Topology preserving maps preserve the neighborhood VCR examples include an algorithm which uses all the
information but they have neither the exact coordinates nor thgerimeter nodes as anchors[14].When a message reaches a
relative distances compared to the original topology. Theslecal minimum, an expanding ring search is performed till a
maps are rotations, and/or translations from the real topologyloser node is found or TTL expires. In Virtual Coordinate
of the network. With the information of geographical assignment protocol (VCap), the coordinates are defined based
locations, topology map can be used for localization as welbn hop distances [4]. At local minima, VCR causes a packet to
WSN routing [1], boundary node identification for properfollow a rule called local detour. In Logical Coordinate based
anchor placements [4][5][14], backbone identification, andRouting (LCR) [5] backtracking is used when greedy
identification of geographic voids, are among the exampleforwarding fails at a local minimum. Aligned virtual
that can significantly benefit from a topology preserving mapcoordinate system (AVCS) [13] reevaluates VCs by averaging
Topology preserving maps provide the ability to determindts own coordinate with neighboring coordinates to overcome
and visualize the structural characteristics of a WSNlocal minima. In Axis-based Virtual Coordinate Assignment
Visualizing network infrastructure using VCS of the network,Protocol (ABVCap) [18], each node is assigned a 5-tuple VCs
which defines the node locations in a higher dimensionatorresponding to longitude, latitude, ripple, up, and down. All
space is extremely difficult except for trivial network the VCR protocols rely mainly on Greedy forwarding,
topologies. However, a topology preserving map, such as thédllowed by a backtracking schee to overcome the local
we are able to derive based on the proposed technique, woutdnima issue.
provide a physical representation. It will facilitate network
design and network management processes by exposing B. Localization [2][19]
potential weaknesses in the infrastructure and opportunities to Here we focus on relative localization techniques, as
improve its robustness and performance. global localization is realizable through relative localization

This paper presents techniques for obtaining topologgnd the actual positions of a subset of nodes or anchors.
preserving maps of networks from VCS. Results presentedentralized and distributed algorithms are available for
demonstrate that it is able to provide directional relationshipgelative localization.
among nodes, and identify features such as physical voids and Distributed algorithms use Received Signal Strength
network boundaries. Even though we focus on WSN contexhdication (RSSI), Radio Hop Count, Time Difference of
here, the proposed technique is applicable to a broader classpgfival and Angle of arrival for relative localization. RSSI
networks. After presenting the theoretical foundation folyses signal strength to estimate the distance between nodes
obtaining the topology preserving map using the set of VCsyhile. Radio Hop Count uses hop distance. Latter uses a
we refine the method to reduce complexity. We demonstraigrobabilistic correction equation to approximate the hop
that we can achieve almost as accurate topology maps stance to real distance [2].

using only the coordinates of the anchor nodes, or those of a centralized algorithm has its own advantages [2]. Two
set or random nodes, thus significantly reducing thenain centralized algorithms are SemfDi#e Programming
computational and communication complexity. A novel(SpP) and MDS-MAP. Former algorithm develops geometric
performance evaluation metric is proposed to capture theynstraints between nodes and represented as linear matrix
percentage of node position flips due to the transformationpequalities (LMIs) then simply solve for the intersection of
and issued for evaluating the accuracy of the resultinghe constraints. Unfortunately, not all geometric constraints
topology preserving maps. can be expressed as LMIs, which preclude the algorithm’s use
Section Il reviews the background, and Section lllin practice. MDS-MAP is Multidimensional scaling based on
discusses mapping nodes to Cartesian coordinates and thupag-wise distances measured using RSSI [2].
topology preserving map. Section IV presents a performance
evaluation metric for topology maps and Section V presents ¢ |ocalization Vs Topology Preserving Maps
the _results. Section VI addresses implementation issues. Topology preserving maps discussed in this paper deviates
Section VI presents conclusions and future work. from the localization. The relative localization schemes expect
the relative distances to be accurate. Thus given the absolute
. . . _ osition of a subset of nodes, global localization is realizable.
A.  Geographic Routing (GR) and Virtual Coordinate Fn contrast, in topology maps W%at is important is the topology
Routing(VCR) _ , , _preservation, not the node distances. The derived topology
In Geographic Routing, the physical location of nodes 'ghould be homeomorphic (topologically isomorphic) to the
use_d for addressing of the rjode as well as for routing. Gree(%\‘nysical layout of the sensor network, i.e., between two
Perimeter Stateless Routing (GPSR) [9] makes greedynological spaces there has to be a continuous inverse
forwardlng deC|_s|ons until it fails, for example QUe to afynction. In our case, a mapping preserves the topological
geographical void, and attempts to recover by routing aroungrgperties of the physical network topology. However, this
the perimeter of the void. The Greedy Other Adaptive Facgpes not preclude  the transformation of the topology

