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Abstract— L ocalization is a fundamental problem in sensor
networks. This paper proposes a new distributed
localization algorithm called GDL (“ Geographic
Distributed Localization” ) that is based on hop-counting.
Although the idea of predicting node position from
connectivity information in WSNs is not new, our
algorithm improves on other localization algorithms of this
typein several key ways. Results from extensive simulation
in NS-2 show a significant improvement in the accuracy
with which locations can be determined in WSNs with
varying density and different number of nodes on
irregular placements. In particular, when compared with
the MDS-MAP series of algorithms, our algorithm
achieves about a 30—-40% improvement in accuracy. It also
has a lower communication cost O(n) versus O(nlogn))
than MDS-MAP(P), and has a low constant memory cost
per node.

Keywordscomponent; Position estimation, localization,
sensor networks, hop counting, multidimensional scaling.

l. INTRODUCTION

Wireless Sensor Networks (WSNSs) [1,2], an emerging new
type of ad-hoc network, integrate sensing, processing and
wireless communication in a distributed system. WSNs have
numerous applications, such as surveillance, healthcare,
industry automation, and military uses.

Localization is a fundamenta problem in a sensor network.
There are many location-aware applications of WSNs in which
it is necessary to know the location of nodes. In addition,
geographic routing, which is important in many WSNs [3],
requires that each node be aware of itslocation.

As described in more detail in Section 2, there are many
physical features in WSNs that have been utilized by different
|ocalization algorithms to generate the | ocation of nodes. Based
on the type of features used in localization, localization
agorithms are divided into two categories [12]: range-based
and range-free. While producing fine-grained locations, range-
based algorithms remain cost-ineffective due to the cost of
hardware or the strict requirements on time synchronization.
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The category of range-free approaches relies mainly on
hop-counting and connectivity. Coarse-grained range-free
protocols are relatively easy to develop because the utilized
features are inherent in any WSN without any additional
hardware. There are a number of algorithms that use hop or
connectivity information for localization. Some of them are
based on the idea of letting nodes derive their position in terms
of connectivity to some anchor nodes (for which there is pre-
calculated physical geographic information) [4, 5]. However,
an obvious weakness in relying on this approach is that nodes
will be completely uncertain about their real coordinates in the
absence of anchor nodes.

Algorithms without anchor nodes have been proposed to
address this point, but extensive simulation experiments on
different localization algorithms [4, 7, 15, 16] based only on
hop-counting or connectivity have shown that thereisusualy a
sizeable error in the location generated by these algorithmsin
comparison with actual locations, even after some refinement
processes such asthe onesin [15] and [16] .

In this paper, we propose a new algorithm—GDL, or
“ Geographic Distributed Localization”—that generates amore
accurate location for each node based only on hop-counting
and without anchor nodes. We show how a distributed
application of this algorithm can be made with constant costsin
terms of the amount of memory, computation and
communication overhead required per node and O(n) for an
overall n-node network. Based on extensive simulationsin NS-
2, our localization algorithm shows accuracy improvements of
about 45% and 36%, respectively, in effective range, compared
with the localization agorithms MDS-MAP [15] and MDS-
MAP(P) [16], which outperform the other existing localization
algorithms of thistype under these conditions[15,16].

The paper is organized as follows. Section 2 summarizes
related work, Section 3 introduces our localization algorithm,
Section 4 describes the simulations used to test our method,
and afinal section gives our conclusions.

Il.  RELATED WORK

Node localization in WSNs has been an active research
field for some time and there are many algorithms that have
been proposed to set real coordinates in WSNs. As mentioned



above, we will roughly separate methods into two categories:
range-based and range-free.

A. Range-based Methods

Range-based protocols use absolute point-to-point distance
or angle information to calculate the location between
neighboring sensors. One common technique for distance/angle
estimation is to use angle of arrival (AOA) in addition to hop
information [17]; similar methods use time of arrival (TOA)
[19] , time difference of arrival (TDOA) [11], or Received
Signal Strength Indicator (RSSI) [8] in addition to hop
information. As noted above, AOA, TOA, and TDOA al have
additional hardware reguirements beyond what is needed for
basic WSN functions. AOA requires additional devices such as
ultrasound transceivers [18] or directional antennas [9], and
TOA and TDOA requires nodes to have two different
communication devices with unegqual propagation speeds, such
as ultrasound transceivers and RF transceivers[18], to measure
time differences. The utilization of RSSI depends on a direct
relationship between the distance and the signal strength, but
this relationship is affected unpredictably by the antenna,
battery, electric componentsinside of the node, and the outside
environment [8]. In summary, range-based protocols are
frequently cost-ineffective as alternatives for producing fine-
grained locations due to the requirement of additional hardware,
the strict requirements on time synchronization this hardware
entails, and the resulting increase in energy consumption.

