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Abstract—Some current and future pervasive data driven knowledge of network topology characteristics such as node
applications must operate in "extreme” environments where end- |ocation and mobility. This is a fairly complex zone covezag

to-end connectivity cannot be guaranteed at all times. In factit  5p1em and constitutes the main focus of this paper.
is likely that in these environments partitions are, rather than

exceptions, part of the normal network operation. In this paper Previous work on deployment management using mobile
we introduce Cover, a suite of adaptive strategies to control infrastructure nodes (e.g., robots) focused on statietanf?],
the trajectory of "infrastructure” nodes, which are deployed to [3], [4], [5], [6]. Here the goal is to "cover” multiple targe
bridge network partitions and thus play a critical role in data satisfying application-specific requirements (e.g., degsh-

delivery. In particular, we focus on applications where end (or . - .
target) nodes are mobile and their mobility is unknown. Our ness, delivery latency) without prior knowledge of the &isg

goal is then to deploy and manage infrastructure nodes so that location or mobility. Additionally, most efforts to-datesel
application-level requirements such as reliable data delivery and "flat” deployments, where mobile targets are also used fog co
latency are met Whi_Ie still limiting deployment cost and_ balancing network functions such as data routing and forwarding [, [
the load among infrastructure nodes. Cover achieves these [9], [10], [11]. Instead, in this paper, we considsvo-tiered

goals using a localized and adaptive approach to infrastructure .
management based on th@bserved mobility of target nodes. To deployments composed not only by mobile targets but also

this end, Cover takes advantage of contact opportunities betvem 0y mobile infrastr.ucture nodes. Moreover, we also suppose
infrastructure nodes to exchange information about their coveed that data-producing nodes (targets) do not have permanent
zones, and thus, help monitor targets in a more efficient fashion. network connectivity; instead, we assume that, throughil@ob
Through extensive simulations, we show how Cover's adaptive infrastructure nodes, they are periodically connectedh® t
features yield a fair distribution of targets per infrastructure .
node based only on limited network knowledge network at most every seconds. Such infrastructure nodes are
specialized nodes whose trajectories are controlled aagtad
|. INTRODUCTION over time to the targets’ mobility. The main issue in such a

context is then how taleploy and manage the infrastructure

Sontext. Err;)erglnfg Eelrlvaswe f:OI”Irlrg_un|ct?1t|on S)(/jsttems W'ﬁodes in order to guarantee that all the target nodes areatbve
.ac:a a num" er of challenges including the need o oper% ile respecting the application constraints and balancin
in "extreme” environments and thus withstand frequent andad. in the sequel, a target node is said to be "covered” if

a_lrb|tra_1rlly Iong-llye_zd connectivity disruptions. Thesgsmiip- it is connected to the network using an infrastructure ndde a
tions in connectivity may be caused by a number of factor

. . . X ) ) Sast everyt seconds.

including node mobility, wireless channel impairmentsy-pa

ticipating nodes’ energy and communication capabilityitém Contributions. To improve the availability of the system with
tions, sparse deployments, etc. Examples of applicatikely| respect to the driving applications, this paper introdu@eser,

to operate in these extreme environments include emergeféy adaptive strategy for infrastructure node placement and
response and disaster recovery, environmental and habfteaiectory) control. Cover relies on localized mechartism
monitoring, vehicular networks, etc. In the literatureggh that combine information about characteristics of the sode
networks have been referred to as intermittently-conmecténd application requirements. Such fundamental problesn ha
highly-partitioned, or delay-tolerant networks (DTN) [MVe received very little attention in the literature. In pauvi@r, we
focus specifically on scenarios where end nodes (or targdggus on the following network deployment problem: Given
such as vehicles, animals being monitored/tracked, humafg area to monitor and a set of target nodes with unlimited
etc. are mobile and little a priori information about theifmobility within this area:

mobility is known. « Cover is localized, i.e., every decision taken by infrastru
Motivation. It is then critical to design efficient protocols to ture nodes is based on local neighborhood information
support pervasive, "any time, any place” services in theste n only. Cover takes advantage of contact opportunities

