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Abstract— In Wireless Sensor and Actor Networks (WSANS), Conversely, we are concerned with new applications where
the collaborative operation of sensors enables thaistributed gctors are part of the network and perform actions based on
sensing of a physical phenomenon, while actors collect and {hg information gathered by sensors. We envision that WSANs

process sensor data and perform appropriate actions. . . . .
In this paper, the coordination and communication problems will be an integral part of systems such as battlefield siwvei

in WSANs with mobile actors are studied. A hybrid location lance, nuclear, biological or chemical attack detecticomé
management scheme is introduced to handle the mobility of automation, and environmental monitoring [1]. For example
actors with minimal energy expenditure. Actors broadcast b- in fire detection applications, sensors can relay the exact
cation updates limiting their scope based on Voronoi diagrns,  qigin and intensity of the fire to water sprinkler actorsttha

whereas sensors predict the movement of actors based on Kahm il exti ish the fire bef it ds. M
filtering of previously received updates. An optimal energyaware will-exunguis € Tire berore 1t spreads. Moreover, seasor

forwarding rule is then derived for sensor-actor communicaion, can detect plumes, i.e., visible or measurable discharges o
based on geographical routing. The proposed scheme allowscontaminants in water or in the air, and actors can reagtivel
controlling the delay of the data-delivery process based opower take countermeasures. Similarly, motion, acoustic, ohtlig
control, and deals with network congestion by forcing multple  gensors in a building can detect the presence of intrudets an
actors to be recipients for traffic generated in the event are. . .
The motion of actors is coordinated to optimally accomplishthe Command Camera_‘s or other instrumentations to track them.
tasks based on the characteristics of the events. Alternatively, mobile actors can be moved to the area where
the intruder has been detected to get high resolution images
prompt or block the intruder.
|. INTRODUCTION As an abstraction of several application setups encouhtere
HE convergence of communication and computation with the above-mentioned applications, we refer to a scenario
signal processing and several branches of control thearipere sensors monitor a given terrain, and send samples of
such as robotics and artificial intelligence is enablingritis the event to the actors deployed on the terrain whenever an
uted systems of embedded devices that sense, interact, @veht occurs. Actors distributively reconstruct the evsased
control the physical environment. Wireless Sensor and Actoon partial information available at different actors, estte the
Networks (WSANSs) [1] are distributed wireless systems afvent characteristics and identify action area Based on this,
heterogeneous devices referred tosassorsand actors Ac- actors collaboratively decide on which actors should mave t
tors collect and process sensor data and consequentlyperfthe action area and at which speed. The coordinated mobility
actions on the environment. In most applications, actoes arf actors is thus triggered by the occurrence of events.
resource rich devices equipped with high processing ckpabi In our prior work on WSANSs [6], we proposed a framework
ities, high transmission power, and long battery life. for communication and coordination problems with static
Several applications for WSANs are concerned wéth- WSANS. The concepts aensor-actor coordinatioandactor-
hancing and complementing existing sensor network applicgctor coordinationwere introduced, and centralized optimal
tions In these applications, the performed actions serve thelutions and distributed heuristics were proposed. Hewev
purpose of enhancing the operation of the sensor network tjany challenging applications require support for mobile
enabling or extending its monitoring capability. For exdep actors, which is not provided in [6]. Hence, in this paper we
mobile actors can accurately deploy sensors [2], enablg-adaxtend our previous work in several directions.
tive sampling of the environment [3], pick up data from the First, we introduce a hybrid location management scheme to
sensors when in close range, buffer it, and drop off the ddtandle the mobility of actors with minimal energy expengitu
to wired access points [4], or perform energy harvesting [5for the sensors. The proposed solution is tailored for WSAN
applications and overcomes the drawbacks of previously pro
Lt may be worth specifying how the terractor differs from the more n©nosed |ocalization services [71[8]. Actors broadcast uesla
conventional notion ofctuator From our perspective an actor, besides being . . . - .
able to act on the environment by means of several actuai®ralso a miting their scope based on Voronoi d'agram& while sexiso
single network entitythat performs networking-related functionalities, i.e.predict the movements of actors based on Kalman filtering of

receive, transmit, and relay data. For example, the mplufia robot may be previously received updates. Our proposed scheme is shown
enabled by several motors and servo-mechanisms (actyatmwever, from

a networking perspective, the robot constitutes a singlitgyewhich we refer to c.or.15|stently reduce th? energy Congumptlon on sen.so_rs by
to as actor. avoiding over75% of location updates with respect to existing



