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Abstract— W hen sensors in w ireless sensor netw ork s fail or
become energy -ex hausted, redundant mobile sensors might be
mov ed to cov er the sensing holes created by the failed sensors.
W ithin rugged terrains w here w heeled sensors are unsuitable,
other ty pes of mobile sensors, such as hopping sensors, are
needed. I n this paper, w e address the problem of relocating
hopping sensors to the sensing holes. Recent study for this
problem considered mov ing sensors along the shortest path.
T he shortest path might be used repeatedly and therefore create
other sensing holes. I n order to ov ercome these w eak nesses,
w e propose multipath-based schemes considering the balanced
assignment for the relocation of hopping sensors. Simulation
results show that the proposed schemes guarantee a more
balanced migration distribution of efficient sensors and a higher
mov ement success ratio of req uired sensors than those of the
shortest path-based schemes.

I . I N T R O D U C T I O N

A Wireless S ensor N etw ork (WS N ) is a c ore tec h nology
th at may imp rov e interac tions b etw een h umans and th e
env ironment in ap p lic ations suc h as ub iq uitous c omp uting,
military surv eillanc e, smart h omes, and offic e automation [1 ] .
In order to ac c urately and energy -effic iently ob serv e th e
p h enomena of th e req uested sensing tasks, sensors must
b e initially dep loy ed suitab ly [ 2 ] . WS N s usually c onsist
of static sensors; nev erth eless, imagine dep loy ing a WS N
b y static sensors ov er env ironments suc h as remote h arsh
terrains, h ostile territories, tox ic regions, or disaster areas.
E v en if adv anc ed meth ods suc h as air p lanes c an dep loy
th e sensors safely and easily , th ere ex ist fac tors suc h as
w ind and p h y sic al ob stac les th at c an disrup t dep loy ment.
Moreov er, w h en some sensors b ec ome energy -ex h austed,
netw ork c ov erage may b e degraded. A s a result, mob ile
sensors may b e needed [3 ] [ 4 ] .

Mob ile sensor nodes may mov e to a sp ec ific emergent
area, or rep lac e th e p ow er ex h austed nodes. E arly w ork on
mob ile sensors foc used on designing algorith ms to initially
dep loy mob ile sensors [5 ] - [ 7 ] . In addition, th ey only c onsider
sensor netw orks w h ere all nodes are mob ile, w h ic h limits
th e ap p lic ab le sensor netw orks. T h us, th e static sensors in
[8 ] guide th e mob ile sensor nodes. In [9 ] , auth ors also
imp lement w h eeled mob ile sensors w ith Mic a2 /T iny O S . In
p rac tic e, h ow ev er, sensor mob ility is limited w ith in th e
p h y sic al env ironment. T h at is, if a sensor c h ooses to mov e to
a desired loc ation, it c annot do so w ith out any limitation in
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th e mov ement distanc e[1 0 ] . Moreov er, it is not suitab le for
w h eeled mob ility to migrate in many rugged env ironments.
In order to ov erc ome th ese limitations, for ex amp le, a c lass of
Intelligent Mob ile L and Mine U nits ( IML M) to b e dep loy ed
ac ross b attlefields h av e b een dev elop ed b y D A R P A [ 1 1 ] [ 1 2 ] .
T h e IML M is b ased on a h op p ing mec h anism. A h op p ing
sensor w ith a b ionic mob ility design, suc h as a grassh op p er
or a frog, th row s itself h igh and tow ard th e target direc tion.
In th e IML M, th e h op p ing mov ements are desc rib ed as a
p rototy p e minefield h op p ing rob ot. T h e p rototy p e is 1 2 cm

in diameter, 1 1 cm tall, w eigh s 1 .8 k g . I t c an make 1 0 0 h op s
w ith out refueling and c an h op as h igh as 3 m.

