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Abstract—Multidimensional Scaling (MDS) has been recently
applied to node localization in sensor networks and gained
some very impressive performance. MDS treats dissimilarities of
pair-wise nodes directly as Euclidean distances and then makes
use of the spectral decomposition of a doubly centered matrix
of dissimilarities. However dissimilarities mainly estimated by
Received Signal Strength (RSS) or by the Time of Arrival (TOA)
of communication signal from the sender to the receiver used to
suffer errors. From this observation, Nonmetric Multidimensional
Scaling (NMDS) based only the rank order of the dissimilarities
is proposed in this paper. Different from MDS, NMDS obtain
insights into the nature of “perceived” dissimilarities which
makes it more suitable to the problem of sensor localization.
The experiment on real sensor network measurements of RSS
and TOA shows the efficiency and novelty of NMDS for sensor
localization problem in term of sensor location-estimated error.

I. INTRODUCTION

Localization of the nodes in wireless sensor networks is
one of the main issues in a wireless sensor network. In
general, localization algorithms follow the following scheme:
anchor unknown distance determination, deriving a nodes
position given the anchor distances, and then refinement of
the position estimates. Localization algorithms can be divided
into two categories: range-based and range-free. In range-
based algorithms, nodes estimate their distance to seeds using
some specialized hardware. Range-free algorithms estimate the
location of sensor nodes by, either, exploiting the radio con-
nectivity information among neighboring nodes, or exploiting
the sensing capabilities that each sensor node possesses [1].
As a matter of fact, range-free techniques are more cost-
effective because they do not require sensors to be equipped
with any special hardware, but use less information than
range-based algorithms. Range-based localization depends on
the assumption that the absolute distance between a sender
and a receiver can be estimated by Received Signal Strength
(RSS) or by the Time of Arrival (TOA) of communication
signal from the sender to the receiver. Bahl et al. [2] present
RADAR, a radio-frequency (RF) based system for locating and
tracking users inside buildings. Bischoff et al. [3] proposed a
lightweight localization approach for supporting distance and
range queries in ad hoc wireless sensor networks by using
RSS to estimate distances. Ward et al. [4] used Time of Arrival
of signals, while Priyantha et al. [5] and Savvides et al. [6]
have used Time Difference of Arrival of signals to estimate
distances. And recently Dil et al. [7] proposed a novel range-
based algorithm based on the Monte Carlo approach. A review
of range-free localization schemes from the perspectives of
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anchor-based and anchor-free solutions are well mentioned
in [1]. He et al. [8] proposed a range-free algorithm called
APIT in which all possible triangles of the seeds are formed.
In Gradient algorithm, proposed by Nagpal et al. in [9], the
anchor nodes initiate a gradient that self-propagates and allows
a sensor node to infer its distance from the anchor. Niculescu
and Nath [10] proposed DV-Hop which is similar to Gradient,
but uses a different method for estimating the average distance
per hop.

II. RELATED WORK

We consider sensor location estimation when sensors mea-
sure received signal strength (RSS) or time-of-arrival (TOA)
between themselves and neighboring sensors. We use an exten-
sive TOA and RSS measurement campaign in an indoor office
from the work in [11]. Some related works are previous ones
based on MDS [12][13][14]. MDS-MAP [12] uses a technique
from mathematical psychology called Multidimensional Scal-
ing (MDS). The intuition behind multidimensional scaling is
simple. Suppose there are /N points, suspended in a volume.
We don’t know the positions of the points, but we do know
the distance between each pair of points. Multidimensional
scaling is an O(N?) algorithm that uses the Law of Cosines
and linear algebra to reconstruct the relative positions of the
points based on the pairwise distances. In this paper, we focus
on sensor location estimation using pair-wise RSS or TOA
measurements in a wireless network. Consider a network of
N = m + n sensors with m reference and n blindfolded
sensors (m < n). We also call those m known-location sensors
anchor nodes. The sensor localization problem corresponds to
the estimation of sensor coordinates X = [z1,Z2,...,ZN],
where x; € R? (extention of these results to R3 is also
possible). Suppose that [z1, s, ..., 2,] are unknown-location
sensor coordinates and that [, 11, Zp42, .., Lntm) are known-
location sensor coordinates, we aim to find [z1, o, ..., Zp]
based on the estimated distance (or dissimilarity) J;; between
sensor ¢ and j. The estimation of J;; could be based on RSS
or TOA. The next section of the paper describes Classical
MDS and Nonmetric MDS in detail. Section IV presents
Procrustes Analysis which seeks the isotropic dilation and the
rigid translation, reflection and rotation needed to match the
estimated coordinate to the true coordinate of sensor locations.
The proposed sensor localization algorithm is also presented in
Section IV. Section V comes with the experiment on the real
measured sensor network. Conclusions are stated in Section
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III. MULTIDIMENSIONAL SCALING - MDS

Suppose a set of N objects is under consideration and
between each pair of objects (i, j) there is a measurement 6;; of
the “dissimilarity” between the two objects. The typical goal
of MDS is to find a low dimensional space, usually Euclidean,
in which points in the space represent the objects, one point
representing one object, and such that the distances between
the points in the space {d;;} match as well as possible the
original dissimilarities {d;;} [15].

