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ABSTRACT

In this paper, we explore the impact of reference node, or
“landmark”, placement on the accuracy of the coordinate
systems built using topology-based localization techniques.
Such techniques employ landmarks to which each node com-
putes its hop-count distance. A node’s coordinates is given
by the hop-count distance to all landmarks. To our knowl-
edge, our paper is the first to study the impact of landmark
placement on the accuracy of the resulting coordinate sys-
tem. We show that placing landmarks on the periphery of
the topology yields more accurate coordinate systems when
compared to placing landmarks in the interior of the topol-
ogy. Nevertheless, our simulation results also show that, in
general, if enough landmarks are used, random landmark
placement yields comparative performance to placing land-
marks on the boundary randomly or equally spaced. This
is an important result since boundary placement (especially
at equal distances) may turn out to be infeasible and/or
prohibitively expensive (in terms of power consumption as
well as processing– and communication overhead). This
is also the first study to consider not only uniform–, syn-
thetic topologies, but also, non-uniform topologies resem-
bling more concrete deployments.

I I NTRODUCTION

Sensor networks typically refer to a collection of nodes that
have sensing–, processing–, storage–, and (wireless) commu-
nication capabilities. In general, because of their small form
factor and low cost, sensor network nodes often have limited
capabilities; furthermore, as they are frequently batterypow-
ered, energy is a premium resource that needs to be conserved
in order to maximize the lifetime of nodes and the sensor net-
work as a whole.

Because of their ability to embed themselves in the real
world, sensor networks have a wide range of applications
with significant scientific and societal relevance [1]. Exam-
ple applications [2] include environmental monitoring, object
tracking, surveillance, and emergency response and rescue
operations. While some scenarios allow for manual place-
ment of sensor network nodes in the field, others require
“random” deployment where nodes are simply “dropped”
(e.g., from an airplane), and once they land they need to self-
organize into a network and start performing the task at hand.

One important step in self-organization is positioning,
which refers to having nodes find their physical location.

∗This work has been partially supported by the RNRT project SVP under
contract 01504.

Node positioning is required by sensor network core func-
tions such as topology control, data aggregation, and rout-
ing [3, 4, 5], and may also be needed by a number of appli-
cations. For instance, the sensor network could be tasked to
report the air temperature’s running average by geographic
region.

One clear solution to the positioning problem is pro-
vided by satellite-based systems [6, 7, 8], among which
GPS (Global Positioning System) is probably the most
widely utilized. However, in some scenarios, the use of
satellite-based localization is not possible. This is the case
of indoor, underwater, and underground deployments. Fur-
thermore, equipping sensor nodes with GPS receivers might
be prohibitive for reasons related to cost, form factor, energy
consumption, or a combination thereof. A possible alterna-
tive is to equip only a subset of the nodes with GPS receivers
and have all other nodes compute their position relative to
the GPS-capable nodes. For instance, in a multi-tiered het-
erogeneous deployment, nodes that have extended life bat-
teries and/or have higher processing power could have GPS
capabilities. However, this may still be infeasible in some
deployments.

To address this problem, numerous GPS-less methods have
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-
less techniques include mechanisms that use propagation
laws [9] to approximate Euclidean distance using received
signal strength (RSS). The RSS can be converted into dis-
tance either directly, if the propagation law is uniform and
known, or using multiple signals and time difference of ar-
rival (TDoA) [10]. Then, trilateration techniques allow node
coordinates to be inferred. The use of directional antennas
to triangulate positions has also been proposed [11]. One
main drawback of measurement-based mechanisms is that
they typically require specialized equipment/capabilities to
perform the measurements.

Topology-information based positioning, on the other
hand, relies solely on topological information. For exam-
ple, NO-GEO [12] first discovers border nodes, then com-
putes their relative coordinates, and finally infer, through
a relaxation method, non-border node coordinates relative
to border nodes.1 Alternatively, in GPS-FREE-FREE [14],
JUMPS [15], VCAP [16], and BVR [5], the hop distances to
reference nodes, or “landmarks,” are transformed into “vir-
tual coordinates”.2 GPS-FREE-FREEuses trilateration to ob-

1The correctness of this algorithm is analyzed in [13].
2The hop distance from a node to a landmark is given by the minimum
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tain virtual coordinates from corresponding hop distances,
while JUMPS, VCAP, and BVR use the hop distances di-
rectly as a nodes’ coordinates. The denser the network, the
more accurate it is to approximate Euclidean distance using
hop distance.

