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Abstract—This work addresses the problem of energy efficient tial indexing structure [6], which is maintained/updated in a
management of mobile resource distribution in Wireless Sensor distributed manner, subject to particular Quality of Service
Networks (WSN), subject to particular Quality of Service (Q0S) (oS constraints [7]. Contrary to the centralized settings, in-

constraints. In practice, when phenomena over large geographical twork l f data/inf fi t and ind
regions are being monitored, certain events (e.g., fast grow- network coupling ot data/information management and indaex-

ing temperature exceeding a given threshold) may require an iNg structure maintenance involves not only the spatial regions
increased coverage within a particular area. In this paper "covered” by a particular node, but also roles/responsibilities
we present novel methodologies for optimizing the "bargaining of the nodes along the hierarchy of the particular index. Within
stage” when deciding how to select the mobile resources within a given region, the residing group of sensor nodes is assigned

the sensing field which will be re-located in response to a QoS o .
request for an increased coverage. Our proposed techniquesthe task of monitoring and reporting the sensed values of the

are capable of incorporating constraints — i.e., certain desirable Phenomena of interest. A particular problem that has been
properties, such as not overly-depleting any regions (i.e., drop the identified and addressed in the literature is how to ensure
coverage QoS below certain threshold) when relocating mobile certain coverage criteria with a given deployment of a set of

sensors. In addition to the energy-efficiency, we also tackle the gensor nodes so that the spatial distribution of the monitored
aspect of finishing the "bargaining” and the transition in a henomena is matched with a satisfactory accuracy [8], [9]
manner that attempts to reduce the overall latency between sig- P y y o) :

naling and completion of catering to a request. Our experimental A Simple to define instance of this problem is how to ensure
results demonstrate that, when compared to the naive method connectivity and coverage without having any "holes” in the
of centralized decision-making about relocations of mobile units, network [10].

our methodology offers significant energy savings, both in terms
of communication overheads and maintenance of the hierarchical

routing structures, as well as the quality assurances in terms of |, * @ * ' et NP A A
the turnaround time for servicing a given request. O R o | BN %
o : * . ° ; * .
|. INTRODUCTION o o R N P
L] « 0
The advancement in development of wireless sensor nf~—c— T+ . .. O e
works (WSN) have revolutionized many application domair| » = . * B R *
and generated a large body of research works over the p—~ -, ’ ; & . ’ . 8w
decade [1], [2]. Typically, a WSN — a collection of individualfs * ® , | . e .

nodes equipped with sensing, computation and communication
capabilities — monitors one or more physical phenomena in a  Figure 1. Relocation of sensors in response to an event.
given field, and provides a "map” of the values’ variations in
that field, which can be used for answering various queries,Availability of mobile sensor nodes offers an immense
as well as detecting occurrences of events of interest. Tiexibility to WSN, in the sense that the location of the sensors
two extreme-points along the spectrum of WSN-based datan change in order to adapt to certain changes of the values
management are: (1) transmitting the raw data to a dedicatfdthe sensed phenomenon [11], [12], [13]. If a pre-defined
sink, possibly via multi-hop connections, and perform all thevent of interest is detected during the monitoring of the
processing centrally; and (2) in-network distributed storing afensed field — e.g., a sudden increase in temperature and CO-
the data and extracting the information relevant for processiogncentration, indicating a possibility of a forest fire — then
the queries/events [3], [4]. The latter is often a preferraédcreasing the coverage in that locale may be needed, in order
choice from the perspective of energy-efficiency (conversely provide denser coverage and more accurate measurements.
network’s lifetime) [5] . However, that process cannot be executed "in isolation” —
A common method used in managing the data gatheringeaning, completely ignoring the quality of coverage in the
and aggregation in WSN is to construct a kind of a spaest of the region(s) monitored by the (static and mobile)



nodes [14]. The left part of Figure 1 depicts a stable scenattmat |M¢,| + |Sc,| > ©O¢,. With this in mind, we note that

of sensor nodes distribution in a given field. The right portiopart of the mobile nodes in each cluster may be "free” to
illustrates how some of the sensor nodes (indicated as blankve outside that cluster without violating tBe;, constraint.
disks with red circular boundary) are selected to-be-moved litence, M¢, = MC U MC , whereMC denotes the mobile
new locations inside the region in which an event of interegbdesboundto C; ande denotes thdree nodes which can
has been detected, requiring increased coverage. cross the boundaries between neighboring clusters. While the