A. Classical Multidimensional Scaling - CMDS

Classical Multidimensional Scaling treats dissimilarities
{d;;} directly as Euclidean distances and then makes use of
the spectral decomposition of a doubly centered matrix of
dissimilarities. Formally, a symmetric N x N matrix A = [4;;]
is called a dissimilarity matrix if §;; > 0 (nonnegative
elements) and d;; = 0 (zero diagonal elements). From a
given dissimilarity matrix A, CMDS algorithm constructs a
configuration of points in a Euclidean space of specified
dimension p [16]. Because the distances in the configuration
space are to be Euclidean, we can have

0% = d%(X) = |lz; — x| = (2 — 2;) T (xi — ;) (D)

By writing the squared distances as d;;(X) = wle; — 2w+
2Tz; and defining ¥ = [2] 24, ..,x%xN]T [14], the squared

J
distance matrix D = [dfj (X)]N._, now can be written as

i,j=1
D =Uel —2XTX + 07 )

where e € R™ is a vector of all ones, and X = [z, 2, ..., zN].
Let us define the inner product matrix B = X X. Matrix B
can be rewritten as

B=-HDH 3)

where H = I — ee” /N is the centering operator. In order to
recover the coordinates from B, CMDS needs to extract the
eigenvectors and eigenvalues as follow

B=UAU" “4)

Let A, = diag(\1, .., Ap) be the diagonal matrix of p largest
non-zero eigenvalues of B, and U, = [ug,..,u,] is the
corresponding eigenvectors. Then the coordinate matrix X is
given by X = U,,A}g/2.

B. Nonmetric Multidimensional Scaling - NMDS

Nonmetric Multidimensional Scaling is a form of MDS
that has a slightly less ambitious goal than metric scaling.
Instead of attempting to create a configuration of points for
which the pairwise distances approximate the original dis-
similarities, Nonmetric MDS attempts only to approximate
the ranks of the dissimilarities. The standard nonmetric MDS
problem can be formalized as follow [17][18][19][20][21][15].
Given a symmetric zero diagonal matrix A = [0;;], find
X = [x1,22,...,wn] € RP*N such that

Vi,j,k/’,l sz — LUsz < ka — leQ <~ (Sij < 6kl (5)
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Fig. 1. Shepard-Kruskal algorithm for Nonmetric MDS.

The given dissimilarities d;; are used to generate a set of
derived distances d;;, which are approximately related to the
given dissimilarities d;; by a unknown monotonic increasing
function f. We can write d;; ~ f(d;;) where function f has
the property that

52’]’ < 57‘5 -~ f((sz]) < f((srs) (6)

The most common approach used to determine the elements
d;; and to obtain the coordinates X = [z1,22,...,xn] of the
objects given only rank order information is an iterative process
commonly referred to as the Shepard-Kruskal algorithm (see
Fig. 1). The algorithm consists of four steps as follow:

Step 1 - Initial Phase
In this step, we calculate Euclidean distances dz(-?) from an
arbitrarily chosen initial configuration X ) in dimension p,
provided that all objects have different coordinates. One might
use metric MDS to obtain these initial coordinates.

Step 2 - Nonmetric Phase o

The second step or nonmetric phase determines disparities d;;

from the distances dg-)) by constructing a monotone regression
relationship between the dz(-q) ’s and §;;’s, under the requirement

that if §;; < O, then d.) < d\}). This is called the
weak monotonic requirement. To obtain the disparities afl(»?),
a useful approximation method, pool-adjacent violators (PAV)
algorithm, is used. The PAV algorithm is described as follows:
beginning with the lowest ranked value of d;;, the adjacent
dE?) values are compared for each d;; to determine if they
are monotonically related to the d;;’s. As long as the required

monotonic property is true, we assign JZ(?) = dg?). Whenever a

block of consecutive values of dg?) are encountered that violate

the required monotonic property the dg?) values are averaged
together with the most recent non-violator dl(?)value to obtain

an estimator dg?). Eventually this value JE?) is assigned to all
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Fig. 2. Tllustration of PAV algorithm.

points in the particular block. This procedure is illustrated by
the following example [21] in Fig. 2.

