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Abstract— A two-tiered network model has been proposed re- far from data sources and the communication range of the sen-
cently for prolonging lifetime and improving scalability in wire-  sor node is very limited. Therefore multi-hop paths need to
less sensor networks. This two-tiered network is a cluster-based po astablished for data routing. However, participating in data
network. Relay nodes are placed in the playing field to act as clus- . ’ -
ter heads and to form a connected topology for data transmission routing may lead tola large volume of er_1ergy consumption.
in the higher tier. They are able to fuse data packets from sen- Therefore, the two-tiered network model is proposed to pro-
sor nodes in their clusters and send them to sinks through wire- long network lifetime and improve network scalability [6], [7].
less multi-hop paths. However, this model is not fault-tolerant as The two-tiered network is actually the cluster-based network.
the network may be disconnected if a relay node fails. In this pa- In the network, sensor nodes are on the lower tier. They are
per, we formulate and study a fault-tolerant relay node placement ' . . . :
problem in wireless sensor networks. In this problem, we want fa”d‘?m'}’ deployed in the P'ay'”g field. They are able to sense
to place a minimum number of relay nodes to the playing field of the vicinity, generate corresponding data packets and send them
a sensor network such that (1) each sensor node can communicatedirectly to their cluster heads. The higher tier is composed of
with at least two relay nodes and (2) the network of the relay nodes relay nodes, they are also called gateway nodes in [6] and Ap-
is 2-connected. We present a polynomial time approximation al- jication Nodes (AN) in [8]. Each relay node acts as the cluster

gorithm for this problem and prove the worst-case performance head in th di luster. Iti ful th
given by our algorithm is bounded within O(D log n) times of the €ad In the corresponding cluster. ftis more poweriul than sen-

size of an optimal solution, wheren is the number of sensor nodes SOf node in terms of energy storage, c.omputin.g and communi-
in the network, D is the (2, 1) — Diameter of the network formed ~ cation capability. It can extract useful information and remove

by a sufficient set of possible positions for relay nodes. redundancy of data packets from all sensor nodes in its cluster.
Index Terms: Wireless sensor network, Relay node placement, Thap jt generates outgoing packets with much smaller total size
Fault-tolerance. . .
and sends them to sinks through multi-hop paths along the relay
nodes [8].
I. INTRODUCTION The two-tiered network architecture is scalable since sensor
Wireless sensors can be employed for various kinds B_cpde_s are grouped into clusters. M_oreover, in-network data fu-
tasks such as environmental monitoring, battlefield survefion is applied to decrease the traffic load and sensor nodes are
lance, biomedical observation and so on. Wireless sensor fi! involved in data routing so the network lifetime will be pro-
work has received intensive research attentions due to its ed8R9€d- It is obvious that the relay nodes play a key role in the
mous application potentials [1]. There are three major concef{§-tiered network. However, relay nodes may fail because of
for designing efficient wireless sensor networks: afore_men'qpned reasons. Inthis case, the v_vhol_e_cluster will lose
Energy efficiency: Every sensor node has very limited corfidnctionalities. In order to support the survivability for the net-
puting and communication capability, especially very limite®ork, two or more relay nodes should be within a sensor node’s
energy resource. Sensor nodes are normally powered by (g&mmunication range (In the following, we will say a sensor
teries and can only last for a short period of time operating 3pde is covered by a relay node if this relay node is within
high transmitting level. Hence, the energy efficient design § communication range). If one sensor node’s current cluster
required for prolonging network lifetime. head is down, the sensor can switch to another head node. In
Fault-tolerance: Sensor nodes are very vulnerable to failur@gdition, in order to extend the network lifetime, it is preferred
They may lose functionalities at any time because of enerfjat the traffic load is balanced among all relay nodes, i.e., ev-
depletion, harsh environment factors or malicious attack froffy cluster has similar size. Making each sensor node covered
enemies. So it is important to consider survivability in sens&y Multiple relay nodes enables the load-balanced clustering.
network. In this paper, we consider how to place a minimum number
Scalability: Usually a sensor network is required to cover@ relay nodes in the playing field such that every sensor node
big geographic domain. New nodes may also be added to #f reach at least two relay nodes and there exists at least two
network at any time. Therefore sensor networks may be of vetgde-disjoint paths between every pair of relay nodes in the
large scale and network protocols are supposed to be scalagitwork of the relay nodes. Based on this placement, when one
How to gather data packets from sensor nodes to sinks i§e4y node fails, each sensor node covered by this relay node
basic problem in wireless sensor networks. Generally sinks & switch to one of its backup relay nodes and the remaining
relay nodes will still be connected. We formulate this as an
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the number of relay nodes given by our algorithm is bounded khich is first proposed by Lin and Xue in [10]. Two constant

