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ABSTRACT Node positioning is required by sensor network core func-

. . tions such as topology control, data aggregation, and rout-
In this paper, we explore the impact of reference node, or .
y . " ing [3,/4,/5], and may also be needed by a number of appli-
landmark”, placement on the accuracy of the coordinate®. )
: : . ._“cations. For instance, the sensor network could be tasked to
systems built using topology-based localization techesqu . ; . .
. . report the air temperature’s running average by geographic
Such techniques employ landmarks to which each node ol ion
putes its hop-count distance. A node’s coordinates is glver'(r:J ' . L :
One clear solution to the positioning problem is pro-

by the hop-count distance to all landmarks. To our know|- : )
: ) . vided by satellite-based systems [6, 7, 8], among which
edge, our paper is the first to study the impact of landma S (Global Positioning System) is probably the most

placement on the accuracy of the resulting coordinate sy

tem. We show that placing landmarks on the peripher oigdely utilized. However, in some scenarios, the use of
) Y Sitellite-based localization is not possible. This is thsec

the topology y|eld_s more accurat.e coor_dmaFe systems Whefnmdoor, underwater, and underground deployments. Fur-
compared to placing landmarks in the interior of the topo}:

ogy. Nevertheless, our simulation results also show that, Ihermore, equipping sensor nodes with GPS receivers might

) bc?(prohibitive for reasons related to cost, form factorrgye
general, if enough landmarks are used, random landmar . L .
%c_)nsumptlon, or a combination thereof. A possible alterna-

placement yields comparative performance to placing Iarhve is to equip only a subset of the nodes with GPS receivers
marks on the boundary randomly or equally spaced. This

. . . ..and have all other nodes compute their position relative to
is an important result since boundary placement (espgci . . -
. ; . e GPS-capable nodes. For instance, in a multi-tiered het-
at equal distances) may turn out to be infeasible and/or .
o - . erogeneous deployment, nodes that have extended life bat-
prohibitively expensive (in terms of power consumption gs . : .
) o eries and/or have higher processing power could have GPS
well as processing— and communication overhead). This " ... . : : S
. : . . capabilities. However, this may still be infeasible in some
is also the first study to consider not only uniform-—, Syndeployments
thgnc topologies, but also, non-uniform topologies resem To address this problem, numerous GPS-less methods have
bling more concrete deployments. .
been proposed. In general, these methods may be classi-
fied as (1) using physical measurements or (2) using topo-
logical information. Examples of measurement-based GPS-
Sensor networks typically refer to a collection of nodeg thiess techniques include mechanisms that use propagation
have sensing—, processing—, storage—, and (wireless) gtomtaws [9] to approximate Euclidean distance using received
nication capabilities. In general, because of their snwaithf signal strength (RSS). The RSS can be converted into dis-
factor and low cost, sensor network nodes often have limiteghce either directly, if the propagation law is uniform and
capabilities; furthermore, as they are frequently batpemy-  known, or using multiple signals and time difference of ar-
ered, energy is a premium resource that needs to be conserixgdl (TDoA) [10]. Then, trilateration techniques allow d®
in order to maximize the lifetime of nodes and the sensor nepordinates to be inferred. The use of directional antennas
work as a whole. to triangulate positions has also been proposed [11]. One
Because of their ability to embed themselves in the realain drawback of measurement-based mechanisms is that
world, sensor networks have a wide range of applicatiotisey typically require specialized equipment/capalkeiitio
with significant scientific and societal relevance [1]. Exanperform the measurements.
ple applications [2] include environmental monitoringjestt Topology-information based positioning, on the other
tracking, surveillance, and emergency response and resheed, relies solely on topological information. For exam-
operations. While some scenarios allow for manual plaggle, No-Geo [12] first discovers border nodes, then com-
ment of sensor network nodes in the field, others requipeites their relative coordinates, and finally infer, thioug
“random” deployment where nodes are simply “droppedi relaxation method, non-border node coordinates relative
(e.g., from an airplane), and once they land they need te setf border noded. Alternatively, in GPSFREE-FREE [14],
organize into a network and start performing the task at hardldmP S [15], VCaP [16], and BVR [5], the hop distances to
One important step in self-organization is positioningeference nodes, or “landmarks,” are transformed into- “vir
which refers to having nodes find their physical locationual coordinates?, GPSFREE-FREE uses trilateration to ob-

