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Abstract— Wireless sensor networks (sensor networks feature in most of sensor networks is a self organizing
for short) have_recently gained large popularity in both ad-hoc network architecture. This means that a sensor
academy and industry. These networks of small, often network is capable to automatically add new units as they
battery powered, sensors can be placed where wired appear and likewise remove non operational units. The
infrastructure is too expensive or impossible to deploy. property of self-organization makes the network robust
A sensor network typically consists of a lot of nodes; some .

and fault tolerant, providing that there are enough redun-

nodes might be more advanced in capabilities than others. . i
In this paper we propose and evaluate algorithms for dant nodes available to keep the network operational and

placement of routers in a sensor network. The proposed connected in the case of node failures.
algorithms compute placement of routers in an efficient  In this article, we consider heterogeneous wireless
and reasonably fast way. sensor networks built of three types of nodes distin-

There are two major requirements on placement of guished by their sensing and communication capabilities:
router nodes. First, a placement must guarantee con- (j) ordinary sensor nodes capable to communicate only
nectivity, i.e. every sensor node in the network must be i youter nodes: (i) router nodes which do not sense,
able to communicate through routers with a predefined re used for routing of messages, and can communicate
computer-connected gateway node. Second, a placemen?. . ’

with any other nodes; (iii) gateway nodes or computer-

must provide robust communication in the case of router ) / .
failures. That is, if one router breaks down or runs out of connected sink nodes which are capable to communicate

power, all sensor nodes must still be able to communicate With routers. Typically, a router node is a more expensive
with the gateway node. This can be achieved by placing device that requires more memory and computing per-
redundant routers that increase the number of possible formance than a sensor node in order to implement the
routes in the network. Both requirements should be met network protocol. Typically, a router node has a larger
by placing as few routers as possible. battery and consumes more energy than a sensor node.
To be operational a wireless sensor network must
fulfill some major requirements that we briefly review
Wireless sensor networks are a relatively new clagglow. Firstly, the network must provicgensing cover-
of networks and have recently gained large popularigge defined as follows. Each sensor hasemsing range
and interest in both academy and industry. These ngiat defines an area which the node can sense. An area
works of small, often battery powered, sensors can bginterest (or the area of deployment of the network)
placed where traditional wired sensor infrastructure s fully covered by the network if every location within
too expensive, too difficult or even impossible to deployhe area of interest is within sensing range of at least
Currently the major use for these kinds of networks isne sensor [10], [5], [13]. For a homogeneous netdork
expected to be monitoring and control of for example given the area of deployment, and the sensing range
home or a building. of a sensord,;, one can calculate an approximate number
Recent advances in techniques for wireless networkif@gr a lower bound for the number) of nodes needed to
and electronics has made it possible to build cheap aggler the deployment area as= fo assuming that the
power efficient wireless sensor nodes. Typically, a sensanitire deployment area needs to be covered.
network consists of a lot of nodes some of them might
be more advanced in capabilities than others. One keyin a homogeneous network all nodes have the same capabilitie
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The sensing coverage property is a necessary, but sioter the performance properties such as data throughput
sufficient property of an ad-hoc sensor network to end/or data propagation delay (latency). As redundant
operational because in most of cases the network mustiter placement increases the number of possible routes
also provideconnectivity i.e. each sensor should be able the network, we can expect that redundancy may affect
to communicate (via routers) with a sink node. In othehe network performance. While still being of big impor-
words, connectivity is the property whether messagmce for the QoS, considering network performance is
can be transported between a pair of nodes. Each nodeside of the scope of this paper.
of a wireless sensor network (a sensor, a router, or
a gateway) has @ommunication rangghat the node A- Some Related Work
can communicate withfo Even if a deployed network The issues of building sensor networks that provide
covers the entire area of interest it might be not fullfull coverage and connectivity have arisen not only in
connected. As shown in [13], given a communicatiotne area of wireless sensor networks but in several other
range R. and the sensing rangR, of the nodes in a areas such as cellular networks and ad-hoc networks,
homogeneous sensor network, a fully covered convas know as Mobile Ad Hoc Networks (MANETS). The
region is connected iR, > 2R;. difference between a wireless sensor network and an or-

