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Abstract. Topology control in wireless sensor networks is an important issue for
scalability and energyficiency. It is often based on graph reduction performed
through the use of Gabriel Graph or Relative Neighborhood Grapis. graph
reduction is usually based on geometric values. In this paper we tackleate p
lem of possible connectivity loss in the reduced graph by applying a bdgterly
based reduction graph. Experiments are conducted to evaluate @asjtian.
Results are compared with RNG reduction which takes into account only the
strength of the received signal (RSSI). Results show that our algonithimtains
network connectivity longer than solutions from the literature and balathees
energy consumption over nodes.

Keywords: RNG, topology control, wireless sensor networks, battery-level.

1 Introduction

Wireless sensor networks have been under big scientificeisttpast few years. They
are intended to be deployed in hostile environments (It forest, etc.). Therefore,
it is expected that a large number of cheap simple sensoceewiill be randomly
scattered over the region of interest. These devices arerneovby batteries and have
limited processing and memory capabilities. Among numeichallenges faced while
designing WSN protocols, maintaining connectivity and nmraxing the network life-
time stand out as critical considerations. Important teshve been given aiming at
generic solutions which will be easily implemented on theets of platforms used for
building wireless sensor networks.

Topology control via per-node transmission power adjustrhas been shown to be
effective in extending network lifetime and increasing netaoapacity (due to better
spatial reuse of spectrum). Generally, nodes compute dgegfuction on their local
view of the network, such as Gabriel Graph (GG) or RelativégNeorhood Graph
(RNG) [14]. In the RNG construction, in every trianglew, the link with the worst
value is logically removed in the outcome graph. This gragatuction allows a node
to consider only a subset of its neighborhood by keeping ectivity. Then, a node
adjusts its range such that the further node in the graptctiesucan still be reached.

Most common way to apply graph reduction is by using Euclddistance as a
weight function for reduction. Connection between recgisignal strength (RSSI) of
the sensor nodes and distance between sensors allows dda§&loas the indicator
of this distance. The distance between the nodes and RS8ivarsely proportional.



In addition, RSSI gives a value on the quality of links. Thelerying idea is that
longer edges are the most expensive ones so removing themvagenergyf@ciency.
Nevertheless, these methods do not consider the enerdyofevedes. And if a node
exhausts its battery and fails, it may disconnect the nétwor

In this paper, we introduce a novel algorithm for topologytrol which takes into
account battery level of each sensor. Battery level is ciemed as normal or critical if
under a threshold. We give appropriate weight to each linkérgraph according to the
battery levels of its end nodes. We introduce a metric cadéeebr factor which divides
links into three sets:

— reliable links — the ones with normal battery level on botbds(power factoe 0),

— suspicious links with critical battery level on one of thdes (power factoe 1)
and

— bad links with critical battery level on both ends (powernéac- 2).

By using this metric as main weight in the graph reductiohabée links are preferred
to suspicious and bad links and suspicious links are peddr bad links. As a result,
weak nodes have a limited role in the graph connectivity aagemo impact on the
network connectivity when they fail. Graph reduction isoeputed periodically since
battery level evolves during the time. This allows extegdine whole network lifetime.
To validate our scheme, we run experiment on real nodes.rigxpetation results show
that our algorithm maintains network connectivity londearn solutions from literature,
balancing connectivity over nodes when needed.

The remaining of this paper is organized as follows. Relatetks are presented
in Section 3. Section 2 presents our model and assumptiansm@in contribution is
introduced in Section 4 and evaluated in Section 5. Finaly,conclude and discuss
future works in Section 6.

2 Preliminaries

2.1 Model

We consider a sensor network where nodes are randomly rechtésvare of their geo-
graphical location and able to tune their transmission edrefween 0 an® (R > 0).
The network is modeled as a gra@h= (V, E) whereV is the set of sensors afitlis the
set of edgesuv € E if and only if there exists a radio link between sensoendy, i.e.
they are in communication range of each other. We denofé(hythe set of physical
neighbors of node, i.e. the set of nodes such thatuv € E. Let 6(u) = |N(u)| be the
cardinality ofN(u), also called the degree of nodeWe also defindNgryg(u) € N(U)

the set of RNG neighbors of node Every node is aware of its battery level, denoted
asBL(u) for nodeu. We consider that every nodehas a unique identifier. We denote
the identifier of nodel asl D(u).