| INTRODUCTION

*This work has been partially supported by the RNRT projed? $iider 1The correctness of this algorithm is analyzed in [13].
contract 01504. 2The hop distance from a node to a landmark is given by the minimum
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tain virtual coordinates from corresponding hop distanceson-uniform topologies are described in Sectioh IIl. Hipal
while JUMPS, VCap, and BVR use the hop distances diSection IV presents our concluding remarks and identifies di
rectly as a nodes’ coordinates. The denser the network, teetions for future work.

more accurate it is to approximate Euclidean distance using

hop distance. Il HoP-COUNT BASED POSITIONING SYSTEMS

However, existing hop-count based positioning systems
make the strong assumption that, for better performangg (eThe use of topological or hop-count based localization meth
accuracy), landmarks need to be placed along the perimeé@s in wireless sensor networks is advantageous becayse the
of the topology at equal distances from one another. To tAee simple and do not require additional equipment or de-
best of our knowledge, this assumption is purely intuitivjces. To our knowledge, only three algorithms to-date use
and has never been justified either empirically, experimefop count to build coordinate systems. We describe them be-
tally, or analytically. low.

Thus, the focus of this paper is to explore the effect of GPSFREEFREE[14] constructs a two-dimensional coor-
landmark placement on the accuracy of the resulting coglinate system based on hop-count distances using three land
dinate system. Our paper, to our knowledge, is the first @arks. Landmarks in GPBREEFREE are nodes chosen
show that, indeed, placing landmarks on the periphery ®om the interior of the topology in such a way that they form
the topology yields more accurate coordinate systems trih equilateral triangle. Each landmark broadcasts a packet
when landmarks are placed anywhere in the intetiofFhis in order to allow other nodes to discover their hop-count dis
is also the first study to consider not only uniform topoldiance to it. This packet also contains virtual position @& th
gies, but also, non-uniform ones resembling more concré@@dmark. Thus, each landmark knows its hop-distances to
deployments. In our study, we evaluate different landmal&ndmarks and their virtual coordinates. Based on this know
placement strategies, namely: 1) “uniform boundary placedge, and using the hop-distance as a metric, each node cal-
ment” as inIMPS and V@P, where landmarks are placedculates its virtual coordinates through trilateration.
at the boundary of the topology at equal distances from oneVCAP [16] is another hop-count positioning algorithm
another; 2) “random boundary placement”, where landmarksry similar to GPSFREE-FREE VCAP also uses three land-
are placed on the boundary but at random intervals; andrBarks at equal distances from each other but instead of a two-
“random placement” which places landmarks anywhere giimensional system, VAP builds a three-dimensional one.
the topology completely at random. As performance mét other words, the hop-count distances to the landmarks are
rics, we consider the ability to uniquely identify a node andirectly used as the three coordinates of a node. The advan-
how well position-based routing performs over the resgltitage of VCap when compared to GPBREEFREE is that
coordinate system (when compared against routing with ré¢#) it requires less computation, since the trilateratiobage
coordinates). is avoided and (2) it provides better accuracy, since the hop

In summary, the contributions of this paper reside in agount to the third landmark is used as a real coordinate.
swering two main questions: “How landmark placement af- Another difference between GPSREE-FREEand VCap
fects the accuracy of the resulting hop-count coordinase sys in how they place the landmarks. While both algorithms
tem?” and “Can landmark placement be avoided altogethef@'m an equilateral triangle with the landmarks, W&po-

