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Abstract—In this paper, we address the issue of activity of interest. For instance, for the purpose of environment
scheduling of sensors in heterogene_ous wireless sensor autior modeling, a set of temperature, air flow, and pressure sensor
networks (WSANS), thereby proposing an energy-efficient da 5y e deployed in the field to observe various aspects of the
collection scheme in such networks. In order to extend the . . .
lifetime of heterogeneous WSANSs, sensors are activated and climate. Moreover, an actor present in the field may not have
deactivated under certain constraints throughout the netork ~ access to all sorts of measurements by the sensors. Thus,
operations. Here, we propose a coordination framework in actors rely on coordination and communication with each
which actors exchange information with each other and decid  other to acquire complete information under the automated
about the availability of redundant sensors that are eventally 5. hitacture of WSANSs [1]. At the same time, managing the
deactivated to save energy. In particular, let there be- different . . ) .
types of sensors with each sensor observing a particular 2CtVity of sensor nodes through efficient activity scheul
sensing parameter. Under the initial deployment of sensorand ~Mechanisms is imperative for a longer lifetime of the sensor
actors within some field of observation, if an actorv receives network as they have limited power resources.
information regarding & different sensing parameters, either In this paper, we address the issue of energy-efficient
directly from sensors or through other actors, then our schene  jhtormation gathering in a heterogeneous WSAN. A scheme
determines a small subset of sensors that are sufficient to . - ; - .
provide information regarding the same k sensing parameters 1S Proposed in which actors utilize coordination among
to v. themselves to deactivate a large portion of originally de-

ployed sensors of various types to preserve sensors’ power
l. INTRODUCTION resources. Under the initial deployment of sensors, if an

Wireless sensor and actor networks (WSANSs) provide a@ctor v receives a particular type of data either directly
effective solution to the distributed sensing and respongeom a sensor, or by interacting with a neighbor actor,
related problems. In such networks, information gathereiien our objective is to activate the minimum number of
by the sensing nodes is made available to the actor nodegnsors that ensure the availability of the data to all such
through a wireless medium that utilize this information toactors. We formulate this problem in graph-theoretic terms
make decisions and act upon the environment. In comparistitereby providing solutions using graph-coloring and grap
to the wireless sensor networks (WSNs), which are generaiomination related concepts (e.g., [3], [4]).
designed to observe the environment and then transfer thesdhe issue of designing energy-efficient strategies for
observations to the sink nodes, WSANs possess the capalsirger lifetimes of the networks, while preserving proper-
ity of not only observing but also affecting the environmenties like connectivity and coverage, has been extensively
by using the observations [1]. studied in the literature for the case of pure WSNs (e.g.,

The components in WSANSs are categorized into two majd®], [4]). Some of the main activity scheduling schemes
classes: sensors and actors. Sensors provide a distributed WSNs include the geographical adaptive fidelity (GAF)
sensing infrastructure, and are typically inexpensivey-lo algorithms; the adaptive self-configuring sensor network
power devices with limited computational and communicatopologies (ASCENT) mechanism; the probing environment
tion capabilities [1]. Owing to these properties, sensoes aand adaptive sleeping (PEAS) algorithm; and SPAN, which
generally deployed in greater numbers. Actors, on the othis a distributed, randomized algorithm proposed to in@sas
hand are more sophisticated and resource-rich nodes witre lifetime of the sensor network. A nice survey of these
longer battery life, higher processing skills, and trarssiein ~ algorithms along with references is given in [2].
powers. They are capable of processing data obtained fromHowever, all of the above schemes are primarily designed
the sensors, and then taking appropriate actions. Robdts €ar WSNs consisting of sensor nodes only. In the context of
unmanned ground or aerial vehicles are the examples WfSAN framework, actors are the information processing and
actors. Typically it is assumed that the number of actors ifesponse stations that are distributed throughout theamktw
a network is much smaller than the sensors [2]. Actors are resource-rich nodes and actor-actor coordimati

Heterogeneity emerges as an important property @@n be used to develop activity scheduling mechanisms for
WSANS in which sensors with a varying set of sensinghe sensor nodes of various types. We utilize interactions
and transmission capabilities are deployed within somd fiepetween actors and heterogeneity among sensors to design

an energy-efficient scheduling scheme while ensuring that
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IIl. SYSTEM DESCRIPTION 1 within A; distance from the actor, or through one of the