O(Dlogn) times of the size of the optimal solution, wherés  bound polynomial time approximation algorithms are proposed

the number of sensor nodes, abds the(2, 1) — Diameter of  to solve this problem.

the graph formed by possible positions for relay nodes, whoseSensing coverage is also a very important issue in wireless

definition is given in Section IV. To our best knowledge, this isensor networks. The authors of [11] propose an approxima-

the first paper addressing fault-tolerant relay node placementiin algorithm to compute a connected sensor cover which in-

wireless sensor networks. cludes minimum number of sensor nodes, which form a con-
The rest of the paper is organized as follows. We discusected topology and cover the given region.

related work in Section Il. We describe and formally define The problem we are studying is somehow related tdvtire-

the problem and some notations in Section Ill. We present awum Geometric Disk Coveroblem. It is shown to be NP-hard

approximation algorithm in Section IV. We present our simulan [16] and a polynomial time approximation scheme is given
tion results in Section V. We conclude the paper in Section h [15].

Il. RELATED WORK

Directed diffusion, a flooding-based scheme, is presented
in [2] for routing queries and gathering result packets in wire- |n this section, we present a formal definition of the
less sensor network. The authors of [4] presents an energysnnected Relay Node Double Cover Probl@BRNDQ.
efficient cluster-based protocol, LEACH, for gathering data consider a sensor network consisting of randomly distributed
packets. In LEACH, only a fraction of nodes become heagnsor nodes in a region. We assume that all sensor nodes have
nodes in each round. Data reports from non-head sensor noggssame communication range Define a sensor communi-
are gggregated at the head nodes and sent.directly to the Basgn graphGs = (S, Es), whereS is the set of all sensor
Station (BS). In [5], the authors present an improved scherrpﬁ)des, and two sensor nodes are connected by an edggifn
called PEGASIS (Power-Efficient GAthering in Sensor Inforyq only if the distance between them is no more thagince
mation Systems), which constructs a chain for data gatheriggnsor nodes are densely distributed, we assumesthas 2-
and nodes on the chain take turn to transmit aggregated paci@fisnected. For the ease of our description, we say the sensor
to the BS. Recently, people begin to seek fault-tolerant roi{pde sets is 2-connectedf G is 2-connected.
ing scheme for wireless network. Generally, disjoint paths are|, orger to gather data from the sensor nodes, as a part of two-
constructed to tolerate node/link failures. Suurballe in [14] prggred network architecture, a set of relay nodes is added into
poses an optimal algorithm to compute link disjoint paths in thee sensor network. A relay node can communicate with any
network. Srinivas and Modiano in [12] point out differences b&sensor node within a distancenfthe communication range of
tween disjoint path problem in the wireless network and that jje sensor nodes. We say a sensor nogeveredby a relay
traditional networks and give an elegant optimal algorithms fgf,qe if the relay node is within its communication range,
finding both node-disjoint and link-disjoint paths in the wirelesg 5, relay node also has a communication range, by which it
network. , can communicate with other relay nodes. Again, we assume all
Several protocols and algorithms are presented recently F@fay nodes have the same communication raRgdJormally,
operating the two-tiered wireless sensor network. The authgsSg much bigger than. In this paper, we assume that> 2.
of [7_] propose a heuristic scheme_for clustering sensor nodesTO accomplish the task of gathering data, an intuitR/e objec-
Their goal is to balance the traffic load among all gatewgy q \yo1q be to add a minimum number of relay nodes so that

nodes. A fault-tolerant clustering scheme is proposed in [glich sensor node is covered by some relay nodes. Since the
to detect the failure and to recover sensors from the failed g%f—