worked environments prone to connectivity disruptionango between infrastructure nodes to exchange information
of the main challenges include satisfying applicationesfe about their covered zones, and thus, help monitor target
requirements under intermittent connectivity and withorior displacement in a more efficient fashion. As a conse-
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guence, Cover scales better with regard to the network SUMMARY OF NOTATION.
size and the mobility of the nodes.
o Cover ensures that every data-producing node is con- Notation | Meaning
nected regularly to an infrastructure node. |TNN ITE;rge: notde .
. nirastructure node
. Coyer balances thg Ic_)ad between infrastructure nodes for N Number of TNs
an improved functioning of the system. M Number of INs
) i i C Number of cells
The remainder of this paper is structured as follows. In mi Infrastructure node
Section Il we discuss the problem statement and present our ; Minimum reading frequency
. X X (my) Set of m;’s neighbors
system model and assumptions. In Section Ill, we descride th Tonax Maximum number of TNs per cell
main components of Cover. Through extensive simulatioes, w viN ggggg o
evaluate Cover’'s performance under different node dessiti T(m;) | Number of TNs covered byn;
and mobility patterns in Section IV. We evaluate several Topt Optimal number of TNs per INs
. . Z(m;) Number of cells covered byn;
performance metrics. The results show among other isdues, t Zax Maximum number of cells an IN can cover
impact of the mobility pattern of targets on the shape of gone
covered by infrastructure nodes. In addition, results confi
the good distribution of targets per node, which is reached )
independently of the mobility patterns of the targets. Fyna
Section V presents the related work and Section VI concludes
the paper. ) 5
Il. PROBLEM STATEMENT, MODEL, AND ASSUMPTIONS
In the system considered in this paper, target nodes (TN) a|bjcjd]e
generate data that must be collected by infrastructure snode
(IN). Since the mobility of TNs is unpredictable and uncon- S S
trolled, the only solution is to control the trajectory amked $ |
of INs to meet the required frequency of readings defined by
the application. This means that every TN meets an IN in a L

regular way and that encounters cannot be spaced of more than

some maximum de|ay_ Furthermore, for the sake of fairne$ig- 1. lllustration of an area of0 x 10 cells covere_d by_7_INs. The area

we must balance the number of TNs to be monitored by Il\l%qvered by each of them is denoted by the node’s identifier.

It is worth noting that a TN is said to be covered if it is

connected to the network using an IN at least evesgconds. (i-€., the number of TNs monitored by;). We refer to these

Since the locations of the TN are constrained by the areaM@fiables as, respectivelyone number andcover number. We

be monitored, covering each physical points of the areayevélSO assume that there is a maximum number of This.

t seconds ensures the coverage of each TN. that a single cell can accommodate, which limits the number
To meet the abovementioned challenges, Cover assidtisTNs covered bym; t0 Tiax X Z(m).

geographical zones to mobile infrastructure nodes. Toathis ~ We assume that TNs have the same computational, memory,

infrastructure nodes constantly check the number of targ€nergy, and communication capabilities. On the other hand,

they cover and adapt their trajectory when necessary. In & consider that INs have no energy constraints and that they

following, we describe our scenario and the assumptiond udtve longer communication ranges. Two INs are considered

in later sections. Table | summarizes the notation usedig ti@S neighbors if the zones they cover share at least one border

paper. of sizel. Fig. 1 illustrates one possible configuration for seven
_ INs. In this examplems has four neighborsng, ms, m4 and
A. Target area and population meg), While m; has only two neighborsn{; and mg). We

We assume that the target area to be monitored is kno@@notel'(m;) the set ofm;'s neighbors.
and is a square of sizé x L. We divide this area int@’ cells )
of sizel x I, wherel = L/v/C. In this area, we deployv B Data reporting
mobile target nodes antl/ infrastructure nodes. Note that the By definition, TNs report to INs. An IN can retrieve data
cell defines the minimum area that a static IN can contingoudtom a TN if and only if they occupy the same cell at the same
monitor. In this way, if the number of IN8/ > C, there is no time. An IN computes its trajectory as a function of the set
need for infrastructure adaptation. In this paper, we awrsi of cells it has to monitor. INs have to regularly visit(m,)
the case where each IN has to monitor multiple cells (i.&ells — we call the fact of visiting all cells of a zonecgcle
M < C). We denotev;y (resp.vry) the speed of INs (resp. and define it as theoverage of the IN. We refer the frequency
TNSs). at which a IN visits a cell ag,,,. Finally, we assume that
Let Z(m;) be the number of cells in the zone coverethe time an IN spends in each cell is enough to retrieve data
by IN m; and T'(m;) be the number of TNs in these cellsfrom at most a maximum number of TN, ..