In this paper, we propose efficient distributed algorithmsembership of a particular mobile node; may vary — i.e.,
for managing the relocation of mobile sensors upon detectipg state may transfer frorboundto free and vice-versa, we
of event of interest in a particular geographic location. Thgssume that at any time- mstaMC nMeE =0.
methodology also caters to the constraint of satisfying thegach cluster is assumed to have one designated sensor
minimum number of nodes required by each of the regiopgde that will act like alocal cluster-head and we use
not co-located with events of interest, in order to meet conneg+(;) to denote the local cluster-head of the clus
tivity, coverage, or any other application-dependent demands((;) is in charge of tasks such as gathering and maintaining
Our methodology is able to handle multiple simultaneoufe information about the status (e.g., locations, expected-
requests, and provide the resources for them from the neaigstime) of cluster's population of nodes; coordinate the
region capable of supplying. The proposed methodologies agperation of the nodes (e.g., increase the sampling frequency);
at minimizing the communication cost for the "bargainingperform analysis/aggregation and information extraction of
process, and seek to supply the resources in a manner thatmeasurements from the nodes in the cluster; ..etc. Based
minimizes the total motion, as well as the response time. T the spatial partitions used, we assume a hierarchy which
algorithm proceeds in a "cascading manner” — meaning, if the constructed from the local cluster-heads, and rooted at a
regions neighboring the one in which request-generating evefakignatedsink
is located are not able to satisfy fully the demand, then theyror this work, the important responsibilites of a local
provide a partial supply and recursively propagate the requegister-head are:
to their (other) neighbors. We assume that the maximum
number of nodes required by simultaneous of events in the
field is no more than the total number of existing sensor nodes
in the field, after satisfying the other regional constraints, i.e,
coverage, connectivity, ..etc. Specifically, in this work we also
consider the management of such request when a hierarchical
structure is present and maintained in a distributed manner (cf.
partitions in Figure 1).

In the rest of this paper, Section Il introduces some prelim-
inary background and notations/assumptions used for present-
ing our algorithms. In section Il we present the techniques for
efficient dissemination of the requests for increased coverage,
and the methods of supplying resources are proposed in section
IV. The experimental results are discussed in section V,
followed by a related work discussion in section VI. The paper
is concluded and avenues for future work are presented in

1) Event detectior- event denotes an occurrence of some-
thing of interest [15] and, based on the reported val-
ues from the sensors in the cluster, the local cluster-
head is in charge of detecting thtmWe assume
an application-dependent specification of “interesting”
events, for which the location of the sensors detecting
them is known, along with two values:

« The bounding rectangle — which is, some safety or
quality based boundary around the location of an
event, approximated by the perimeter of a rectangle.

« The number of sensors needed to be placed around
the perimeter of the bounding rectangle — again,
an application-dependent parameter. We assume that
the sensors will be located at a uniform distance
around the boundary.

section VII. Hence, we usd’c, ;(L, B,n.) to denote that thg-th
event £ has been detected at locati@nin the cluster
Il. PRELIMINARIES C;, for whichn., nodes are needed around the perimeter
We assume a sensor network consisting\ohodesSN = of th_e_ rectang_IeB._ _ _
{snq, sna,...,sny}, grouped into geographically collocated 2) Mobility coordination—in order to ensure a desired QoS,
K clusters C1,Cs,...,Ck). We also assume that under the local cluster-head may need to direct the mobile
normal initial conditions, each clustef; contains~ N/K sensors toward the location of a given event. We as-
motes, which may be of two basic kindstatic — Sc,, and sume the existence of efficient techniques to orchestrate
mobile — M¢, where So, € SN and Mg, € SN, and the trajectories of the mobile sensor for the purpose
SN = U (Se, U Mc,). We assume that the location of of positioning them at the respective locations around
the individual nodes are known, either via GPS or via some the perimeter of the bounding rectangle which can be
collaborative trillateration technique [1]. viewed as a simplified instance of the techniques in [16]

In order to ensure some “desirable” properties — both from  (cf. Sec. IV).
the pure networking aspect (e.g., connectivity, coverage), asThere are various spatial partitioning methods [17] and

well as application Quality of Service (QoS) requirementgithough throughout this work we use rectangular regions, the
(e.g., density of coverage) — we assume that each cluster

has a predefined lower-bound threshéd:, < (N/K) so  lin this work, we do not consider any composite events.



results can be directly extended to the cases when the field send the messagRequestCatém;q, (H(Ci), 4;)), in-

of interest is convex polygon (subsequently split into a set dicating that it hasA; available nodes. We note that
of non-overlapping regions). A hierarchical spanning tree data A; < |M£l)\ (the number of the "free” mobile nodes)
structure (indexing tree) is constructed to manage the WSN, since H(C;) may be processing multiple request (in-
which is rooted at the sink node, and has the local-cluster- cluding some due to events in its own geographical
heads as the leaf nodes. The intermediate nodes are called region). TheRequestCatérm,,;, H(C;), A;) message is
global-cluster-heads, and we use the term cluster-heads to refer sent to the parent node in the hierarchy, and each parent
to both local and global-cluster-heads. Various widely used aggregates thé H(C;), A;) pairs for a corresponding
data structures conform to the aforementioned description, and m;4 before propagating it further up the hierarchy. See
have been used in the existing state-of-the-art indexing systems Figure 2(c).