In th e lifetime of a WS N , if some sensors in a c ertain
area are dep leted faster th an th ose of oth er areas, th e areas
are c alled sensing h oles. R edundant sensors are alloc ated
initially in th e sensor field th rough a w ell p lanned dep loy -
ment; th us, if a sensing h ole is detec ted, some sensors c ould
b e mov ed to th e sensing h ole. In th is p ap er, th e p rob lem
of reloc ating th e req uired h op p ing sensors to th e detec ted
sensing h oles is studied. In [1 3 ] , w h en a static sensor node
may fail, th e w h eeled sensor node c an mov e to th e p osition of
th e failed node to rep lac e it temp orarily . In [1 4 ] , th e auth ors
p rop ose tw o sh ortest p ath - b ased reloc ation sc h emes b ased
on th e h op p ing mov ement. T h ey also analy z e th e imp ac t
of w ind under aerody namic c onditions. O ne sc h eme merely
uses th e sh ortest p ath c onsidering minimum h op s, w h ile th e
oth er sc h eme uses a b alanc ing th e differenc es of h op s among
th e relay ed c lusters in th e ob tained p ath . H ow ev er, oth er
sensing h oles may oc c ur easily or some sensors may ex h aust
q uic kly , b ec ause sp ec ific areas on th e sh ortest p ath c ould b e
used rep eatedly .

D ue to th e w eakness of th e sh ortest p ath - b ased sc h eme,
it b ec omes nec essary to c onsider th e use of multip le p ath s.
Multip ath routing h as b een disc ussed ex tensiv ely in literature
to ac h iev e load b alanc ing and fault toleranc e in c omp uter net-
w orks. L oad b alanc ing sp lits traffic among multip le reliab le
p ath s c onnec ting th e sourc e to th e destination. T h us fault
toleranc e or rob ustness is an inh erent feature of multip ath
routing [1 5 ] . L ikew ise, th is p ap er p rop oses th e multip ath -
b ased sc h emes c onsidering b alanc ed assignment in order to
reloc ate h op p ing sensors to th e sensing h ole. S imulation
results sh ow th at th e p rop osed sc h emes guarantee a more
b alanc ed migration distrib ution of effic ient sensors and a
h igh er mov ement suc c ess ratio of req uired sensors th an th ose
of th e sh ortest p ath - b ased sc h emes.

T h e remainder of th is p ap er is organiz ed as follow s.
S ec tion II ex p lains p rev ious w ork. S ec tion II I p resents details
of th e p rop osed sc h emes. S ec tion IV ev aluates our p rop osal
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by employing a simulation; and fi nally, Section V concludes
this paper.

II. PREVIOUS WORK

A. System, Sensors, and Hopping Inaccuracy Models

In [3], authors adopt a Grid-Q uorum solution to locate the
closest redundant sensors in a prompt manner. Q uorum or
broadcast based approaches can be used to match the cluster
containing redundant sensors and the sensing hole cluster,
which are called the supplier and consumer, respectively.
In the proposed hopping model, we assume that a set of
clusters is included in the WSN fi eld, and the sensors are
attached to each cluster. A cluster head is capable of the
responsibility of properly distributing the sensors, detecting
sensor defi ciency, and selecting redundant sensors among the
clusters. The problem of detecting sensing holes is studied
in [7], [16], and [17].

We assume that hopping sensors are capable of adjusting
their hopping direction. The sensors are also assumed to
have a fi xed propelling force for hopping. Compared with
wheeled mobility, hopping sensors may lack accuracy of
movement. In [14], the authors fi rst analyze the impact of
wind under aerodynamic condition and prove that the wind
factors cannot heavily affect the performance; however, it
is trivial for the hopping movement to be more susceptible
to air disturbance than the wheeled mobility. In addition,
hopping sensors could be more adaptable than wheeled
sensors in such as harsh terrains. Here, probabilistic methods
are used to express the movement inaccuracies along the
hopping course.