IIl. PROBLEM STATEMENTS

de. Th L bl idered th thered data reports also need to be sent to the sinks, we also
way node. ihe op'F|m|zat|on problems considered there are quire all the relay nodes to be able to communicate with one
ferent from ours since they do not address how to place th

) her through a multi-hop path. Furthermore, we take failure
gateway/relay nodes and assume each sensor node in the f

s lay nodes into account, i.e. after the failure of one relay
cluster has at least one backup relay node available. The autl}fgae, each sensor node should still be covered by some relay
of [8] also consider a two-tiered wireless sensor network co

- ) %Rode, and any two relay nodes should still be able to communi-
sisting of sensor clusters deployed around strategic Iocatlo&ﬁe with each other through a multi-hop path
and BS whose locations are relatively flexible. They Propose, . call a set of relay nodesconnectedf they can still com-
approaches to maximize the network lifetime by arranging B'i)

. ) o unication with one another through a multi-hop path of relay
Iocat|_on anq inter-Application Node (same as our relay nOdﬁ des, after the failure of one of them. Now, we are ready to
relaying optimally. Actually, they qnly study networks with legive the definition of the problem.
and relay nodes and do not consider relay node coverage, r-e.,
the location relationship between sensor nodes and relay nobeginition. 2-Connected Relay Node Double Cover Problem
when arranging their locations. In [9], Cheng et al. study tht@CRNDC): Given a2-connected set of randomly distributed
problem of placing minimum number of relay nodes to mak&ensor nodes$, the communication range of sensor nodes
the induced network topology globally connected, while assurand the communication range of relay nodgd=ind minimum
ing sensor nodes are not connected originally. They formulatamber of locations to place the relay nodes, so that each sensor
it as an optimization problem called steiner minimum tree withode is covered by at least two relay nodes, and the set of relay
minimum number of steiner points and bounded edge lengtigdes i®-connected



Remark: Since the failure of a relay node is usually causeBitep 2. Construct graphG’, by adding an artificial node*
by location-related factors, we make the assumption that no timbo G*, and connecting™* with every node inA.
relay nodes should be placed at the same location. For allg € F, find the2 node-disjointv* — ¢ paths,P,, in G’
If we don't consider the2-connectivity of the set of relay with smallest sum of hop counts, compiig, /(| P, N F |);
nodes, then the problem becomesetay Node Double Cover Letgo € F be the one with the highest ralitp, /(| Py, NF |).
Problem Foralls € SN C(P, NF), label[s]+ = min{c(s, P,),2 —
It is well known that theMinimum Geometric Disk Cover label[s]};
problem is NP-complete [16]. Hence, we conjecture that obf = H U P, , F' = F — P,;
2-Connected Relay Node Double Cover problem is also NPer alls € S, if label[s] = 2, removes from S;
complete.

Step 3. If S = 0, stop, H is the solution; otherwise, repeat
IV. THE PROPOSEDALGORITHM Step2.
In this section, we present an approximation algorithm for It is not hard to see that our algorithm has a polynomial
the 2CRNDC problem, prove its correctness, and give a bousithning time. Now, we prove the correctness of the algorithm.
on its performance ratio.
We call a positiop apossible positionf relay nodes, if there

. | ; -
exist two sensor nodes, and s', such thatdistance(s, p) = In order to prove the correctness of the Algorithm, we need

i ;N : o
distance(s',p) = r, wherer is the communication range Oftg show the following three things: (1) The algorithm will halt
the sensor nodes. As one can see, for any pair of sensor nodes

with distance less tha®r, there are two possible positions o roperly. (If) C_5|ven a solution obtained by the algorithm, every
. - ; : sensor node is covered by at least two relay nodes. (Ill) Given

relay node. If we ignore connectivity, one can easily verify that . . :
o - . - solution, the relay nodes in the solution areonnected.
it is sufficient to place relay nodes at possible positions on@/. - . . .