location update algorithms. mobile nodes in distributed systems based on geographical
The second contribution of this paper is the developmermuting. In [7], GLS was proposed, which is a hierarchical
of an integrated routing/physical layer scheme for sensdocation service where each mobile node maintains its atirre
actor communication based on geographical routing, whidbcation in a number of location servers distributed thifomugg
is suited for mobile WSANs. We derive a simple yet optimahe network. The location servers for each node are detexdnin
forwarding rule based on geographic position in presence lidised on a hashing function in the node identifier space. In
Rayleigh fading channels. With respect to previously pegub [8], the performance of GLS is compared to two other location
geographic forwarding rules [9][10], our rule is optimabfin  services based on similar premises. In general, the obgecti
the energy consumption standpoint. Furthermore, we shofvthese mechanisms, which can be classified as rendezvous-
how to control the delay of the data-delivery process basbdsed protocols [8], is to potentially allow each singleidev
on power control, i.e., to trade optimal energy consumption the network to retrieve the location of any other nodeglas
for decreased delay in case of low or moderate traffic. bn queries and replies. Clearly, query-based mechanisms ca
case of high traffic, we introduce a new network congestiontroduce delays that may not be acceptable in delay-atitic
control mechanism at the network layer that forces multipiystems such as WSANs. Moreover, the extensive message
actors to share the traffic generated in the event area. $hiexchange and complex server structures, often hieratchica
shown to reduce delay, packet drops, and energy consumptissociated with these protocols, can be avoided given the
even when traffic is sent to actors that are suboptimal fromcharacteristics of WSANSs.
network layer standpoint. For this reason, we propose a proactive location manage-
As a last contribution in our proposed system architecturaent approach based on update messages sent by mobile
a new model for actor-actor coordination is introduced thattors to sensors. As discussed, in WSANs each actor is
enables coordinating motion and action of the particigptiran equivalent recipient of information. Therefore, sensor
actors based on the characteristics of multiple, conctirrector communications are localized, i.e., each sensorssend
events. In particular, it selects the best actor(s) to fone tinformation to its closest actor. Hence, in the spatial doama
actor team to perform the required actions, based on theadcasts can be limited based on Voronoi diagrams [12]. At
characteristics of the event, and drives the motion of taete the same time, actor movement is to some extent predictable,
towards the relevant area. as it is driven by the actor-actor coordination procedures.
The paper is organized as follows. In Section II, we descriitence, in the temporal domain, location updates can bedimit
the proposed location management scheme, while in Secttoraictor positions that cannot be predicted the sensor side.
IIl, we describe the sensor-actor communication solutlan. Location updates are triggered at the actors when the actual
Section IV, we introduce the actor-actor coordination modeposition of the actor is “far” from what can be predicted at
In Section V, we present performance evaluation resultdewhthe sensors based on past measurements. Therefore, hetors t
in Section VI we conclude the paper. move following predictable trajectories, which is likely be
a common case in WSANSs, will need to update their posi-
. L OCATION MANAGEMENT tion much less frequgntly than actors that follow tempgrall
uncorrelated trajectories.
The network is composed aVs sensors andV, actors,
with Ng >> N4. Each sensor is equipped with a low . i
data rate radio interface. Actors are equipped with twoaradf™ Limiting Broadcasts in Space
transmitters, i.e., a low data rate transmitter to commateic As discussed, we use Voronoi diagrams to limit the scope
with the sensors, and a high rate wireless interface foractof actor-initiated location updates. The Voronoi diagrafrao
actor communication. From the perspective of sensorsrsacteet of discrete sites partitions the plane into a set of conve
are equivalent recipients of informatiotHence, each sensorpolygons such that all points inside a polygon are closest to
will try to route information to its closest actor, unlessan only one site. For their properties and ease of computation,
ternative actor is preferable in case of congestion, agibest Voronoi diagrams have been previously applied to the area
later. of sensor networks. For example, in [13], they are used along
In line with recent work on routing algorithms for sensowith Delaunay triangulation to study sensor network cogera
networks [6][11][10][9], we study theensor-actor coordina- Instead, we leverage Voronoi diagrams to limit the spatial
tion based on a geographical routing paradigm. Geographieatension of actor broadcasts.
routing algorithms are attractive especially for trealability, A sensors is said to bedominatedby an actora if
as it is possible to scale the network size without increpiie its location lies in the Voronoi cell of:. Every actor is
signaling overhead, because routing decisions are intigremesponsible for location updates to sensors in its Voroabj ¢
localized[11]. The scalability of geographical routing proto-and regulates its power so as to limit interference beyogrd th
cols is apparent in static sensor networks with a single. $mk farthest point in its Voronoi cell. Each sensor will thus egp
networks with mobile nodes and multiple recipients, howgeveo receive location updates from the actor it is dominatechfr
it depends on the availability of efficient location managain With respect to flooding, the energy consumption for locatio
schemes that are able to provide relevant nodes with the pagidates is drastically reduced. It can be shown that thetwors
tion of mobile nodes at any time. Previous proposals havk dezase energy consumption of a flooding scheme increases as a
with the development of scalable location services forkireg  function order ofO(N2-N4), and most of the energy burden is



on sensors. Conversely, if the actor is able to reach allssenscell updates the state (that represents position and wgloti

in its Voronoi cell in one hop, which may be true in manyhe actor) based on the equations

practical cases, the energy consumption increases ast&ofunc

order of O(Ng), and most of the energy burden is on actors. xS =F&;Y P =FP'FT + Q. 4)

