhood in
terms of the transmission areas in which it is contained and then merging grid
points which have identical neighborhoods. If the sampling accuracy is eventually
high enough, all regions of indifference have been identified and the respective
remaining grid points can be used as candidate locations for the sink placement.
While the iterative grid-based procedure may seem computationally intensive
and a direct method for calculating the indifference regions based on the locations
and transmission ranges of the sensor nodes seems appealing, we had to find out
after intensive literature research that the basic geometric problem has not been
addressed so far and that even the easier problem of counting the intersection
regions had not been addressed, to the best of our knowledge. However, the
discretization never was a bottleneck in the practical scenarios we investigated
and further has the advantage that it also works if the transmission properties
cannot be captured by the typical circular structure of free-space signal loss
models.
The alert reader might have noticed that there are some special cases of
node constellations which do not agree with Equation (1) resulting in unwanted
or duplicated regions. These special cases are shown in Figure 2. One such case
is a cyclic dependency which results in an unwanted region that is useless for
sink placement, because sensors cannot reach that region. Moreover, there is
the possibility of scattered regions of indifference, where two or more regions
of indifference result in the same routing topology so that actually one of them
is sufficient. The discretization disposes with such areas in order to keep the
search space minimal. The last case in the figure does not agree with Equation
(1) because some regions of indifference might actually degenerate to a single
point in the plane if we have a common intersection point between three or
more transmission areas of sensor nodes. This case we rule out based on the
observation that in practice this is very unlikely to happen.
So, the exact number of regions of indifference may differ from Equation (1)
due to some cyclic dependencies and scattered indifference regions but is still
under control of the discretization process. In the end, the search space becomes

Fig. 2. (a) Cyclic Dependency (b) Indifference Regions (c) Common Intersection Point.

a finite set of candidate locations on which the following GA-based heuristic as
well as the schemes we present in Section 3 can be built.
2.2

The Genetic Algorithm Based Sink Placement Strategy

Based on the set of candidate locations for the sinks an exhaustive search can be
implemented that tries all possible combinations of sink placements. However,
such an exhaustive search, while ensuring to find the optimal sink placement,
becomes computationally too expensive for even moderately sized WSNs. More
specifically, if the cardinality of the set of candidate locations is denoted by L
and k sinks shall be placed, then the number of combinations to be checked
becomes Lk , which grows quickly with L. So, the only resort from this is to use
heuristic techniques. We decided to design a genetic algorithm based heuristic
because the GA paradigm is known to be very flexible and allows to integrate
domain-specific knowledge well [3].
Some Background on GAs John H. Holland [4] introduced the term and
basic concepts of Genetic Algorithms in order to solve complex optimization
problems. While being a random search technique, like a Monte-Carlo strategy, a
GA attempts to learn as much as possible from its ”experience” with the function
to be optimized and can actually be reasoned to do so in an optimal fashion due
to its inherent parallelism (see [3] for details). While not ensuring optimality for
the solution found, it usually at least provides very good approximations as long
as the so-called building block hypothesis is satisfied, i.e., if a good solution can
be composed from good partial solutions (yet not in a very strict sense). The art
of GAs therefore lies in the definition of the chromosomes of the individuals that
represent the possible solutions for the problem at hand such that the building
block hypothesis is fulfilled.
To implement a GA, the first step is to select initial individuals from the
overall search space. Each individual represents a solution of the problem and
is coded in the so-called chromosome. The selected set of individuals becomes
the initial ”population”. The population size may vary depending on the search
space and the problem characteristics. The next step is to generate new individuals by reproduction, which is often called the crossover operator of GAs,
and by mutation. How to exactly implement these operators is problem-specific

