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Abstract The development of energy aware and precise lo-
calization algorithms is a challenging task in the development
of Wireless Sensor Networks (WSN). The achievable precision of
the algorithms strongly depends on the accuracy of the measured
observations (e.g. time of signal ight or received signal strength).
In reality, observations are highly defective due to multiple effects
(e.g. signal propagation). The geometrical conditions within the
network can also affect the precision. It is therefore important to
take the real characteristics of the observations into account as
early as possible. This paper presents a new simulation tool to
test geometrical conditions, different localization algorithms and
measurements in WSNs either in the planing phase or after the
localization process. Furthermore this tool enables the detection
of outliers, to make accuracy statements and to analyze the
determined position.

I. INTRODUCTION AND PROBLEM STATEMENT

The ongoing miniaturization of electronic circuits has en-
abled new generations of tiny wireless nodes able to sense
environmental parameters (e.g. temperature, humidity, etc.).
Thousands of these nodes form a large Wireless Sensor
Network (WSN) [1] and forward the gathered data to a sink
or a database in a multi-hop manner.

Information about the geographical position is one of the
key issues in WSN to enable energy ef cient geographic
routing, self-healing and nally to be aware of the place
where the measurement was gathered. A common practice
is to equip a small number of more powerful sensor nodes,
further called beacons, with an existing localization system
(e.g. GPS, GSM). These reference points and the distances
or angles to them are used to estimate the position of each
unknown node. The distances or angles are determined by
measuring values such as the time of signal ight (TOF), the
received signal strength (RSS), the phase difference or angle
of arrival (AOA). In reality all observations are error-prone and
defective [2]. Furthermore, the geometrical conditions have a
large in uence on the accuracy attained in a speci ¢ sensor
environment. For this reason AccuLoc (Accuracy Analyzer for
Localization in Wireless Sensor Networks) was developed,
allowing simulations either to test sensor network scenarios or
to analyze determined positions from measured observations.
This paper is structured as follows. Section Il gives an
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overview of some available network simulators. In Section
111 there follows a detailed description of the simulation tool
AccuLoc. Some of the results achieved using AcculLoc will
be presented in Section IV. For this, the Weighted Centroid
Localization (WCL) and the Distributed Least Squares (DLS)
algorithms have been analyzed with respect to the statistical
quality and accuracy. A conclusion follows in Section V before
the paper nishes with an outlook in Section VI.

Il. RELATED WORK

Numerous simulation tools for wireless sensor networks
are available. Well known simulation platforms are NS-2,
OMNet++, J-Sim, and Qualnet.

The network simulator NS-2 is a frequently used discrete

TABLE |
OVERVIEW OF NETWORK SIMULATOR COMPARISONS

Simulators

[3] Opnet, NS-2

[4] NS-2, Opnet, GloMoSim

[5] NS-2, cnet, JNS, Opnet, AdventNet, NCTUns

[6] J-Sim, NS-2, SSFNet

[7] Opnet, NS-2, QualNet, OMNeT++, J-Sim, SSFNet
[8] NS-2, Avora, Opnet, GloMoSim

[9] NS-2, TOSSIM

[10] GloMoSim, NS-2, DIANEmu, GT-NetS, J-Sim, Jane, NAB,
PDNS, OMNeT++, Opnet, QualNet, SWANS

[11] SSF, SWANS, J-Sim, NCTUns, NS-2, OMNeT++, Ptolemy,
ATEMU, EmStar, SNAP, TOSSIM

[12] OMNeT++, REAL, NS-2, C++Sim, cnet, SSFNet, CLASS,
SMURPH

[13] NS-2, GloMoSim, Opnet, SensorSim, J-Sim, Sense,
OMNEeT++, Sidh, Sens, TOSSIM, ATEMU, Avrora, EmSta

[14] Opnet, NS-2, OMNeT++, SSFNet, QualNet, J-Sim, Totem

[15] Opnet, NS-2, testbed

[16] Opnet, NS-2, GloMoSim

event simulator mainly for networking research. OMNet++ is a
public-source simulation environment, whose main goal is the
simulation of communication networks. Its design is however
quite open, which enables other target applications. QualNet
is a network simulator targeted at wireless solutions, however
it also has support for wired networks. Its environment and
library is very sophisticated, which makes it very easy to
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simulate a real network with QualNet. This however makes the
simulation of logical networks a little more dif cult, although
it is possible.

A range of simulator comparisons exist in the literature. Table
| gives an overview of the publications comparing the most
widely used simulation tools. The speci cations and various
applications of these tools and links to further information can
be found in the literature listed.