In order to determine the model of landing accuracy
between hops, we use a multivariate normal distribution.
Let T and L be the targeted location and the actual landing
location vectors, respectively. The displacement vector D can
be expressed as D = T −L. Here, D is modeled by the two-
dimensional normal distribution with the probability density
function fXY . We defi ne an acceptable landing area as a disk
S around the targeted location.

Fig. 1. A hopping accuracy model

As shown in Fig. 1, the radius of S is given as nσ where,
n is a multiplying factor. Hence, the probability that the
hopping sensor lands in the acceptable landing area S can
be represented as follows.

P (S) =

∫ ∫

S

fXY (x , y )d x d y (1)

Let l be the distance between clusters. The upper bound of
the number of hops is as follows.

Nu =
⌈ l

r − nσ

⌉

(2)

where, r is the hopping range. Therefore, a consumer cluster
needs R sensors and can request E sensors from its previous
cluster. E is calculated as follows.

E =
⌈

R · P (S)−Nu

⌉

(3)

B . Sh ortest P ath - b ased R elocation Sch emes

If some sensing holes occur, the redundant sensors could
be moved. At this time, system usually considers the shortest
path in order to cover the sensing holes. For wheeled
mobility, authors of [13] implement a mobile sensor to
recover the failed static sensor node. For hopping mobility,
the authors of [14] fi rst propose two relocation schemes,
called the MinHopsExt, based on the shortest path. In order
to transport the requested sensors, the fi rst scheme (γ =
0 in MinHopsExt) uses Dijkstra’s shortest path algorithm
according to the number of hops between clusters. The
second proposed scheme modifi es the fi rst one by adding an
additional adjusting process using the parameter γ, (0 ≤ γ ≤

1). In order to adjust, the scheme tries to minimize a fraction
of the sum of the weights along the path and a fraction of
the difference of the maximum and minimum weights of the
edges, the number of hops between clusters, along the path.
In [18], the authors propose a Relocation Algorithm using
the Most Disjointed Paths (RAMDiP), for multiple suppliers.
The RAMDiP is also based on the shortest path and takes
into account the number of relocations of each cluster in
order to avoid the path collision as much as possible. They
fi rst analyze the impact of using multiple suppliers to relocate
the hopping sensors compared with the MinHopsExt.

Since specifi c clusters on the shortest path could be used
repeatedly, some sensors’ hopping capabilities may exhaust
quickly and other sensing holes may occur. Hence, we
must consider the alternate method instead of the shortest
path method; thus, a use of multipath considering balanced
assignment is suggested in this paper.

III. MULTIPATH-BASED RELOCATION SCHEME
CONSIDERING BALANCED ASSIGNMENT

In this section, we discuss the route planning to move the
hopping sensors from supplier cluster to consumer cluster.
In the following subsection, three types of hopping strategies
are explained briefly.

A. Hopping Strategies

As shown in Fig. 2, there are three possible migration
strategies, and (ti, tj) represents the time interval such that
ti ≤ t ≤ tj . The fi rst strategy is to move the sensors directly
from the supplier (C0) to the consumer (C3) as in Fig. 2(a).
However, each sensor’s hopping capability may deteriorate
due to the long distance movement. In order to overcome
this, the second strategy uses intermediate clusters as relay
clusters. As described in Fig. 2(b), the sensor in C0 moves
to C1, the sensor in C1 moves to C2, and the sensor in

5096



C2 moves to C3, in regular sequence. The number of hops
executed among the sensors can be balanced; however, the
delay is still high. Finally, in cascaded movement, messages
are fi rst exchanged among clusters. Then the sensors move
simultaneously as depicted in Fig. 2(c). In order to migrate
quickly, cascaded movement could be employed [3].

consumersup p l i er

C0

C1

C2

C3

hop1, (t , t )

hop2 , (t , t )

hop3 , (t , t )

hop4 , (t , t )

hop5 , (t , t )