Step 3 - Metric Phase
In this step, the spatial configuration of X (%) is altered to obtain
XM XM s selected in such a way that goodness-of-fit is
minimized. Common measure used to determine goodness-of-
fit is STRESS or SSTRESS, and are given by

VI o

$=STRESS = (d

i<j 1<j
or
1/2
$=SSTRESS = { > (d" - d ) /3 d"
1<j 1<j
@®)

This procedure requires a numerical approximation procedure
such as the method of steepest descent. The first step is
to place all the coordinates of the points in X in a vector
x = [zT,21, ..., 2%]T vector with Np elements. The stress
S is then regarded as a function of x, and is minimized
with respect to = in an iterative manner. When the method
of steepest descent is used, the update rule is defined as

okt — (k) _ agj/ ‘85 )

where z;, is the vector of coordinates after the k" iteration
and « is the step len%th (refer to [15] for details). From X @)
the new distances d can be obtained which are more closely

related to the d1spar1tles dgj) from Step 2.

Step 4 - Evaluation Phase
In the evaluation phase, the goodness-of-fit measure (STRESS
or SSTRESS) is used to evaluate whether or not its change
as a result of the last iteration is sufficiently small that the
procedure is terminated.

IV. PROCRUSTES ANALYSIS AND PROPOSED ALGORITHM

In this section, we will briefly review procrustes analysis
and propose our sensor localization algorithm.

A. Procrustes Analysis

Procrustes analysis seeks the isotropic dilation and the
rigid translation, reflection and rotation needed to match one
configuration to the other [15]. Suppose a configuration of N
points in a g-dimensional Euclidean space, with coordinates
given by the N x ¢ matrix Oy = [z1, .., xx]T € RV >4, needs
to be optimally matched to another configuration of N points
in a p-dimensional Euclidean space (p > q), with coordinates

% 29 1% 3,
% 37,
@ % 1§ @
7 % L B % 24 3% "
& K
Yoeon
5
2
& 2 % 25 24 41 %
2 % 43 4
@ % % 29, %
" g kg ey

Fig. 3. Experimental sensor locations of 44 nodes with 4 circled anchor
nodes (3, 10, 35, 44).
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Fig. 4. Sensor Localization based on NMDS is performed using RSS and
TOA range measurements from sensor network. True and estimated sensor
locations are marked, respectively, by **’ and ’x’, while anchor nodes are
circled.

given by the Oy = [y1,..,yn]|T € RY*P. In order to make
both configurations be at the same p-dimensional space, we
firstly add p — ¢ columns of zeros at the right of matrix O;. It
is assumed that the 7*" point in the first configuration is in a
one-to-one correspondence with the i*" point in the second
configuration. Let the point x; in the X space be dilated,
translated, rotated to new coordinate &; = cATz; + b, the
objective function ®(c, A,b) needed to be minimized is the
new sum of squared distances between points and presented
as
N
= Z (yi — cAT2; — b)) (y; — cATz; — ) (10)

=1

D(c, T,b)

where the matrix A is orthogonal giving a rigid rotation, vector
b is a rigid translation vector, and c is the dilation. The solution
to procrustes analysis is well described in [15] and can be
summarized as following steps:

o Subtract the mean vectors for the configurations from
each of the respective points in order to have the centroids
at the origin.

« Find the rotation matrix
(0T0,0F0)'?(0F0,)~'  and

A =
rotate the O
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configuration to O; A
o Scale the O; configuration by multiplying each coordinate
by ¢, where ¢ = tr(0OT 0,03 01)'/? /tr(OT Oy)

The value of minimized objective function is

2
Doy = tr(0505) — {tr(0T 0,07 01)' 2} /tr(0T On)

1)

and the translation vector can be calculated as b = 1, —cA” p,,

where f1; and p, are the centroids of the two configurations.

B. Proposed Sensor Localization Algorithm

Our proposed sensor localization algorithm based on NMDS
and procrustes analysis consists of three steps as follow:

Step 1. Construct the dissimilarity (or distance) matrix
which contains the dissimilarities between all pairs of sensor
nodes based on RSS or TOA.

Step 2. Apply NMDS to the dissimilarity matrix to get
the two (or three) dimensional coordinates which is a 2D (or
3D) relative map (in our work, we only experiment on two
dimensional map).