— e.g., K-D Trees, Octrees [18], [6], and Voronoi Treemaps 4) Once the sink has received the availabilities of
[19]. We note that optimizing the energy consumption due to  individual clusters, it calculates the best manner to
altering the indexing structure is not considered in this work  move resources in response Requestd (C;),r,j),

(i.e., no local cluster-head will ever drop the number of actual  and individual messages are sent down the hierarchy,

sensors in its region belo®w¢, ). notifying individual local cluster-heads how many of
their available nodes should be forwarded towards
[1l. RESOURCEREQUESTING C;. Each local cluster-head(C;)) whose resources

will need to be moved, will receive the message

We now proceed with the details of handling the requests
P g g Allocate(mia, H(Cy), L(H(Cy)), H(Cy),a;),  where

for additional mobile nodes, to be made available in a cluster s
in which an event of interest has been detected. @ < A, is the number of nodes to be moved towards
When a local cluster-headd7(C;) detects an event _ 11(Ci).located atL(C;). See Figure 2(d). .
Ec, ;(L, B,n.) within its region, it firstly checks whether the Figure 2 depicts the steps of the centralized requesting
mobile nodes fromM. are sufficient to cover the require-prOtOCOL The hierarchical index in this figure is based on a K-
ments — i.e. whetthC. |>n,. If so, the QoS requirementsD Tree structure (orthogonal bisections). It shows an example

can be satisfied locally. OtherwisH,(C;) may need to requestsce”a_rio prior to the event. We note t.hat_the crite_rion fo_r

additional resources. selecting the resources to be forwarded is discussed in section
In the rest of this section, we focus on two basic techniqué\é' . e i )

for handling the request from the local cluster-head that needd‘SSUming ann nodes K-D Tree as an example indexing

more resources to cover an event within its region to the otHafucture, the complexity of executing the centralized protocol

cluster-heads in the field. First, we present the centralizEQ" P& characterized as follows:

protocol, followed by two variants of a distributed protocol. * logn messages are needed to propagate the request from
the H(C;) to the sink node.

A. Centralized Requesting « n/2 =(0(n)) messages to send the information request
from the sink back to all the local cluster-heads. However,
since some of them may be transmitted in parallel in
different sub-trees. , the time, in terms of hops, is bounded

Under the centralized requesting scheme, once a local
cluster-head recognizes the need of resources because of the
detection of an event in its region, following is the protocol by O(log n).

that is executed: _ _ _ ~« O(n) messages which are from the local cluster-heads
1) H(C;) sends a request to its parent node in the indexing  towards the sink — again, bounded Blog n) in terms

tree by generating the messagequestt (C;), r, j), the of time (although two children will need sequential trans-
semantics of which isThe local cluster-head of’; is mission towards their parent, the bound is sfillog n)).
requestingr, j nodes to satisfy the request of servicing , |et & denote the number of local cluster-heads selected
the detection of itg-th event See Figure 2(a). to participate in sharing their resources wiHC;) (k <

2) Once the sink node has received a particular request, /),

it broadcasts the messaBequestSinkuiq, H(C:),m,j)  Thus, the overall communication complexity (message cost)

to its children, which recursively propagate it downg pounded byO(n), in terms of number of messages, and
the hierarchy, until it has reached the leaves (recqﬂ(logm in terms of time.

that leaves are actually the local cluster-heads). The

parametern;, is a unique message-ID, in case the sinR- Distributed Request Management

needs to process multiple requests from the same locallThe distributed structural requesting protocol aims at min-

cluster-head. See Figure 2(b). imizing the overall communication cost via exploiting spatial
3) Upon receiving thRequestSirkn;q, H(C;),r, j) mes- locality. We now present two approaches for handling a request

sage, each local cluster-head responds with a mességeadditional resources. The first one, calducture-based

containing an information about its free mobile nodess relying solely on an existing hierarchical index structure,

which could be used to cater the given request. Thushereas the second one proposes a coupling between the

the local cluster-head of théth cluster, H(C;) will indexing structure and geographical proximity.
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(a) Step 1: The local-cluster-head (Green) detecting the event sends a request
to its parent node (Blue), which is forwarded to the sink node (Yellow).
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(b) Step 2: The sink node (Yellow) requests information about available
resources from all the local-cluster-heads (Green) through the data struc- 4)

ture hierarchy.
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(c) Step 3: Available resources informati
through the data structure hierarchy.
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1) Structure-Based Distributed Request (SBDR) Manage-
ment: Assuming a Binary Space Partitioning (BSP) structure
which has recursively divided a given space into contiguous
non-overlapping regions, each border/hyperplane correspond-
ing to node in the indexing BSP tree, has a unitgwel (i.e.,
distance from the root).