[3], although a large set of variants to choose from exists. In the last step each
individual’s ”fitness” is computed using the objective funtion, before the final
operator of GA, the selection, is invoked to create the next ”generation” of individuals which form the new population. Again, also for the selection operator
there are many variants one can choose from. Which is best depends again on
the problem and is usually subject to experimentation. The termination of a GA
can be done in two fashions, either the population is converged, meaning that the
individuals are all the same or at least very close to it, or, more commonly, the
number of generations, i.e., the number of evolutionary loops is limited to some
number. The latter criterion gives better control on the amount of computation
that is invested.
Overview of the Genetic Algorithm-Based Sink Placement Strategy
The GASP algorithm is given in Algorithm 1. Initially, it computes the candidate
location set based on the method from Section 2.1. Each candidate location is
given an index number where the indices are assigned according to an increasing
distance towards the left upper corner of the sensor field, thus, to some degree,
keeping track of the geographical positions of the candidate locations. 1
Next, an initialization step is performed: select N individuals randomly by
choosing a random subset of the candidate location set with the cardinality of the
subset being equal to the number of sinks to be placed. These subsets are then
transformed into an ordered list where the ordering criterion is according to the
distance of the left upper corner of the sensor field, i.e., the chosen locations are
ordered according to their respective index numbers. This chromosome encoding
shall ensure that building blocks can actually be formed and that for the GA
crossover operators (as described below) such building blocks are destroyed with
low probability. Now, all individuals of the initial population are calculated for
their fitness invoking the sensor network calculus computations to provide the
maximum worst-case delay for the given sink placement.
Afterwards, the evolutionary loop that is composed of several GA operations can be started. Before actually performing the crossover operation, we
need to pick two parents. The details of the problem-specific crossover operator we propose are discussed below, yet the idea of the crossover is to combine
good partial solutions to achieve a better total solution. After the crossover,
the mutation operator is invoked for each individual (old and new ones). Again
the specifics of the mutation operator are deferred to the next subsection. The
idea of the mutation operator is to integrate the explorative power of random
search by trying new options in the search space which were not explored so
far. Yet, it must be used with care, since otherwise the GA might degenerate
into a pure random (Monte-Carlo) search. As last step in the evolutionary loop,
the selection operator chooses the N best individuals from the whole set of old
and new individuals to form the next generation (elitist strategy). The number
of individuals per generation drives the degree of parallelism in the search and
1

This is under the assumption of a rectangular field, which, however, does not pose
a restriction as the sensor field can always be embedded into a rectangle.

Algorithm 1 Genetic Algorithm Sink Placement (GASP).
Given: location of the n sensor nodes, transmission ranges of the nodes, number of
sinks to be placed (k)
1. Calculate the candidate locations set
2. Init: N individuals
(i) (i)
(i)
(i) Place the number of sinks (s1 ,s2 ,...,sk ) randomly from candidate locations set
oriented from the left upper corner of the network field
(ii) Calculate fitness function of maximum worst case delay
3. Evolutionary loop: G generations
(i) Crossover
(ii) Mutation
(iii) Selection
4. go back to 3.

is again problem-specific, but in general the larger the search space, the larger
should be the population size in order to avoid a premature convergence. After
the selection of the next generation the evolutionary loop is repeated for the
new population until a certain number of generations is reached. We choose to
control the termination via an explicit number of generations in order to keep
the amount of computation invested under control with, as discussed above. This
also eases the comparison with other strategies. As will be discussed in the performance evaluation section, for larger problems we need to choose the number
of generations larger in order to achieve good solutions.
The GASP Operators In this section, we discuss in more detail how the
problem-specific GA operators we designed for the GASP strategy work. After
the individuals of the initial population are determined and their fitness is evaluated, the crossover, mutation, and selection operators are applied to drive the
search in the right direction.
Crossover. The first step for the crossover operation is to select which individuals are chosen as mating partners. Although there are many known methods
with respective benefits, we used the tournament and random variants. The tournament method selects two individuals randomly from the current population.
Then it compares their fitness values, i.e., in our case their maximum worst-case
delays, and chooses the one with the better value. The same procedure is repeated for the other mating partner. The random method is even simpler: two
mating partners are selected randomly from the current population. Note that
an individual might be selected more than once for a crossover operation. We
experimented with both methods and found the random method to be more effective in our problem setting, probably because otherwise the explorative character of the search is lost too quickly. Once two individuals are selected the
actual crossover operation can take place in order to produce new individuals
by recombination of the parents. The crossover operation is at the very heart of
a GA-based search and distinguishes it from other search techniques. It is very
important for the crossover operation when recombining the chromosomes of the

parent individuals that building blocks are not destroyed with high probability.
Under these general guidelines we designed the crossover operation as follows:
As mentioned above, each individual is represented by an ordered set of indices,
one index value for each sink. Now we choose a random start position in that list
and choose a random number of positions such that from the starting point the
chosen number of indices are exchanged between the individuals (see Figure 3
for an illustration). In doing so we make sure that this operation does not wrap
around. This procedure is similar to the standard 2-point crossover with binary
encoded chromosomes, but makes sure that indices are not cut through at intermediate positions during crossover. Furthermore, and more importantly, in most
cases geographically close sinks remain together because they tend to be near
each other on the chosen chromosome encoding. This interplay between chromosome encoding and crossover seemed to be inevitable to satisfy the building
block hypothesis, because when we experimented with other crossover operators
and chromosome encodings we achieved significantly less satisfying results

Fig. 3. Illustration of the crossover operation.