However, existing hop-count based positioning systems
make the strong assumption that, for better performance (e.g.,
accuracy), landmarks need to be placed along the perimeter
of the topology at equal distances from one another. To the
best of our knowledge, this assumption is purely intuitive,
and has never been justified either empirically, experimen-
tally, or analytically.

Thus, the focus of this paper is to explore the effect of
landmark placement on the accuracy of the resulting coor-
dinate system. Our paper, to our knowledge, is the first to
show that, indeed, placing landmarks on the periphery of
the topology yields more accurate coordinate systems than
when landmarks are placed anywhere in the interior3. This
is also the first study to consider not only uniform topolo-
gies, but also, non-uniform ones resembling more concrete
deployments. In our study, we evaluate different landmark
placement strategies, namely: 1) “uniform boundary place-
ment” as inJUMPS and VCAP, where landmarks are placed
at the boundary of the topology at equal distances from one
another; 2) “random boundary placement”, where landmarks
are placed on the boundary but at random intervals; and 3)
“random placement” which places landmarks anywhere in
the topology completely at random. As performance met-
rics, we consider the ability to uniquely identify a node and
how well position-based routing performs over the resulting
coordinate system (when compared against routing with real
coordinates).

In summary, the contributions of this paper reside in an-
swering two main questions: “How landmark placement af-
fects the accuracy of the resulting hop-count coordinate sys-
tem?” and “Can landmark placement be avoided altogether?”
In answering the first question, our simulation results confirm
that placing landmarks on the topology periphery yields more
accurate coordinates. The answer to the second question is
critical when designing self-organizing networks, since bor-
der node selection/placement may be too expensive or even
infeasible in some deployments. Our results also show that,
in general, landmark placement strategies only have signifi-
cant performance impact when the number of landmarks is
low. In other words, if enough landmarks are used, ran-
dom landmark placement yields comparative performance to
placing landmarks on the boundary (randomly– or equally
spaced). We contend that the work here is a first step towards
the development of reliable and efficient methods for land-
mark placement in virtual positioning systems.

The remainder of this paper is organized as follows. In the
next section, we describe existing hop-count positioning sys-
tems for sensor networks in more detail. The methodology
and results of the simulation study we conducted on the im-
pact of landmark placement considering both uniform– and

number of hops from that node to the landmark.
3Besides the simulation results presented here, we have also proven ana-

lytically that placing landmarks on the boundary yields more accuracy. We
do not include our analytical results in this paper due to space limitations.

non-uniform topologies are described in Section III. Finally,
Section IV presents our concluding remarks and identifies di-
rections for future work.

II H OP-COUNT BASED POSITIONING SYSTEMS

The use of topological or hop-count based localization meth-
ods in wireless sensor networks is advantageous because they
are simple and do not require additional equipment or de-
vices. To our knowledge, only three algorithms to-date use
hop count to build coordinate systems. We describe them be-
low.

GPS-FREE-FREE [14] constructs a two-dimensional coor-
dinate system based on hop-count distances using three land-
marks. Landmarks in GPS-FREE-FREE are nodes chosen
from the interior of the topology in such a way that they form
an equilateral triangle. Each landmark broadcasts a packet
in order to allow other nodes to discover their hop-count dis-
tance to it. This packet also contains virtual position of the
landmark. Thus, each landmark knows its hop-distances to
landmarks and their virtual coordinates. Based on this knowl-
edge, and using the hop-distance as a metric, each node cal-
culates its virtual coordinates through trilateration.

VCAP [16] is another hop-count positioning algorithm
very similar to GPS-FREE-FREE. VCAP also uses three land-
marks at equal distances from each other but instead of a two-
dimensional system, VCAP builds a three-dimensional one.
In other words, the hop-count distances to the landmarks are
directly used as the three coordinates of a node. The advan-
tage of VCAP when compared to GPS-FREE-FREE is that
(1) it requires less computation, since the trilateration phase
is avoided and (2) it provides better accuracy, since the hop
count to the third landmark is used as a real coordinate.

Another difference between GPS-FREE-FREE and VCAP

is in how they place the landmarks. While both algorithms
form an equilateral triangle with the landmarks, VCAP po-
sitions them on the boundary of the topology, while GPS-
FREE-FREEplace them in the interior.

JUMPS [15] is another positioning system based on hop-
distances. The JUMPS algorithm is very similar to VCAP. It
also places landmarks on the border of the network at equal
distances of one another and uses, as coordinates, hop-count
distances to landmarks. JUMPS utilizes, however, up to ten
landmarks instead of the three used in VCAP. It has been
shown [15] that adding landmarks increases the accuracy of
the resulting coordinate system. BVR [5] proposes a routing
mechanism that works over a hop-distance based positioning
system. As in JUMPS, a BVR node’s virtual position is given
by its distance to up to ninety landmarks that are randomly
placed.