Routing (GOAFR) [11], is a geometric ad-hoc algorithm ,reservation map to obtain node localization.
combining greedy forwarding and face routing to overcomg

the local minima issue. Greedy Path Vector Face Routing with m
Path Vector Exchange GPVFR/PVEX [12] is similar to [11] i
but it uses more information about the planar graph.

II. BACKGROUND

CARTESIAN COORDINATES AND TOPOLOGY MAPS

This section presents a novel technique for obtaining a
Cartesian coordinate based map of a sensor network from its
VC set. The objective is to characterize each node with a
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matrix 8 with much smaller subset of data 8f thus
significantly reducing the computation overhead.
Let 3 be a subset of the node coordinate set. Then we can

write the SVD of_3as,
3L#_® 8 )

&is a basis fori #. Similarly 8is also a basis oi %,
Therefore, we can write
8LS8 # )
Where #is a rotation matrix.
We consider two options for selecting the subset of nodes
for computing & is as described below.

1) Use the set of coordinates of theanchor nodes
(3=34

Then,7¢ ag8nd 8of Eq. (5) are/ H mMmatrices, where
_7egand & are unitary matrices. Note th8thas the same size
as 8in Eqg. (1). Following th same procedure as earlier

Biy, L_2_¢8 (7
The approximated Cartesian coordinates can be written as
Y 2 Y SN 17
>y, Frn? L _$102 K2, ? (8)

&y, &3, B the new Cartesian coordinate set of the network
wherei" row of >6;,, &:,4s the Cartesian coordinate i
node.

2) Use aset ofirandomly selected nodeS (L 3

For 4 nodes yis H , where is the number of
anchors. SVD of_vis evaluated as similar to Eq. (5). Eq. (7)
and (8) are valid except sizes @f and5 are 4 H ahd
H respectively.
In sum, 3and 3¢z are thus/ H /and 4 H rhatrices,
containing subsets of M and R rows _Pfrespectively, with
0 PP/a4

Figure 2.b) Odd shaped network with 550 nodes, and b)-h) First eight SVD
coordinate vectors plotted against the physical positions.

A

C. An alternative computainally efficient approach

Computational power and memory available at a node is
limited. Conventional SVD calculation o2.y & 0 ( /a
which involves computing7, 5 and 8ahas approximately

Level sets of
ordinates with

respectto 3%

2% 2 v/ E z 0°/E {7;operations [8]. In addition, the
memory requirement is approximately the sizes&band 2
Figure 3.Three main directions from SVD. thatis(/ H / E 0 H 0 E B0 Ithis section, we present

a technique for enhancing the efficiency of the computation.
The topology preserving map thus obtained reflects th@jote that7is a byproduct of SVD, and is not necessary for

original topological characteristics of the network. One cafopology map computation. From Eq (1) (3) and (4),
even |dent|fy features such as physical voids that were not

apparent in the VC based description. 2iva:valy; b Ka" :g,; . )
_ _ _ _ 214 visithe (EX Element of2j,, k20 s thei®
B. Generation of Cartesian coordinate set using VCs of o 5 This can be interpreted as the coordinate vector of the

a subset of nodes v th
Cartesian coordinates can be obtained by multiplying thgOdel Also 8" Tis thejbasis vector/column of.