Let there be- different types of sensors. Sensors of eaCHeighboring actors which is directly receiving data from a

type are deployed at random in some domainC R2 sensc()jr of [t_lype'. h bability of _
such that the location of each sensor is independent of otherUn er_t 1S set-up, the proba lity 0 an actor to receive
sensors’ locations. Such a deployment of sensors can Biormation regarding all different sensing parameters in
modeled as a stationary Poisson point process with consta tenhgr dwectly frorrf1 senso_rs,l odr. throughAadjahcent factors
intensity* [5]. All of the sensors have a footprint of the form epﬁr_1 S on various factors mcbu n}\gf and A;. T qu, or

of a closed ball of some radius that depends on the type GRC AZ €r, mcr_ea_smg/\i (numf er o senso;s O, typel?

the sensor. Let us say that each sensor belongs to one of ?r%j i (ransmission range of a sensor o typ)e Wi
types in the set = {1,2,---,r}, then the deployment of increase the number of actors receiving information of-all

sensors of each type can be modelled by a stationary poisdifferent sensing parameters, t.)Ut only at an additional. cos
point process with intensity; wherei € r. Further, we use However, it is observed that owing to the random deployment
the following notations: of sensors with\; intensities, there exist redundancy within

the network in the sense that a lot more sensors are on than

r : total number of sensor types. required. We can get rid of this redundancy by turning off
)\; : expected number of sensors of typper unit area mo- the redundant sensors for an energy-efficient operationeof t
system.

delled as a stationary Poisson point process.

) ) i Thus, ourobjective is to develop a systematic scheme to
A; : radius of the footprint of a sensor of type

turn off the maximal number of redundant sensors of all
«; : area of the sensor footprint of type(a; = mA?). types in a distributed manner while ensuring the following:
Meanwhile, actors (robots), which are the resourcefLﬂ an actory, or one Qf Its rllellghbor actorg (actors directly
onnected tov) are lying within the footprint of a sensor

nodes within the network capable of performing differenf L -

L . of type i in the initial deployment (when all sensors are

tasks after receiving data from various sensors, are also

S , , .on), then the same should be true even when the redundant

distributed at random and independent of other actors’ lo-

. -~ sensors are turned off.

cations. Thus, actors can also be modeled by a stationary

Poisson point process with intensijty As in the automated I1l. A GRAPH-THEORETICMODEL

architecture of WSANSs, actors coordinate with each other The ab bl be i tigated i h th i
by communicating and exchanging information. An acto[ € above probiem can be Investigated in graph theoretic

interacts with all actors lying within the distane®, from erms. The network of actors (robots) can be modeled by a

it. This gives an interaction network that can be modelleﬁ_lrath(V’ £) where the vertex sei’ represent actors and

by delta-disk proximity graphs. We will use the following € edgtf]s n |t_|het edge Sﬁftl corr]rleﬁpor?dt to tt?]e |tnr;[eract|tons.
notations throughout the paper. among them. Heterogeneity which exists within the system in

the form of sensors of various types can be modeled using the
graph coloring notion. Graph coloring is an assignment of

p : expected number of actors per unit area. colors (labels) from a coloring set to the vertices of thephra
A, : communication range of an actor subject to certain constraints. In [3] and [6] heterogeseou
multiagent systems are modeled and various properties of
such systems are studied using the graph coloring approach.

Here, the vertices in the graph (representing an actor

As mentioned earlier, typically the number of actors igietwork) are colored in accordance to the types of sensors
much smaller than the number of sensors, thuss );. directly transmitting data to the corresponding actorac8i
Moreover, actors have higher transmission ranges, Ag., 7 different types of sensors are available within the system,
is usually higher tham\;. A sensor which is in an active the coloring setis = {1,2,--- ,r}. Vertices in the graplix
mode (on state) transmits its data to an actor lying withidre then assigned labels according to the following lagelin
its footprint. Sensors do not communicate with each othefynction:
whereas actors transmit and receive information from other f:vV—2F

