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ABSTRACT

IMala dessemination [rom sources Lo sinks is one of the main
lunctions in sensor nelworks. In Lhis paper, we propose
SEALY, a Scalable Energy-eflicient Asynchronous [Dissemi-
nation prodocol, Lo minimie energy consumpiion in both
building the dissemination tree and disseminating dala Lo
mohile sinks. SEALY considers Lhe distanee and the packed
traflic rate among nddes o create near-oplimal di=sseming-
tion Lrecs. The sink= can move withoul reporting their lo-
cation Lo Lthe ree while receiving data updabes suceossiully.
Our evaluation results illustrake that SEALD consumes less
encrgy on building and mainlaining a dissemination Lree Lo
multiple mobile sinks compared Lo odher approaches such as
directed dilfusion, TTINY, and mobile ad hoer multicast.
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1. INTRODUCTION

A sensor nelwork is a muliti-hop ad hoe wireless network
of hundreds or thousands of unattended sensors. The son-
sor nodes collecl wselul information such as acowstic, light,
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and soismic measurements, and play a dual role as bolth
data generators and roulers. “These sensor naxdes communi-
cale Lhrough wireless channels and are powered by limited
disposable batleries. Dala sources in sensowr nedworks ane
usually locations where environmental activities of inLerest
Lake place |6, 12, 8. The monitoring terminals, called sinks,
gaLhering Lthe sensor readings, may be mobile PPDAsS carried
by wsers or may be stalic scorss points. The sinks monilor-
ing Lhe sensor nodes may have dilferenl service requiremaends
such as Lhe desired dala refresh rate and the end-Lo-end de-
lay bedween Uhe source and Lhe sink. An example of a sonsor
network application = a group of mobile decontaminaling
robods or soldiers wikh wireless computing devices Lhal wse
Lhe sensor nelwork [for monitoring Lhe chomical or radioac-
Live contamination evel of some region.

Energy B identifled as the most crucial resource in sen-
sor nebworks due Lo Lhe difliculty of recharging batterics of
Lhousands of devices in remode or hostile environments. “The
energy consumpion of sach sensor node is dominated by the
cosl of Lransmibling and receiving messages |[22]. The im-
prortance of oplimiing communicalion energy is suppeoried
by measurements [rom prototypes of sensor network devioes
such as MICA2 |7 and Lheir predecessors |13, When sinks
are mobile in sensor nelworks, communicalion consisls of
Lhres main parts: building the dissemination tree (d-tree),
disseminating data, and maintaining linkage o mobile sinks.
Char algorithm  addresses energy savings al each of Lhese
Lhroe levels.

We propose a Scalable Energy-eflicient Asynchronous [Dis-
semination protocosl (SEALY), a distributed sell~organizing
protoos] thal saves communicakion encngy. 1L extends prior
work [2| in thal sinks are mobile and high network densiby is
nod assumed. Unlike overlay multicast |5, 10] in mobile ad
hoe networks, SEAL doos not use mobile sinks as inbermedi-
ale members of the bree. This precludes frequent changes of
Lhe dissemination path due Lo sink mobility. When mobile
sinks poin Lhe Lree, SEALY does nol wse looding o ind an
enlry Lo the tree, which s in conrast Lo approaches such
as [15] and |25]. A dissdvantage of Nooding s Cthal il oosts
much energy amnd incurs unnecessary oollisions. In SEAL,
a stalionary sensor node takes the mobile sink™s place (o
building an oplimal dissemination tree. [ata dissemimalion
paths Lo Lthese slationary terminals are selecbed Lo minimize
energy cosk. As sinks move away [rom their Lerminals, the
forwarding delay o the sink increases. A trade-oll exists
beetwoen minimizing that delay and saving energy spent on



reconflguring Lhe tree. In Lhis paper, we show Lhal il s pos-
sible o achiove considerable savings in power Consumpdion
expended on communication Lo mobile sinks at the exponse
of a moderate increase in path delay. Exploration of this
trade-oll is the main principbe Lhat underlics the design of
CHIT prrobocol.

The remainder of Lhis paper is organized as follows. Soe-
tion 2 presents the assumplions and basic service model.
Sections 3 and 4 describe Lhe SEAL protocols Lo constroct
and maintain the d-uree for mobile sinks and minimize on-
ergy consumpdion. A comparative performanee evaluation
using simulation is presented in Seclion 5. Section 6 reviews
redated work. The paper concledes wilh Seclion 7.