2.2 Assumptions

We assume that a nodeis aware of every edge within its neighborhooe, nodeu
knows every edgew such that # w and such that € {uuU N(u)} A {w € N(u)}. This



can be achieved by two ways: either nodes are aware of th&itigres and of the one of
their neighbors (nodes broadcast their position in Hellesages) or nodes are aware of
their 2-neighborhood (nodes broadcast their neighboinlibtello messages). If nodes
are aware of their positions, they can easily compute the Edgth. If they are not, we
assume that node can estimate the distance between itself and its neighbgrthe
use of the RSSI. The use of the RSSI has an additional fedtateed, even if it is not
always inversely proportional to the distance, it givesratidation on the link quality.
Thus if the link is short and it has a low RSSI, that means thatjuality is poor and
equivalent to a very distant node.

3 Related Work

Graph reductions are often used for topology control in lese sensor networks. Al-
most every topology control is based around some graph tiedustrategy with the
aim to keep certain parts and properties of the graph anch@icommunication be-
tween the nodes and energy used. Indeed, the idea is topexfgraph reduction and
then adjust the transmission power of every node in such ahethey can reach the
further neighbor in the resulting graph. Some of the graplucgons are based on the
geometric properties of the graphs and propose topologlyaarsing certain geomet-
ric structures like minimum spanning trees [9], Delaunagnigulation [3] or Gabriel
graph and some propose usage of cluster based-algoritfkmsphnected dominating
sets. A major drawback of technigues such as minimum spgrirées and Delaunay
triangulation is the lack of localized properties of theaalthm.

Relative neighborhood graph was first presented in [14].pFlreeiple is as follows.
In every triangle, the link with the greatest weight is remdvRNG is widely used and
on most of utilizations the weight considered is the distdi¢12]. So, the longest edge
in each triangle is removed. RNG has the great advantagedorbputed locally (every
node only needs to know its neighbors and links between tlzem)it is not limited
to the usage of geometric properties of the graph. Otheantriuse the RSSI [4] or
the expected transmission count (ETX) [8, 15] as a metric.l&\hican be used as a
notion of distance RSSI still cannot be considered as premil reliable enough to
be solely used. RSSI and ETX are mainly used as quantitasiees of link quality.
RSSI as a possible metric for RNG graph reduction is muchudised and while some
authors state that it is under appreciated [11] others arecating against it stating its
unreliability as the major problem.

In [5], authors apply a primary filter before performing a R88sed RNG. Indeed,
a node first observes its neighborhood and removes everkily@idor which the RSSI
is to low or not stable enough. Topology control is built byngsthe RSSI as the weight
function. Algorithm runs in three step) neighborhood discovery — in which each
node is sending Hello messages in order to find out its neighéiod the quality of
the connection with them (value of the RSSI which is implycigent as the part of
the Hello messagelii) filtering possible neighbors and removing the ones with RSSI
under a given threshold level — in this way unreliable linkess@moved before applying
topology controliii) RNG reduction — RNG algorithm is applied to all nodes, it is i
a distributed way, meaning that each nadeins RNG algorithm on its neighborhood,



removing noder € N(u) from the list of its RNG neighbors if there exists a n@dsuch
that:

Iw € {N(u) " N(V)} | (RSSI(u, V) < RSSI(u,w)) A (RSSI(u,Vv) < RSSI(v,w)))

Problems of energy consumption and energy conserving apeagle of the main
interests in area of wireless sensor networks [2]. Greataauraf proposed algorithms
are built to be energyfcient. Using diferent types of batteries withfiérent capacities
has an impact on the lifetime of the wireless sensor netwogkegnted in [6], [7] and
[10]. In these papers authors analyze the problemsfidrdint battery levels from the
wireless sensor network lifetime extension point of viewwver these papers do not
consider dynamic reconfiguration of the network in casesveloene of the nodes reach
certain battery levels, rather just the problem when oné®hbdes disconnects due to
the loss of power.

In this paper, we propose to apply a battery level based RN&imjunction with
RSSI value in order to take the advantage of works from tleeditire. We consider
dynamic reconfiguration of the graph when battery levelsaofas evolve in time. The
usage of specific hardware allowed us to have informatiorutathe critical battery
levels of the sensor nodes. These two informations, alomly tve unique ID of each
sensor node (also hardware specific property) forms thaanetich is then used for
topology control using relative neighborhood graph.