actors as well as sensors. Every actor performs tasks that here2" is th t of all subsets of
require data from every sensor type, i.e., an actor needs to nere=" Is the set of all SUbsets o _ o
If there exists at least one sensor of type r within a

have information of al- sensing parameters. We consider . ;
that the spatial gradients of the sensing modalities obsbrv.d'StanC.eAi from_ an actor, then the 'correspondlng vertex
by sensors are not too large within the field of observatioﬁr,] G will be assigned the label (colof) Thus,

i.e., there are no abrupt variations in the sensing modaliti

throughout the field of interest. Therefore, an actor can re- _ [ ier| atleast one sensor of typexists
ceive information regarding thié" (i € r) sensing parameter fv) = { within A; distance from. }

either directly from the sensor if there exits a sensor oétyp o _ (1)
An actor receiving data directly from a sensor of type

LExpected number of sensors in a unit area. 1 exchanges it with the neighboring actors as actors are

(radius of the footprint of an actor).
a, : area of the actor’s foot print(, = 7A?).



interacting and exchanging information with each othet. Levarious types within the regiod c R?, and the coordination

us define theopen neighborhood of a vertexv, denoted by among actors to determine and resolve the redundancy exist-
N (v), as the set of vertices i@ adjacent taw. Similarly, the ing within the sensor network. Every sensor is considered to
closed neighborhood of v, denoted by\[v], is N'(v) U{v}. have two modesactive (on) mode andie-active (off) mode.
Further, we definem(v) as the set of colors from a vertex A sensor transmits its data to the actors lying within seasor

v can find in its closed neighborhood, i.e., footprint only in the active mode. Our scheme consists of the
following rounds:
Foy= U f
uEN[v] A. Randomization

Vertices in the graphG are actors and are labeled in gensors of each type € r are deployed randomly and
accordance with the types of sensors that directly transmyiqependently of each other with intensity. At time ¢ = 0,
data to actors. For instance, actolies within the footprints  gach sensor enters into the active mode with some prolyabilit
of sensors of type 1 and 2, the corresponding verter  , - o Thys, the effective intensity of sensors of typeill

G is assigned labels 1 and 2, i.¢'(u) = {1,2}. AlSO, u  pg ), — pA.. In order to keep the same expected on time
is directly connected te andx which have labels 3 and 2 ¢4 4| the sensors during the overall lifetime of the system

respectively, thusF(u) = r = {1,2,3}. this step is repeated after fixed intervajs The sensors that
. sensor type | : sensor type 3 become active as a result of this step start transmittinig the
K © sensor type 2 ' data to the actors lying within the footprints of these sefiso

19 Every actor maintains a list of the types of sensors it is

v @ ’ receiving information from, i.e.f(v) as defined in (1).
" —_—
@@ B. Determination of Redundant Sensors
@ ! G 2,3 Once f(v) is determined by every actar, the next key
step is the exchange ¢f(v) by everyv with its neighbors
Fig. 1. Three different types of sensors are distributede Tértices in the to determine the existence of redundant sensors within the
graphG (representing an actor network) are assigned colors @pthem  footprint of an actor. Once determined, these redundant
the setr = {1, 2,3} in accordance with the sensor types directly availablesensors will be de-activated through a de-activating ngessa
to the corresponding actors. by the actor to the sensors. The graph-theoretic model of the
system introduced in Section Il will be used here for the

A. Objective purpose of determining redundant sensors. Every vertex in a
Sensors of each typie r are distributed at random and graphG modeling the actor network is assigned labg(s).

independent of each other with intensity. Thus, the colors ~ Our goal is to obtain for every € V, a subsets(v) €
(labels) assigned to the vertices in the above mentiondd?) With the minimum cardinality such thateg\J/[ }3(“) =
graph-theoretic model directly depend on the distribudén - r(,,) \we deal with this problem individually for eagre r.
sensors. We call the labeling of vertices @ due to the | o V; be the set of vertices having labeli.e.,

initial random deployment of sensors &5,,;(G). Under

the labeling Z;,,;(G), a vertexv in G is assigned labels Vi={veV:ie f(v)}

fini(v), andF;p; (v) is the set of labels available in the closed _

neighborhood of. Thus, our goal is to develop a systematicAlSo, letV; be the set of vertices that have at least one vertex
scheme to obtain a new labeling 6%, i.e., £, (G) from with a labeli in their closed neighborhoods, i.e.,