node’s VC by8as in Eq. (3) and (4)8is evaluated based on Clixaditha® L >:?KKN@EJ=PAO_ RB JK@A E; ¢
2which is a 0 H matrix that consists of VCs of entire ?KKN@EJ=PAO KEIK@A
network. With sensor networks, it is crucial to reduceThus, 8% and 8 7‘are sufficient to evaluate Cartesian
communication and computation overheads involved. Thl&oordlnate ofc iy, 481\ a@f nodei. Define %as

section presents a process to generate the transformation %L Pa 2 am's

98 L_@°5 (10)



V. RESULTS

The performance of the proposed methare evaluated
next using four examples representatigk a variety of
networks: a uniformly distributed circulaetwork with 707
nodes (Fig. 5), an odd shaped network wifA Bodes (Fig. 6),
a 496-node circular shaped network hwithree physical
voids/holes (Fig. 7), and a network of 34@&as mounted on
walls of a building (Fig. 8). Figure identifiezk (a) in Fig. 5-8
show the physical maps of the foursea respectively.
Communication range of a node in all foatworks is unity.
MATLAB® 2009b was used for the comgtibns. Topology
maps are generated based on methods sumedan Table .

Unless otherwise indicated, the result®wn correspond
to fifteen randomly placed anchors in eawththe netwoks.
Fig. 5-8 (b) is the topology preserving megnstructed based
on Eg. (4) using entire VC set of eachtwark. Therefore
Networks in Fig. 5-8(b) uses input dataatrices of sizes
707x15, 550x15, 496x15 and 343x3gpectivey (Case
1,Table I1). Then Fig. 5-8 (c) are the topgy maps created
using anchors’ coordinate set, that is uskg (7) and (8)
based on the input data matrices of sizelb545x15, 15x15
and 3x 3 respectively (Case 2,Table Il). Tlgmy maps in Fig.
5-8 (d) are created on coordinates of &domly selected
nodes of sizes 10x15, 10x15, 10x15 and 3(Case 3,Table
II).Finally, Fig 5-8 (e) assumes all the nedi@ the network
are anchors and generate VCSs of size& 707, 550x550,
496x496 and 343x343for correspondingwark. Then use
that VC set for topology map generatidbaée 4, Table II).
Case 3 is more efficient in terms of memeonsumption and
computational complexity.

TABLE II. FOUR DIFFERENTTOPOLOGYMAP GENERATION
APPROACHES FORNVSNS OFN NODES ANDM ANCHORS
Case Description (Eq. (4)) Input data
matrix : | size

1 >4y & AS generated based on entire VC set 0 H/

2 iy, & s generated based on anchors’ V( /' H/
set

3 >4y &iis 1S generated based on randomly 4 H/
selected nodes’ VC set

4 iy, &, s generated based on VC set whep 0HO
all the nodes are anchors

A key observation we can draw fromgFi5-7 is that the
constructed topology maps are nonlineadgled and rotated
compared to the actual network map. Yk original and
constructed maps are topologically isontocp Starting just
with VCs, without explicit knowledgeof geographical
information, the generated topology msapave captured
significant features such as the physicaldgoof the original
network.

In contrast to previous cases, the topglogaps of Fig. 8
(b), (c), (d) are simply a rotated and lineaaled version of
the original. In this network, we used gnthree anchors.
Moreover, from Fig. 8 topology maps wenadraw a valuable
conclusion that we can significantly re@uthe number of
anchors required for topology map geaien with good
anchor placement. It is topology presewvito a very high
degree as intended. The closeness in shapégo8(b)-(d) to
the original however indicate that an apprafaly placed
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Figure 5.(a) Circular network, jj, &;i,4s generated based on (b) Case
1:entire VC set,(c) Case 2: anchors’ cooattirset(d) Case 3:randomly selected
nodes’ coordinate set (e) Case 4: coordieattevhen all the nodes are anchors.