When E¢, ;(L, B, n.) is detected and?(C;) determines
that additional sensors are needed to satisfy the QoS criteria,
the SBDR protocol proceeds as follows:

1) H(C;) sends the messagrequestt (C;),r, j) request-
ing additional mobile nodes tibs sibling node(s) in the
indexing treewhich is sharing a common border and
parent. See Figure 3(a).

In the case thall (C, ;), the sibling of H(C;), can cater

to the request, it responds witBranted H(C;), j, 7s).
Clearly, for this we need that, > r, and the nodes are
selected fromMém, which is properly updated.

In the case that{(C; ;) cannot cater to the request, it
will send the messageeny( H (C;), j,rs). The meaning

is that, although it cannot fully grant the request, the
sibling is still able to provider, > 0 nodes. In this
case,H (C;) will forward RequestH (C;),r — rs, j) to

its parent.

The parent-node ol (C;), in turn, instead of propagat-
ing the request towards the sink, will actually forward
the RequestH (C;),r — rs, j) to its own sibling at the
same level and sharing a common border whether it can
cater toH(C;)’s request. See Figure 3(b).

The procedure is repeated recursively until, in the worst
case, the request has reached the root.

The SBDR protocol is illustrated in Figure 3. It depicts the
chaining of the messages at two levels from the root, since the
request cannot be satisfied at the first level — i.e, by sibling
local cluster-heads.

Clearly, both the communication cost and the time for

2)

3)

5)

on is sent to the sink node (Yellowjetecting the fulfilment of a particular request will vary for

the SBDR protocol. We note that, in the worst-case scenario,
the request needs to be propagated all the way to the sink
node. Worse yet, the attempts to resolve it locally constitute
additional overhead in terms of the time needed to determine
the servicing of the request. However, as our experiments
demonstrate, SBDR protocol does provide improvements over
the centralized protocol.
2) Structure and Proximity based Distributed Request

(SPDR) ManagementThe objective of the SPDR variant

is to decrease the overhead induced by the sibling-to-parent
communication in the SBDR protocol. We observe that some

(d) Step 4: Sink node (Yellow) sends out the decision about resour§g§cal cluster-heads which are not Sib“ngs may still share a

forwarding to the involved local-cluster-head (Green) nodes throughout tl

data structure hierarchy.

%mmon border. To capitalize on this, in addition to the sensor
nodes physically belonging to its cluster, each local cluster-

Figure 2. The centralized requesting process in a sensed field spatially splitad will maintain a list of its “cousins” — which is, the sibling

with orthogonal bisection, with a K-D Tree indexing structure. The middl
large yellow node represent the sink node, the four blue medium nodes

ﬁr%de and the nodes sharing common border.

the global-cluster-heads, the sixteen green small nodes are the local-clustelJpon detecting an everfic, ;(L, B, n.), the local cluster-
heads, and the tiny red nodes represent the sensor nodes distributed irh@adH(Oi) executing CPDR pI’OtOC0| initiates the foIIowing:

field

1) H(C;) sends the messagrequestt (C;),r, j) request-
ing additional mobile nodes tits geographically neigh-
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request to its sibling local-cluster-heads B, C and D, which send
back the response.

(a) Local-cluster-head A detects an event, and sends a resource
request to its neighboring local-cluster-heads (B, C, D, K & L),
which send back the responses.

Local-cluster-head A detects an event, and sends a resource
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(b)

level, global-cluster-head C’ checks the resource availability with

its

(b) When the request is not satisfied at the local-cluster-heads level,
global-cluster-head C’ checks the resource availability with the
neighboing global-cluster-heads (A" & D’)

When the request is not satisfied at the local-cluster-heads

sibling nodes (A, B’ & D’)

Figure 3. SBDP with a K-D Tree indexing structure. The middle large yellowigure 4. SPDR with a K-D Tree indexing structure. The middle large yellow
node represents the sink node, the four blue medium nodes are the glohatle represent the sink node, the four blue medium nodes are the global-
cluster-heads, the sixteen green small nodes are the local-cluster-heads,cargder-heads, the sixteen green small nodes are the local-cluster-heads, and

the tiny red nodes represent the sensor nodes distributed in the field

2)

3)

4)

the tiny red nodes represent the sensor nodes distributed in the field

IV. RESOURCESUPPLYING

In this section we present the methodology of fulfilling a
resource request, starting with the process of acceptance of
requests, selection of the nodes to be moved and moving them
towards the cluster which has signaled a request.

boring nodes with which it is sharing a bordefBee

Figure 4(a).