The third important requirement of a sensor network @inary mobile ad-hoc network is that the latter is usually
reliability (or robustness) that depends on many factdpsiilt upon “over deployment” of network nodes in order
such as node failures, node lifetime and communicatit® achieve full and reliable coverage and connectivity,
problems. A general approach to improving network relthat is a typical MANET includes redundant nodes.
ability in sensing coverage and connectivity is to deplofn example of such an ad-hoc network is “The Grid
redundant sensors and routers. Redundancy increasedtbefnet” presented in [1]. Some analysis of designs of
cost of deployment but on the other hand reduces treglundant mesh networks is made in [4].
cost of maintenance as a failed node does not need to b®ne of the major issues to be considered when build-
replaced immediately. With a low level of redundancyng a wireless sensor network is to optimize energy
the network might fail if only one node fails, whereasonsumption in the network by different approaches
with a high level of redundancy, the network might stilto power saving such as active/sleep mode, optimizing
operate as intended with a couple (several) failed nodeemmunication by, for example, using adaptive energy-

In this article we consider a problem of placingfficient transmission rate and/or optimizing placement
routers in a given wireless sensor network and propogk relay/router nodes [7]. The problem of optimizing
algorithms of router placement with some redundanéfedundant) router placement in wireless networks has
that allows improving reliability of the network in termsbeen received much attention and is still of big interest in
of connectivity assuming that the sensor network prboth academia and industry. It has been shown that find-
vides full sensing coverage. In other words, given iag optimal placement is terms of connectivity, energy
deployed wireless sensor network, the problem is to figénsumption and reliability is an NP problem. Different
a redundant placement of as few routers as possidieuristic approaches have been proposed such as the one
while still fulfilling the following requirements: based on, so called, a General Physical Layer Model,

« Full connectivity. All sensors must be able toPresented in [12] and a heuristic approach to relay
communicate with a certain predefined computef/aceément proposed in [6]. Some previous related work
connected node (a sink node) or a gateway nodd1as been done_ in stuqulng (optimal) relay placc_ement_ in

. Configurable redundancy for robustnesShere energy—constraqu wireless sensor networ_ks in WhIC!’l
must be a configurable least number of possibRENSOrs communlcatg collected data t(_) a _smk npde via
routes from every sensor node to the gateway. relay nodes. The typical problem studied is to find an

« Placement constraintsRouter nodes cannot be(OPtimal) placement of relay nodes in a given sensor

placed anywhere, some placements are impossilﬂ@.twork to improve a given utility function, such as to

When develoning the placement algorithms. we foc rgaximize and to balance the amount of data gathered
. . hing the p 9 : Yom sensors given node lifetime and communication
on improving reliability of the network and do not CONT et In [11], the author has specified a number of

2By analogy to the terrsensing coverageonnectivity can be also simplified relay placement problems and has shown that

termed ascommunication coveragthat indicates whether a sensorthe Pmblems OT finding optimal solutions and even ap-
is within communication range of a router. proximate solutions are NP-hard. Nevertheless, this theo-



retical observation does not prevent from using heuristic
approaches to optimizing replay placement. A heuristic
algorithm to optimizing relay placement as a solution
to the problem of balanced data gathering in multi-
hop wireless sensor networks is presented in [2]. The ‘ e
balanced data gathering problem is to obtain a routing

solution that maximizes the amount of data received @ Router Q Sensor @ Gatews

at a sink node and also guarantees that all sensors

communicate a required minimum amount of data fdo. 1. . Trivial plficement of routers. (Communication rangfe
the sink node. This problem is another formulation ¢PUtes 'S shown with dotted circles.)

the optimizing router placement problem to achieve full

coverage and connectiv_ity in energy-constrained Wirel%ﬁhin reach of the gateway node, place router nodes
sensor networks. In this baper, we _h_ave proposed_ aaﬂgng a straight line from the sensor to the gateway.
studied a set of computationally efficient (polynomial) o complexity of the trivial placement algorithm is
algorithms for both non-redundant and redundant routgr

t&(nsdm), wheren, is the number of sensors adg, is

placement in wireless sensor networks. The major e maximum distance from any sensor to the gateway.

guirements to solutions obtained with these algorithr‘q-s‘hiS expression is obtained based on the following ob-

are full connectivity and a required level of redundancgervaﬁon: For each sensad(.)), the two coordinates

of a router are computed and the router is deployed, until
the router is within communication range of the gateway
In this section we design and present a set of dlode O(d,,) iterations). In similar way, we can show
gorithms of placement of routers in a given sensdtat the number of routers placed@nd,,).
network that consists of sensors and gateway (sink)
nodes. As already mentioned, we assume that a seyfdgrithm "Trivial Router Placement Algorithm”
. . . Input: List of Sensor NodesS, Gatewayg
can communicate only with routers or a (sink) gatewaytput: List of Router NodesR
node, whereas a router can communicate with any olrfler A s
[ eacn sensos In

node. We also_asgume_that each n_odg (sensor, rou?@fdismme(w) > s.range
and gateway) is given its communication range. The deploy routerr at distances.range from s towardsg
problem is to place as few routers as possible to provide 244 ©© 7