Lini(G) by getting rid of some of the labels (redundant _ .
labels) assigned to the vertices while ensuring that urfder t Vi={veV:ieF(u)}

new labeling (which is derived fron.j‘,W(G)), every Verex s 1o he noted thall; — U AN[o]. Thus, for the label, we
finds exactly the same set of labels in its closed neighbathoo veV;

as in L;,;(G). More precisely, for every vertex in G, we need to find a subséii C V; with the minimum cardinality
want to find f,.ew, (v) € fini(v) in a distributed manner such such that J Ns] = V;.

_ T . i i s€5i . .
that Fyew(v) = Fini(v). Since the labels assigned to the |, 5 ghecial case when every vertex is assigned the label

vertices correspond to the sensors transmitting data to tpq e.,V; = V, this problem becomes a well known problem
3 feleey 1 T )

actors, getting rid of the labels mean that the correspa‘mdirﬂn graph theory known as théominating set problem
sensors can be turned off leading towards an energy-efficien 5 iition 4.1- (Dominating Set) A subse§ C V. is a

operation of the sensor and actor network. dominating set whenever everyc V' either lies inS, or is

IV. ENERGY-EFFICIENT DATA COLLECTION SCHEME adjacent to at least a vertex H

In this section, we present a scheme to turn off the reS_lmpIy, 5 is a dominating set whenev::LéJSN[s] =V. For
dundant sensors for energy efficiency. Our proposed schemer case, wher;, may not be equal td/, we define the

utilizes both randomness in the deployment of sensors ofstricted dominating set as



Definition 4.2: (Restricted Dominating Set) Lat; C V, In the case ofl; = V, Algorithm | becomes the original
a subsetS; C V; is a restricted dominating set with respectistributed greedy algorithm given in [8] where it is shown
to V; whenever J Ns] = U Nv]. that the algorithm returns a dominating set of size that is at
8€5 . vEV: most(Iln A +2) of the optimal inO(n) time. Thus, using the
An example is shown in Fig. 2. S : o
similar approach as in [8], we get the following:
Proposition 4.1: For a givenV; C V, if §* is a minimum

vy
vy o restricted dominating set with respectiy then Algorithm
| returns a restricted dominating set with respectitoof
b size at mos{In A + 2) - |S*| in O(n) time. Here,A is the
(a) (b)

maximum degree of a graph.
It is to be mentioned here that there are numerous other
Fig. 2. (a) The circled vertices form a dominating set of thaph. (b) If approaches to find small-sized dominating sets (e.g., [11],
Vi = {v1,v2,v3, 04}, then a restricted dominating set with respectio  112]) but we discussed the greedy algorithm here because of
consist of the circled vertices, i.€5; = {v1,v2,v4}. . AN . . -
its simplicity and good approximation ratio. The problem of
finding a smaller restricted dominating set can be solved by

any of the approximation schemes for minimum dominating
The problem of finding a minimum dominating set is NPset.

hard (e.g., [10]) leading to the fact that finding a minimu )

restricted dominating set is also NP-hard. Thus, findimg?edundamt Se_n;_:;ors ) o _
efficient algorithms for the approximate solutions has been For our original problem, a restricted dominating set with
an active area of research. The simplest approach is tHSPect toV; is computed by the actor network for each
greedy approach in which a vertex covering the maximum S€Nsor type € r. Thus, a subset of labelsv) C f(v) is
number of uncovered vertices is added into a dominatirfgetermined for eacr € V', meaning that the vertices can
set at each step [7]. The greedy algorithm achieves &t rid qf some of the labels _ir_1itia||y assigned to them while
approximation ratio ofn A in O(n) time, whereA andn  Preserving the required conditionl) s(u) = U f(u),

are the maximum degréand total number of vertices inthe , 1/ The assignment of Iab%?g[g vertexz;urGé\;:/)[;J(]asented

graph respectively [7]. Adistributed version of the greedy ¢ the corresponding actor lies in the footprint of a
glgonthm is presented in [8], [9]. Interespngly, it is .sdmn sensor(s) of type . Thus, ifi ¢ s(v), then the sensor(s)
in [10] that unless RNP, theln A-approximation ratio of ¢ e is redundant for the actar, and deactivation of the

the simple greedy approach is optimal (upto Iower Ordetgensor(s) will not affect the data collection by the aator
terms). Therefore, the problem of finding a smaitricted 115 |eads us to the next step in our scheme.