lower number of anchors, caproduce more accurate,
dimensionally scaled network. digh the latter was not our
goal, it points to the possibilityf mbtaining even physically
representative layout maps withpappriate selection of anchor
nodes. Transformation to mitigatiee deformations and effect
of better anchor placement itopology maps are under
investigation. The physical voidgresent in Fig. 8 are well
preserved. Even though the map Fig. 8 (e) was obtained
using all the nodes as anchors tiage is deformed compared
to Fig. 8 (b)-(d), but in terms of rgkiborhood preservation Fig.
8 (e) is better. For example, onktbe L-shaped rooms in the
building network (Fig. 8 (a)) is disrted in the topology maps
of Fig. 8 (b)-(d). In Fig. 8 (e) thL-shape is deformed but
neighborhood of that L-shaped rods preserved.

Topology Preservation Errors (E(L.5)) for the four different
topology maps of the four netwa in Fig. 5-8 are presented
in Table 11l.Note that the error iall the cases is less than 2%.
The best performance in termsTaipology Preservation Error
was achieved when all the nodesre selected as anchors for
the networks in Fig. 5-8. Case (#able Il) acts as a lower
bound for the Topology Preservati&rror for each network.



Figure 6. a) Odd shaped network;y, &ji, 1S generated based on (b)
Case 1, entire VC set,(c) Case 2: anchors’ coordinat@$&ase 3: randomly
selected nodes’ coordinate set, (e) Case 4: coordinatdeetall the nodes are

anchors.

Even though SVD based coordinate getien started with
VC set where there is no directionality infeation, resultant
topology map has directional informatiorhieh can be used
for routing in many ways for example to idéy logical voids
in VC routing, organized random routingnd geographic
routing in VS.

VI. REALIZATIONS OF THEALGORITHM

In this section, we consider the realizatidrtlee algorithm in
wireless sensor networks. As the majontdbution of this
paper is the technique described and @ateld above for
generation of topology preserving map ahd associated set
of Cartesian coordinates, the details odalization are
addressed only briefly. In static WSNsethC generation
needs to be done very infrequently orrlaps only once
during initialization. If a set of Cartesiacoordinates is
required, it needs to be done only once al. aus, the cost
incurred in calculating Cartesian coordemtmay be more
than compensated by efficiency gainsiridg long-term
operation.

First, consider the case where the coran is done at a
central node. There are many scenarios waeentralized

Figure 7. a) Circular network with e physical voids;> i, &jii, 1S
generated based on (b) Case 1; entire Vr$&ase 2: anchors’ coordinate set
(d) Case 3: randomly selected nodes’ comt set (e) Case 4: coordinate set
when all the nodeg@anchors.

implementation is feasible or ev preferable. Consider a
sensor network where the nodee eandomly deployed (e.g.,
dropped from a plane), and it isoessary to obtain a map of
the sensor node deployment indingtgeographic voids etc. In
this case, each node may send rimf@tion about its neighbors
to a base or a central station. Tdagacency matrix [20] of the
network is formed based on thetwork node connectivity
information, which can be gatleer with the complexity of
1:0°;whereN is the number ohodes in the network. Now
the above procedures (SectioH) Ican be used to get a
topology preserving map. If pessary, the map can be
broadcast back to the individualodes, together with the
transformation matrix 8 or_8), anoperation of complexity of
1:(P;. Generating coordinateat a central station avoids
multiple flooding in the network [4#3][14][18].

A distributed implementatio of the above may be
achieved as follows. The anchaasbd VC generation is first
carried out the traditional way, i.@ia flooding [1]. Following
that, the Anchors broadcast theoordinates, which requires
1:/0;messages. Now that treray of all the anchors’
coordinates is available at eachdapeach nodecan generate
& :'M(@) and evaluate its awc ifjy, 4811l s@gocally by
simply multiplying its own coordigte by 8 &