The common point shared by most of these positioning
methods (i.e., GPS-FREE-FREE, VCAP, and JUMPS) is that
they assume that landmarks can be manually placed at spe-
cific locations. For that to happen, either manual deployment
(i.e., manually placing nodes when deploying a sensor net-
work) or landmark election mechanisms are required. Many
scenarios make manual deployment infeasible (e.g., dropping
sensors from a plane in hostile, hard to access regions). In
such cases, election algorithms are required to select bor-
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der nodes with specific placement. The fact that these al-
gorithms may be prohibitively expensive (as they require ad-
ditional computational and several rounds of communication
among nodes), highlights the importance of avoiding land-
mark placement and election as in BVR. However, in BVR,
they do not explicitly justify the choice of random landmark
placement as well as the reason for using larger numbers of
landmarks. The results from our work provide an explanation
for their design choices.

Motivated by the state-of-the-art in hop-count based posi-
tioning systems, this paper aims at evaluating the effect of
landmarks placement strategies on the quality of the result-
ing coordinate system. Our principal goal is to investigateif
landmark placement/election can be either simplified by des-
ignating as landmarks any border node, or, better, avoided by
assigning the role of landmarks to any node in the topology.

III S IMULATION ANALYSIS

For the simulation experiments, we have written our own
simulator since existing network simulators work at the
packet-level and are too fine-grained for our purpose.

This simulator only 1) places nodes according to the distri-
butions described in Section A, 2) determines hop-distances
to landmarks by successive neighborhood discoveries, these
hop-distances are then used as coordinates, and 3) discovers
paths, based on the hop-count coordinate system, between
randomly selected source and destination.

A Parameters

The environment considered is a disc of radius 1,000 meters,
and the radio coverage range of the nodes is 60 meters. We
assume that nodes are homogeneous, i.e., they all have the
same capabilities, and that neighborhood discovery is pro-
vided by the MAC layer.4 We simulated topologies where
the number of landmarks ranges from 3 to 10. Thus, we can
evaluate the performances of both VCAP and JUMPS. The
different landmark placement strategies we use are the fol-
lowing: Strategy 1 places landmarks on the boundary of the
topology, at equal distances from each other. InStrategy 2,
landmarks are randomly placed on the boundary of the topol-
ogy. Strategy 3 randomly places landmarks anywhere in the
topology. Their location might be on the boundary or inside
the disc area.

The overall number of nodes, including landmarks is set to
3,000, and as previously pointed out, distributed in two kinds
of topologies: uniform topologies where nodes are uniformly
distributed over the field, and non-uniform topologies where
nodes are placed around “concentration points” according to
a normal distribution.

We should point out that, unlike the studies conducted in
VCAP and JUMPS, we consider the case of disconnected net-
works. This means that nodes with no direct neighbors may
exist. Such nodes can obtain coordinates from a subset of
landmarks only, or do not obtain any coordinate at all.

4We simulated a perfect MAC layer, which means that 1) two nodes are
neighbors if the distance between them is less thanr, the radio coverage
range described in Section A, and that 2) there is no packet loss during trans-
missions.

For every scenario (i.e., combination of node distribution,
number of landmarks, number of nodes, and landmark place-
ment strategy), every data point we obtain is the average over
50 runs.

B Performance Metrics

Zones:Similarly to VCAP [16], our performance metrics are
based on the concept ofzones. A zone is the set of nodes
sharing the same virtual coordinates. Thezone size is
thus the maximum Euclidean distance, measured using the
real coordinates, between two nodes within the same zone.
Thus thezone sizeprovides a measure the coordinate sys-
tem’s ambiguity. In other words, the smaller the zone size,
the more accurate the coordinates.

In this paper, we consider three zone-related metrics. First,
we evaluate, theaverage zone sizefor each scenario. We also
measure themaximum zone size, i.e., the largest zone in a sce-
nario. Ideally, the maximum zone size should be smaller than
the node’s transmission range so that nodes sharing the same
coordinates are physically neighbors, and can communicate
directly. Finally, we report thenumber of nodes per zone.
The lower this number, the more accurate the coordinate sys-
tem. Ideally, we obtain one node per zone, which means that
no coordinate ambiguity exists.
Route computation:Another important criterion we use in
our experimental evaluation is how well routing performs
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,
we pick 1,000 random source-destination pairs and perform
greedy routing, i.e., the next hop decision is solely based on
the position of the node and its neighbors. Routing then tries
to select as next hop the closest neighbor to the destination.
It cannot, however, guarantee success due to local minima
situations where no neighbor is closer to the destination than
the current node. In such situations, the route computation
procedure is considered as failed.