. i o () If the graphG* defined in the algorithm i8-connected,
Given a possible positiop of relay node, denoté'(p) the set . .

: then the algorithm will halt properly.

of sensor nodes, which can be covered by a relay node IocauﬂgS is because that (G*) is a trivial solution for the prob-
at positionp. Given a sef{ of possible positions, denot&( H) b
the set of sensor nodes, which can be covered by any relay n
locating at a position it .

Correctness of The Algorithm

Ied‘g, and ifG* is 2-connected, the process of the algorithm can
Eeep going until either a solution of smaller size is found, or
every node inV(G*) has been chosen. We will show the

Algorithm: connectivity ofG* later in this subsection.
S = the set of sensor nodes; (II) Let H be the solution obtained by the algorithm. If we
F =the set of unchosen possible positions of relay node;  assume that the algorithm halt properly, then each sensor node
H =the set of chosen positions for relay nodes; is covered by at least two relay nodesAn
G* = (V,E), whereV(G*) = FU H; and(q,¢') € E, ifand (Il Let H be the solution provided by the algorithm. The
only if distancéq, ¢') < R; 2-connectivity of H will be the same as th2-connectivity of
Array label[s] = number of times sensor nodehad been the induced subgraple*[H].
covered, for each € S. Hence, it suffices to show th@-connectivity of G*[H],
which can be guaranteed by the algorithm as follows. Before
Step 0.For all s € S, label[s] = 0; H = (; Stepl, there is only one node Hf; In Stepl, we add in two
Pick ¢* € F such thaty* covers maximum number of sensonode-disjoint paths, hence the currént[H] is 2-connected;
nodes inS; When the algorithm loops through Step2, each time, by choos-
Foralls € SN C(q), label[s] = 1; ing the two node-disjoint paths from an unchosen node to the
H=HU{¢'},) F=F—{q¢}; artificial node, the2-connectivity is still preserved. Therefore,

G*[H] is 2-connected for the final solutioH .
Step 1.For allg € F, find a pair of node-disjoin* — ¢ paths, Now, all we need to do is to show th@t* is 2-connected. Let
P,, in G* with minimum sum of hop counts. For afixgdnd a © andv be two vertices o¥/ (G*). It suffices to show that there

sensor nods, definec(s, P,) as the number of timesis being are two node-disjoint, — v paths inG*. This can be derived
covered by the relay nodes i, N F, i.e. (s, P,) =| {¢' € from the2-connectivity of the sensor node setlet s, ands,

P,NF:seC(¢)}| ComputeWp, /(| P, F |), where be two sensor nodes covereddbgndv, respectively. By the-
connectivity ofS, there are two node-disjoint, — s, paths,Pg
Wp, = Zmin{c(s,Pq),Q — label[s]} andPg,_ inGg. |._§'tP51 = 8y—81—83—+--—8 —S,. Letp be
a possible position of relay node fer, ands; (p; may be the
same a:). Since we assumg > 2r, distance(u,p1) < R,
Letgo € F’ be the one with the highestralitr, /(| P,,NF |). wehave(u,p1) € E(G*). Letp, be a possible position of relay
Foralls € SN C(P,, NF), label[s|+ = min{c(s, P;),2 — node fors; andss,. By the same argument, we hayg , p2) €

ses

label[s]}; E(G*). Moving along the sensor nodes &3, eventually, we
H=HUP,,F=F—P,; can have a; — v path inG*. Similarly, we can have another
Foralls € S, if label[s] = 2, removes from S; u — v path, by moving along®2. Thus, we have shown that*

is 2-connected. O



the number of uncovered elements¥dg (¢} ) after iterationm.
In particular, letuy =| Ng(q}) |-
Then, we have

M
. | Py N F |
W(N i — Um—1 — Um ’
(N (a)) = 3 (o = )

m

whereP,, is the union of the two node-disjoint paths chosen at
iterationm.