Equation (4) describes how sensompredicts the state of

B. Limiting Broadcasts in Time actori before receiving the measuremeatriori estimatg.

) , . Note that the control inpuﬁi“1 is not known at the sensor,
~The dynamic movement model for thé" actor IN WWO-  \hile it is used at the actor to update the state. Then, sensor

dimensional coordinates can be described by a continues ti; 1 oiects the covariance matrix ahead. After receiving the

linear dynamical system. The equivalent discrete-timeadyic oo urement from actak, sensors updates the Kalman gain

equation can be derived as in [14] by means of the state SP3e | and corrects the state estimate and covariance matrix
method. Hence, according to the measurement, i.e.,
xK = in‘71 + Gu%‘f1 + Bw§‘71 (1)

y _ | Ki, =P HT(HP HT + R)"! (5)
represents the state transition equation for the systenrides ’ ’ '
ing the motion of actoi between stepg — 1 andk, where

R = X + K

i,s i,s i,s

0 I 0 0 10
oolesli]mel)efo ] PoaokERL. O
() , ' ’ ’ _
In (1), x& = [*, y¥, i*, §¥]” represents position and velocity [N particular, (5) updates the Kalman gain, (6) calculates
of actori at stepk, uk = [u"*, u*¥|T represents the control the new state & posteriori estimatg while (7) updates the
input for ¢t € [kT, (lk + ll)T), ‘Where T' is the sampling covariance matrix. Note that the complexity of the above
interval, andwk = [w™® w"Y]T represents discrete randonfOmputations is very low as the size of the state space is

acceleration caused by environmental noise or non-idesaiit  Only 4. Moreover, the processing cost for sensors is much
the control input. The variablex represents two dimensionallOWer than the communication cost. This is justified by [17],

samples of discrete time white Gaussian noise. Hender where the energy necessary to transmit 1 kbit is shown to
N(0,Q), with Q > 0, whereQ is the covariance matrix of b€ equivalent to the energy necessary to execute 300,000

the process. The random acceleration is also assumed toPHFESSOr Instructions.

(7 — HX{) (6)

independent on the two axes. At each stepk, each actoi emulates the prediction proce-
The position observed by the actor at stefis related to dure per_f(_)rmed gt the sensors in its cell, calculates itgahct
the state by theneasurement equation new position by filtering the new measurement, and broascast
the new measuremenf if and only if a sensos in its cell,
zf = Hxf + Cv¥ (3) which has received the previous updates, is not able to gredi

the position of the actor within a maximum errgf,,., i.e., if
(z%‘ - chi‘s_) > emas- |f SENSOrs does not receive a location

. k ~k— . .
The variablevk — [vm’v?y]:p represents theeasurement update at steg, it assumeg* = Hx ), i.e., the predicted

. L . : _position coincides with the actual new position of the actor
noise expressed as two-dimensional samples of discrete tn%e

white Gaussian noise. Hencek ~ A’(0, R), with R > 0, as_edso? this, it updates its estimate of the state for actor
whereR is the covariance matrix of the process. The observéd " (5-7).
position of the actoeX is thus the actual position of the actor
affected by a measurement noise, which we represent as a I1l. SENSOR-ACTOR COMMUNICATION
Gaussian variable. Note that to keep the model general, we dan [6], we proposed a new notion of reliability that accounts
not assume a particular localization technique for theractfor the percentage of packets generated by the sensors in
e.g., GPS, particle filtering [15], etc. the event area that are received within a pre-defined latency

The Kalman filter [16] provides a computationally efficienbound. Theevent reliability » perceived by an actor is the
set of recursive equations to estimate the state of suctegsocratio of reliable data packets over all the packets received in a
and can be proven to be the optimal filter in the minimurdecision intervaf, where a packet is considered reliable if it
square sense. The joint use of Kalman filter at the sensor asdeceived within a given latency bound. Teeent reliability
actor sides enables reducing the number of necessarydoncathreshold r;, is the minimum event reliability required by
updates. In fact, the filter is used éstimate the positioat the the application. Unlike other more conventional notions of
actor based on measurements, which is a common practicedliability, this definition is related to the timely delime of
robotics, and tgredictthe position of the actors at the sensorgjata packets from sources to actors, and is calculated at the
thus reducing the message exchange. The position of actor
can be estimated and predicted at the sensors in its VoropgiVhenever a packet is dropped by an intermediate sensoer dittcause

7 it violates the latency bound constraint or because of métvew channel

cell, based on the measuremenls taken at the actor and

. “"Mimpairments, the actor is notified so that the lost packet lmartaken into
broadcast by the actor. At stép each sensas in i's Voronoi  account in the computation of the reliability.

wherezk = [27" 2FY] represents thebserved positiorof

K3 Eag)

the actor at stey, and whereH = [ I 0 |, C =B.