The sibling nodeH (C; ;) and each of the Boarder-

Neighbors BN (H(C;)) who can cater to the request

responds withGranted H(C;), j,rs). In this case, the

request is no longer propagated(C;) notifies its A. Strategy of Acceptance

sibling and its neighbors how many mobile nodes each Upon receiving a resourceequest, a cluster-head node

of them should dispatch. compares the number of requested sensor nddieto the

If the sibling node and some of th&N(H(Ci)) number of available resources within its regidf. If the

cannot cater to the request, they will each sengailable resources are sufficient to cater for the request, i.e,

Deny(H(C5),j,7s). Note, however that, unlike they, - p. anacceptance message is sent to the requesting node,

SBDR protocol, now the sum of the values from the gnq the process of selecting the sensor nodes to be moved and

sibling and the neighbors combined, may actually Satisﬁrioving them starts immediately.

the request. . Contrarily, if the available resources are less than the

If not, the messagRequestH (C;), r—%(rs), j) IS Prop- - required resource, i.6/; < R;, the request cannot be re-

agated to the parent o/ (C;), and parent recursively jected. The reason for this, is that in a global view of the

repeats the procedure. See Figure 4(b). field, sometimes no single cluster might be able to suffice
the needs for one request. However, a set of clusters can

_Figure 4 shows the messaging at two different levels in the,ige a number of the needed resources, which make them
hierarchy, where the request cannot be satisfied at the fi§jiectively able to suffice the new event needs. Therefore,

level,
Ag

i.e, through sibling local-cluster-heads communication, gych scenario, the cluster-head receiving the request sends
ain, we note that the worst-case scenario in terms béck a partialacceptance message, indicating that it will be

the upper-bound is the same as the centralized protocobble to providé/; resources. Accordingly, when the requesting
and, once again, in the worst case scenario we have tiwe receives this message, it forwards the request to another

addit
local

as demonstrated by our experiments.

ional overheads of the attempts to resolve the requektster-head node —according to the requesting strategy— with

ly. However, in practice, one can obtain improvementsthe required number of resources updated, Re= R; — V;.
Simultaneously, the partially accepting cluster-head node will



start forwarding thé/; sensor nodes, which will create “some”application setup. Once the nodes are decided to move, they
sufficiency for the requesting cluster until further resourcese informed by their local-cluster-head, and given the location
arrive. In other words, because of the partial acceptanck the cluster of destination. The nodes leave their cluster
feature, each request is —most likely— going to add some hédvards the destination cluster. On their way to the destination,
to the requesting node, unless the whole region is starvingthe sensor nodes can turn off their sensing devices and radio
_ _ transceivers until they arrive, where, when the sensor nodes
B. Nodes Selection (Which nodes to move?) pass through intermediate clusters, they do not need to report
Once a local-cluster-head sends the requested resourcesirformation. For some data intensive applications, the passing
some of them- to the requesting local-cluster-head, a criterisgénsor nodes can turn on the sensing and reporting, depending
is needed to determine which specific sensor nodes are #hethe speed of motion and the distance traversed inside the
ones to be forwarded. The selection criterion may involve thguster. Figure 5 shows the direct forwarding of sensor nodes
following metrics: towards the cluster containing the event.

« Speed of Arrival/Travel Distance: The cluster-head node
selects the sensor nodes to be moved such thatthey would * « *© " ' |* .y g o
arrive to the destination in the fastest way (or travel the L
shortest distance). This selection would vary according ° o R
to the motion path (i.e, Manhattan, direct straight path, | , ° § - © o S - R
etC) o | » @ : 5 ® . .

« Local Configuration Balance: Maintaining the balance of
the sensor nodes distribution inside the accepting cluster| s . J.FC 2 . . o .
Accordingly, the cluster-head selects the nodes to move| * % . o S <. SN
in a way that minimizes —or better eliminates— the need of | :
_mo_vmg the remalnl_ng n(_)des inside t_h_e cluster to mamtallil?gure 5. Six sensor nodes moved towards the cluster containing the event
its internal constraints (i.e, connectivity, coverage, ..etQeming from three different supplying clusters.