Obviously,| P,, N F |< D, foranym € {1, ..., M}. Where
D is the(2,1)-Diameter of G*. Due to the choice oP;, we

Fig. 1. Bipartite GraptB = (S2, R*, E)

We now analyze the performance of the algorithm. haveWp, > ug. Therefore
Definition. (2, 1)-Distance: Given a graptG = (V, E), a2- W, Uy . up — Uy
subsetT = {z,y}, of V(G), and a node € V(G). Let P, | PLNF | = D Z D

P, be two node disjoint — z, y — z paths, respectively, with the
smallest sum of lengths. We cédingth(Py) + length(P>) the Moreover, for allm > 2,
(2,1) — Distance betweenI” andz, denoted 2, 1)-dist(T’, z).

(2,1)-dist(T’, 2) = 0, if z € T. Wr, Woa L U

Definition. (2, 1)-Diameter: Given a graptG = (V, E). We | PN F |~ | pEnF|~ D’

define thg2, 1)-Diameter to be the maximun(2, 1)-Distance

between &-subset and a node Ii(G). whereP% is the union of the two node-disjoint paths between

H andg; at iterationm.
Theorem 1:Let R 4, be the2-Connected Relay Node Dou-  Now, we have
ble Cover returned by our Algorithm. L&topr be the opti-

mal Relay Node Double Cover (not necessarily connected). We W(Ng(q)) = ZM V(U1 — )Wﬁ,im
7 m= m m Prn
have < D(l-i—ZM, um—l—um)
1Rag | p. (1+logd) < D(+1o u_ZS o
| Ropr | — ’ = & 4o)-
whereD is the (2,1) — Diameter of G*, andd is the max- ~ Thus
imum number of sensor nodes which can be covered by one
relay node. queR* W(Ng(q;)) < D(1+logug) | R*|.
Proof. Let S = {si,...,s,} be the set of sensor nodes.
We make2 copies ofS, i.e. §* = §'U S? whereS’ = since each! € S2 has degree exactly one B(S52, R*, E),
{s1,- .81, Vi=12. , we have
For eachs! € S*, assign a weighto(s!) =| PN F | /Wp,
whereP is the union of two node-disjoint paths chosen during Zq;em W(Ng(q))) = Zq;em ngeNB(q;) w(s})
the execution of our Algorithm, such that befafeis chosen = Yiesw(s])
label[s;] < j, after P is choserlabel[s;] = j. _ ZM A w(s?)
. . . * * - m=1 s? coveredby Py, i
Let the optimal solution b&k* = {qlv"'vq\Ropﬂ}' Con- B M Pl
struct a bipartite grap (52, R*, E) as follows (Figure 1). B %A";:l | P |
= g

We build the edge sef, in | Ropr | steps, starting from
q7, and moving toward;l*ROPTl..At iach step,.|f g} covers a Therefore) Ry, |< D - (1 + loguo)- | Ropr |- Sinceu
sensor node;, we connect; with s, where/ is the smallest cannot exceed the maximum numtaof sensor nodes which

integer s.t.sj? has not been connected to agjyyet. Clearly, in can be covered by one relay node, we hégﬁ% <D-(1+
B(S% R*, E), eachsf has degree exactly one. log d). i
For allg; € R*, let Ng(g;) denote the set of neighbors of Be aware of the fact that the optimal solutioree€onnected
q; in B(S?, R*,E). Let Relay Node Double Cover problem is also a solution for the
Relay Node Double Cover problem (relay nodes are not nec-
W(NgB(q;)) = Z w(sY). essarily to be connected). Hence, the performance ratio of our
sYeNp(qr) approximation solution against the optimal solution of Relay
Node Double Cover problem is an upper bound of the perfor-
Now, we find an upper bound &V (Np(q})). mance ratio of the approximation solution. Sintis bounded