network layer. Note that we do not aim at devising a solution The transmit poweP}j is related to the distance-dependent
that guarantees full reliability or that provides hard fid@e energy consumption through the transmit rates Pfj =
guarantees on data delivery. Rather, the objective is tietoff £}, - d; - b. We can interprett,m, - ds; - b as the power
energy consumption for latency when data has to be delivemetessary to transmit a packet over a distasige given a
within a given time boundB with a given reliability r;;,. target packet error rate. The expression can be generdlized
The solution presented in [6], based on similar premises,ireluding a term that allows adjusting the desired packetrer
however not suitable for mobile actors, as the convergenege as follows

of the distributed protocol to an energy-efficient and lajen
compliant solutionpis too slow as corr?gared to the dynfmics Pitj = (Bmarg + Famp) - dj - b (10)
encountered in networks with mobile actors. Therefore,whe\ higher value for Enare leads to a higher energy con-
the traffic generated in the event area is low or moderatgimption, and at the same time increases the probability
we adjust the end-to-end delay by increasing the forwardiag successful reception at the receiver, thus decreasiag th
range with respect to the energy-efficient forwarding ramge expected number of retransmissions. This is expressed by
described in Section Ill-A. In case of congestion at a rexipi

2
actor, we re-route part of the traffic to another, less coteges j\/g(d, FEmarg) = 7;15 — [7(Emgfgmp>.b} ) (11)
actor. ij
A. Power-controlled Energy-delay Adjustment Now, consider a node; forwarding a packet towards a

Previous work on geographical routing considered primaripestmauon actoa;, at distanceD. We consider the link metric

greedy forwarding whereby a packet is forwarded to the”” = 2EC1t°C J;Eamzd;' v;jhereq s the p?th !?S‘Z 'propaganon
closest node to the destination. However, this usuallyilsnta®PONeN % < a < 5), Bamp is a constantJ/(bits - m®)],
and E... is the energy needed by the transceiver circuitry to

selecting links that connect the forwarding node to neighbo : . bit] /bi Th d d
that reside close to the border of the transmission rand@nSMt or Treceive one U/bits]. The end-to-end energy
onsumption can then be expressed as

When a realistic physical layer is considered, such links al

likely to be unstable and prone to high packet error rates. Pitj
Hence, [10][9] propose enhanced flavors of greedy forward- Be—e = Z r + 2Eelce |, (12)
ing that avoid using those links. However, the objective is (1.5)€P (visar)

still to maximize the advance towards the destination, evhilvhereP(v;, a;,) represents the path betwegranday. Ideally,

we propose to forward packets on energy-efficient links, e end-to-end energy consumption is minimized when data
trading off advancement at every single hop to minimize thge forwarded on a set of nodes located on the line connecting
energy consumption, unless a higher advancement is neegiefisource and the destination, equally spaced with intrno
to increase the reliability. Moreover, as in [10][9], we r@ve distanced°P'. By plugging (10) in (12), and by considering
the unit disk graphassumption relied on by most routingretransmissions, we obtain

research, and consider a more accurate connectivity model. {

Hence, we first derive the energy-efficient forwarding disea ~ E™" = min

D
—[2Fetcc + (Emarg + Eamp)d5] - /\fg}}
daEmarg j

in the presence of a fast fading channel. Then, we propose a i

mechanism to decrease the end-to-end delay by increasingvumere/\[iff is given by (11). The values fofd, Emarg) that

transmit power. minimize the above expression can be found by solving the
Let us refer to the communication between(forwarder) nonlinear systenVE,_. = 0, i.e., [%, aaEEeie ]=10,0], to

andv;. If we denote their distance by;;, the probabilityP;; ~ find the stationary points of the function. A sufficient catiti
that nodev; will receive a packet transmitted by, can be for a stationary point to be a a minimum is that the Hessian

expressed as . V2E,_. calculated at the stationary point is positive definite.
DS — Ppr P T ®) Note that theoptimal forwarding distance°P® is independent
* e~ ’ of D, i.e., the distance between the forwarding node and

the intended destination. The expression can be intexprete
as the optimal trade-off between distance-independent and
distance-dependent energy consumption, and lends its#lf w
to the development of localized forwarding rules. In case of
ideal channel, and witl,,,,; = 0, (13) is minimized when

dort = o/ _ZEeec _ \With the parameters given in [19], i.e.,

wherePfj is the power transmitted at;, I" is a technology-
dependent parameter representing the receiver thresirad,

is a unit-mean Rayleigh distributed r.v. that models fadirfg

for a given packet. Hence, we can write

rde, +o00 (T Bamp (1) ters
pisj :Pr{f > PZJ } :/M” pr(f)df =e PL Eel?c = 50nJ/b.zt, Ez?mp = 100pJ/b.zt/m , o = 2.5, the
ij = optimal forwarding distance for an ideal channeldi®® =
Y (9) 13.47m. Solving (13) yieldsd°** = 8.00m and Eg, =