L. i if distance(r,g) < r.range
connectivity between each sensor node and its predefijned continue
gateway (sink) node. For each algorithm presented |we While distance(r, g) > r.range

. . . deploy routerr;mp at distancer.range from r towardsg
assess its complexity and the number of routers it places. . =,
addr to R
return R

Algorithm 1: Trivial placement algorithm.

Il. ROUTER PLACEMENT ALGORITHMS

A. Non-Redundant Router Placement

First, we present a set of non-redundant router place-

ment algorithms that might still place unnecessary (re-2) Trivial Placement Reusing Router#n it easy to
dundant) nodes deployed for the sake of connectivigg¢e that the trivial algorithm places large number of
rather than for reliability. Next, we present a set afedundant routers. For example, in the placement shown
redundant router placement algorithms which introdu@e Fig.1 either the router 2 or the router 4 can be
some redundancy to improve reliability of the networkcemoved and the resulting configuration still satisfies
1) Trivial Router PlacementThe trivial way of plac- the connectivity requirement. The algorithm can be en-
ing routers in a given sensor network is to place routeanced to reduce the number of unnecessary routers
within communication range from each other on straigbl reusing already deployed routers when making a
line from a sensor to its gateway for each and evepyacement decision. The idea is to place routers that
sensor as shown in Figure 1. Such trivial placemeatnnect a sensor node to the nearest already deployed
provide exclusive route from each sensor to the gatewayuter connected to the gateway as illustrated in Fig.2.
Thetrivial placement algorithnis shown in Algorithm  The trivial reuse algorithmbased on reuse of already
1. The algorithm is fairly straightforward: Given com-deployed routers is shown in Algorithm 2. First, the
munication range of nodes, unless the sensor is alreadgorithm sorts sensors according to their distance to the
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Fig. 2. Enhanced trivial placement of routers in which semsales
are connected to the closest already connected router node.

gateway node. Next, it connects a sensor that is cIosFOst
to the gateway with a straight line of as few routers

possible. Then, the next closest sensor is connecte
the closest already connected router or to the gatewa

the latter is closer to the target sensor; and so on.

Algorithm "Place Routers Using Deployed Routers”
Input: List of Sensor NodesS, Gatewayg
Output: List of Router Nodesk

for each sensog in S
if distance(s, g) > s.range
for each routergepioyeq in R
if distance(rdeployedss) < distance(rseiected; S)
Tselected <~ T'deployed
if distance(s,Tseiected) > S-range
deploy routerr at distances.range from s towardsrsejected
addr to R
if distance(r,Tseiected) < T-range
continue
while distance(r, rseieccted) > T-range
deploy routerry,p at distancer.range from r towardsrgeiected
T — Ttmp
addr to R
return R

Algorithm 2: Trivial reuse algorithm.

the trivial placement algorithm, which deplog&nd,,)
routers: If the number of sensors increases on the fixed
deployment area, the trivial reuse algorithm places less
number of routers than the trivial algorithm.
The complexity of the trivial reuse algorithm is
O(ngn,), whereng is the number of sensors and.
is the number of routers. Using that. is O(nsd,,?)
or O(d,,?), the complexity of the trivial reuse algorithm
can be expressed 85n2d,,%?) andO(nsd,,?) when the
area of deployment is saturated with routers.
3) Cluster Router Placemenithe complexity of the
uter placement algorithm can be further improved by
ustering sensors and connecting clusters as described
%(?ow. The idea is to find groups (clusters) of closely
)f)bsitioned sensors and cover groups by routers instead
of covering each sensor separately. Sensors in a cluster
are within the communication range of a router and
can be covered by (connected to) the same router. The
covered clusters can be then connected with each other to
provide full connectivity of the network. Fig. 3 illustrate
clustering of sensors and covering the clusters by routers.
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(a) Sensor placement (b) Clustered sensors

Fig. 3. Finding Clusters of Sensors

The router placement algorithm based on clustering
(further we call it thecluster algorithm consists of two
steps: (1) clustering of sensors based on communication