Suppose our algorithm loops far iterations before it stops. by the number of sensor nodes,we can claim that the solu-
At each iteration, we say a copyj,, of sensor node;, is cov- tion provided by our algorithm is bounded within(D log n)
ered if label[s] > j; otherwise, call ituncovered Let u,, be times of the size of optimal solution.



V. PERFORMANCEEVALUATIONS

In this section, we evaluate the performance of our alg
rithm through simulation. We define the network density as
(nx1?)/fs?, wheren is the number of sensor nodes in the net-
work, r is the communication range of the sensor node gnd [1]
is the size of the playing field. In addition, we set the commu-
nication range of the relay node 3dimes of the sensor node’s [2]
communication range. We also formulate the RNDC problem
by Integer Linear Programming (ILP) and use CPLEX to comyg
pute the optimal solution. This can be used as a lower bound on
the optimal solution of 2CRNDC problem. It may be noticed[4]
that it is not even possible to give an ILP formulation for our
2CRNDC problem, because it is impossible to identify finite
possible positions for relay nodes. [

TABLE | [6]
ERRORRATIOS OF OUR ALGORITHM WITH DIFFERENTDENSITIES 0
Trail/Density | 0.625 | 1.250 | 1.875 | 2.500 | 3.125
1 0.0% | 50.0% | 25.0% | 20.0% | 50.0% |
2 16.7% | 12.5% | 37.5% | 20.0% | 8.3% [0l
3 0.0% | 25.0% | 10.0% | 20.0% | 30.0%
4 16.7% | 25.0% | 50.0% | 10.0% | 8.3% [10]
5) 0.0% 0.0% | 10.0% | 20.0% | 40.0%
6 12.5% | 37.5% | 0.0% | 30.0% 0.0% [11]
7 0.0% | 37.5% | 10.0% | 20.0% | 25.0%
8 12.5% | 12.5% | 30.0% | 20.0% | 30.0% [12]
9 0.0% | 12.5% | 8.3% | 40.0% | 40.0%
10 16.7% | 12.5% | 20.0% | 20.0% | 8.3% 3]
Avg 75% | 22.5% | 20.1% | 23.0% | 24.0%

(14]

Table | shows the error ratio of our algorithm with differ—[ls]
ent network densities. The error ratio is defined [d&4;4| —
|Ropr|)/|Ropr|. The|R ;4| is the size of 2CRNDC returned
by our algorithm andRo pr| is the size of the optimal RNDC.
We control the network density by changing the number of sen-
sor nodes. Moreover, we perfori) trials for each specific
network density and take the average. From the table, we can
see that on average, error ratios of our algorithm are less than
25% under different network densities. What need to be men-
tioned is the size of optimal solution for RNDC problem is less
than 2CRNDC problem, i.e, the error ratio between our algo-
rithm and the optimal solution for 2CRNDC should be less. We
compare our algorithm with optimal solution for RNDC prob-
lem since our performance analysis is based on that and we
know that it supplies an upper bound for the performance ratio
against optimal solution for 2CRNDC problem.

[16]

VI. CONCLUSIONS

In this paper, we have formulated a fault-tolerant relay node
placement problem for wireless sensor networks. We have pre-
sented a polynomial time approximation algorithm to solve this
problem and proved that its worst case performance ratio is
bounded byO(D logn). Preliminary simulation results shows
that solutions provided by our algorithm are close to optimal.
We are in the process of designing approximation algorithms
with better performance ratios. Possible future research topics

include extending our work to the more genekatonnected
[elay nodek cover problem.
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