All of the mentioned simulators have in common that none
of them determines and evaluates the localization errors and
tests the statistical reliability of the simulations from a geodetic
point of view. In contrast, AccuLoc provides a tool to test, to
optimize and to evaluate the statistical accuracy of possible
geometrical con gurations before setting up a sensor eld.

AccuLoc has been implemented under Matlab R2008a. Two
code versions are supported, running in Matlab or as a stand-
alone-application under Windows 2000/XP. Simulations with
AcculLoc can be performed using measured observation values
(e.g. distances, angles or RSSI).

AccuLoc was developed to test different con gurations in a
planned sensor network. For this, a eld and a number of
beacons have to be de ned. It is also possible to de ne the
variance of the beacon coordinates.

After de ning the sensor eld as well as the beacon and
node positions one can chose between different observation
values (TOF, RSS, AOA). Additionally, a theoretical standard
deviation is required, which re ects the precision of the
measurements. In the case of RSS-values the shadowing model
is used. Two beacons must therefore be selected between
which the reference distance is measured. A RSS-value for
this distance is also required as well as an expected standard
deviation.

One can decide between different localization algorithms such
as Multilateration [17], Distributed Least Squares (DLS) [18],
[19], [20] and Weighted Centroid Localization (WCL) [21].
All algorithms are calculated using a weighting function to
take the geometrical conditions into account. This means that
shorter distances will be more highly weighted than longer
distances.

The accuracy estimation is carried out using the Gauss-
Markov-Model (GMM) [2]. AccuLoc delivers the expected
point coordinates and their accuracy with a percentile which
can be chosen by the user. The results will be written into
a project le and additionally in 2D diagrams including the
position of the calculated point coordinates and 2D con dence
ellipses, the difference vector from origin point to calculated
point, and a surface where the mean point error is represented
by color gradients and contour lines.

Furthermore, AccuLoc can be used as a geodetic re nement
tool and observation analyzer. In this case the real measure-
ments have to be chosen instead of approximative coordinates
for the sensor nodes. The result of this is also a project le
and a graphical representation as described previously.

There are different in- and output methods for AccuLoc. Firstly

DESCRIPTION OF AcculLoc

84

it is possible to place beacons or sensor nodes manually
using the graphic window or by entering the coordinates.
Alternatively, a le can be used to load the beacon and sensor

node coordinates (Figure 1). It is also possible to add/delete
b - 15[
Acculoc - Accuracy Analyzer for Localization in Wireless Sensor Networks
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Fig. 1. Loading Coordinates

single beacons or sensor nodes by activating or deactivating
them in the point dialog.

The accuracy reached using the different implemented algo-
rithms is shown as error ellipses. Furthermore all results and
con gurations can be displayed in the graphic window.

A. Accuracy and Geometric Conditions

The geodetic re nement bases on the assumption of random
errors (random variables according to probability theory).
Random errors are the remaining errors after eliminating gross
and systematic errors. Using these errors it is possible to
calculate mean point errors using the Least Squares method
and therefore to calculate a con dence interval with a given
probability.

This is also valid for error or con dence ellipses for 2D-
problems or multidimensional intervals with three or more
parameters (e.g. error ellipsoids). Error ellipses are simple
and practical indicators for the geodetic evaluation of geode-
tic measurements. They depend on calculated and estimated
values and may be used to visualize the dimensions of errors.
Mean errors and error ellipses not only depend on the quality
of observations; they are also strongly affected by the design,
the dimension and the placement of the network. For the
geodetic interpretation of the unknown estimated coordinates
(e.g. DLS), not only the size and form of the error ellipses
but also the choice of beacons and the inner geometry of the
network is crucial.

When organizing a planned sensor eld one can manipulate
the beacon positions, and it is important to distinguish between
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favorable and unfavorable positions. In Section 1V examples
for both scenarios are shown.

B. Defective Observations in AccuLoc

The observations can be distorted by entering standard
deviations after choosing the desired observation method
(RSSI, TOF, AOA). Two random generators can be used to
distort the observation material. Firstly, a random generator
using Gaussian Normal Distribution ( gure 2) has been im-
plemented, which means that values close to the true value will
occur with a higher probability. Furthermore, outliers with a
speci ccon dence level will be generated. The second random
generator is based on an Equal Distribution. This means that
all values within the radius of convergence will occur with the
same frequency.