N Algorithm 1 Cover- Run periodically at every;.
< _)_* 1. LEAVE«+ 0,
2: if T'(m;) > Top + 6 then

3:  {IN m,; covers too many TNs, it has to share.
4. LEAVE+~1
5: end if

Cells can be crossed in the three ways illustrated in Fig. 26 if (LEAVE=0) then
Note that crossing a cell always requires traveling distanc?:  if Check_Neigh(mi,a) = TRUE then

Fig. 2. Three ways a cell can be crossed by INs.

equal tol. We assume that INs have no prior knowledge or: LEAVE—1
the mobility of the TNs. 9. else

10: flag(m;)<— 0

I1l. A DAPTABLE ZONE COVERAGE 1 LEAVE— 0

We present in this section how Cover guarantees the col:  end if
erage of the whole monitored area, while supporting thes: end if
requirements of the application. Cover algorithm is dethil 14: if LEAVE= 1 then
in the following and formally described by Algorithm 1. 15:  u «SELECT_IN(m;)
16:  if uw #NULL then

A. Meseting constraints with preliminary settings 17: LEAVE_CELL(u)
Frequency reading.! is chosen such that a TN (with a givenis: else
vy speed) can cross at most one cell during a reading periad: flag@m;)«— 1

This implies thatvry < I x fmm A cell has to be visited 20: end if
by an IN at least twice every; to ensure that every TN 21: end if
is covered at least once. Undfer these assumptions and forthe
reading frequency to be respected, the number of cells an IN

can monitor (i.e.,Z(m;) < Zmax) has to be bounded with while ensuring the reading frequency and the coverage of the
regards to the IN speed and the required reading frequeRgiole area. The algorithm works as follows. H; regularly
funin, Where Zy,.. = 12 x ;. Indeed, ;32 represents the compares its cover number #pt+ 6, whered is a constant
maximum number of cells that an IN can cover during a cyclgch that2f > Tpax. If T(m;) > Topt + 0, this means that

of duration 57— 2; m; monitors too many TNs (cf. lineg — 5 in Algorithm 1).
Whole coverage. At bootstrap, we assume that INs ard-or a givenm,, if T'(m;) > To,,: + 0, a variable LEAVE is set
uniformly distributed (cf. [12]). In this way, the zone tovas, to 1. In this casem,; checks whether one of its neighbors may
composed of” cells, is equally shared among INs. Since atake a cell from it (cf. linel5 in Algorithm 1), the procedure

IN can cover at mos¥,,,. cells, the system needs a minimunSELECT_IN(m;) is detailed in Algorithm 2. If a neighbor can

number of INS,M,.;,, such thatMi, = [ZC ] Given so, take a cell fromm;, m; gives a cell to a selected neighber

INs are assigned zones in a way that; Cells are delegated one at once (cf. Iihein Algorithm 1).
1) {%W cells are assigned ' modM) INs. So, asm; runs the process at each step, it naturelly delegates
" i cells till getting7'(m;) < Topt+ 0 or having no neighborm;
2) | 47] cells are assigned tG\/ — (C'moda)) INs. able to receive an extra cell. However, as we will see later,
Indeed, at bootstrap, every cell is covered by exactly omis latter case is quite unfrequent and is considered &slin
IN. As we will see later, since at each step of the algorith;— 13,19 in Algorithm 1.
an IN delegates a cell if and only if another IN accepts to
monitor it, whole coverage is always guaranteed. C. Neighbor selection SELECT_IN()

TN balancing. The goal of Cover is to balance the number of Neighborhood discovery is performed by exchanging hello
TNs per IN in order to balance load. Each of the cells contaifdessages. Ih:; observes the cover and zone numbers of each
a certain amount of TNs. The number of TNs coveredy of its neighbors to decide to which one it should give a cell. |
has to tend to an optimal valugopt = N/M in order to first determines the neighber; such that: ()2 (m;) < Zmax,
balance the load among INs. Indeed if every IN coviggt V7, € I'(mi), in order to ensure the reading frequency (cf.
distinct TNs, by definition, the whole set of TNs is coveretine 1 in Algorithm 2) and (ii) T'(m;) < Topt— 0, Vm; €

and coverage sets are non-over|apping_ I‘(mz), in order to balance the number of TNs per IN (Cf line
o ) ] 3 in Algorithm 2). As@ is such thaRd > T,,.x, giving a cell
B. Periodic learning and checking to m; cannot increasen;’s cover number abové@ppt + 6,