The trivial reuse algorithm is slower than the triviatanges and covering each cluster by a router(s) so that all

algorithm, as the former requires searching througlensors are within communication range of the router; (2)
all already placed routers for every sensor to connectinnecting the routers using the trivial reuse algorithm
Nevertheless, we can expect that in a network witAlgorithm 2) applied to the routers placed on the first
many sensor nodes, the trivil reuse algorithm places lessp rather than to sensors. The first step is performed as
number of routers than the trivial algorithm. follows: For every senso, find three closest neighbors
For a small number of sensors the number of routesiad add them to the cluster, to which belongs, if
placed by the trivial reuse algorithm(n.d,,?), where the neighbors are within a predefined distance from
d,, i1s the maximum distance from the gateway node the sensor; if a sensor node belongs to more than one
any sensor anth; is the number of sensors; howevecluster, the clusters are merged into one cluster. The
with increasing number of (already connected) sensaisister algorithm is shown in Algorithm 3 (Note that
the number of placed routers asymptotically becom#® cluster algorithm uses tisave tree algorithnshown
0(d,,%) when the area of deployment is saturated with Algorithm 4). The cluster algorithm is a modification
already placed routers. The area is saturated with routefghe algorithm described in [8].
when for each sensor to be connected there is always alft's easy to see that the complexity of the clustering
least one route to the gateway through already deploya&dorithm isO(n,?) (wheren, is the number of sensor
routers. Thus, the trivial reuse algorithm, which deploysodes) because each sensor is inspected for clustering
in the best cas€®(d,,?) routers, is better scalable thawith all other sensors. If we then use the algorithm in



Algorithm "Find Clusters of Nodes”
Input: List of Sensor Nodess
Output: List of ClustersC'

for each sensos in S
for each senson in S
if distance(s,n) < s.range
addn to s.neighbors if closer than any other neighbor
(replace the furthest neighbor if more than 3 neighbors)
for each neighbor in s.neighbors
add s to n.otherneighbors

clusteridid < 0 for each sensog in S
if s.clusterid =0
clusterid «— clusterid + 1
¢ — savetree(s, clusterid) (see Algorithm 4)
addc to C
return C

Algorithm 3: Find sensor clusters

Algorithm "Save Tree”
Input: Noden
Output: List of Nodes Belonging to the Same Trée

if not n.marked

setn.marked

addn to !

for each neighbog in n.neighbors
add savetree(s) to

for each neighbog in n.otherneighbors
add savetree(s) to

return!

Algorithm 4: Saving of neighbor trees.

causes the entire network to break down.

Q Router O Sensor . Gatewe

Fig. 4. One failed router (marked “X") causes all sensors @0 b
unable to communicate with the gateway node.

A general approach to improve reliability of a con-
nected sensor network is to add redundant routers so
that each sensor has more than one route to communicate
with the gateway node. We cathutually exclusiveany
routes or paths through the connection graph if the
routes do not share any routers. We can defindehel
of redundancyof a sensor as the number of mutually
exclusive routes from the sensor to a predefined gateway
node. The level of redundancy of the entire network can
be estimated as the minimum level of redundancy in the
network. We call a router placement solutiomedundant
is its level of redundency i, i.e. any sensor has at least
k exclusive (alternative) routes to its gateway node.

The simplest way to achievefaredundant solution is
to deployk routers at every position designated by a non-

fedundant router placement algorithm. This approach is
. 2 - .

slecct)nd ?tepdlsﬁ(?ﬁd? )'t V\f[heranC 'St;he number Oftsimple, fast and straightforward, but in most cases it is
CIUSIErs found on Ine Tirst step. From this e can Se€ s 10 1o achieve the same level of redundancy with

the total compIeX|_ty depends on how the sensor no &2s number of routers. Figure 5 shows a simple example
are deployed. This assessment shows that the clu%er

R - _ which 5 routers are used in a non-redundant solution
algorithm is faster than the trivial router reuse algorithny \ .- < 10 routers are needed for the 2-redundant solu-

It is difficult to give an analytical assessment of thﬁon obtained by placing 2 routers in each of 5 positions.

number of routers that can be placed by this algorlthﬁm better solution that uses 9 routers to achieve the same

because the number of routers depends on how ‘Bsel of redundancy in this network is shown in Figure

sensors are deployed. We leave this assessment to &YThis solution complies well with the observation

future work. In the worst case the number of cluster_s !Bported in [9] that optimal 2-way redundant routes in
equal to the number of sensors and the cluster algorit nection graphs tend to form rings. Even though only
router is saved in this example, we can expect that

algorithms (see Section IlI). In this section, we propose a redundant router place-
ment algorithm that takes as an input a connected net-
work with routers placed by one of the non-redundant
Solutions obtained by non-redundant router placemeantter placement algorithms presented in Section II-A
algorithms presented above have full connectivity as loagd places a number of redundant routers (if necessary)
as all routers are functional. But if one or more routets achieve a given level of redundancy specified as the
fail, large part of the network might fail as shown, fominimum number of exclusive routes between any sensor

example, in Figure 4 where a failure of only one routeand a gateway node.