B. Range-free Methods

Typical approaches to avoiding range hardware, such as
those described in [4, 15, 16], make use of the connection
information of the network—something inherent in any WSN
without any additional hardware. Some approaches are based
on the idea of letting nodes derive their position in terms of
connectivity to special anchor nodes (which have
predetermined geographic information) [4]. However, an
obvious weaknessin relying on this approach is that nodes will
be completely uncertain about their real coordinates in the
absence of anchor nodes. Our approach is one of the dass
designed to operate without anchor nodes.

Shang et al. describe an algorithm called MDS-MAP(P)
[16] that extends MDS-MAP[15] into a distributed agorithm.
MDS-MAP(P) first computes local maps for each node with
MDS using local shortest paths, then merges local mapsinto a
global map. MDS-MAP(P) outperforms most other algorithms
and has a computation cost of O(k*n) (here k is the number of
neighbor nodes). Even if the algorithm doesn't include its
optiona refining step, it still needs at least O(nlog(n))
communication cost based on using a binary aggregation treeto
route messages in order to send back the local map from each
local node. Another drawback of MDSMARP(P) is that the
memory requirement per node will be O(n) in order to store the
O(n) globa map when the local map merging process is being
completed. In our algorithm, in contrast, we require only O(C)
memory per node, where C is a constant. Our agorithm
achieves more accurate results than MDSMAP series
algorithms based on same placements in simulation. Our
algorithm uses a method similar to steps 2.aand 2.b in MDS-
MAP(P) for setting coordinates of nodes based on pair

distances, sincethe MDS algorithm is an efficient algorithm for
this.

Authors in [7] proposed an optimized solution for the
localization problem in one-dimensional Euclidean line WSNs,
The idea of this algorithm is roughly similar to our approach
when it operates in a D environment; however, while the
authors in [7] proposad a framework for extending to two or
more dimensions, their work does not provide an actual 2D
localization algorithm.
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A. Definition of Hop Coordinate

Before we present our algorithm, we will introduce the
concept of a“Hop Coordinate” [20], which plays a key rolein
our algorithm. Unlike other localization algorithms, which only
count the number of hops or track connectivity between nodes,
our approach not only counts the number of hops from some
bootstrap node but also offsets this count with local network
information specific to a given node.

Definition 1: A Hop Coordinate is constructed from two
parts. anumber of hopsand an offset. Thefirst part isapositive
integer which equals the number of hops in a minimum hop
route from some bootstrap node to a given node. The second
part can be seen as a decimal fraction generated from local
network information that refines the hop number:
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Hop coordinate: h' = hop' +offset’

Here, Aisanode, hop' isthe minimum number of hops to
reach node A counting from some bootstrap nodei, N, is a set

of nodes which can be reached by node A in one hop, and
|NA|isthe number of nodesin N, .

In the remainder of the paper, we also use some aternate
notations to represent hop coordinates: h, means the hop
coordinate of node A with respect to some bootstrap
node, h' means a hop coordinate with respect to bootstrap node



i, offset, meansthe offset of the hop coordinate of node A with
respect to some bootstrap node, offset’ means an offset using
bootstrap node i, hop‘Ameans the minimum number of hops to
node A from bootstrap node i, and hop' means the number of
hops to bootstrap nodei.

B. Description of the Algorithm

In order to simplify communication, we assume that WSNs
are symmetric (which means that if node A can reach B, then B
can reach A) and transitive. These assumptions are reasonable
for our algorithm, since our algorithm is simulated above the
802.15.4 MAC layer [13] in NS-2 [10], which guarantees
communication will be symmetric (in NS-2, every message
transmitted in the 802.15.4 MAC layer from node A to node B
will be followed up by an ACK message from node B).