The proposed algorithm is run in a distributed way at eaebhich avoids a flip-flop phenomenon.
IN. Every m; is aware of its cover numbeF(m;) and zone If the subset of neighbors satisfying the requirementsdist
numberZ(m;) at all times, which it regularly broadcasts toabove is non emptym; computes for each of them the
its 1-hop neighbors. If correctly performed by the INs, thproduct of their cover by their zone numbé(m;) x T'(m;),
algorithm balances the number of TNs covered by each Ehd selects the one with the smallest product (cf. Binim



Algorithm 2 Sel ect I N Algorithm 3 Check_Nei gh(m;, a)
1: V —mj € T'(m;)such asZ(m;) < Zmax 1: force cell_leaving— FALSE
2: {V is the set of neighbors of IM:; which zone number 2: if o =0 then
is smaller than the maximum allowéd. 3 a <« rand()
3 V' —mj € Vsuch ad'(m;) < Tpp: — 6 4: end if
{V"’ is the set of neighbors of IMN:; which cover number 5 o« o —1
6
7
8
9

»

is smaller than the maximum allowed. cif a=0 then
5. if V' # 0 then for all m; € I'(m;) do
6:  u <+ my € V' which minimizesT (m,,) X Z(my,) if flag(m;)=1 then
7. Returnu : force cell_leaving— TRUFE
8: else 10: end if
9:  Return NULL 11:  end for
10: end if 12: end if

13: Return forcecell_leaving

Algorithm 2). In case of tiesin; chooses at random between
candidates. The product allows considering both featutes;a, and mg, they meet condition of ling in Algorithm 1.
the same time, without privileging one over the other. Check Neigh is called bymn, andmg in line 7 in Algorithm 1
. but is described in Algorithm 3. This function is called with

D. Cell delegation LEAVE_CELL() two parametersn; (let us saym,) theid of the IN anda. If

When assigning a cell to a neighbor lit@in Algorithm 1,  — 0 when CheckNeigh is called, a new random positive
m; gives preference to cells that allow keeping its zongteger is used (cf. ling in Algorithm 3). This function returns
connected and as compact as possible. By compact, we mgasbolean calledforce_cell_leaving which is set to FALSE
thatm; tries to minimize the size of its border. For instanceyt the beginning of the function. The numberis decreased
in Fig. 1 if me decides to give a cell tau;, it has the choice py 1. If the value of« is 0, and one or more of the neighbor
between cells:, b, c,d ande. If mq decides to give ceb, its 1, has a flag set td, force_cell_leaving is set to TRUE (cf.
zone would be disconnected since celwill be no longer Jines6 — 12 in Algorithm 3). This is the case in our example
adjacent to another cell ofig. If mg chooses celt or d, its  since m; is in a deadlock. On the other hand,df > 0 or
remaining zone will be less compact (its border is enlargefh neighbor has a flag set 19 force_cell_leaving is left to
by 2I. Finally, mg has choice between cellsande. In order EALSE.
to optimize its trajectorymg selects celk (its border is then  The return value of Checleigh (TRUE or FALSE) is used
reduced by2(). In this way, its zone remains connected angh |ine 7 in Algorithm 1. If Check Neigh returns TRUE, a
compact. Note that in some cases there might be only og&ls has to be delegated, and LEAVE is setltécf. line 8
candidate cell to be transferred. In such a case, the IN hasjaqigorithm 1). On the other hand, if ChecKeigh returns
choice and thus the shape of the resulting zone may be @Al SE, LEAVE is left to 0 (cf. line 11 in Algorithm 1). In
compact (as we will see in Section 1V). this case, the IN will re-enter Algorithm 1 with the previous

At this stagem; initiates a negotiation phase with;. m; value of . Yet, in Fig. 1, if m4 triggers a smaller value of
may refusem;’s request if it is already in a negotiation phase, thanmy, it can leave a cell tan; and then receives a cell
with another IN. If so,m; has to select another neighbor folfrom 1,5 which will leave the deadlock condition. It is worth
lowing the same rules as previously described. This camitingting that using the remaining value afincreases fairness.

guarantees that any IN receives at most one cell per step. Tidldeed, if ms; has more cells to delegate;s will probably
also prevents it from transgressing its cover number anthbavhave a smaller (remaining) value afthanm,.