(a) Direct hopping

hop1, (t , t )

hop2 , (t , t )

hop1, (t , t )

hop2 , (t , t )
hop1, (t , t )

hop2 , (t , t )

consumersup p l i er

C0

C
1

C2

C3

(b) Relayed hopping

hop1, (t , t )

hop2 , (t , t )

hop1, (t , t )

hop2 , (t , t )
hop1, (t , t )

hop2 , (t , t )

consumersup p l i er

C0

C
1

C
2

C3

(c) Cascaded hopping

F ig. 2 . T hree hopping strategies

B. Multipath-based Relocation Schemes

In this paper, w e assu m e that the m u ltiple paths are node
disjoint. F ig. 3 illu strates the reason w e u se m u ltipaths to
ov ercom e the draw b ack of u sing a fi x ed shortest path. T here
is a giv en netw ork in F ig. 3 (a) and the needed nu m b er of
hops to m ov e b etw een clu sters is show n on each edge. T he
hopping capab ility of each sensor is w ritten in the sm all
sq u are. C3 and C9 clu sters are sensing holes that req u est
2 sensors (E) f rom C7 and C1 su ppliers, respectiv ely . In
the shortest path-b ased schem e, specifi c clu sters are u sed
repeatedly . A s show n in F ig. 3 (b ), the clu ster C5 relay s
sensors tw ice. T his m eans the total nu m b er of sensors’
m ov em ent related on C5 is 4 (E·2 tim es); thu s, the sensors
in C9 m ight b ecom e m ob ility -ex hau sted in the end. S ee the
star in F ig. 3 (b ). In order to av oid the m entioned continu ou s
lu m p m ov em ent, w e can apply the m u ltipath-b ased schem e.
A s depicted in F ig. 3 (c), the nu m b er of hops of each sensor
is ev enly distrib u ted against the shortest- b ased m igration,
althou gh the total nu m b er of sensors m ov ed is a few higher
than that of F ig. 3 (b ).

B efore describ ing the proposed algorithm for the reloca-
tion of hopping sensors, w e fi rst defi ne the netw ork m odel
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(a) G iv en netw ork
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(b ) M ov em ent b ased on shortest path
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4

1

1

1

1

(c) M ov em ent b ased on m u ltipath

F ig. 3 . T w o m ov em ent ty pes u nder the relay ed hopping

and the detailed pseu do code is as follow s. A W S N can b e
represented b y a w eighted graph G(V,W ) w ith n clu sters
and l edges, w here V is a set of clu sters and W is a set of
edges. E ach edge is associated w ith the estim ated nu m b er
of hops needed, as indicated in (3 ). F inally , S is a set of
su pplier clu sters and t is a consu m er clu ster.
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Multipath-based Scheme

(

G(V, W ), S, t, E
)

01. p ← ∅; Pi ← ∅; leng th p ← 0;
02. For ∀s ∈ S
03. G′(V ′, W ′) ← G(V, W );
04. W h ile (1)
05 . I f(leng th p == 1 ) break; // just single path
06 . p ← D ij k str a(G′, s, t);

// a path is obtained
07 . I f(p 6= ∅)
08 . Pi ← p; // p is added to multipath
09 . leng th p ← |p|; // the length of the path
10. D elete all clusters on p in V ′;
11. D elete all adjacent edges of the erased

clusters in W ′;
12. + + i;
13. E ls e break;
14. The requested E sensors are evenly assigned using Pi;

We assume that there exist N disjoint paths between
consumer and supplier clusters. When we consider the
balanced assignment over multiple paths, we are able to
adopt the Chebyshev sum inequality to measure how well
the given load is balanced. The Chebyshev sum inequality
is defi ned as follows. For two vectors α and β, where
α = (a1, a2, . . . , an), β = (b1, b2, . . . , bn), if a1 ≥ a2 ≥
. . . ≥ an and b1 ≥ b2 ≥ . . . ≥ bn, then

n
n

∑

k= 1

akbk ≥
(

n
∑

k= 1

ak

)(

n
∑

k= 1

bk

)

(4)

We use the well-known fairness index φ to evaluate the level
of assignment balancing over N different multipaths.