B. Redundant Routes
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1) Stage 1: Computing Maximum Flow in the Connec-

QARL AR

QHQHQD QQS’OHQC% tion Graph: To simplify counting of mutually exclusive
! L. ! routes the bidirectional connection graph that represents
@) O\ o a given network is transformed to a unidirectional graph.
‘ O\ ‘ This transformation is performed by substituting two

routers connected with a unidirectional edge for every
Fig. 5. Non-optimal re- Fig. 6. Better redundant  router in the graph so that all incoming edges go to one
dundant solution: all router solution that utilizes other of the two routers whereas all outgoing edges start from
nodes are multiplied. already placed routers. the other router as illustrated in Figure 8.

The algorithm is comprised of two stages. At the first
stage, it determines and counts the number of mutually
exclusive routes in the connection graph that represents
the given network in order to estimate the level of redun-
dancy in the given network, and whether more routers (4) nitial bidirectional(b) Resultsing unidirectional
need to be added to increase redundancy to the required graph. graph.
level. As a side effect of computing mutually exclusive.

. Fig. 8. Transformation of bidirectional graph to unidiiectal graph
routes, the algorithm also checks whether the network iS ! cirectional graph fo unidl arap

fully connected (i.e. fully covered by routers) and adds ngte that every bidirectional connection graph has one

missing connections if necessary. At the second staggq only one transformation that is unique and does not
if the level of redundancy estimated on the first StaQFepend on the order of traversal.

is lower than required, the algorithm places redundanty, compute maximum flow in the unidirectional graph
routers to achieve the required level of redundancy. gptained on the previous step, we use a simplified Ford-
The sub-algorithm that computes mutually exclusiveylkerson algorithm described in [3], Section 8.2.2.
routes passes two steps. On the first step it transforge Ford-Fulkerson algorithm computes the maximum
the bidirectional connection graph of the given networow from a source to a sink in a weighted directed
to a unidirectional connection graph in order to simplifyjraph_ To apply the algorithm to a unidirectional graph
counting of mutually exclusive routes. On the secongdpresenting a connected sensor network, the maximum
step, it computes the maximum flow from each sensiéw through every connection is set tao indicate that
to the gateway node in order to define the number gfery connection can accommodate one and only one
mutually exclusive routes: the maximum flow from oute. The Ford-Fulkerson algorithm is based on finding
sensor to its gateway is equal to the number of mutuajiaths where more flow can be pushed through, so called
exclusive routes from the sensor to the gateway.  augmenting paths. Forward edges using less than full
For example, Figure 7 shows the 2-reduntant routespacity and backward edges with flow more thazan
placement obtained by our algorithm applied to thge used as a path. The graph is traversed in a breadth
connected network shown in Figure Figure 4. The initigirst manner, searching for unused paths in the graph.
network was built using the algorithm (Algorithm 2).  Since the maximum flow through any edge in our case
is 1 and it is either used or not, the algorithm can be

Q simplified as follows. The flow between two nodes (e.g.
Q/,% a sensor and a gateway) is computed as follows.
O,QMQ«'Q (5 1 Find a usable path through the graph either by
O/ \ using an unused path or by using a used edge in
Q’»\O”QMO/ the reverse direction.

2 Mark path as used, whereas edges used in the
Fig. 7. 2-redundant network. Every sensor node has two riytua  reverse direction are marked “unused”.
exclusive routes to the gateway node. 3 Repeat Step 1 and 2 until no new paths found.
4 Sum the flows in the edges that start at the source
Next subsections describe the two stages of the redun- to get the total flow through the graph from the
dant router placement algorithm. source to the destination.



Figure 9 shows an example of finding of augmenti

paths between the soursexnd the destinatiod. A path

using flow 1 is found and marked as used (Fig.9(b). Th
a new path is found by using one of the edges backwg
(Fig.9(c). When the path is marked as used, the weight
of the edge used backwards is reduced to 0 (Fig.9(d).