to leave a cell at its turn.
IV. PERFORMANCEANALYSIS

E. Dealing with exceptions Check_Neigh() Cover performances are evaluated through the WSNet simu-

It may happen that an IN has too many TNs to monitdator [13]. Since by construction, coverage is always pieuli
and cannot give any of its cells to a neighbor. This may occand reading frequency respected, we mainly focus on the
for two reasons: (i) neighbors have reached the proper coggrality of IN load balancing. Due to the fact that TNs may
number (ii) or they have reached the maximal allowed numblee mobile, the number of TNs in a cell can not be bounded.
of cells to monitor. To better understand, let us considairag Therefore, the parametéris set tol since the average number
the example of Fig. 1. Assume that; needs to give a cell to of TNs in a cell isN/C < 1 (cf. Table Il). Although such
one of its neighbors, i.e., toy or mg. Also assume that, a value for6# slows down the system and constraints cell
andmg cannot receive any cell due to a cover number betweerchanges at maximum, it allows the evaluation of the COVER
Topt — 0 andT,,, + 6. ms is in a deadlock situation. During aprotocol’s robustness in extreme situations.
deadlock situationys sets a flag td in the beacon it regularly  We consider a square field @H08mx1008m divided into
sends (cf. linel9 in Algorithm 1). SinceLEAVE = 0 for 36 x 36 cells of edgel = 28m. We evaluate the evolution of



TABLE Il

SIMULATION SETTINGS. number of TNsT,,:. This reveals the good cell distribution
per IN. Finally, Section IV-C shows the evolution of the zone
Parameter | Value and cover numbers per IN along time to measure the quality
network areal 1,008m x 1,008m of the load balancing. Simulations show that our algorithm
size of cellsl 28'm x 28m evenly distributes the number of TNs per IN. Furthermore, it
Number of cells =C 1,296 .
NUMmber of TNs =N 550 is shown up that Cover balances the number of TNs per IN
mobility models STA, BRO, RWP, REB independently from the mobility of the TNs. Moreover, Cover
simulation duration 500s is highlighted to adapt very quickly to changes due to the

mobility of TNs (in less than 10 rounds). We also show that
there is a tradeoff between the zone number and the number

the network under the following mobility models of the TNsOf TNs per IN. All the gotten results are discussed in detail

o STA: (for static) positions of TNs are uniformly and" the following.
randomly chosen. This model is only used for compag,. Zone coverage evaluation

ison purpose. It also helps h'gh_l'_gh“ng the algorithm’s We first evaluate the zone coverage evolution along time. At

performances under stable conditions. _ . initialization, all INs have the same zone number (or almost
« BRO: (for random walk mobility) TNs choose a directione same for uneven topologies). Targets are randomly and

between north, south, east, and west and move towarq,jfitorm|y distributed over the field. Fig. 3 shows the evizint

for 1s at the speed afm/s. Targets stop then f@s and ¢ ;5ne shapes for different mobility models at differemnsi

repeat the process. This model may illustrate movemenLyion times. Different grayscales denote different cage
of cars in a city like New York City. zones (one per IN9 INS).

« RWP: (for random way point) TNs travel from a starting

point to a randomly chosen destination at a randomly

chosen speed betwedf.1;5]m/s. When it reaches its . . . .. .

destination, it pauses fas before randomly choosing a

new destination. This model may illustrate worst move-

ment case of animals in large space. STA . . .
« REB: (for rebound) TNs draw a random angle between (a) 10s (b) 160s (c) 320s (d) 500s

[0,27] and a speed betweégh 1; 5m/s. When they reach

a border, they bounce with the same angle. Unlike in

RWP, here, TNs are more likely to be spread out in the

field. .
BRO

These mobility models were chosen due to their character-

istics [14] such as: (e) 10s (f) 160s (g) 320s (h) 500s
o Memory-less, to avoid INs from learning the mobility -I
pattern and thus to simulate worst case. Note that if INs
can estimate the mobility pattern or if the TNs follow a
group mobility models, the performance of the algorithre\wp u
can be increased. This investigation is left to future works (i) 10s (i) 160s (k) 320s (I) 500s