4 Battery-level based RNG

In this section, we introduce our topology control algamtht is a Relative Neighbor-
hood Graph in which the metric to be considered takes intgidenation the battery
level of nodes. The main idea is that nodes that are runningfoenergy should be
given less importance and appear as leaves in the resultad gin this way, when
their battery is exhausted, the network will not be discateg and we avoid costly
graph re-computing.

Nevertheless, the battery level can not be used directlgdglgorithm since battery
level is related to a node and RNG graph uses metrics relatiaks. Value assigned
to link uv between nodes andv should be the same from the point of view wf
and from the point of view of to avoid links to be removed improperly and network
disconnections. Therefore, we first assign a value to edagscbon node battery levels.

4.1 Making Connection from Voltage Level to RNG Weight Functon

In order to make a connection between battery level of twe@enodes on each link,
we introduce a value callegower factor. Power factor of linkkl, noted PF(k,1) is
determined using the voltage level of the two nodes on thedimd is such thaPF e

{0, 1, 2}. We consider a battery level threshaldf the battery level of a sensor node is
lower than this threshold, the node is considered as aalritiede. Power Factor value
is assigned to every edge by using Algorithm 1 that takes asmrt value battery
level thresholdr and battery level for all nodes. According to these valuégpAthm 1



Fig. 1. Example for PF computation. Blue nodes have a high battery level. Rex$ iade a low
battery level. Every link is assigned with a tupRH distance(RSSI), |1d1 — 1d2],|1d1 + 1d2))

divides sensor nodes into two sefs: normal battery state nodes, with battery level
higher thanr, and(ii) critical battery state nodes, with battery level lower thaiithen
depending on the battery state of each sensor node on thethimkpower factor is
assigned to each link as follows:

— power factor O — if both nodes are in normal battery state,
— power factor 1 — if exactly one of the nodes is in critical battstate,
— power factor 2 — if both nodes are in critical battery state.

Algorithm 1 is run on node. It assumes that nodeis aware of the battery level
of each of its neighbors and knows whether there exist a lgtkvben the two of them.
This information can be achieved through the use of Hellosagss in which every
node piggybacks its battery level and its position if ala#aotherwise its neighborhood
table. Based on this, nodds able to identify any triangle within its neighborhood and
then to assign power factor value on every of these links.

Algorithm 1 CalculatePower Factor
1: foreachk,l e N(n) | k # | do
if (BL(K) > 7) A (BL(l) > 7) then
PE(k,1) < 0
else if (BL(K) > 7) A (BL(I) < 7) v (BL(K) < 7) A (BL(l) > 7) then
PFE(k I) « 1
else
PF(K 1) « 2
end if
end for

To illustrate the Power Factor computation, let us conskigure 1. Nodes that
appear in blue are nodes which battery level is higher thaumile red nodes are the



ones which battery level is lower than On this figure, linkad gets a Power Factor
equal to 0 since both nodesandb have a high battery level. Lingh gets a Power
Factor of 2 since it connects two nodes with a low batterylldviak bc connects two

nodes with diferent battery levels and thus gets the Power Factor value 1.

4.2 Algorithm for graph planarization using power factor

Once Power Factor is computed on every link, RNG computatambe performed.
Nevertheless, since Power Factor only returnsfidint values, in a triangle, several
edges could hold the same Power Factor value. Thus we need toaecond metric that
allows nodes to choose between the nodes in such a way thtrexde of the triangle
take the same decision regarding edge removal to avoid netdigconnections. To do
so, we apply the traditional RNG metridsg. Euclidean distance between nodes and
then, to break any potential additional ties, the node iflerg. To ensure that every
node computes the same value for a link, we first compute tifiereince between the
identifiers of the two end nodes. Nevertheless, if node viti2 is connected to nodes
with ID 1 and 3, the two dferences of ID remains the same. So, in such a case, we
consider afterwards the addition of IDs. Using botfietience and addition of the nodes
IDs, we ensure that every node computes the same valuesifir anld that two links
in a triangle can not have the same values since nodes ID\apgeuand we can not
have at the same result for both addition arftedéence for two dterent links in a same
triangle. Figure 2 shows theftirent values considered for every link. Every link holds
a set of valuesKF, d, |D-, ID+) where PF is the Power Factor is the Euclidean
length of edgel D- is the diference between ID of end nodes diitk is the addition
of ID of end nodes. As ID we have considered the rank of thedéttthe alphabet. For
instance|D(a) = 1, ID(b) = 2, etc....