86pJ/bit/m?, i.e., Egl?;rg ~ E.mp. Hence, as expected the

SGreedy forwarding has been enhanced in [18] by introducingntimal forwarding distance on a Rayleigh fading channel is

face/perimeter routing techniques to route packets ardghadvoid area to | h ith ideal ch | d hiah p
reach the destination. This techniques can be applied tormtBehanism ower than with an ideal channel, and a higher transmitting

proposed in this paper in low-density or concave areas. power is needed. It can be concluded that the energy-optimal



path is obtained by forwarding the packet to a node that is a, A
locatedd°P* meters away on the line connecting the forwarding
node and the destination. We refer to this point on the 2Dgplan
as theoptimal forwarding point A practical forwarding rule
should intuitively select the next hop with minimal distanc A
from this point. However, it can be demonstrated that for )
values ofa (path loss exponent) higher than 3.5, the expected
energy consumption increases excessively when the next hog
is closer than the optimal forwarding point to the destiomati
Hence, in this case, the next hop is selected as the closes -
node to the optimal forwarding point, among those that ate no s
closer to the destination than the optimal forwarding point A2 Optimal direction
The reliability can be controlled by means of actor feed-
back messages. We adopt a conservative approach. When a
event occurs, all sensors start transmitting with the maxim
forwarding range. Then, according to the actor feedback 6ig- 1. Calculation of the directivity factod;.
the observed reliability, sensors may decrease their fialiwg
range until either the reliability is close to the requiremt

reliability thresholdr;;, or until the optimal forwarding range proposed procedure to calculate the directivity factordBol

is reached. _Transmitting .closer .than the optimal f(_)rwegdiqn the general case where the event area is divided among
range, as will be shown in Section V-A, leads to high delaytiple actors, given that the center of the global event

and high energy consumption, and is thus avoided. When s heen collaboratively reconstructed by the particigati
observed reliability is low even with the longest forwamlin 5ctors. The idea is to give higher weights to actors thatleesi
ranges, the actor initiates procedures for network lay@r cqn, the same direction ofi; with respect toC.,;, as this

Optimal direction

Event
Area

gestion control, as explained in Section IlI-B. would cause increased traffic in the directionagf or in the
direction of C.,, with respect toC., ;, as this would increase

. - be maximum for those actors that are away from these two
We propose to detect congestion at the actor receiving dgia, -tions (optimal directions in Fig. 1). The angless, and

and redirecting traffic to other, less congested, actors. V(ykedescribe the relative angular positions@f, ; anda, .y,

con_5|d§r the notion OT reliability from [6], as recalled aet ay, respectively. After some derivations, the directivity
beginning of this section. Whenever an actgrdetects very factor for actoray, can be calculated as follows
low reliability, caused by excessive delays and packet slrop

it selects another actor to re-route the traffic from half of % 0<60,<p

the sensors in its Voronoi cell to that actor. Each actgr

is assigned by:; a weightwy, which measures its suitability Sp = W B<Op <7+a (13)
to become a recipient for the traffic generated in the portion

of the event area which; is receiving data from. The weight 120, — (37 +a+8)| o<, <2

wy,, Which is low for better-suited actors, is calculated as the (m+f—a) R

weighted sum of three factorsy, = % with  3) Distance factorAy, which is the distance of the actor

weightsc,, c5, ca. As a design choice, we sef > c¢; > ca.  from the center of the everdt., ; normalized to the diameter
1) Congestion factomy,, 0 < n < 1. This normalized of the monitored area, i.el, = 1 when the distance is
value reflects the reliability observed at actqy, i.e.,n, =1 maximal.
if » < 74, — €, it monotonically decreases as-r, increases, A congested acton; selects the optimal actaz, with
and n;, = 0 for actors that are not receiving traffic. Hereminimum weightw,.. Then, actor; calculates and advertises
e represents a suitable margin on the reliability to avoid new virtual position x}i** for a,. to the sensors in its
instability. Voronoi cell. The virtual position is forced to be on the line
2) Directivity factor d;, that reflects the relative angularconnecting the real position of the actqg,. and the center of
position of actora;, with respect to actos; and the center of the event are€’., ;, and corresponds to the point such that half
the event area. of the sensors i, ; are closer taz;, while the other half is
Let us refer to Fig. 1, which illustrates the situation whereloser toa.. Each sensor will select its recipient actor, using
an actora; is receiving data from part of the event area. Weor actoray,. the virtual positionxyrt, while the real position
indicate the center of the event area(as, which represents xy, is still used to perform the actual forwarding function.
the weighted sum of the positions of the sensors. The cenfdre concept of virtual position allows to optimally paxiti
of the portion of the event area that residesdifs cell is the sensors in such a way that only those that are closer to
referred to as’., ;. In the example given in Fig. 1, the evenuy, redirect their traffic to it, and provides a compact way
area is divided into two parts, and another actor receivesnotify the sensors. The procedure is applied recursiogly
data from the second portion of the event area. However, thetors that are still congested after splitting the traffi¢wo.