Mutation. Although the crossover operation is generally considered the
more important operator of a GA, the mutation also plays an important role
in the search process, since it does not only recombine existing solutions but
tries to find new interesting areas of the search space. Especially with the above
crossover operator mutation is indispensable since otherwise sink locations different from the one in the initial population would never be tried. The mutation
operator we implemented works as follows: For each individual and each sink
location (represented on the chromosome by the respective index) Algorithm
2 is applied. First it is checked whether a mutation should be applied or not,
this is controlled by the mutation probability. This probability should not be
too high because otherwise good partial solutions are destroyed too often by the
mutation. However, in our case we use a relatively high mutation probability
because the crossover operation is a pure recombination as already mentioned.
Again by experimentation, we found a value of 0.4 for the mutation probability
to deliver the best results in our scenarios. Now, the actual mutation operation
consists of moving the index and thus the sink location up or down (with equal
probability) in index space. This movement is restricted to a relatively small,
compared to the index space, random number (less than 1% of the index space).
This, in fact, weakens the disruptive nature of the high mutation probability we
apply. Again, we experimented with different versions of mutation operators and
only present the one that we found to deliver good results.

Algorithm 2 Mutation algorithm.
1. for a given index/sink location: choose random number r from [0,1]
2. if (r > 0.8) then sink is moved up a small random number
else if(0.6 < r < 0.8) then sink is moved up/down a small random number
else sink remains at its position

3

Performance Evaluation of GASP

This section describes the performance evaluation of the GASP strategy. For this
purpose, we introduce two competitors for the sink placement problem under
known sensor node locations
1. an exhaustive search of the space of possible combinations of candidate locations for the sinks to be placed, which we call Optimum Sink Placement
(OSP) from now on, as it ensures to deliver the sink placement with minimal
maximum worst-case delay for a given WSN;
2. a Monte Carlo-based search, from now on just called Monte Carlo Placement (MCP), where a certain number of purely random sink placements are
generated and evaluated with respect to their maximum worst-case delay.
On the one hand, the OSP strategy can be considered as an upper bound on
the performance that can be achieved by the GASP and will be used in order
to demonstrate that at least for small-scale problems the GASP achieves a very
good approximation of the optimal sink placement. The MCP, on the other hand,
can be considered as a lower bound on what can be expected from the GASP.
In comparison with the GASP, we always make sure that the MCP evaluates
the same number of candidate sink placements. So, the comparison between the
two is fair and as the computational effort is absolutely dominated by the sensor
network calculus computations for the maximum worst-case delays of a given sink
placement, the GASP and MCP have to invest nearly the same computational
effort.
There are a number of factors for all the experiments conducted below: node
distribution, field shape, routing strategy, duty cycle, and the number of nodes
and sinks. Of course, we use the same node distribution for all strategies, a uniform random distribution over the sensor field. For the large scale WSNs, GASP
is tested in 10 different node distributions and the average worst-case delays are
compared with MCP. We assume a circular field shape with a size of 10000m2 .
The routing algorithm we use is based on Dijkstra’s shortest path algorithm:
nodes send their data to the sink with the shortest distance in hops (with ties
being broken arbitrarily). The network size is varied from 30 to 500 nodes with a
maximum of 7 sinks. Moreover, we use a transmission range of 16m for all sensor
nodes. For the sensor network calculus computations, the popular token-bucket
arrival curves and rate-latency service curves are considered for homogeneous
nodes (see [10] for details). In particular, for the service curves we used rate-

latency functions which correspond to duty cylces of 1% and 5.61%2 depending
on the network size, since for larger networks a duty cycle of 1% resulted in
infinite delay bounds. With respect to the GASP, we consider population sizes
of 40 and 100 and the number of generations varies from 25 to 400, both of these
parameters depending again on the network size. For the MCP, we generate an
according number of random candidate sink placements. For each candidate sink
placement a total flow analysis [11] for each node’s traffic is performed in order
to compute the maximum worst-case delay for the whole sensor network.
In the next two subsections, we first compare in small-scale networks how far
the GASP deviates from the OSP and then look at its performance in large-scale
networks with MCP as a lower bound benchmark.
3.1

Small-Scale WSNs: Comparison Between OSP and GASP

In this set of experiments, we analyze the worst-case delay for GASP and OSP
for different, but relatively small network sizes of 30, 50, and 100 nodes. The
number of candidate locations for the sinks were about 450, 950, and 2200 for
the 30-, 50- and 100-node network, respectively. The number of sinks we had to
place was restricted to 2 sinks, since for the 100-node
network this already meant

that the OSP strategy had to evaluate 2200
=
2418900
different combinations
2
of sink placements where each evaluation consists of 100 total flow analyses
which are not simple operations, resulting in a run-time of several days on a
typical PC. For the GASP, on the other hand we chose a population size of 40
individuals and the number of generations was set to 200, resulting in only 8000
different sink placements that where evaluated in a few minutes. The worst-case
delay results for the best sink placements found by GASP and OSP are shown
in Figure 4.
As can be observed, the GASP performs very well in comparison to OSP:
for the 30- and 50-node network it actually finds the global optimum, only for
the 100 node case the best sink placement found by the GASP lies slightly
above the one found by OSP (8.02s vs. 7.70s). That should be considered a
success of the GASP since with a computational effort that is several orders of
magnitude lower than for OSP, it achieves almost the same quality of solutions.
Whether this holds true for larger-scale scenarios is difficult to assess as the OSP
is prohibitively computationally expensive. Therefore, in the next subsection, we
compare the GASP against the MCP in larger-scale networks.
3.2