Before we run our agorithm, we assume that:

There are n nodes inthe WSN, inside which there are b
Bootstrap node candidates (here b is a constant; in our
experiments we use b = 8 for less than 1000 nodes and
b = 16 for 1000 or more nodes).

Each node has a unique 1D, which is a pre-defined
number that can uniquely identify that node. Here we
use digits to represents IDs. Providing a unique ID for
each node is generally easy to achievein practice, such
as when nodes are pre-initialized uniquely by the
manufacturer.

Our GDL algorithm can be summarized infive steps:

Sep 1) : Select 2 proper bootstrap nodes from b bootstrap
node candidates.
Step 1.1: Every Bootstrap node candidate sends out a
message to count the hop distance from itself to every other
bootstrap node candidates.

Step 1.2: After each bootstrap node candidate has a b' b
pair-distance matrix for the b candidates, each candidate will
compare the distance between each pair of nodes, letting the
pair of nodes with the longest distance “ win” . In case there are
several pairs with the same longest distance, then we resolve
ties by selecting nodes in order of their ID (starting with the
smallest) until we have selected one linked pair as the winners.
This results in the deterministic selection of two bootstrap
nodes, specified as X and Y (here we can let the node with the
smaller 1D be X and the other oneYY).

In this step we incur a computational cost O(b), a memory
cost O(b?), and an O(b) communication cost, per node, and an
O(bn) constant communication cost for the whole networks (if,
in the worst case, we use flooding to communicate). Because
there are a fixed number b of bootstrap nodes, each has a
constant cost in memory, computation, and communication.

Sep 2) : Compute hop coordinates.
Step 21: Given two bootstrap nodes X and Y assigned in
step 0, initialize with one message from each with variables
hop* =0 and hop" = 0, respectively, to flood the network.

Step 2.2: Every other node records its number of hops from
bootstrap nodes X and Y, and thus computes the integer part of
its hop coordinate.

The detailed processes in each bootstrap node and in other
nodes are as follows:

(i) In bootstrap node: A bootstrap node (X or Y) creates a
message with hop' =0 (i=X or Y) to flood the network. After

that, the bootstrap node will drop any message that was
originated by itself. (ii) In all other nodes in the WSN: The
following procedure; runsin any node A that is not a bootstrap
node to compute the hop coordinate for the node:

Procedure; (compute Hop Coordinate) in nodea

I nput: m&esage(hopg) fromnode BT N,,i=XorY
Output: hopj, , offset’
for each message(hop},) frompi N, and TIMEOUT
if ( hop}, < hop,)
hop,, = min(hop), , hop},) +1;
forward (message(hop), )) to MAC;

else .
drop (message( hop), ));
endif
endfor
if (|N,] ==0)
offsetL =0;
& (hop} - (hop - 1)) +1
else gl = BN ;
A 20N, [+1)

In this step we incur a computational cost of O(|Na]), a
memory cost of O(|N,|), and a O(1) communication cost, per
node, with a O(n) overall communication cost.

Sep 3) : Generatelocal center nodes.
Step 3.1: Elect center node for local area.

With hop coordinates h* = 1,*i (i ranges from 1 to N) and
h' = %* j (j from 1 to N) asboundaries, we separate the whole

WSN into many local areas. We then select a node in each
local area as a center node for that area, with the idea that it
will be used to take care of computation of the local mep in that
area. |deally, a center position should be h* =1, *i +41 and

h" =3+ j+1 for alocal area bounded byy,*i <h* £ y*i+1
and by ¥4* j<h' £* j+4. In order to select a center node

for each local area, we employ a simple voting mechanism that
selects a node as near as possible to the ideal center position C
(in the following text, we refer to this position as the “ ided
local center” ). To vote, each node A in that area delays a period
of time t = f (\/(hX - hX )2 +(h} - hY)?). For function f(x), the
simplest expression we can use isCx, where C isaconstant. In
the period of time until t, the node will listen to other nodes in
its area, and if no messages are received, then the node will
send amessage to voteitself as a center node of that local area.
The whole procedure including a collision detection provision
is shown in procedure,.