IV. ACTOR-ACTOR COORDINATION - EBM@ Z 0l 4 PM 1. TM@)| J] is the energy actos

min
: w) M,(w)
In this section, we formulate the multi-actor task allooati relta{uwes to move at speadl for T, seconds, where
[W] is a velocity-independent term that accounts for

problem, whose objective is to coordinate the mobility. | .’Qé? ative effects:
particular, it selects the best actor(s) to form twtor team x(f)) is 2 bi ’ h | £  tol iff
and to control their motion toward the action area. Our is a binary vector whose elemefnt.” | is equal tol i

. ; i (@) defi :
previous work [6] assumes that static actors are only able E{St?;)a. acts on the action areft (wtilefmed by event € Q',
act within a circular area defined by their action range. tgenc V. 1S @ vector whose elemefit,”’] represents the velocity

it is not suitable for WSANs with mobile actors. Moreover‘,"‘ss"(-:lr_‘ed to acf[qi; )
is the efficiencyof actor ¢ acting on an event type

in [6] reallocation of resources to face multiple eventsdas n~ "la @) .
considered. Here, we introduce a more general framework ahd 7+ -8, the ratio between the effect produced by the
remove these assumptions. action energy applied to the action area and the action gnerg

The position of the sensors that generate readings defiﬁégg;v . .

the event area The action arearepresents the area where £,°[J] is the available energyof actora evaluated at the
the actors should act, and is identified by processing tméstgnt vyhen evenu oceurs, . :

event data. In general, the event and the action areas may He [s] is the coordination delay i.e., the time needed to

different, although they may coincide in several applimasi process the event data, reconstruct the event itself, dadtse
' i (w).
According to the event features collected froni€ team of actors by solving problef,y;;; note that the

the event area, each occurring event in the ctzgogdm;tpn delay does not depe_nd on the event;

event space Q) can be characterized by the tuple ©4 €oals the subset of actors #DLE Sta.‘te when evendz

£@) — (P pr) A@) §w) [@) D) where F(«) OCCUTS, i€, actors t_hat havg not been assigned to act imm act
areas associated with previously occurred events;

- N¢ is the total number of sources sending packets to actor

a, while U'(Ng)[J] is apenalty functionweighting the choice

of actor a, which is receiving data fromiV¢ sources, to be

the maximum allowed time from the instant when the evthart of an acting team. The penalty function monotonically
is sensed to the instant when the associated action nell§ieases adVg increases.

to be completed. These characteristics, which define eactYVe now formulate the multi-actor task allocation problem.
occurring event, are distributively reconstructed by toes Py : Multi-actor Task Allocation Problem

that receive sensor information, and constitute inputshto t

multi-actor task allocation problem. In particular, the Itiu Find : X®) = 28], V) = [p{)]

actor aII_ocatior_1 problem consis_t_s of selectipgeam ofactors  prinimize - ocst ). [Efzw’(”) + B 4 (N2

and theirvelocityto optimally divide the action workload, so @

as to minimize the energy required to complete the action,

while respecting theaction completion boundAlthough Subjectto :

actors are resource-rich nodes, the order of magnitudeeof th EM.(w) — [ﬁv(ww + pM 1 M) v e S (14)
energy required for actions and for movements is higher than ¢ “ mentoma @

describes theevent typei.e., the class the event belong
to, Pr@ the priority, A)[m?] the event area S“)[m?]
and I“)[.7/m?] the scope (the action area) andhtensity
respectively, andD(“)[s] the action completion boundi.e.,

that required for communication. Hence, it is important to M) _ i Va e S (15)

save action and movement energy to extend the lifetime of a - F’ @ € Oaj

actors. We formulate the multi-actor allocation problemaas _

Mixed Integer Non-Linear Prograr(MINLP). o <ol <ot Va € S (16)
We define the problem according to the following assump- E;Z,(w) U Tél,(w) >0,VaeS!, fe F), 17)

tions: i) the energy to perform the action (action and mova&me
energy) is orders of magnitude higher than the energy reduir Y _ ') - n/ . B > 5@ . 1) fe 7, (18)
for communication; ii) task reallocation is performed only  aes!
if actions associated with higher priority events cannot be

M, (w) Q,(w) (w) _ pC I,
accomplished due to lack of resources. T, + T <D T¢, Ya € S;; (19)

We introduce the following notation: EM©) 4 B2 > pAv v, e ST (20)
-1/ [W] is theaction power levebf actora, when the event Z 2l > 1. (21)
type f € F“); aeSF @)

- Téz’(f))[s] is the time actor. needs to complete the actionConstraint (14) defines the energy required for actoto
as%omated with event whena is part of an acting team;  move to the action area defined by the occurring event, which
B = 1 - 1)) is the energy required by to s the product of the power needed to move and the time
complete its task, given its action power level and actioreti needed to reach the action area at a given velocity; this time
- d”)[m] is the distance between actermnd the center of the is expressed as the ratio between the distance of the actor
action areaS“), while TaM"(“)[s] is the time needed by actorfrom the action area and the selected velocity, as expressed
a to reach it; in (15). Constraint (16) bounds the velocity range for each



actor. Constraint (17) defines the energy required for actor Failure Rate of the Predction procedure, Linear Motion

a to complete the action when it is part of an acting team. 5

Constraint (18) assures that the selected team be able tc VX

complete the assigned task, given the characteristics eof th [ x “’\\ ‘ o e 05
actor composing the team, and the scope and intensity of the : 3 O Process o
event. Constraint (19) limits the sum of the action completi o6f Lo 7~ Process Noise = 2.0

time and the time required to move the actor team to be
smaller than the action completion bound, discounted by the
coordination delay. Constraint (20) guarantees a nontivega
residual energy for each actor. Finally, constraint (215uees
that at least one actor act on the advertised action area.