dominating set with respect tol; C V' can be solved using

the simplest distributed greedy approach. Below, we ptese@. Deactivation of Redundant Sensors

a distributed greedy algorithm adapted from [8] for finding a As previously, we deal with the sensors of each tyger

restricted dominating set with respectitp Unlike [8] where independently of each other in this stef is the set of

everyv € V executes a greedy routine, here the algorithraestricted dominating actors with respectifpas computed

is executed only by the vertices irj. in Section IV-B. Thus, every € S; needs to have a sensor
Let us define adominated node as the one whose closed of type i transmitting data ta directly, i.e.,v should be

neighborhood contains at least one vertex form the reying in the footprint of an active sensor of tygeln fact,

stricted dominating set. A vertex is said to hedom  only the actors inS; are the ones that need to receive data

inated if it is not a dominated one. Also let{/(v) = directly from a sensor of type. Moreover, it is sufficient

number of undominated nodes J[v]. for v € S; to receive data from only one such sensor. Thus,

everyv € S; broadcasts a deactivating message to all the

i-type sensors in's footprint except for a single sensor (of

Computation of a Restricted Dominating Set .S;:

Algorithm I:  Restricting Dominating Set w.rit; C V/ types) which receives an activating signal framThe sensor
receiving an activating message can be the one that is neares
1:v eV to v. On the other hand, everye (V' —S;) also broadcasts a
2 : While #(v) > 0 do deactivating signal tall the sensors of typein u’s footprint
3. if U(v) is largest among the vertices 1) that asu does not need to receive directly from atype sensor.
are at a distance of at most 2 from(ties are Sensors not receiving any of the activating or deactivating
resolved by ID’s)then signal are the ones that do not lie within any actor’s foatpri
4 v joins a restricted dominating sét and are deactivated eventually. Also, an activating sipaal
5. endif a greater priority, thus, a sensor receiving an activatiag a
6 - end while well as a deactivating message will become activated. This

procedure will be performed for each typed r) of sensors.
After a fixed intervalts, all three steps (randomization,
2degree of a vertex is the cardinality of\(v). determination of redundant sensors, and deactivation-of re




dundant sensors) are repeated. An example of the scheme is
discussed in Section VI.
IT Pa¢sw ZP | N(v) |=n)- [P (i ¢ f(w)]"
V. ANALYSIS OF THE RANDOM DISTRIBUTION OF wEN (v)
SENSORS poca)

In WSANSs, one way to characterize the random deploy-
ment of sensors of various types wit) intensities is to _ (e paa)(epaae M%)
determine the number of actors that receive all types of data
either directly from sensors, or by interacting with other |ngerting these values in (4) gives the following after some
actors. An exceeding percentage of such actors is hightympiification.
desirable as it will imply an extended data access to the

actors. In order to estimate this number, we proceed by P(i ¢ F(v)) = e~ [Miaitpa (1—e™Ni%)]
introducing the following terms:
Definition 5.1: In a colored graphG with r = Thus,
{1,2,---,r} colors, A vertexv is said to becompletely
colored whenever P(ie F(v)) = 1— ¢ [Miostpaaize?io0)]
Fv)=r

In other words, a vertex is completely colored whenever ) u
Using the fact that the sensors of each type are deployed

it can find every color in the coloring setin its closed )
neighborhood. Similarly, in terms of the actor network, wdndependent of each other, and therefore, colors are @ssign

say that an actor is completely covered wheneverF (v) = Fo the vertices in a graph representing an acto.r network
We are interested in finding the probability of a vertex independent of each other, we deduce the following useful

being completely colored under the system model describé(asu“' -
in Section II. It is to be recalled that the deployment of Corollary 5.2: The probability of an actor to be com-
sensors of typé is modeled as a stationary spatial Poissoﬁletely CO\_/ered n the _ereless sensor and actor network
point process with constant intensity. The probability of described in Section Il is

having k sensors in an ared is then given by (e.g., [5]).