04,0 . - .0 .
Nof o o S
(a) Graph with no flow (b) One route is used
Sl S et e

(c) A new route usingd) The final result with
a backward edge, india total flow of 2
cated with dashed lines

Fig. 9. Finding Augmenting Paths in a Graph

The algorithm to find augmenting paths in a weight
unidirectional graph, based on the algorithm in [3
Section 8.2.1, is shown in Algorithm 5. The simplifig

Ford-Fulkerson algorithm is shown in Algorithm 6.

Algorithm Find Augmenting Path
Input: weighted directed grapty, sources, destinationd
Output: path

for each noden in G
n.visited «— false
create FIFO-queu€)
put s into Q
while @ is not empty
get noden from Q
ifn=d
build pathr recursively starting at n.route
return pathm
n.visited < true
for each edge: to and fromn
if not e.destination.visited and e is forward edgeand e. flow = 0
e.destination.route «— e
put e.destination into Q
if not e.source.visited and e is backward edgend e. flow = 1
e.source.route «— e
put e.source into @

Algorithm 5: Algorithm for finding augmenting paths

2) Stage 2: Redundant Router Placemehfter com-

gorithm Maximum Flow
put: weighted directed grapby, sources, destinationd
Output: maximum flowmaz Flow from s to d

en )
f(():l' each edge: in G
Ards #1ow « 0
zFlow «— 0
repeat
traverseG starting ats to find a augmenting path to d, see Algorithm 5
if a pathm existsthen
maxFlow «— maxFlow + 1
for each edge: in = do
if e is forward edgethen
e.flow — 1
else
e.flow — 0
else
stop

Algorithm 6: Simplified Ford-Fulkerson Algorithm

Algorithm Create Redundant Route fromto d
Input: connection grapl, sources, destinationd, gatewayg
Output: connection graph

R < router nodes irG

S « sensor nodes G/

9t S by decreasing distance tp

jor (i = 0; 7 < desired level of redundancy;+ +)

Pl» for each sensos in S

d compute number of routes from s to g in G using the “Maximum

Flow” algorithm in Algorithm 6
if n < desired redundancy
for each router in R
if v is not on same branch in the graph as
build route froms to r, this can be done in the same way ag

n

any of the non-redundant algorithms
continue

Algorithm 7: Creating of Redundant Routes

First, the algorithm checks whether the sensors already
have enough connections to satisfy the redundancy re-
quired. This check is performed using the “Maximum
Flow” algorithm (Algorithm 6). Next, if the level of
redundancy must be increased, new connections are
added as follows. The sensor nodes are examined starting
with the node furthest away from the gateway node: if a
node does not have enough connections, a new mutual
exclusive connection is created by to the closest router
that is on the other branch in the graph than the sensor
itself. The actual placement of routers is then done in
the same way as in the non-redundant placement algo-

puting the number of mutually exclusive routes, we caithms described in Section Il-A. These steps, checking
estimate whether the number of routes between a seriger number of exclusive routes (redundancy level) and
and the gateway is sufficient to provide the requireatlding redundant nodes if needed, are repeated for every
level of redundancy, i.e. whether the number of routegensor node and every level of redundancy required.

is at least the required level of redundancy. If not, new 3) Analysis of the AlgorithmBased on the rigorous
exclusive routes are created with the algorithm shown @&malysis in [3], Section 8.3, the complexity of the al-

Algorithm 7.