Our actor-actor coordination mechanism includes an event-
preemption policy for multi-actor task allocation for case
where resources are insufficient to accomplish a high pyiori
task, which is omitted for lack of space. 02 2 s 6 8 10 22

emax [m]

0.4

Prediction Rate Probability

0.2r-

V. PERFORMANCERESULTS Fig. 2. Failure rate of the prediction procedure, with lineaotion, for
different levels of process noise.

Section V-A discusses our proposed algorithms for sensor-
actor communication, while Section V-B evaluates our actor
actor coordination scheme. 1

Failure Rate of the Prediction procedure, Linear Motion

L ¥ B —+— Measurement Noise = 0.1

A. Sensor-actor Communication o8

Measurement Noise = 0.5
Measurement Noise = 1.0

Performance results shown in this section are obtained with
the sensor-actor simulator that we developed within the J-
SIM framework [20]. First, we discuss results relevant te th
prediction procedure described in Section Il. Actors move
according to the model described in Section 1I-B. In the first
set of simulations, each actor selects a target destination 02}
moves at constant speed to reach it. The actor implements
a proportional controller that generates input commands to

Measurement Noise = 3.0

0.6 Measurement Noise = 5.0

0.4r

Prediction Failure Rate

of o—E-EE

compensate for the process noise (random acceleration) by
reestablishing the correct direction and speed. At eagh tte ‘ ‘ ‘ ‘ ‘ ‘
actor measures its position (which is affected by measuneme 2 ‘ em o] 8 10 12
noise), filters the data, and decides whether an update needs
to be sent. Fig. 3. Failure rate of the prediction procedure, with lineaotion, for

In Figs. 2 and 3 we report thiailure rate of the prediction different levels of measurement noise.
procedure, with varying values faoft,,.., and for different
values of the process noise (random acceleration). Theréail Failure Rate of the Prediction procedure, Random Waypoint
rate is defined as the number of location updates sent over [ -
all measurements taken at the actor. Each figure reports o0
results averaged over different simulation scenariod) %% oer V\V : e e s
confidence intervals. In Fig. 2 we report the failure ratehwit Ya N +© Meastrement Noise = 1.0
varying process noise, while in Fig. 3 we show the failure _ osf ' 5% Mmoo

rate with varying measurement noise. In the range of values
analyzed, which corresponds to realistic motion scenaiios

is shown that if it is possible to accept a localization ewbr
5m for the actors, which is reasonable being arouft of

the transmission range, the prediction at the sensors sallow
the actor to avoid75% and more location updates, with

0.4r

Prediction Failure Rate

proportional energy savings at the sensors. In the secdrd se T

simulations, reported in Fig. 4, actors select severabdsfit

destinations durl_ng each S|mulat|oq, similarly toa (plebra_d) -02; . . . L - 2
Random Waypoint model. The failure rate is only slightly emax{ml

hlghel’, \_NhICh shows that the_ prediction procedure pmposﬁg. 4. Failure rate of the prediction procedure, with randwaypoint
is effective even when complicated movement patterns arembtion, for different levels of measurement noise.

place, and shows good robustness properties against noise.
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SIMULATION PARAMETERS
45
Parameter Value
ar area 200x200 m
B Sensors 200
g Event Range: 20m max tx range 40m
g o + Event Range: dom bandwidth | 250kbit/s
i 25 packet size 56 bytes
H queue 20 packets
g7 reporting rate | 1 packet/s
15} simulation time 400 s
1+ W
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Fig. 5. Average power consumption vs. forwarding range, ama moderate
traffic.
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Fig. 7. Average power consumption vs. forwarding rangeh higffic.

oL ‘ ‘ ‘ ‘ ‘ ‘ ‘ at (100,100) m. The figures report simulation runs for the

° * P romdmgragen ® © cases of low and moderate traffic, i.e, #nent rangas equal
to 20m and40m around the center, respectively. In the first
case, on average sensors reside in the event area, while in
the second case there are aro@hdsources. In Figs. 5 and 6
we show that in situations of low and moderate traffic, which