2. ASSTUMPTIONS AND BASIC MODEL

This seclion presents Lhe basic model of the sensor ned-
work which SEALD Larpets, whers multiple moebile sinks ne-
ceive sensor readings from the source atl varying rates. The
network model for SEA L makes Lhe following basic assump-
Lions:

e Fach scnsor node is assumed Lo be aware of s own pe
ographic location. The network can use localion services
such as [4] and [1] w estimale the localions of the individ-
ual nedes. “T'he location estimation does not require GIPS at
every nodo.

o Aler having been deploved, sensor nodes remain stalion-
ary al Lhedr initial locations.

o The sensor nodes are homogeneous and wireless chan-
nels are bidirectional. Kach sensor node has a consurained
baliery energy.

e Sonsor noddes communicate with sinks by delivering data
across malldple hops. Thal is Lo say, sources and sinks ane
typically much luriher apart Lthan a single radio radios.

2.1 Owerview of the Algorithm

Ome source gonerales Lhe sensory update Lrallle possibly
on behall of a group of loeal sonsors.  The update wralic

B time-varying, depending on the volatility of the environ-
ment and the Lype of sensors invelved.  An environment
that changes [requently will pencrale more update traflic
than a quisscent environment. The average update rate of
the souree 5 denoled by U, The data updates are dissem-
inatedd along a Lree Lo the mobile sinks in an asynchronous
manner. Each branch of the tree may have ils own update
rate depending on Uhe desired refresh rate of the downstream
obsorvers. To detoct [Eilures or packet loss in Lhe sensor ned-
work, a minimum update rate Uy, is enforesd. 1T a souree
has no new sensor resdings, iU disseminates 4dle messages
along Lhe tree at rate U, Il a node in the Lree receives
no messages incleding  ddle messages (rom Lhe souree for a
period longer Lhan 1/0,, the node contacts s parent. 17
ils parenl has [ailed and gives no response, the node asks
for a new parenl by sending an error message Lo Lhe souroe
of Lhe d-Lree.

When a mobile sink wanls Lo join the d-tree, il selecls
one of iks neighboring sensor nodes Lo send a join query Lo
the source of ithe tree. The seleclted sensor node is called
Lhe sink’s asrese node. The access node B used Lo represent
the moving sink when Lhe oplimal d-tree B buill.  Static
access nodes amortizze Lhe overhead in Lhe presence of mo-
bility. Acomss nodes keep track of the current position of
the corresponding mobile nodes. The tres delivers data Lo
the lxed aceess node. In turn, Lhe acoess node delivers Lhe
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Figure 1: An example of the SEAD tree model in
the sensor network.

data o the sink without exporting Lhe sink’s location in-
formation Lo Lhe rest of Lhe trec. The tree s updated only
when Lhe access node changes (a5 opposed W every Lime
some node moves). As Lhe sink moves, no now aocess node
i chosen until the hop count bebween the access node and
Lhe sink oxooeds a Lhreshold. The valee of Lhis threshold
allows trade-olls Lo be made belween path delay and energy
spont on reconstrecting the treo.

The sensor neiwork model consisis of a sel Vool sensor
noddess and a sed B ool sinks indexed by n — 1,2, .,V and
m=1,2 . M, repectively. ol A = Ay, Az, . A} CV
b Lhe sel of M anceee nodee for mobile sinks B = { My, Ha,
vy M | which request data [rom the souree al refresh rabes
= My, Rz, ..., Hw ). Source dala is replicated al solocted
nidess boltwesn Lhe source and sinks. We dellne a replica as
a sensor node that stores a copy of the source data. The
replica temporarily stores Lhe lavest data incoming (rom Che
source and asynchronously disseminabes iL Lo olhers along
Lhe tree. The replica needs only a very small amount of
memary encugh for a single data record. Replicas are mem-
beers of Lhe d-tree. The sed of sources, Lhe set of access nodes,
and the sel of replicas are included in the sed V. An example
of a d-tree using SEALY is shown in Figure 1.