« Global Configuration Balance: Maintaining balance of the
sensor nodes distribution in the whole field. The goal of 2) Relayed Motion: The relayed motion depend on set-
this balance is to keep the available of th&- mobile ting up the path of motion of the senor nodes through the
sensor nodes distributed across the field, which helpgermediate clusters before starting the real motion. The goal
having resources available near to possible future evera$.this type of motion is to minimize the traveled distance
This also balances the load on the indexing tree, whidly each sensor node, and provide faster supply to the new
keeps -relatively— equal load of network informatiorevents, especially when the available resources for supply
updates on the tree branches. We note that this optiorai® more than one cluster away, i.e, not direct neighboring.
possible in a straight forward fashion in the centralizefihe method starts once resources are decided to be moved
solution. However, including this metric in distributedrom cluster Cy,.rce t0 cluster Cy.s; passing, in sequence,
techniques would incur added overhead. through clusters’;, wherei = 1,2, .., k. In the path setup,

« Energy Consumption: The cluster-head node selects #ach local-cluster-head is informed with the local-cluster-head
sensor nodes to be moved according to an optimizatibefore it in the sequence, the one after it, and the number
function which minimizes the consumed energy. Thef resources to be supplied. After all the local-cluster-heads
optimization can focus on the energy consumed fan the path are informed —and possibly requested to confirm,
communication, or the energy consumed in motion, dor some applications— the real motion starts. Each cluster-
a weighted factor of each of them. head sends the required amount of resources to the next

cluster in the sequence, starting fraf ... throughC; to
Cq4est- This method gives the advantage of faster delivery of
The sensor nodes selected to be moved towards the tiee sensor nodes to the destination, regardless of the travel
questing cluster are informed by their local-cluster-head. Thiistance. However, it is at the cost of more unbalance during
supply of sensor nodes to the requesting cluster can folleke transient period, where some intermediate clusters may
different methods. In this subsection, we present two methdelave less number of nodes than its minimum requirements.
to supply the requested resources from the —partially or fullydso, all the cluster head nodes along the path need to know
accepting local-cluster-head(s) towards the requesting clusthgt they are participating in this scenario. Figure 6 shows the
then we follow with a discussion on handling the request insidelayed motion of sensor nodes towards the cluster containing
local-cluster-heads. In the scope of this work, we assume e event, passing through intermediate clusters.
obstacle-free field, or that obstacle avoidance is implicitly 3) Intra-Cluster Motion: Once the sensor nodes from other
taken care of. clusters have reached the one who has requested resources,
1) Direct Forwarding: In direct forwarding, the sensorthe local cluster-head will need to execute a re-allocation
nodes move directly towards the requesting cluster. The motialgorithm. As mentioned in Section Il, in this work we assume
can be in a straight path or Manhattan, depending on tti&t an event is associated with a bonding rectangle, and each

C. Movement strategy (How to move the nodes?)
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Figure 6. Six sensor nodes moved towards the cluster containing the ever
coming from two supplying clusters, where one of them (the bottom cluster)
relays two more sensor nodes from its population for the cluster beneath it.
It accordingly receives other two sensor nodes, which it can place at thgure 8. Average Request Service Time against Number of Requested
appropriate positions inside the cluster. Resources.

Numberof Resquested Resources

type of an event has distribution of locations for the sensorsThe number static sensor nodes in the field was set to
around the boundary. Sc = 80 (also used as cluster-heads for the purpose of the K-
With this in mind, the re-location inside a given clusteb tree), which leftA/o = 420 mobile nodes. The experiments

can be readily accomplished using the heuristics from [16}ere run for the proposed requesting techniques (Centralized,
We note that there are different variants of the re-locatiddBDR and SPDR). The number of requested nodes per event
problem — e.g.: minimize the latest arrival time; determineas varied from 40 to 200 nodes. We tested scenarios with
locations that will maximize the reachability/coverage, andi, 4, 8 and 12 simulated events, simultaneously occurring in
with a given time-budget, ..etc. [9]. In our work, we assume ttdifferent clusters, and we report the averaged measurements
simplest variant — minimizing the latest arrival time, with th@ver the parameters set. In our experiments, we compare
known destinations’ location. This is illustrated in Figure 7 the three proposed requesting methods according to several
showing a zoomed-version of the cluster in which an eventetrics, which we define as:

has been detected in Figure 6. As can be seen, some of Request Service Time:The time elapsed between the
the previously available sensors, along with the newly-arrived issuing of the initial request, till the request is accepted
ones, are routed towards the predetermined locations along the 5,4 the nodes are forwarded to the requesting cluster.
perimeter of the rectangle bounding the event. « Average Travel Distance Per Sensor Nodefhe average
distance each resource (i.e, sensor node) needs to travel
across the field to reach the requesting cluster.
o Communication Cost: The total number of messages
transmitted during the requesting process, including the
J request messages, response messages and decision mes-
@ o sages.
¢ ° « Resolution Level: The leaf-based level in the K-D Tree
hierarchy at which the request got accepted. We denote
L the local-cluster-heads as level 1, global-cluster-heads as
level 2, and the sink node as level 3.