gorithm for finding augmenting paths (Algorithm 5) is



O(n.) wheren, is the number of edges in the graph. The-C. If all sensors still have enough redundancy, the
complexity of the simplified Ford-Fulkerson algorithnrouter node is permanently removed. The optimization
(Algorithm 6) depends on the total floof and on algorithm is shown in Algorithm 8.
the number of routers, because, in the worst case,
the algorithm marks all routers when computing flowg!gerithm Optimize Connection Graph
Based on these observations, we can conclude that Iﬁﬁmt connection graplts, sources, destinationd, gatewayy
) @ut: connection grapitz
complexity of the algorithm for computing maximum tos i
: : R — It
flow (Algorithm 6) is O(fnen,). The branch compu g = onsar modes o
tation has complexrqO(nh?), with n; the maximum |sort 5 by decreasing distance tp
number of hops in the graph. Since the number of ed" gf":aiﬁ”rzz‘i;;i R
ne and number of routers,. always is greater or equal mark r as failed
to the maximum hop count;, the flow computation is compute number of routes from s to g in G using the “Maximum
the dominant part. The placement of redundant routgF§y” algorithm from Algorithm 6.
. - . Lo . . if n < desired redundancy
using a similar algorithm as the trivial one in Section II- mark  as non failed
A.1 need0(d) steps, where is the maximum distance else
between any two nodes in the graph. Sikggn.n,) is permanently remove
a larger factor tha(d), theO(d) factor can be ignored.™agorithm 8: Optimization of the Connection Graph
Combining the above results yields a total com-
plexity of the redundant router placement algorithm
of O(rns(fnen,)”), wherer is the required level of I1l. EVALUATION
redundancy. Thus, the time needed by the algorithmTable | summarizes assessments of complexity and
increases steeply as the level of redundancy increasdfe number of routers placed for different algorithms
We leave the analytical assessment of the numb@esented in the previous section.

of routers placed by the algorithm to our future work.

Nevertheless we have evaluate the algorithms by imp!%'gr?_rlg:?un Jart Router Nodes) Time
menting them (see Section III). Trivial O(nsdm) O(nsdm)
o Trivial Reuse (few sensors) | O(n;d2,) O(n2d2,)

D. Optimization Trivial Reuse (many sensors) O(d2,) O(nsdZ)

A solution obtained by using the router placement al-gg‘jairdam na O(nedy,)
gorithms presented above might be not optional as somfg;;, n.a. O(ned2,)
of deployed routes might be not needed to achieve fulkon-Trivial n.a. O(rns(rnen.)")
connectivity and required level of redundancy. Below, we TABLE |

shortly present two optimization procedures that remoVve 1 e comPLEXITY AND THE NUMBER OF PLACED ROUTERS
unnecessary routers still preserving full connectivitgd an
required level of redundancy in an optimized solution.

In a solution with non-redundant connectivity, some To verify and evaluate the proposed algorithms, each
routes might be longer than necessary and some routggorithm has been implemented as an application. The
might be not needed to have a connected and covewadied input parameters in evaluation experiments are the
network. To optimize the non-redundant solution, alumber of sensors randomly placed on the deployment
sensor nodes are reconnected to a reachable router rex@@ and the required level of redundancy. The measured
that has as short route to the gateway node as possipkrameters are the number of routers deployed and the
This procedure is performed for every router. The routeggecution time. In all evaluation experiments, the router-
with only connection to another router node are removead-router communication range is 30 meters; the sensor-
This is repeated until no more routers can be removetb-router communication range is 15 meters; the area

When the routes are created using the redundarfitdeployment is a square of 400 meters. With these
algorithm in Section II-C, more routers than necessawalues of input parameters, the area of deployment is
might be deployed. To find routers that can be removed, = 160000 m?, and a router to sensor communication
all routers one by one are temporarily removed from thange isA. = 157 m?. As the above values fulfill
network. For every removed router, the number of routéise requirement that the router-to-router communication
is computed by using the algorithm described in Sectioange is twice the router-to-sensor communication range,



3000 0.25

we can use the formula mentioned in Section | to
compute the minimum number of routers that should bg; .y, - - *
. .. g o 015
placed to provide connectivity of sensors. The computeq i g A
theoretical minimum is§2 ~ 226 routers. L e o~
Ac 500 0.05
A. Evaluation of Non-Redundant Placement Algorithms o 0
0 100 200 300 400 500 0 100 200 300 400 500
Figure 10, Table Il and Table lll show result of evalua- (a) Trivial algorithm without optimization
tion of non-redundant placement algorithms presented in o
lI-A. The plots depict the number of routers and the com- 3 P °
putation time as functions of the number of sensors. W@ PO P v % /
have observed that the results of evaluation of algorlthm$ %0 £ . -~
without optimization coincide with the analytical assess-" | jg
M . 50
ments shown in Table I. The results in Table Il show that o V————— ok zf o
the cluste_r algornhm without optimization (Algorithm 3 (b) TivialTeuse algorithm without opfimisation
and Algorithm 4) gives the number of deployed routers - .
which is closest to the theoretical minimum of 226 s 05 =
routers for the given input parameters, whereas the tr|V|a.§ - 05 P
g 0.4
placement algorithm (Algorithm 1) and the trivial router 5 | / £,
reuse algorithm (Algorithm 2) deploy much more routers® / 02
. . . 0.1
than the theoretical minimum. Figure 10(c) shows that | o
. . 0 100 200 300 400 500 0 100 200 300 400 500
the number of routers has an asymptotic behavior as the Sl oS
. . . C uster algoritnm witnout optimization
number of sensors increases. This means that there is © g P
a saturation point in increasing the number of sensors **[ T —= T ] N
X i 250 |- Trivial Reuse ---x--- I 70 Trivial Reuse ---x---
when for a new sensor added beyond this point therg ,, ‘D/"/X e “ Clustor 26
is always at least one route of already deployed routers$ i AT ER /
connecting the new sensor to the gateway. g w0/ Xt -
Figure 10(d) and Table lll show results of evaluation * | 10 il B B
0 0 ke
of non-redundant algorithms with optimization described ~ ° w0 0 a0 a0 so0 o w0 a0 N:;:s 400 500