It is also possible to add a distance-dependant component.
Longer distances will be distorted with a greater error than
shorter distances using a ppm-value in m. The beacon coor-
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Fig. 2. Example for distribution of random values used for the random
generators in AccuLoc

dinates are by nature also error-prone if determined by any
kind of localization method. In AcculLoc it is possible to take
this into account and add standard deviations to the beacon
coordinates in m.

It is important to notice that, except for distance measurements
where one component is distance-dependant, all simulated
errors are applied equally to all measurements.

C. Ouitlier Detection in AcculLoc

Outlier detection in WSN is challenging and the implemen-
tation in other approaches is insuf cient. An outlier detection
which uses data-snooping to detect gross errors in the ob-
servations has therefore been implemented. AcculLoc uses the
normalized correction (NV). If the NV reaches a de ned limit,
the corresponding observation will be marked as an outlier and
deleted from the observation set. This is an iterative approach
meaning that this step has to be carried out until all outliers
are deleted and a statistically signi cant calculation of the
re nement is possible.

85

D. Radiation Models and Observation Values

When using RSSI measurements AcculLoc is based on the
Shadowing-Model [22], because it respects uctuation using
statistical distributions. The shadowing model is the only one
which includes a probabilistic term as part of the calculation
of the received signal power (equation 1).

Pe(d)  _ d
Pr(dO) dB B d0

where P.(d) is the mean received power at distance d as
computed relative to a reference power P, (dp) at distance do.
is the path loss exponent, and Xgg is a Gaussian random
variable with zero mean and standard deviation 4g, called
the shadowing deviation.
Further possible observation values are angles. The angular
unit used in AcculLoc is gon. This is for both the angles and the
standard deviation. In the case of measured angles in Degree,
these must be converted into gon.

10 log + XaB

@)

IV. SIMULATIONS

For the simulations a 110  110m area was de ned. A
varying number of beacons was randomly deployed. This eld
was then regularly rastered were each grid point represents
a sensor node. This results in a total of 10,000 nodes.
Euclidian distances to the beacons were determined, to which
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Fig. 3. Simulation Results: Mean Point Error

a random error in the range of the standard deviation of the
distance measurement mg = 1.0 m multiplied by an additional
distance-dependant ppm-value ppm = 0.5 m was added.

Using the Least Squares Method (LSM) the resulting overesti-
mated nonlinear equation system is solved and the mean point
error estimated. Figure 3 presents a worst case scenario which
shows how the non-optimal geometric conditions decrease the
positional accuracy and increase the localization error. The
upper surface shows the results calculated in the planning
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phase. Due to the fact that there are no distance measurements
available, the grid points were used as coordinates for the
sensor nodes. The maximal theoretical point error which can
be expected with the actual con guration will be estimated.
The lower bars present the empirical point error.

Figure 4 shows as an additional result the localization errors
as error ellipses. For this the point errors are split into x-
and y-components and rotated to represent the direction of the
maximum error. This enables one to add additional beacons
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Fig. 4. Simulation Results: Con dence Ellipses From Abstract
to support and to improve to the geometry of the network and
therefore to improve the positional accuracy.

A. WCL-Algorithm

Due to being an approximative algorithm, WCL can hardly
be compared with an exact localization algorithm such as the
DLS. WCL calculates centroid coordinates for the unknowns
and uses the distance indirectly as weights. Longer distances
receive a smaller weight than shorter distances to the beacons.
The presented analyzes relate to the inner accuracy of the
algorithm and to the con dence of the results considering
the geometry of the network. For the presented simulations
two different scenarios have been used. In both simulations,
sensor nodes have been placed inside and outside the beacon

eld (Figures (5), (6)). As radiation model, the shadowing
model (Section I11-D) was used.
Figure 5 shows an optimal network con guration. The beacon
are arranged regularly over the raster. It is obvious that all of
the unknowns achieve an improved position which is shifted
closer to the centroid. The algorithm pulls the nodes closer
to the beacons. Due to the nature of the WCL algorithm, all
unknowns outside the beacon eld receive positions inside
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Fig. 5. Simulation Results: Favorable WCL Con guration

the eld. The positioning accuracy of the nodes is therefore
decreased. Here the WCL meets its limits if sensor nodes are
outside the beacon perimeter.

For the second case the beacon constellation is very
unfavorable and are deployed along a acute-angled triangle
(Figure 6). Also in this case the unknowns will be pulled
between the beacons and the smaller acute-angled triangle.
All positions are extremely defective and therefore useless.
For the WCL this means that the algorithm is very sensitive

Fig. 6. Simulation Results: Unfavorable WCL Con guration

to beacon constellations. When planning a sensor eld
and estimating the expected positioning errors, one should
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