Large-Scale WSNs: Comparison Between MCP and GASP

The purpose of this set of experiments is to assess the performance of the GASP
strategy in larger WSN scenarios. The question we address is whether the GASP
constitutes a more intelligent search strategy than a pure random search like
MCP. In fact, there would even be the possibility that MCP could outperform
2

The values are based on a realistic node model of a Mica2 mote running the TinyOS
system (see CC1000 Radio Stack Manual) [1].

Fig. 4. The worst case delay comparison of OSP vs. GASP.

GASP. This would be the case if the GA operators were poorly designed and
would mislead the GASP in areas of the search space that are fruitless. So, in
a certain sense the following experiments also validate the design of the GASP
operators.
We investigate a 500-node network with up to 7 sinks for 10 different scenarios, i.e., 10 different node distributions. For each of the scenarios, this resulted in
approximately 13000 candidate
so that at maximum the search
 sink locations,
25
space becomes as big as 13000
≈
1.24×10
.
On
the other hand for the GASP we
7
used a population size of 100 with 100 generations until termination resulting in
10000 sink placements being evaluated for their worst-case delay. As mentioned
above, we allow the same amount of evaluations to the MCP. In any case, it
is clear that this amount of sink placement evaluations constitutes only a tiny
fraction of the overall search space.
The results (averaged over the 10 scenarios) of these experiments are shown
in Figure 5. This analysis shows that GASP performs better than MCP. For the
GASP strategy, the worst-case delay improves from from 5.7 to 4.1 to 3.2 to 2.7
to 2.3 to 2.0 for the 2- to 7-sink scenarios, respectively. For the MCP, the worstcase delay improves from 6.6 to 5.0 to 4.2 to 3.3 to 3.2 to 2.5 for the 2- to 7-sink
scenarios, respectively. Morevover, at a confidence level of 90%, the confidence
intervals of both strategies do not overlap for the respective number of sinks,
which shows the statististical significance of the results. The delay difference
between the two strategies is roughly about 1s for most cases. One may think
that this is not spectacular, but it should be kept in mind that we are dealing
with bounds which usually cannot be improved by factors. Furthermore, we want
to emphasize once more that the computational effort for GASP and MCP is
approximately the same (with the GASP exhibiting a run-time penalty being
in the fraction of a percent of the MCP’s run-time). This shows that the GA
operators do something sensible as the GA search improves on the pure random
search of the MCP.

Fig. 5. The worst case delay comparison of MCP vs. GASP.

4

Related Work

Although being an obviously very practical issue for WSNs, the placement of
multiple sinks has been addressed surprisingly seldom as a WSN design problem
in the literature. In [8] and [6], sinks are placed using a cluster-based model.
Both of them suggest the cluster-head as an interesting point to place sinks and
thus the sink location should be chosen from the set of cluster heads. So, besides
being constrained on cluster-based WSNs, they also focus on energy-efficiency
as optimization criterion whereas we focus on the delay while achieving energyefficiency goals by setting duty cycles accordingly. Another somewhat related
work can be found in [13], where the problem of optimally steering mobile sinks
is approached by using an electrostatic model for maximizing the lifetime of
the WSN. In a similar vein, [2] discusses how mobile sinks can be effectively
controlled. Our work focuses on stationary sink placement, although we could
envision for future work to make our GASP strategy fast enough to work well also
for the on-line problem of steering mobile sinks. From the perspective of sensor
network calculus, [10] and [11] are basic foundations for the worst-case analysis
on which this study is built. In [12] it is demonstrated how these foundations
can be extended to the multiple sink case, yet no attempt is made to optimize
the sink placement.

5

Conclusion

In this paper, we addressed the issue of placing multiple sinks in a time-sensitive
WSN such that the worst-case message transfer delay is minimized. First, we
provided a method to discretize the search space for this optimization problem
without losing any information and thus without harming the optimality of solutions. This discretization allows to apply classical search techniques. In principle,

an exhaustive search can be performed to find the globally optimal sink placement. Yet, as was demonstrated, this is computationally infeasible and, therefore,
we developed a GA-based search technique called GASP. The performance evaluation of GASP showed that for small-scale networks, the GASP strategy is very
close to the performance of an exhaustive search. For large-scale networks, it
was shown that the performance of GASP is better than a pure random search,
thus validating the design of the problem-specific GA operations. In conclusion,
the GASP strategy seems to constitute a good heuristic for a near-optimal sink
placement in time-sensitive WSN applications.
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