in Section 1I-D. The results show that optimization al- (d) Comparison of non-redundant algorithms with optinicat
lows _to remove quite a few routers and that the “C|USter:|g. 10. Results of Evaluation of Non-Redundant PlacemdgoA
algorithm is faster than all others. Thus, the clust@thms (Plots show the number of placed routers and the ctatipo
algorithm with optimization is the best choice for nontime as functions of the number of sensors)

redundant optimized placement of routers.

. 200 Sensors_| 500 Sensors B. Evaluation of the Redundant Placement Algorithm
Algorithm Routers| Time/s | Routers| Time/s
Trivial 1091] 0.069| 2713] 0.12 Figure 11(a) and Table IV show results of evalu-
g'ﬁgj euse igg Oflég ggg 0_231 ation of the redundant placement algorithm described
TABLE Il in Section II-C for different level of redundancy and

different number of sensors. Figure 11(a) indicates that
our redundant placement algorithm scales better than a
trivial redundant placement algorithm in turms of the

number of placed routers. Figure 11(a) shows also that

COMPARISON OF NONREDUNDANT NON-OPTIMIZED SOLUTIONS

Alcorith - 200 SerEOfS/ - 500 Se';_SOVS/ the computation time increases steeply as the level of

gorithm outers Ime/s outers Ime/s : H H H _

il >1E 18 >7E 11 redl_Jndancy increases as predicted in Section Il C.3:

Trivial Reuse 145 4.7 253 79 Figure 11(b) and Table V show results of evaluation

Cluster 140 0.69 187 1.9 of the redundant placement algorithm with optimiza-
TABLE IIl tion that reduces the number of routers still preserving

COMPARISON OF NONREDUNDANT OPTIMIZED SOLUTIONS connectivity and required level of redundancy. We can
see from Table V that after optimization the number
of routers is lower than in the non-optimized redun-



dant solution (compare with Table V) for the cost ofo a non-redundant solution in order to achieve required
increased computation time. Figure 11(b) also depidesel of redundancy for reliability. We have proposed two
performance of the redundant router placement algorittoptimizing procedures that allow reducing the number of
with optimization. The computation time of the algorouters preserving the full connectivity and the required
rithm increases steeply as the redundancy level increadegel of redundancy. We have shown the complexity
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Fig. 11. Results of Evaluation of the Redundant PlacemegbAl
rithm.
200 Sensors 500 Sensors
Redundancy| Routers| Time/s | Routers| Time/s
1 140 0.69 187 1.9
2 279 2.1 387 6.9
3 405 6.3 562 24
4 529 14 742 53
TABLE IV

COMPARISON OF REDUNDANT NONOPTIMIZED SOLUTIONS

200 Sensor Nodes

500 Sensor Nodes

Redundancy| Router Nodes| Time/s | Router Nodes| Time/s
1 140 0.69 187 1.9
2 217 14.9 323 59
3 330 69 484 170
4 436 160 665 410
TABLE V

COMPARISON OF REDUNDANT OPTIMIZED SOLUTIONS

redundant router placement in wireless sensor networks,

IV. CONCLUSIONS
We have presented algorithms for non-redundant and Large Sensor Networks Under a General Physical Layer Model.

of the algorithms and the number of deployed routers
(Table ). We have verifyed and evaluated the algorithms.
Evaluation results show that the cluster algorithm with
optimization performs better than other non-redundant
placement algorithms. The cluster algorithm should be
used to obtain initial router placement for the redundant
router placement algorithm.

Our future work includes extending the proposed
algorithms to the 3-dimensional case; taking in to ac-
count other parameters such as the network latency (or
propagation delay), constraints on router placement.
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