|r|
(/\_A)kefAiA P(]:(v) = I') = HP(Z € .7:(1))))
Pp= @) o (5)
. . _ | Niai+ a’(lfefxiai)
Theorem 5.1: For an actor in the wireless sensor and - H [1 el ! ]
actor network described in Section II, the probability oé th =1 -
existence of an actorn € AN[v] such thatu lies in the
footprint of at least one sensor of typdor a giveni € r is We observe that under the random distribution of sensors,
P (F(v) =r) can be improved by increasing and A; for
Plic Fv)) = 1 — e Niaitpaa(l—e %) (3) eachi € r. However, increasing\; means increasing the

number of sensors of typg which is costly. Likewise, a
where)\; anda; are the intensity and the area of the footprinhigher A; means sensors need to transmit farther requiring
of sensor of type respectively, whereag and o, are the extra power. Thus, we aim to achieve a higiefF (v) =r)
intensity and the area of footprint of actor respectively.  in an economical way (i.e., by keeping the number of active

Proof: sensors low as well as smallgk;). In fact, the energy-

efficient data collection scheme described in Section IV

Plie Flv))=1 — P(i ¢ F(v) achieves this goal. The underlying objective is to deteemin
all such sensors that are redundant in the sense that their
deactivation will not effect the availability of data to the
actors, and then eventually turn them off. L& be the
set of completely covered actors as a result of the random

Here, P(i ¢ f(v)) is the probability that the labelis not deployment of sensors of type Vi € r. Using Proposition
assigned to the actar. After insertingk = 0 and A = a; 4.1, we deduce that i is the minimum number of sensors

P(i ¢ F(v)) = -] Plé¢rfw) @

ueN (v)

in (2), we getP(i ¢ f(v)) = e~ N, of type i that need to be activated to ensure that each actor
Similarly, p in (4) is th bability that " X 18 completely covered, then using simple distributed
imiiary uelj\_fl ) (i ¢ f(u))in (4)is the probability tha greedy algorithm (Algorithm [), our scheme makes every

none of the actors in the open neighborhood afe assigned actor in X completely covered by activating at mdat A +
label i. We utilize (2) and standard results from stochastie) - |S;| sensors of type which is significantly smaller than
geometry [5] to get the original number of deployed sensors of type



Fig. 3. (a) Sensors of three typés2, and3 (represented asl, x, and{ respectively) are distributed at random along with an actwork represented
by a graph. (b) Active sensors after the randomization stepshown. (c) All the redundant sensors are de-activated.

VI. EXAMPLE an actoru € NM[v] such thatu lies within the footprint of
Here. we bresent an examole to illustrate the sche aé least one sensor of typeAlso note that for each sensor

. » WE prese 'P ) i n?ype, more than two-third of the sensors that were activar aft
discussed in Section IV. Consider a region with an afea

) X ; L the randomization phase are deactivated in the final step.
in which sensors of three different types are distributed at P P

random and independent of each other. Every sensor belongs VII. CONCLUSIONS

to one of the types in- = {1,2,3}. The distribution of |4 this paper, we addressed the issue of energy-efficient
sensors of each typee r is modeled as a Poisson pointyperations of heterogeneous WSANs. Redundancy among
process with intensity\;. The radius of the footprint of & the sensors of various types was explored using notions from
sensor of type is A;. For our exampled; = 3, Ay = 0.4, the domination in graphs. Sensors that were redundant in the

5 =4, Ay =037 and X3 = 3, Az = 0.5. The actors genge that their deactivation did not effect the availabif
are also distributed at random and independent of each othgi, to the actors were determined and eventually turned off
with intensity p = 1.5. Every actor has a footprint of radius ;5 gaye energy. A number of simulations performed with
A, = 1. An actorv interacts with all the actors lying within 5 \ide range of\; and A; showed that typically more
v's footprint. A graph representing interactions among Bcto than two-third of the sensors can be deactivated without
along with the distribution of sensors is shown in Fig. 3. compromising the availability of data to the actors.
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