Infrastructure nodes run Cover at eveérgeconds, where
is randomly and uniformly chosen at each step in the inten/dEB
[0.9;1.1] in order to break synchronization and to have an up- (m) 10s (n) 160s (0) 320s () 500s
to-date coverage. Simulation parameters are summanzedFiH.] 3. Example of zone evolution withINs depending on simulation time.
Table II. The zone shape evolves with time and is related to the mobiittem.
Simulation results are divided into three parts. Sectiod\ |V
is dedicated to the evaluation of the zone coverage along tim When TNs are static and uniformly distributed, Fig. 3 shows
for different mobility models. Results show that the shape that the zone distribution is close to the initial one. We can
the zones strongly depends on the mobility pattern of tlso see that after60s, the zone distribution reaches its final
TNs. Section IV-B focuses on the quality of distributionshape. In the RWP model, the IN in the middle of the field
of the cover and zone numbers. Results reveal that Covers a small number of cells. This can be explained as follows.
exhibits good performances as the distribution of TNs pém the RWP model, TNs are concentrated in the middle of
IN follows a normal distribution around the average. Thethe field [15], [16]. Therefore, in order to balance its cover
also show that more thas0% of the INs cover the optimum number, the corresponding IN gives a large part of its cells t

« Different node distribution. This characteristic helps us
to evaluate the performance of the algorithm when TNs .
are not uniformly distributed.
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other nodes. On the other hand, zone distributions for th® BR ‘
and the REB mobility models are more likely to be spread out | 0.6 :
over the field. 2 2 . |
5} k]
B. TN distribution g 02r g |
In this section, we plot the distribution of TNs for two o DUHH g N by, |
different numbers of INs (30 and 70) and for the four différen ‘ ‘ ‘
mobility models. The distribution is computed after 500s of 0 5urns 10 15 5 srNs 10 15
simulation and we run 30 simulations for each graph. The (a) STA
simulation setup gives the following indications: the ag ‘ ‘ ‘ ‘
number of TNs per IN is~8.33 for 30 INs and~3.5 for
70 INs, while the average numbers of cells per IN are, | 04l |
respectively,~43.2 and~18.5. 2 2
Distribution of the cover number: Fig. 4 shows the & 0.2 5 9 |
distribution of TNs per IN. In each case, the distribution is™ “ =
close to a normal distribution. Note that more tH#¥ of the ol L. H 1., ol L1 N |
INs cover the average number of TNs. Thus, Cover performs | |
well independently from the mobility of TNs. 0 Trns 15 “ns 1O 19
We also conducted a number of simulations to check the (b) BRO
dependency of the number of INs. The results are shown in ‘ ‘ ‘ ‘
Fig. 5(a). As we can see, Cover fairly balances the number *”
of TNs per IN, whatever the number of INs and the mobility %4/ 1 oa4f |
pattern followed by the TNs. 2 03f 2
Distribution of the zone number: Fig. 6 plots the dis- 5 0.2} 5 2l ,
tribution of cells per IN. The results show that, as expectef 01l >
the performance of our algorithm is increased when the TNs N Jdiuila, N H H e |
are static. Fig. 6 shows that the zone number distribution | | | |
approaches a normal distribution around the average number 0 % pns 15 S s 19
except for RWP. For this latter case, the result is related to (©) RWP
the one provided in Section IV-A, where the IN in the middle | ‘ ‘ ‘
of the field has a smaller number of cells, and that INs in 0.4
the border of the field have a larger zone number. When the 3| 1 o3 |
number of INs increases, this behavior is alleviated bezthes 2 5| z
number of INs in the middle of the field increases, which carg M 502 ]
reduce the cover number of the INs. However, this behavior is 01| “ 01 H |
expected in our algorithm since Cover does not try to balance ,| = I H [ of 1 “ . . |
the cover zone in priority. It first adapts to TNs mobility. | | |
Since TNs do not end up in a uniform distribution, the same 0 % pns 15 “ns 1O 1
applies to the zone numbers. However, Fig. 5(b) shows tleat th (d) REB

average number of cells per IN corresponds to the theotetica

average. Further investigations are needed to providetarbe'fig-

trade-off between the two metrics. Finding this tradeoteifs
to future works.

C. Evolution of zone and cover numbers

4.

Distribution of the cover number for different numbérlins (30
and 70) for different mobility model. The number of TNs per INsviary
close to a normal distribution which shows the efficiency @ #itgorithm for
load-balancing.