In answering the first question, our simulation results confi sitions them on the boundary of the topology, while GPS-
that placing landmarks on the topology periphery yieldsenoFREE-FREEplace them in the interior.

accurate coordinates. The answer to the second question i3uMmPS [15] is another positioning system based on hop-
critical when designing self-organizing networks, since-b distances. TheuMPS algorithm is very similar to V&p. It

der node selection/placement may be too expensive or ewdso places landmarks on the border of the network at equal
infeasible in some deployments. Our results also show thdistances of one another and uses, as coordinates, hop-coun
in general, landmark placement strategies only have signdistances to landmarks.utPS utilizes, however, up to ten
cant performance impact when the number of landmarkslamdmarks instead of the three used in MC It has been
low. In other words, if enough landmarks are used, rashown [15] that adding landmarks increases the accuracy of
dom landmark placement yields comparative performanceth® resulting coordinate system. BVR [5] proposes a routing
placing landmarks on the boundary (randomly— or equaltgechanism that works over a hop-distance based positioning
spaced). We contend that the work here is a first step towasystem. Asin UMPS, a BVR node'’s virtual position is given
the development of reliable and efficient methods for landly its distance to up to ninety landmarks that are randomly
mark placement in virtual positioning systems. placed.

The remainder of this paper is organized as follows. In the The common point shared by most of these positioning
next section, we describe existing hop-count positionirsg s methods (i.e., GP$REEFREE, VCAP, and UMPS) is that
tems for sensor networks in more detail. The methodologlyey assume that landmarks can be manually placed at spe-
and results of the simulation study we conducted on the imific locations. For that to happen, either manual deploytmen
pact of landmark placement considering both uniform— aride., manually placing nodes when deploying a sensor net-

work) or landmark election mechanisms are required. Many
number of hops from that node to the landmark.

3Besides the simulation results presented here, we have raigerpana- scenarios make manual deployment infeasible (€.g., dngppi

lytically that placing landmarks on the boundary yields mareusacy. We S€Nsors from a plgne n hO'Stlle, hard to access regions). In
do not include our analytical results in this paper due t@spimitations. ~ such cases, election algorithms are required to select bor-




der nodes with specific placement. The fact that these al+or every scenario (i.e., combination of node distribution
gorithms may be prohibitively expensive (as they require adumber of landmarks, number of nodes, and landmark place-
ditional computational and several rounds of communicatioanent strategy), every data point we obtain is the average ove
among nodes), highlights the importance of avoiding lan80 runs.

mark placement and election as in BVR. However, in BVR,

they do not explicitly justify the choice of random landmarlB Performance Metrics

placement as well as the reason for using larger numbersAf,es:similarly to VCaP [16], our performance metrics are
landmarks. The results from our work provide an explanatifsed on the concept pbnes. A zone is the set of nodes

for their design choices. _ sharing the same virtual coordinates. Thene si ze is

_ Motivated by the state-of-the-art in hop-count based pOgj,s the maximum Euclidean distance, measured using the
tioning systems, this paper aims at evaluating the effect @fy| coordinates, between two nodes within the same zone.
landmarks placement strategies on the quality of the resuffy,s thezone si zeprovides a measure the coordinate sys-
ing coordinate system. Our principal goal is to investighte o g ambiguity. In other words, the smaller the zone size,
landmark placement/election can be either simplified by d§fe more accurate the coordinates.

ignating as landmarks any border node, or, better, avoigled b | this paper, we consider three zone-related metricst, Firs

assigning the role of landmarks to any node in the topology,e evaluate, thaverage zone sider each scenario. We also

measure thenaximum zone sizee., the largest zone in a sce-
[l SIMULATION ANALYSIS nario. ldeally, the maximum zone size should be smaller than