Procedure, (Votefor Center node) in nodea

Input: h* , h: , | Da, hé‘ , hg , hereC isaideal local center
Output: center,

del f hx_ X )2 hY_ Y2 :
SE?\I%:((J(A h&)? +(hy - hY)?))

if(receive(msg(center ) from the nodes in this area)
center = self;

while(send(msg(center ,))==collision)
delay(f(,/(hX - hX)? +(hY - hY)? )+random(I Dp));
Goto SEND;

endwhile

Endif

In our simulation, this simple voting algorithm works well,
even in some exceptions like the one shown in Figure.1, where
the voting mechanism produces more than one center node for
asingle local area. In the local area circled in red, three local
center nodes are produced because the distances between some
nodes are more than one hop.

+1.0

+0.5 h'

hY

Figurel. Anexceptionfor center node generation in a 2500
node WSN
Thenodes with red circles are selected as center nodesfor one
arealocal area, whose diameter is>1hop.

Step 3.2: After the generation of at least one center node for
each local area each center node will send a request to its
neighbor nodes that are within one (or k) hop(s) to send back
their hop coordinate from bootstrap node X or Y.

Thetotal cost for this step is asfollows. computational cost
of O(1), communication cost of O(|Na|), memory cost of
O(INy]) for center nodes and O(1) for nodes that are not center
nodes, and O(n) for the whole network.

Sep 4) : Apply MDSalgorithmto calculate thelocal mapin
each center node.

Step 4.1: Similarly to MDSMAP(P), each center node
computes shortest paths between all pairs of nodes one )
hop(s) to that node, using Dijkstra's algorithm or other similar
agorithms.

Step 4.2: We then apply MDS to the (|Na|+1)" (|Na+21)
shortest path matrix (here |Na| is the number of nodes that can
be reached by center node A in one (k) hop(s)) and retain the
first two (or three) largest eigenvalues and eigenvectors to

construct a2-D (or 3-D) local map. This stepisthe sameas2.b
inMDS-MAP(P).

The total cost for this step is a computational cost of
O(INa®n) and a memory cost of O(|Na|?) per center node, with
no communication costinthisstep.

Sep 5) : Calculate transformation matrix and transmit it to
neighboring center nodes.
Step 5.1: We next find the set of neighboring center node
for each center node A.

For this process, we need a bootstrap node. Node Y will be
used as the bootstrap location for the center node of a given
area, which we will refer to as node A, to run procedures.

Procedur e; Find neighboring center nodesfor nodex

Input: None,
Output: neighbor center setC, i N,

Send out an ASK message to ask for possible
neighbor center nodes within one (or k) hop(s) of
node A,

Receive the reply messages from neighbor centers;
Return neighbor center node set C,;

Step 5.2: After we find the set of neighboring center nodes,
we compute a transformation matrix for each node B in the
neighbor center set Cp of center node A.

Suppose that there are two sets of neighbor nodes, Na and
Ng, that are within one (or k) hop(s) of the center nodes A and
B, respectively. Their intersection is| = N, N,, and we use
matrix |, ={...,(>g Y,),---} (here(x;y,) are the coordinates

of one node in the map generated by node A) to represent the
coordinates of nodesin the | generated by node A, and similarly

l ={...,(xl' .¥)....} for node B. We can then compute a
transformation matrix T such that it minimizes
SOrt(@ (% - X8)°+(y - y&)) . where (% )i 1, .
(X,y)T 15, (x¢,ye)l 1, T.Theprocedureisasfollows:

Procedure, Compute transformation matrix T in nodea

I nput: neighbor center node set
Output: None
for each node B in
request Ng from B;
I = NN
generate Ia, Ig;
comg)utetransformation matrix T such that
sart(a ((x - X€)* +(y; - y#)?)) is minimized
(here (% ,y)T 14, (x€,y&)T 1" T);
send matrix T to node B;
endfor

If a center node receives a transformation matrix T, then it
will first check whether it is already transformed or not; if so,
the center node will drop such a message, and if not, it will



apply procedures. This will allow the center node to compute
the local map, which it will then send to its [NA| neighbor
nodes. At the same time, the center node will find its neighbor
center node set using procedure3, and will compute
transformation matrix T for each center node in the set using
procedured.

Total cost for this step: computational cost of O(|Na]),
memory cost of O(|Np|) for center nodes and O(1) for nodes
that are not center nodes, and communication cost of O(1) for
each node or O(n) for whole network.