In this section, we plot the evolution of the cover numbesimulation setup) buf’(m;) can be greater or lower thdipt.
and zone number of INs over time. Results provided im Figure 7(a) when TNs are static aiim;) < Topt, we can

Fig. 7 show that our algorithm always tries to maintain theee thatT'(m;) increases until it reaches the average value
number of TNs close to the average and also show that unétedess than 10 seconds (10 rounds). At the same time, the
stable condition, convergence is fast. In these simulafis®e number of cells also increases. This shows that our algorith
consider 80 INs, which leads to 3 TNs per IN and 16.2 celtses to evenly distribute the number of TNs per IN instead
per IN in average. It is important to notice here that Fig. @ maintaining the number of zone per IN. This behavior
shows the evolution of the cover number and zone number fxplains the results provided in Section IV-B, which shows
a specific INs (randomly chosen). the distribution of zone per IN. When TNs are mobil&m;)

At the beginning of the simulation, the number of cellsan vary; therefore, cells are exchanged between INs aid the
for a specific INm; is equal to the average value (due tmeighbors. Figures 7(b), 7(c) and 7(d) show that the maximum
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Fig. 5. Cover number and Zone number w.r.t. the number of IBIS%(

confidence interval). We also plot the theoretical valuee fiamber of TNs
per INs is close to the optimal theoretical value for all the itigbpattern.

number of TNs per INs i$ and the minimum i9 (for the

specific observed IN) and that the algorithm tries to evenly *
3-

distribute the number of TNs per INs.

% of INs

% of INs

@

Fig. 7 also shows that our algorithm presents fast reactlog

when the number of TNs vary, although exchanged cells does"

not necessarily contain TNs.

V. RELATED WORK

Area coverage has been investigated in the literature for

a while. However, existing solutions have been designed to ¢-10-2|

cover static points/targets. There are mainly three caiego
of works that focus on coverage optimization in the literatu
1) random deployment of sensors: which consists in a hu

% of INs

ge

number of sensors being randomly deployed with activity
scheduling or power control techniques being used to reduce

the network density [17], [18]; 2) off-line computation of

sensor placements: which is based on network performance,
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connectivity and area coverage [19], [20], [21]. The worksig. 6. Distribution of the zone number per INs for differenthiity models.
presented in these papers give an overview of possible off-

line node placements and their coverage performances; and

3) sensor repositioning scheme: which mainly focuses on the

sensor (re)positioning or online placement [22], [23]. ®om

similar approaches to Cover also take advantage of node

mobility to enhance the network connectivity [24] but in

these approaches, the mobility of target nodes is known and

controlled. For the interested reader, a complete statbeof t

art has been provided by Younis and Akkaya [25].

The literature shows different type of coverage depending
on the application requirements. In the sequel, we onlygocu

on coverage involving mobile devices (sensor repositignin

barrier is defined as a segment between two points of the
sensor field between which the sensors have to be evenly
distributed. The work proposed in [27] uses virtual forces
to relocate sensors.

In the points of interests coverage, only some specific
points of the sensor field need monitoring. [28] consider
points coverage. In these papers, the authors propose an
algorithm to periodically monitor some specific points.

scheme) since in our algorithm INs are mobile and are usedn this paper, we focused on a different coverage issue
for coverage purpose. Coverage requirement provided in gt is the coverage of mobile targets by mobile infrasteitu

literature can be divided into three main categories.

nodes. As in the case of point of interest coverage, mobile

« In the full coverage problem, sensors have to maximizedrgets have to be covered by the mobile infrastructure si0de
the covered area. The work proposed in [22] and [23]loreover, since targets are moving, a full coverage is mbede
uses virtual force based movement to increase the coveteccover all possible location. Since our infrastructurelem
area. By using a combination of mutually opposingre mobile, we also consider online deployment issues.€rhes

forces, each mobile node maximizes its coverage.

requirements and assumptions lead to a complex coverage

« In barrier coverage problem [26], sensors have to forproblem that we think is part of a new category of coverage
a barrier that detects any events crossing the barrier.skategies.



3 1 coverage and sweep coverage. Other interesting issues to
=8 | | | investigate are when assumptions are hardened. Indeed, so
=l IR far, we assume that every TN of a cellis read when a
241 4 #1811 - . -
ol | IN crossesc. However, the data transmission may not be
Ll | ol | immediate. Future works will thus include how IN speed
020 S0 40 50 = w0 o should be decreased to ensure the proper reading of every
fme tme TN, while still ensuring frequency reading requirements.
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