For the simulation experiments, we have written our ovxme ndqdets transmlhsspn Irlangg sr?bthat noddes sharing the'sa;ne
simulator since existing network simulators work at th oordinates are physically n€ignbors, and can communicate

packet-level and are too fine-grained for our purpose. irectly. Finally, we report thewumber of nodes per zone

This simulator only 1) places nodes according to the distﬁ——he I(I)(\j/ver”tms numbt)gr, the mo(rje accurate thehc_:or? rdinate 2’ St'
butions described in Section A, 2) determines hop—distan&gm' %g y,twe ob_a|r.1tone.nto € per zone, which means tha
to landmarks by successive neighborhood discoveriese th@§ coordinate ambiguity exists.

hop-distances are then used as coordinates, and 3) disco te computationAnother important criterion we use in

paths, based on the hop-count coordinate system, betwYh experimental evaluation is how well routing performs
randomly selected source and destination over the resulting virtual coordinate system when compared

to using real coordinates. To evaluate routing performance
we consider the rate of successfully delivering packets. We

run our routing experiments as follows. For every run,

The enwronlment considered is a disc of rad|.us 1,000 metgfg, pick 1,000 random source-destination pairs and perform
and the radio coverage range of the nodes is 60 meters. (W@edy routing, i.e., the next hop decision is solely based o
assume that nodes are homogeneous, i.e., they all have;ifaenosition of the node and its neighbors. Routing thes trie
same capabilities, and that neighborhood discovery is pfg-select as next hop the closest neighbor to the destination
vided by the MAC layef. We simulated topologies wherey; cannot, however, guarantee success due to local minima

the number of landmarks ranges from 3 to 10. Thus, we C&fj,ations where no neighbor is closer to the destinatian th
evaluate the performances of both W€and LUMPS. The the current node. In such situations, the route computation
different landmark placement strategies we use are the gl cedure is considered as failed.

lowing: Strategy 1 places landmarks on the boundary of the

topology, at equal distances from each otherStirategy 2, < Results

landmarks are randomly placed on the boundary of the topol- . , . ,

ogy. Strategy 3 randomly places landmarks anywhere in thg‘l this section, we present results from our simulation expe

topology. Their location might be on the boundary or insio‘énems'_ Every data point is obtained as the average over fifty
the disc area. simulation run

The overall number of nodes, including landmarks is Setﬁyerage Zone Siz€tigure 1 shows the average zone size as

3,000, and as previously pointed out, distributed in twalkin a function of number of landmarks for the different strate-

of topologies: uniform topologies where nodes are unifgrmp'es- We canfok;]serve that theh shape ?}f the cuhrves IS E'm”ir
distributed over the field, and non-uniform topologies vehel'respective of the strategy, showing that as the number o

nodes are placed around “concentration points” accoraﬁngl ndmarks increase, the benefits of placing landmarks in the
a normal distribution. boundary of the topology (equally spaced or randomly) de-

We should point out that, unlike the studies conducted ease. For this particular experiment, for example, while
VCApand UMPS. we consi,derthe case of disconnected ndpere are clear performance differences between the three

works. This means that nodes with no direct neighbors m gatseg'oiscé(;;ﬂ\éesp rn!?izr:talndnr::;kié tgﬁ Iz\ézrri%?kzoonrem%i
exist. Such nodes can obtain coordinates from a subse an%marks areg us:e% Ielven alnvt\jler diffe\?ent lacement strate
landmarks only, or do not obtain any coordinate at all. : ) . . . b :
gies. This observation remains valid for both uniform and
4We simulated a perfect MAC layer, which means that 1) two nodes anon-uniform topologies.

neighbors if the distance between them is less thathe radio coverage
range described in Section A, and that 2) there is no packstloring trans- 5Because the confidence interval is negligible, comparedet@terage
missions. value, we do not represent it on these figures.