We define< as a binary total order such that < uw if and only if

PF(uv) < PF(uw) or

— PF(uv) = PF(uw) A d(u, V) < d(u,w) or

PF(uv) = PF(uw) A d(u,Vv) = d(u, w) A [ID(u) — ID(V)| < [ID(u) — I D(w)|.
PF(uv) = PF(uw) Ad(u,v) = d(u, w) A|ID(u) — I D(V)| = [ID(u) — I D(wW)| A [I D(u) +
ID(V)| < |ID(u) + 1D(W)|.

Yet, the edge removal runs as described by Algorithm 2. Warasghat node
is aware of the length of every edge within its neighborhagither because nodes
are aware of their positions and broadcasts it in Hello ngesséo their neighbors, or
because they are able to estimate it based on RSSI for iestBmery node considers
every triangle within its neighborhood (like trianglég, igh or efg on Fig. 2) and
determines what edge to logically remove in the RNG. To datdost compares the
PF values of nodes. If one of edges has a lower PF value than atiest, it is removed
(e.g. link ghis removed in trianglégh on Figure 2).

If two edges have the same lower PF value or than every edgéhbasame PF
value, the longer one is removed. For instance, in triafigheon Figure 2, the longer
edge isfi and should be removed in a traditional RNG algorithm. Bhias a PF value
of 0 and thus it is kept. Instead, we remove edgehich has the same PF value than
edgefg but is longer.



(2,73, 4, 10)

Fig. 2. Example of value computation. Blue nodes have a high battery level. Risbri@mve a
low battery level.

If edges hold the same PF value and are of the same lengttaréelsroken by
considering the dierence between identifiers of two nodes on the end of each edge
The edge with the largest ID fiiérence is removed. This is for instance the case in
triangleefg on Fig. 2 where edgesy and f g hold the same PF value and have the same
length. Their ID is used to flierentiate them. Sindé D(f) — 1D(g)| < [(1D(€) — 1 D(g)|,
link eg is removed.

Algorithm 2 CalculateRNG

1 Nrna(U) < N(U)

2: CalculatePowerFacto(u)

3: {Nodeu computes PF factor of every link within its neighborhgod.
4: foreachv,w e N(u) do

5 if uv < vw < uworvw < uv < uw then
6: Nrne < Nrng(U) \ {w} {Link uw is removed from the RNG.
7 else
8 if uw < vw < uvorvw < uw < uv then
9: Neng = Nrng(U) \ (V)
10: {Link uv is removed from the RNG.
11: else
12: {Link vw will be removed from the RNG.
13: end if
14: endif
15: end for

16: ReturnNgng(U)

Execution of this algorithm is distributed in the sense #®ath node is calculating
its own set of RNG neighbors, according to given conditiod &nowing its neigh-
borhood. As a result, we obtain a connected graph in whictkereadges have been
removed and where disappearance of weak nodes has a minwpatti of the graph



connectivity. Figure 3 compares the graph obtained affgltmy control when apply-
ing distance-based RNG (Fig. 3(a)) and our battery levebthd&®NG (Fig. 3(b)). As
we can see, in our approach, critical nodes appear eitheassd in the graph (nodes
¢, g, h, j) orin a redundant path (nod®. Yet, if one of these nodes fail, the network is
not impacted. At contrary, in the traditional RNG, there éshrattery level concern and
critical nodes belong to principal paths. If noldec or g fails, the network is discon-
nected.

(b) Battery level based RNG

Fig. 3. Example for PF computation. Blue nodes have a high battery level. Rex$ hade a low
battery level.

5 Implementation and results

In order to validate our proposition and highlight its vdlleafeatures, we run experi-
mentations over the SensLABlatform on the Lille site. It is worth noting that perfor-
mances of our solution strongly depend on the hardwaretaathire of sensor nodes

1 httpy/www.senslab.info



used for the experiments, more precisely to the microctarttbat is being used on this
architecture. This platform is composed of WSN430 sensoesdsee Fig. 4(a)). On
the Lille platform, these sensors are equipped with MSP4B8QE, 16 bits RISC mi-

crocontroller, ultra low power multichannel RF transcesv€C2420, unique identifier
DS2411, serial flash memoiy125P80.

(a) WSN430 (b) SensLAB platform

Fig. 4. WSN430 and SensLAB platform. INRIAPhoto N. Fagot

5.1 Experimentation Set Up

We run our experiment on the Lille SensLAB platform. We setebx 6-node grid via
the SensLAB interface spread as depicted by Figure 5. In ¢imslSAB Lille platform
nodes are placed in grid on the distancelef 60cm between each other. We chose a
subset of nodes on the grid leaving out some of the nodes hathve can see what
happens with physically longer links and how the algoritsrapplied to them.