As far as sensor-actor communication is concerned, sensag@ common in sensor networks, the end-to-end delay can
implement the geographical forwarding algorithm desatilme be consistently decreased by increasing the forwardingeran
Section Ill. The MAC layer is based on CSMA/CA. At theThis is an important trade-off that has not been thoroughly
physical layer, we implemented our power control proceduexplored so far. Clearly, this is paid with increased power
and set bandwidth and power consumption parameters simigansumption with respect to the optimal values.
to IEEE 802.15.4 compliant radios according to the Chipcon Figure 7 refers to a high traffic scenario. The event range is
CC2420 datasheet. The monitored area i208mx200m set to60 m, which corresponds t67 sources on average. The
square, with 200 randomly deployed sensors. The maximwwvent area lies completely in the Voronoi cell of a singleact
transmission range of sensors is set@an, and the bandwidth We compare energy consumption, delay, and packet drops
to 250kbit/s. Sensors send6byte long packets with a when1 or 2 actors receive the traffic generated in the event
reporting rate ofl packet/s, and the size of the queues is set tarea, i.e., with or without the congestion control procedur
20 packets. We perform terminating simulations that4asts, devised in Section 1lI-B. We observe the following behavior
average over different random topologies, and shif% In the first case (no congestion control), the event aredf itse
confidence intervals. The simulation parameters are regoris congested, and a high percentage of packets are dropped
in Table I. (betweenl 5% and40%) (Fig. 9), while the end-to-end delays

In Figs. 5 and 6, we show a comparison of the averagerease to abodts and are not easily controlled by changing
power consumption and delay, respectively, with increasithe forwarding range (Fig. 8). Note that packets are dropped
forwarding range. Sensors inside the event area report memstly in the event area due to multiple collisions at the
surements to the actor. Tleeent areds circular and centered MAC layer. Closer to the actor, the traffic is decreased due to

Fig. 6. Delay vs. forwarding range, low and moderate traffic.
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Fig. 9. Packet drops vs. forwarding range, high traffic. Fig. 11.  Delay vs. maximum team size.

B. Actor-actor Coordination

earlier drops, and fewer nodes try to transmit simultanigous In this section, we discuss performance results for theimult
Conversely, congestion can be dramatically decreased whator task allocation problem presented in Section IV. Acto
the proposed congestion control procedure divides thetevare assumed to be randomly deployed ir2@ mx200m
data between two actors. This is due to the fact that masea, where events with intensify = 0.5J/m? and scope

of the congestion and packet drops occur in the event aréa= 7 - 42 m? occur randomly in the entire area.We set the
where many nodes try to transmit simultaneously, with thection completion bound> and the coordination delay“
consequent drops due to simultaneous transmissions. Jhisoi 15s and 1s, respectively. We consider a scenario with
dramatically improved when a second actor on the opposhiemogeneous actors, with = 0.05 W/(m/s)?, v = 1.5,
side of the event area receives data, since traffic is divert?. = 1W, efficiencyn = 1, action powerl = 1 W/m?2,
from the event area. The percentage of packets droppedais initial energyF, = 1000 J; moreover, the velocities range
close to nil (see Fig. 9), delays are two orders of magnitudethe interval([3, 12] m/s.

lower and can be regulated with power control (Fig. 8). Figures 10 and 11 report results from a set of simulations
Importantly, even though the second actor is farther (thus, where we impose a limit on the maximum team size, i.e.,
theory, suboptimal) from the event area, and although withathe maximum number of actors taking part in an acting team,
congestion control packets are dropped early on their seurceported on the: axis, while in Fig. 12 the number of actors
actor path, the power consumption is also decreased by twmposing a team is forced to be fixed and equal to the team
congestion control procedure, mostly due to reduced packéte, which is reported on the axis. Interestingly, when the
retransmissions at the MAC layer (Fig. 7). number of actors taking part into an acting team is optimized
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to minimize the overall energy expenditure, i.e., the sum of

the movement energf™ and the action energf*’, at least
3 actors are needed to complete the action (see Fig. 10)
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Efficient Forwarding Strategies for Geographic Routing wsty Wire-
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é M. Rossi and M. Zorzi, “Cost Efficient Localized Geoghégal For-

the total action time tends to be exactly the maximum allowed

completion bound), discounted by the coordination del&y’

(see Fig. 11). Problerﬁ’fgj? tends to minimize the number of
involved actors, and to assign higher speed to those actors
that are closer to the action area. This can be explained
considering that a fixed amount of powét\. ) is dissipated

every time an actor needs to move, irrespective of its vgloci

(11]

i)

Conversely, when all the available actors are forced to Ioe pH3l

of a team, the action time can be reduced at the expense of
[14]

energy consumption, as reported in Fig. 12.

VI. CONCLUSIONS

[15]

We outlined the challenges for coordination and commu-

nication in Wireless Sensor and Actor Networks (WSAN
with mobile actors, and presented effective solutions far t

sensor-actor and actor-actor coordination problemst,Rirs

g

[17]

proposed a proactive location management scheme to hangl

the mobility of actors with minimal energy expenditure for
sensors. Then, an energy efficient communication solutas w
derived for sensor-actor communication based on geogralph

119]

routing. We showed how to control the delay of the data-
delivery process based on power control, and how to deal with

network congestion by forcing multiple actors to share tH
traffic generated in the event area. Finally, a model forracto

actor coordination was introduced that coordinates motion

based on the characteristics of the event.
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