In Figure 8, the average request service time for the two
Figure 7. An example of intra-cluster movement of nodes. distributed methods start lower than the centralized requesting
method. However, with the increase in the number of requested
resources, their service time exceeds that of the centralized
method. This happens because the amount of resources avail-

We now discuss the simulation results illustrating the perfoabel in the clusters neighboring (spatially or structurally) to

mance of the proposed methodologies. The proposed meththis requesting cluster cannot suffice this large number of
were implemented on top of SIDnet-SWANS [20] WSN simrequested resources. Accordingly, further requesting iterations
ulator, based on Jist-SWANS discrete event simulation engitakes place to negotiate resources with more physically distant
[21]. The data structure used for data indexing is an orthogortdiister heads up in the hierarchy. On the other side, the
bisection based K-D Tree implementation [17], [6]. The WSNentralized requesting method provides a service time that is
has 500 nodes deployed in a square field of 300x300 metsrestly stable with the increase of the amount of requested
square, using MAC802.15.4, and Shortest Geographic Path fesources.
routing. The power consumption characteristics are based oThe average travel distance per sensor node is depicted
Mica2 Motes specifications, MPR500CA. in Figure 9. The distributed spatial requesting achieves the

V. EXPERIMENTAL RESULTS
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Requested Resources. guested Resources.

M Centralized M Distnbuted Structural © Distibuted Spatial

3. =
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the distributed structural method. However it seems counter £

intuitive that the centralized method does not achieve the mos$ 2

optimal solution, this happens due to the less information:

it has. The decision in the centralized method is taken at

the sink node, which has comprehensive information abou g i

the field until the local-cluster-heads level. Thus, it centrallyg

calculates the most optimal distance based on the providin::

10 20 80 160

local-cluster-heads locations, which might have the available®

nodes within their clusters further from the border. On the Number of Requested Resources

contrary, the decentralized methods negotiate the resource

supplying process first at the local-cluster-heads level, whi€igure 11. Resolution Level in the Indexing Hierarchy against Number of
L . Refquested Resources.

makes them able to optimize based on the real location 0

the sensor nodes rather than the local-cluster-heads locations.

If the centralized solution needed to be optimal, which {§nen myitiple simultaneous events are detected in different
doable in terms of the logical capability, this would requir€aions of the field, each requesting 30 sensor nodes. Thus,
the requesting information process to include the locations (of inje requests are issued to the indexing structures from
the potential sensor nodes, which we consider as a signific@iferent leaf nodes (i.e, local-cluster-heads). The centralized
communication overhead. method comes to be of the highest request service time
The communication cost of the centralized method is highghd average travel distance, while the other two distributed
than the distributed methods, as shown in Figure 10, becaysgthods achieve comparable results. The distributed methods
of the information gathering rounds. In order to compargytperform the centralized method because of their capability
the communication cost of the two distributed methods, thg handling the requests within their locality by providing re-

resolution level depicted in Figure 11 gives us more clariyoyrce supplies from the (spatially or structurally) neighboring
about the behavior inside the indexing hierarchy. The digpsters.

tributed methods were able to handle the requests below 160
sensor nodes without the need of propagating the request VI. RELATED WORK
to the sink node. In this case, the communication cost ofn the recent years, mobility has contributed to the variety
the distributed spatial method is hgiher than the distributed application domains for WSNs and has brought a unigue
structural method, because of its need to communicate wist of challenges and research results[11], [13]. From the
the neighbors list, which is more than the sibling nodes in thgisic setup-aspect, mobility facilitates deployment [22], [23],
K-D Tree. After this threshold, the communication cost of theugments the monitoring [24], [18] and data gathering [25],
distributed structural method slightly exceeds the distributg¢glg] capabilities.
spatial method, because the number of decision messages But one example of a formalism for relocation of sensor
more likely to be higher for the structural method. This ifiodes in the deployment phase is using a virtual force based
because the partial acceptance across the hierarchy eliminatgérithms, proposed in [27], [22], [23]. Wang et. at. [23]
all the neighboring list clusters from being included in angropose an iterative algorithm in which coverage holes are de-
further decision announcements, as they have already sentteudted by sensors using Voronoi diagrams [28]. The sensors are
their available resources to the requesting cluster. then moved from high density zones to low density zones in-
Figures 12 and 13 compare the three requesting strategiesase coverage. Many sensor relocation algorithms have been
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1200 TPy E——— increased, the advertising and requesting processes will incur
i e i il i i high communication cost and latency. The arrangement of

cascaded movement in long paths will also be energy intensive,

z

E 2 in terms of communication, as it will involve many sensor

é 600 nodes. Our proposed approach, which operates via hierarchical

. | scheme alleviates some of these drawbacks.