A Parameters
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Figure 1: Average zone size in radio range units as a furleigure 2: Maximum zone size in radio range units as a func-
tion of number of landmarks for different landmark placetion of number of landmarks.
ment strategies.

creases. This agrees with the trend shown by Figutes 1 and

Maximum Zone Sizdn VCAP, the authors propose to com2.
bine position-based and proactive routing. Indeed,A¥C

generates zones with size of up to two radio ranges. There- 10 strategy 1 ——
fore, a packet can reach a node 2-hops distant from the in- g 81 Strategy 3
tended destination. Adding 2-hop neighborhood knowledge g

is then required so that, when a node receives a message in- g

tended to another node with the same virtual coordinates, it <

uses proactive routing within the 2-hop neighborhood te for *

ward the packet to its right destination. Thus, the maximum % 4 5 6 7 8 o 10
zone size is an important metric, since it determines what #of landmarks

kind (and how expensive) of proactive forwarding method to (a) Non-uniform topologies.
be used in addition to the position-based one.

In Figure[2, we show the maximum zone size (in radio 10 strategy T ——
range units) as a function of the number of landmarks and g sf Sraegy s o
their placement strategy. We observe that, placing lankisnar ai ‘
on the boundary improves the worse case, i.e., reduces the K
average maximum zone size, independent of the number of £
landmarks. For our simulation scenarios, for example, fowe *
numbers of landmarks randomly placed generate zones of a5 & 7 8 9 1
up to eight radio range units. This requires a 8-hop proac- #of landmarks
tive routing protocol, which can be quite expensive in terms (b) Uniform topologies.

of overhead. As before, the difference between landmark

placement strategies, however, becomes less significart wRigure 3: Average number of nodes per zone, as a function of

topologies are more uniform and/or the number of landmarkember of landmarks.

increases.

Number of nodes per zonA:single zone for the whole topol- Route computationFigurel 4 shows that different landmark

ogy is the worst possible case one can obtain — it means thiicement strategies have significant impact on routing per

all nodes have the same coordinates. On the other hand,ftrenance. We observe that placing landmarks on the bound-

ideal case is when there are as many zones as nodes. Thngyields the best results, especially when they are atlequa

the lower the number of nodes per zone, the more accurdistances from one another.

the coordinate system. This behavior is closely related to the number of nodes per
We show in Figuré 3 the average number of nodes pawne represented in Figure 3. Indeed, when a node receives

zone. We observe that the difference between the strategigsacket to forward, it chooses, depending on the virtual co-

becomes less important when the number of landmarks ordinates, which neighbor is the more appropriate to be the
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nate system. However, we go beyond that result and show
that, if enough landmarks are used, random landmark place-
ment yields comparative accuracy to placing landmarks on
the topology boundary (equally spaced or randomly). This
is an important result for energy-constrained networkgtesi

ers, planners, and providers, since boundary placement can
be prohibitively resource consuming.

We also evaluate the performance of routing over the re-
sulting topology-based positioning system against rguiis
ing real coordinates and show a similar trend, i.e., that the
benefits of boundary placement decreases as the number of
landmark increases. This trends hold for both uniform and
non-uniform topologies. This result also supports the @moi
of random landmark placement using a large number of land-
marks used by BVR [5].

As future work, using the insight gained in this work, we
plan to propose mechanisms that dynamically determine the
number of landmarks needed to obtain the most accurate co-
ordinate system. This mechanism should also be able to iden-
tify, given a certain node distribution, the optimal landka
locations.

Figure 4: Route computation success rate as a function of
number of landmarks.

next hop. If two nodes or more share the same coordinat
the forwarding node chooses one of them randomly. If the av-
erage number of nodes among a zone is high, then the prob-
ability of choosing the right next hop is lower. Thus, rogtin
is more efficient in scenarios where the average number ¢$] |_
nodes sharing the same coordinates is lower.

Routing over coordinates obtained using strategies 1 or
2, however, leads to similar performance when compared to
routing over real coordinates, provided that sufficiendlian
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