Procedur es (Receive T in nodea)
Input: matrix T from neighbor center node, from
MAC layer
Output: None
If this node has been transformed
Drop(msg(T));
Exit;
set self astransformed,;
transform the local map with T ;
send back to |Na| neighbor nodes.
C, = procedures();
for eachnodeBin C,
compute T with procedure,() for node B;
send T to node B;

IV. SIMULATION RESULTS

A.  Simulation Configuration

We implemented our localization algorithm as a routing
agent and our bootstrap node candidate program as a protocol
agent in NS-2 version 2.29 [10] with 802.15.4 MAC layer [13]
and CMU wireless [14] extensions. The configuration used for
NS-2 is RF range = 15 meters, propagation = TwoRayGround,
antenna= Omni Antenna.

In our experiments, we used uniform placement—n nodes
are placed on agrid with £ 0.5r randomized placement error.
Here r is the width of a small square in the grid. We
constructed atotal of 60 placementswithn = 36, 100, 225, 400,
625, 900, 1600, 2025, and 2500, and withr = 2, 4, 5, 8, 10, and
12 meters, respectively. The reason we use uniform placement
with + 0.5r error is that usually such placement produces both
node holes and islands in one placement, as demonstrated in
Figure.2.

Figure2. A typical placement for smulation
Constructed withn=400, r=4. Black dottedovals are
holes and small blue circles areislands.

The MDS-MAP series of algorithms we used for comparing
our results are based on [15] and [16]. We ran our localization
algorithm in NS-2 and used MDS-MAP series agorithms
running in Matlab as in [15-16] under the same placements as
mentioned before. We didn't include the MDS-MAP
agorithms' refine steps introduced in [15] and [16], but note
that similar steps can be added to both our agorithm and the
MDS-MAP/MDS-MAP(P) algorithms.

B. Smulation Result

In order to evaluate the accuracy of our agorithm in
different size and different density WSNs, we ran our algorithm
and compared the MDS-MAP series algorithms in the 60
placements described in section 4.1.

We compute the overall average accuracy corresponding to
the various grid sizes ) tested. These results are shown in
Figure. 3(a-c). We can see from Figure. 6(a) that when
r 3 10, the error in the location generated by our algorithm is
similar to that of the comparison algorithms, and that
when r £2 , the improvement in the accuracy from our
algorithm is not as same as whenr has greater values. Since the
application of the proposed algorithm was shown above to be
poor when I £ 2 and N £ 100, as shown in Figure. 6(b), we
calculated overall results, shown in Figure. 6(c), without this
segment. Figure 6(c) shows that our algorithm improves the
accuracy of localization about 45% and 36% respectively
compared with the MDS-MAP and MDS-MAP(P) algorithms
using only hop-counting, when 2 £r1 <10 ; these figures
reduce to about 34% and 26% respectively compared with the
MDS-MAP and MDS-MAP(P) algorithms, when 2 £1 £12.
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V. SUMMARY AND CONCLUSION

This paper proposes a Geographic Distributed Localization
(GDL) algorithm based on hop-counting. In addition to
calculating hop numbers from bootstrap nodes, our method
stores local network connections for a node by generating
special “hop coordinates’ that augment the hop number with
additional information. Using a simple voting mechanism, our
method generates a center node geographicaly distributed for
each local area, each of which then creates alocal relative mep
for its area. By computing and transmitting transformation
matrix between adjacent center nodes, our algorithmavoids the
merge process required by MDS-MAP(P). Extensive
simulation shows that our algorithm improves the accuracy of
localization by about 45% and 3% respectively compared
with the MDS-MAP and MDS-MAP(P) agorithms. It also has
alower communication cost O(n) for whole network, and hasa
low constant memory cost per node. Our simulation showsthat
the algorithm is effective over a wide range of cases, although
in two specific cases, namely (1) when nissmall and all nodes
are close with each other (r is small) and (2) when all nodes are
far away from each other (r is large), the proposed agorithm
may not be helpful.

For future research, as more and more commercial sensor
networks provide RSSI, it is worth noting that it is possible for
our algorithm to be combined with RSS! in order to improve
the accuracy of localization further. Also, while research has
shown that the MDS method is suitable for anchor-free
localization in WSNSs, our algorithm can also be adapted to
other emerging methods such as SDP (Semi-Definite
Programming) [6].
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