H = g Several fully distributed algorithms were proposed for sen-

< Ay i3 sor nodes relocation, for which communication cost would

£ o highly increase for large scale and high density WSN. A
2 4 8 12 vector algebra based algorithm to find the locations of poten-

Numberof Simultaneous Requests tial redundant nodes for coverage compensation is proposed

in[30]. The selection of the best redundant nodes is performed

Figure 12. Average Request Service Time against Number of Simu'ta”e%portunistically by jointly considering the hole boundaries
Requests. and the remaining energy of nodes. [27] proposed a distributed
algorithm for node deployment and event-based relocation,
120 where sensor nodes are moved by virtual forces. The algorithm
ml\.’/\' requires knowledge of relative positions between neighboring
—B— Centralized —e— Distributed Structural — Distributed Spatial nodes, by which they coordinate their movements. In [24], an

2 iterative distributed relocation algorithm is presented, where
each mobile sensor only requires local information in order to

80
W / optimally relocate itself. The mobile sensors are assumed to

m)

Average Travelled Distance {

o be able to move only once over a short distance. Relocation

of hopping sensors was investigated in rugged terrains in [31],

0 [32]. The mobility model assumes that the sensor nodes move
2 4 8 12 in fixed distance hops, and the algorithms are designed to fill
Numberof Simultaneous Requests sensing holes by optimizing the required number of hops using

direct or relayed motion. Once again, the aspect of our work
Figure 13.  Average Travel Distance Per Sensor Node against Numbenghich complements the contexts addressed in these works is
Simultaneous Requests. the scalability-benefits.

VIl. CONCLUSION AND FUTURE WORK

proposed [29], [14], [30], [27], [24], [31], [32], presenting In this paper, we proposed efficient methodologies for
distributed algorithms in which the sensor nodes coordinaggalable management of relocation of mobile sensors in WSNs,
the relocation process themselves. While these approachesi@igsponse to a detection of event of interest. The proposed
useful for low density and small scale WSN, in this work wevork takes into consideration the minimum nodes count
tried to capitalize on a hierarchical structure for settings eeded in each spatial region for guaranteeing certain QoS
which WSNs have larger node population in relatively smadkiteria. Capitalizing on a hierarchical structure, we distributed
spatial regions. The main benefit of our approaches is tpeotocols which improve both the response time and the energy
separation of the bargaining process (requesting and supplydghsumption due to communication, along with the choices
sensors) from the individual sensor nodes, and elevatingois nodes to move seeking the optimization of the traveled
to clusters’ level — thus savings in the communication anflstance. We presented three different requesting methods
energy-expenditures. (centralized, SBDR and SPDR) and showed the difference

In [29], [14], Cao et. al. proposed an algorithm, withn performance between them. The proposed approaches are
physical implementation, of a Grid-Quorum solution for sensa@apable of handling simultaneous detection of multiple events.
relocation in WSN. The sensed field is split into cells arrangéithe displacement of the mobile sensor nodes is performed
in a grid. Each cell has a cluster-head, which known thesing direct forwarding or relayed motion, which is handled
number of redundant nodes in its area. The information abdigtween the cluster heads for large scale management.
redundant nodes are shared between cluster heads in the sar@eir future work is centered around two extensions. Firstly,
row and column of the grid. When coverage is required invae would like to investigate what are the costs involved
specific region, the request is communicated in the row aimd adjusting different hierarchical structures (e.g., Voronoi
column of its cell, where the supplier cells are identified usinfreemaps [19]) when nodes move in response to an event,
the intersection of the request with the previously advertisethid develop efficient algorithms for optimizing those costs and
redundant nodes. The movement of nodes then follows a caentify the trade-offs involved. Secondly, we will investigate
caded (relayed) path, which is negotiated between the sen@ problem of optimizing the motion plans of the nodes
nodes along the path. The single level clustering decreasesvlieen the budget of available nodes across the network is not
scalable performance of the algorithm. If the network size sufficient to cater to all the detected events.
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