Step 3. Given sufficient anchor nodes , we use procrustes
analysis to find the rigid rotation matrix A, rigid translation
vector b, and the dilation ¢ that match the configuration of
absolute anchor nodes to the configuration of relative anchor
nodes. And then we use A, b and c to transform the other
relative nodes (location-unknown nodes) to form the final
estimated map.

V. EXPERIMENT ON A MEASURED NETWORK

In our experiment, we use sensor network measurements
of received signal strength (RSS) and time-of-arrival (TOA)
were made publicly and originally reported in [11]. This data
set includes the RSS and TOA range measurements from a
network of 44 devices (4 of which are anchor nodes). The mea-
surements were made in an open plan office building, within a
14 x 14m square area. Four devices near the corners are chosen
as reference devices (node 3, 10, 35, 44). The remaining 40
devices are blindfolded devices (see Fig. 3). Before apply MDS
or NMDS, we need to construct the dissimilarity (or distance)
matrix which contains the dissimilarities between all pairs of
sensor nodes based on RSS or TOA.
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Fig. 6. Sensor Localization based on NMDS is performed using RSS and
TOA range measurements from sensor network when the number of anchor
nodes m = 3, 5, 6 was randomly selected. True and estimated sensor locations
are marked, respectively, by **’ and ’x’, while anchor nodes are circled.

o For Distance matrix based on RSS: We use equation (7)
in [11] to estimate range from given received power F;;

as: /
PO 1/nyp
5ij = do (R)

where Fy(dBm) is the received power in decibel mil-
liwatts at a reference distance dy and The path loss
exponent n, is a function of the environment. More
details can be referenced in [11].

e For Distance matrix based on TOA: We use data matrix
of time delay between sensors, in seconds (a 44 by 44
matrix). The (¢, ) element is the T;; reported in Section
IV of [11], i.e., the average of 10 measured time delays, 5
with the transmitter at ¢ and receiver at j, and 5 with the
transmitter at 7 and receiver at 7. The distance between
sensor ¢ and j is calculated as

12)

bij = |Tiz| x p 13)




where p is speed of propagation (speed of light) in m/s.

In our implementation of NMDS, classical multidimensional
scaling is used to choose the initial coordinate of points. For
the goodness-of-fit criterion to minimize, we use STRESS
criterion (7) which is actually the Stress normalized by the sum
of squares of the inter-point distances. The estimated device
locations are compared with the actual locations in Fig. 4 with
Root Mean Squared Error (RMSE) used to measure location-
estimated error. The true and estimated sensor positions are

MDS | MLE [11] | dwMDS [14] | NMDS

RSS | 4.26m 2.18m 2.48m 1.76m

TOA | 1.85m 1.23m 1.12m 1.00m
TABLE I

RMSE OF LOCATION ESTIMATES BASED ON MDS, MLE, DWMDS, AND
NMDS IN EXPERIMENTAL NETWORK.

s

marked by **’ and ’x’, respectively, where the lines represent
the estimation errors and the anchor nodes are circled with
red color. We also compare the performance of the NMDS
algorithm to classical MDS, the MLE based solutions from
[11], and dwMDS from [14]. Table I summarizes the RMSE
of the location estimates based on those methods. It is noted
that, we refer the results of MLE and dwMDS in [14]. Next, in
order to evaluate the performance of MDS and NMDS versus
the number of anchor nodes, we choose randomly m = 3, .., 10
sensors as anchor nodes, then apply MDS and NMDS. 50
times of random selection were performed for each value of
m and the average RMSE result was recorded. It can be seen
from Fig. 5 that NMDS outperforms MDS, and the RMSE of
both MDS and NMDS reduces when the number of anchor
nodes increases. In Fig. 6, we can see the performance of
sensor localization based on NMDS using RSS and TOA range
measurements when the number of anchor nodes m = 3,5,6
was randomly selected. It shows that not only the number
of selected anchor nodes affects the performance of NMDS,
but also the locations of anchor nodes. For example, the
performance of NMDS with m = 5 anchor nodes selected
as in Fig. 6 (RSS-based RMSE = 1.7437m and TOA-based
RMSE = 0.9674m) is better than that of NMDS with m = 6
anchor nodes (RSS-based RMSE = 1.7663m and TOA-based
RMSE = 0.9826m).

VI. CONCLUSION

We presented a Nonmetric Multidimensional Scaling ap-
proach for sensor localization that outperforms MDS with real
measurements of received signal strength (RSS) and time-of-
arrival (TOA). Because NMDS is based only on the rank order
of the dissimilarities, it is more suitable to the problem of sen-
sor localization compared to MDS. The impressive experiment
results of NMDS on real measured sensor network exhibits the
promising prospects of this approach for the problem of sensor
localization. Our future work will be applying this approach
for the sensor network with mere connectivity.