Microcontroller MSP430F1611, as the whole MSP430x seigegquipped with
circuitry calledSupply Voltage Supervisor — SVS. This part of microcontroller follows
voltage level of the power supply of the microcontroller agides user information
when power supply drops under fixed voltage level. SVS caeatiéb discreet voltage
levels ranging from JV to 1.9V [13]. We use critical voltage levet, = 3.7V, which
corresponds to value 1110 in the SVS registerwe consider that a node has reached
a low battery level as soon as the microcontroller sendsfamiration that the critical
voltage is reached. Experiments are run 12 hour long, duhisgtime all sensors are
loaded with same program which runs RNG algorithm 2, catmdeRNG neighbors in
distributed way, and recording statistics — neighbor cdatgis, RNG neighbors and the
parameters for each link (power factor, RSSI value, IDs) tke implementation of our
algorithm we use CSMACA MAC layer implementation provided by the SensTools
project? and FreeRTOS port for MSP430 microcontrolers.

Our solution is compared to [5] from the literature. As dieidin Section 3, in [5],
a RNG is built based on the RSSI on links after a first filter oiglmieorhood. Our

2 httpy/senstools.gforge.inria/fr



algorithm also uses the RSSI as a metric to estimate at the Sara distance and link
quality as claimed in Section 2.2 but only as a secondary htelye use the Power
Factor metric as primary one. We do not apply the filter usgf@jisince we assume
that these bad links will be automatically removed in the R&Eputation except if
the removal of these links disconnects the network.

® 0 o 0 o

Fig. 5. Placement of the nodes on which the experiment is run. In Senstd AB50cm.

5.2 Experimental results

Figure 6 shows the edges connecting node 46 to its neighfiergtze initial exchange
of HELLO messages. For the sake of visibility, we have regmésd only these links.

Figure 7 shows after a topology control performed with oduton (Fig. 7(a)) and
with RSSI-based RNG with filters (Fig. 7(b)) like in [5]. Ateke pictures black edges
are RNG edges of the node 46, and yellow edges are RNG eddesrest of the nodes,
ensuring the connectivity between node 46 and the rest ofdties in its neighborhood.
At this step, all nodes have a high battery level and thus d@tphs are equivalent. We
are running test program on the nodes making them exhausattery, this program
is just made for the nodes to exchange messages and fastieardis batteries thus to
speed up the experiment.

Figure 8 shows the final topology control after some time, wb@me of the nodes
exhausted their batteries and brought them to the critieé sWe can see that with
our solution (Fig. 8(a)), the network is still connected dhat weak nodes appear as
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Fig. 6. Initial topology of graph.

. . ;72
-68
o O6. 6 0 o o o o o
.(n .‘H .‘L’ .‘H ‘,3 .‘ll .‘H .‘u .rv
(a) Battery-level based RNG (b) RSSI-based RNG filters

Fig. 7. Topology after topology control.
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(a) Battery-level based RNG (b) RSSI-based RNG filters

Fig. 8. Topology after topology control after nodes have exhausted their yatter

leaves in the reduced graph. We can also see that the netywogknically reorganized
itself: link 46 — 47 — 48, which allows node 46 to reach node 48, has been changed for
link 46 — 59 — 49 — 48 when the battery of node 48 has dropped under critical.leve
Furthermore, if we consider complete discharge of the bati€the node 48 in this
case if we are using RSSI-based RNG then we will lose of cdivitydetween nodes

46 and 49 while battery-level based RNG is preserving cdivigdbetween those two
nodes.

6 Conclusion

In this paper, we have introduced a new weight for applying3Rathd topology control

in wireless sensor networks. This weight is primarily bagedattery level and is used
in such a way that links between and towards weak nodes aga taMy if there is no

other path. Our algorithm extends the network lifetime.dlthm has been validated
through experimentations. As future works, we intend tdwata our solution more
deeply to measure more precisely the dynamics of the netawttiferent hardware

in order to measure the impact of this latter. We also wismtestigate the impact of
the number of power factor values. Indeed, nodes are ondgifiled in two categories
(high or low battery level). What if we introduce an additibleel? At last, we intend

to evaluate our algorithm in mobile environments.
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