φ(τ) =

(

∑N

i= 1
τi

)2

N
∑N

i= 1
τ2

i

(5 )

where, τi = ei/ qi, E =
∑

ei, and E is the number of
requested sensors. H ere, the path quality qi is defi ned as
the average number of sensors that each cluster has on the
path. If the function φ reaches its global maximum of 1, the
assignment is perfectly balanced. This is a known property
of (4). Therefore, in order to obtain the perfectly balanced
assignment, each number of assigned sensors for each path
has to be given by ei = E · qi∑

qi

. In addition, if the qualities
qi are partially the same, then we fi rst consider the maximum
of minimums among the numbers of sensors that each cluster
obtains on each path.

IV . P ER FO R MANCE EV AL U ATIO N

We analyz e some numerical results that can be used for
comparing the performance of the proposed multipath-based
and MinH opsExt [14] algorithms. In order to compare, these
algorithms are implemented in C and the main parameters
are described in Table I. We generate 15 different random
sensor networks. For simplicity, the probability that the hop-
ping sensor lands in the acceptable landing area is assumed
to be 1. Four hundred events are generated continuously. For

each event, a supplier and a consumer cluster are randomly
chosen.

TABL E I
SIMU L ATIO N V AR IABL ES

Network siz e 300 m × 300 m
N e tw o r k d e n s ity (c lu s te r s / m2) 0.005

N u m b e r o f to ta l h o p p in g c a p a b ility w ith o u t r e f u e lin g 1 5
H o p p in g c a p a b ility p e r s e n s o r in itia lly 30

H o p p in g r a n g e 3 m
S e n s o r s p e r c lu s te r in itia lly d e p lo y e d 2 0

N u m b e r o f r e q u ir in g s e n s o r s f o r e a c h e v e n t ( E ) 6

F ig . 4 s h o w s a g r a p h o f e a c h s c h e m e ’s n o r m a liz e d s e n s o r s
th a t a r e s till a liv e a c c o r d in g to th e g e n e r a te d e v e n ts . I n th e
M in H o p s E x t, γ = 0 a n d γ = 1 m e a n th a t it m e r e ly c o n s id e r s
th e m in im u m h o p s a n d th e m in im u m d iff e r e n c e o f h o p s
b e tw e e n c lu s te r s u s in g D ijk s tr a ’s s h o r te s t p a th a lg o r ith m ,
r e s p e c tiv e ly . H o w e v e r, w e c a n r e g a r d th a t γ is in c a p a b le o f
a ff e c tin g th e p e r f o r m a n c e . T h e r e a s o n is th a t th e s h o r te s t
p a th - b a s e d s c h e m e s s till u s e th e s p e c ifi c p a th o b ta in e d b y γ.
S in c e th e m u ltip a th - b a s e d s c h e m e m o r e e ffi c ie n tly d is p e r s e s
th e s e n s o r s th a n th e s h o r te s t p a th - b a s e d s c h e m e , th e s e n s o r s
s lo w ly w a s te th e h o p p in g c a p a b ility .

F ig . 4 . N o r m a liz e d s e n s o r s s till a liv e u n d e r th e r e la y e d h o p p in g .