ACKNOWLEDGMENT

The authors would like to thank Dr. Neal Patwari for
providing the measurements on RSS and TOA of sensor
network.

REFERENCES

[11 R. Poovendran, C. Wang, and S. Roy, Secure Localization and Time
Synchronization for Wireless Sensor and Ad Hoc Networks (Advances in
Information Security). Secaucus, NJ, USA: Springer-Verlag New York,
Inc., 2006.

[2] P. Bahl and V. N. Padmanabhan, “Radar: An in-building rf-based user
location and tracking system.” in INFOCOM, 2000, pp. 775-784.

[3] U. Bischoff, M. Strohbach, M. Hazas, and G. Kortuem, “Constraint-
based distance estimation in ad-hoc wireless sensor networks.” in EWSN,
2006, pp. 54-68.

[4] A. Ward, A. Jones, and A. Hopper, “A new location technique for the
active office,” IEEE Personnel Communications, vol. 4, no. 5, pp. 42-47,
1997.

[5] N. B. Priyantha, A. Chakraborty, and H. Balakrishnan, “The Cricket
Location-Support System,” in 6th ACM MOBICOM, Boston, MA, Au-
gust 2000.

[6] A. Savvides, C.-C. Han, and M. B. Srivastava, “Dynamic fine-grained
localization in ad-hoc networks of sensors.” in MOBICOM, 2001, pp.
166-179.

[7]1 B. Dil, S. Dulman, and P. J. M. Havinga, “Range-based localization in
mobile sensor networks.” in EWSN, 2006, pp. 164-179.

[8] T. He, C. Huang, B. M. Blum, J. A. Stankovic, and T. Abdelzaher,

“Range-free localization schemes for large scale sensor networks,” in

MobiCom ’03: Proceedings of the 9th annual international conference

on Mobile computing and networking. New York, NY, USA: ACM

Press, 2003, pp. 81-95.

R. Nagpal, H. E. Shrobe, and J. Bachrach, “Organizing a global coor-

dinate system from local information on an ad hoc sensor network.” in

IPSN, 2003, pp. 333-348.

[10] D. Niculescu and B. Nath, “Ad hoc positioning system (aps),” in Proc.
IEEE GlobeCom, San Antonio, AZ, Nov. 2001.

[11] N. Patwari, I. Hero, A.O., M. Perkins, N. Correal, and R. O’Dea,
“Relative location estimation in wireless sensor networks,” in Signal
Processing, IEEE Transactions on, vol. 51, no. 8, August 2003, pp.
2137-2148.

[12] Y. Shang, W. Ruml, Y. Zhang, and M. P. J. Fromherz, “Localization
from mere connectivity.” in MobiHoc, 2003, pp. 201-212.

[13] X. Ji, “Sensor positioning in wireless ad-hoc sensor networks with
multidimensional scaling.” in INFOCOM, 2004.

[14] J. A. Costa, N. Patwari, and I. Alfred O. Hero, “Distributed weighted-
multidimensional scaling for node localization in sensor networks,” ACM
Trans. Sen. Netw., vol. 2, no. 1, pp. 39-64, 2006.

[15] T.F. Cox and M. A. A. Cox, Multidimensional Scaling. Chapman Hall,
1994.

[16] A. Kearsley, R. Tapia, and M. Trosset, “The Solution of the Metric
STRESS and SSTRESS problems in Muldimensional Scaling Using
Newton’s Method,” Computational Statistics, vol. 13, no. 3, pp. 369—
396, 1998.

[17] R. Shepard, “The Analysis of Proximities: Multidimensional Scaling
with an Unknown Distance Function (Part I),” Psychometrika, vol. 27,
pp. 125-140, 1962.

, “The Analysis of Proximities: Multidimensional Scaling with an
Unknown Distance Function (Part II),” Psychometrika, vol. 27, pp. 219—
246, 1962.

[19] J. B. Kruskal, “Multidimensional scaling by optimizing goodness of fit
to a nonparametric hypothesis,” Psychometrika, vol. 29, pp. 1-27, March
1964.

[20] S. Agarwal, J. Wills, L. Cayton, G. Lanckriet, D. Kriegman, and S. Be-
longie, “Generalized non-metric multidimensional scaling,” To Appear,
AISTATS, 2007.

[21] J. D. Jobson, Applied Multivariate Data Analysis: Volume II: Categorical
and Multivariate Methods. Springer, 1992.

[9

—

(18]