C Results

In this section, we present results from our simulation exper-
iments. Every data point is obtained as the average over fifty
simulation runs.5

Average Zone Size:Figure 1 shows the average zone size as
a function of number of landmarks for the different strate-
gies. We can observe that the shape of the curves is similar
irrespective of the strategy, showing that as the number of
landmarks increase, the benefits of placing landmarks in the
boundary of the topology (equally spaced or randomly) de-
crease. For this particular experiment, for example, while
there are clear performance differences between the three
strategies for five or less landmarks, the average zone size
does not change significantly when seven landmarks or more
landmarks are used even under different placement strate-
gies. This observation remains valid for both uniform and
non-uniform topologies.

5Because the confidence interval is negligible, compared to the average
value, we do not represent it on these figures.
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(b) Uniform topologies.

Figure 1: Average zone size in radio range units as a func-
tion of number of landmarks for different landmark place-
ment strategies.

Maximum Zone Size:In VCAP, the authors propose to com-
bine position-based and proactive routing. Indeed, VCAP

generates zones with size of up to two radio ranges. There-
fore, a packet can reach a node 2-hops distant from the in-
tended destination. Adding 2-hop neighborhood knowledge
is then required so that, when a node receives a message in-
tended to another node with the same virtual coordinates, it
uses proactive routing within the 2-hop neighborhood to for-
ward the packet to its right destination. Thus, the maximum
zone size is an important metric, since it determines what
kind (and how expensive) of proactive forwarding method to
be used in addition to the position-based one.

In Figure 2, we show the maximum zone size (in radio
range units) as a function of the number of landmarks and
their placement strategy. We observe that, placing landmarks
on the boundary improves the worse case, i.e., reduces the
average maximum zone size, independent of the number of
landmarks. For our simulation scenarios, for example, lower
numbers of landmarks randomly placed generate zones of
up to eight radio range units. This requires a 8-hop proac-
tive routing protocol, which can be quite expensive in terms
of overhead. As before, the difference between landmark
placement strategies, however, becomes less significant when
topologies are more uniform and/or the number of landmarks
increases.
Number of nodes per zone:A single zone for the whole topol-
ogy is the worst possible case one can obtain – it means that
all nodes have the same coordinates. On the other hand, the
ideal case is when there are as many zones as nodes. Thus,
the lower the number of nodes per zone, the more accurate
the coordinate system.

We show in Figure 3 the average number of nodes per
zone. We observe that the difference between the strategies
becomes less important when the number of landmarks in-
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Figure 2: Maximum zone size in radio range units as a func-
tion of number of landmarks.

creases. This agrees with the trend shown by Figures 1 and
2.
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Figure 3: Average number of nodes per zone, as a function of
number of landmarks.

Route computation:Figure 4 shows that different landmark
placement strategies have significant impact on routing per-
formance. We observe that placing landmarks on the bound-
ary yields the best results, especially when they are at equal
distances from one another.

This behavior is closely related to the number of nodes per
zone represented in Figure 3. Indeed, when a node receives
a packet to forward, it chooses, depending on the virtual co-
ordinates, which neighbor is the more appropriate to be the
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Figure 4: Route computation success rate as a function of
number of landmarks.

next hop. If two nodes or more share the same coordinates,
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, routing
is more efficient in scenarios where the average number of
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 sufficient land-
marks are employed. This is an important observation as
it shows that strategy 2, i.e., placing landmarks on the pe-
riphery, is enough to achieve adequate routing performance,
avoiding the need of equally distant landmark placement.

We also notice again that as the number of landmarks in-
creases up to a certain threshold, considerable performance
gains are achieved. However, beyond the threshold, the gains
are not very significant. For the scenarios we ran, seven land-
marks seem to be the threshold for achieving adequate packet
delivery.

IV CONCLUSION

In this paper, we tackle the problem of landmark placement
for hop-count based positioning systems. While previous
studies choose as landmarks nodes consistently distributed on
the periphery of the topology, we show here that such a cri-
terion does not necessarily yield sufficient performance ben-
efits that warrant its cost.

The experimental results we obtained show that, indeed,
placing the landmarks on the topology boundary (randomly
or equally spaced) improves the performance of the coordi-
nate system when compared to random landmark placement
(i.e., anywhere in the topology). We also confirm the results
obtained in JUMPS, showing that increasing the number of
landmarks increases the accuracy of the underlying coordi-

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 network design-
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 routing us-
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 choice
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 landmark
locations.
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