U n d e r th e r e la y e d h o p p in g e n v ir o n m e n t, th e m o v e m e n t
s u c c e s s r a tio o f th e r e q u e s te d s e n s o r s is im p o r ta n t w h e n th e
p a th b e tw e e n a s u p p lie r a n d c o n s u m e r c lu s te r s is e s p e c ia lly
lo n g . I f th e p a th is lo n g , p r o b a b ly th e n u m b e r o f m ig r a te d
s e n s o r s in th e s e n s in g h o le a r e r e la tiv e ly s m a lle r th a n th e
s e n s o r s in itia lly r e q u ir e d b y th e c o n s u m e r. S in c e th e s u c c e s s
r a tio is d e p e n d e n t o n th e s ta tu s o f a p a th o r s e n s o r, a u s e
o f o n ly s p e c ifi c p a th h a s to ta k e th e r is k o f fa ilu r e f o r
r e lo c a tio n . H e n c e , th e m u ltip a th - b a s e d s c h e m e s c a n n o t h e lp
b u t o u tp e r f o r m th e M in H o p s E x t, a s s h o w n in F ig . 5 .

A s d e p ic te d in F ig . 6, th e m o v e m e n t d is tr ib u tio n o f th e
p r o p o s e d s c h e m e m ig h t b e d is tr ib u te d w e ll a g a in s t th e s h o r t-
e s t p a th - b a s e d s c h e m e . T h e h is to g r a m d is p la y s th e n u m b e r o f
c lu s te r s a s th e f r e q u e n c y in te r m s o f e a c h n u m b e r o f s e n s o r s .
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Fig. 5. Movement success ratio of the requested sensors under the relayed
hopping.

Initially, every cluster has twenty sensors, i.e., the frequency
of 20 is 450 (because the density is 0.005 clu s ter s / m2

for 300m×300m); thus, the histogram is obtained after 400
events continuously. As might be expected, the advantage of
using the multipath method versus the shortest path method
can be clearly seen in these histograms.

(a) MinHopsExt with γ = 0

(b) Multipath-based scheme

Fig. 6. Histograms for sensors distribution after 400 events under the
relayed hopping.

After this, the results under the cascaded hopping envi-
ronment are obtained in the same way as above. Here, we
can note that the similar results are obtained like the relayed
hopping, as depicted in Fig. 7 and 8 , respectively.

As shown in Fig. 9 (c), the gray color explains the level

Fig. 7 . Normalized sensors still alive under the cascaded hopping.

Fig. 8 . Movement success ratio of the requested sensors under the cascaded
hopping.

of the number of sensors that each cluster has. Actually,
sensors in a multipath-based scheme have more migration
than the sensors in a shortest path-based scheme. However,
as described in Fig. 9 , the distribution of migration in the
multipath-based scheme is better than that of the shortest
path-based scheme. In addition, the number of clusters
similar to sensing holes, such as white clusters in Fig. 9 (a),
is smaller than that of Fig. 9 (b). As a result, the use of
multipath has an effect on the effi ciency of sensors’ migration
for relocation hopping sensors.

V . C O NC L USIO N

Hopping sensors are more adaptable to many potential
working environments, such as remote harsh terrains, toxic
regions, disaster areas, and hostile territory than wheeled
mobile sensors. In the lifetime of a W SN, sensing holes
may often occur. In order to supply the required sensors
to the sensing hole, the shortest path-based scheme provides
the minimal amount of hopping; thus the total movement of
hopping is effi cient. However, since it repeatedly uses the
same path as the shortest path, the mobility distribution is
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(a) MinHopsExt with γ = 0

(b) Multipath-based scheme

(c) Hopping capability level

Fig. 9. Distribution of hopping sensors for each cluster after 400 events
under the cascaded hopping.

imbalanced; thus some sensors’ hopping capability may de-
teriorate quickly and another sensing hole may occur easily.
In order to overcome this problem, this paper proposes a
multipath-based transport schemes for relocation of hopping
sensors. The proposed algorithms are capable of evenly and
fairly distributing sensors to provide the ones requested to
a consumer of the sensing hole. We have compared the
shortest path-based schemes through simulation experiments
and have proved that the performance of the multipath-based
scheme is superior to the shortest path-based scheme. This
proves that the proposed algorithm guarantees a balanced
migration distribution of effi cient sensors and the higher
movement success ratio of requested sensors.
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