The SEAL algorithm constructs and updates the d-uroee
dynamically. It is essentially compossd of two main fune-
Lions, one Lo add a node o the tree and one W remowe
a node (rom the tree. SEAL focuses on dissemination in
which a source sends its dala Lo multiple sinks.  Dissemi-
nation has Lhe souree as Uhe rool of the d-bree as in muol
Licast Lrecs. |7 multiple sources are present in Lhe sensor
neltwork, muliiple dissemination trees will be consurseted
separately. There is limiked room for oplimization because
data coming rom dilferent sources Lo Lhe same recoiver ane
in general different and cannod be agpregabed wilhoul mak-
ing the scheme application specille. A limited amount of
application-independent datka aggregation B possible and is
addressed In a separale publication |[11]. In this paper, we
Lherafore do nol consider such cross-Lree oplimizalions [ur-
Lher. In |[11] the authors quantily Lhe power savings achioy-
able due Lo agrregalion.

Supposs thal sensor nodes a,b € V communicate wilth
each oLher by delivering dala across multiple hops. Lot



dia, &)y denole Lhe distance botwoen nodes a and &, and led
fifa, b) be the hop count betwesn Lhem., Nodes do nol have
global knowledge of the number of intermediate hops and
hop lengihs. However, when sensor nodes are uniformly dis-
tributed in the feld, the hop count B closely related Lo Uhe
peographic distance. Our Lree consuruction algorithm thene
fore uses geopraphic distance Lo estimate the hop count. We
also use Lthe geopraphic distance dia, by lor delining the en-
ergy cosl, as the energy is proportional o the nomber of
single hop broadeasts nesded Lo propagale a message along
the path. The energy consumed for communicalion balween
nedes a and b s also proportional o the packed length and
packet sending rabe bedween Lhese bwo noddes. The packiel
lengih in our underlying platform is flxed. Therelore, the
energy cosl for mulli-hop dala transfer [rom @ Lo b is pro-
porticnal w Lhe distance dia, &) between Lhe Lwo nodes mul-

tiplied by the packet sending rate P -
Energy costia, by « d{a, §)Fas- (1)

3. D-TEEE CONSTRUCTION

When constructing Lhe d-tree, SEAL allempls Lo con-
strucl a minimum-cost weighbed Sieiner Lree. This is distin-
puished (rom Lhe more commonly used minimam spanning
tree problem in that it s pormitted w construel or select
replicas al intermediabe points (obher than the sowrce and
sinks) Lo reduce Lhe cost of the Lree. Members of Che Lree in-
teract with each olher Lo deliver conlent o Lthe sinks. Fach
neede on Lhe d-Lree rooted al the soures mainkains a pointer
Lo its parent as well as w each of ils children. SEAL is
an overlay network Lhat sits on top of localion-based rout-
ing protocols such as simple geographical forwarding (GF).
Communication between nodes ollows the underlying rout-
ing prodocal. SEALD locates intermediale destinations [or
Lthe packets, or repleas.

The SEAL prodocsl consisls of four phases:  subacripiion
query, qoie replica search, replica plocemend, and d-iree man-
agement AL Lthe subscriplion query phase, a sink dirocils a
join query w the source via it acoess node. At the gale
replica search phase, a gale replica is determined, which
serves a8 Lhe gralting point (on the exisbing tree) from which
a branch o Lhe now accoess point is exlended. The replica
placement phase locally readjusts the Ltree in Lhe neighbor-
hood of Lhe gale replica Lo further reduce communication
energy. I'he constructed tree is managed o accommodabe
mohile sinks or defecLive regions such as a group of congestod
or [ailed nodes. The lollowing sections deseribe details of
each of Lhe Mrst three phases. The d-tree managoment is
presented in Section 4.

3.1 Subscription Query

Alver being deployed, sach static sensor node Nnds out ils
neighbors. T'wo nodes are said Lo be neighbors il they can
communicale direcily (e, within a single hop). Il a node
receives no response from a previously recorded nedghbeor,
Lthe node removes it [rom ils nedghbor table. Mobile sinks
beacon periodically Lo determine their neighbors.

A mobile sink B, selecls Lhe nearcst of ils adjacont nodes
as Lhe access node A, right before the sink M, sends a jodn
query o a source via Lhe acomss node. The access node
direcLly semds Lhe join query Lo Lhe source via Lhe underlying
routing protocol.  The aceess node s a sLatlionary sensor
node, which represents Lthe mobile sink when constrocting

Lhe d-Lree. The join query message contains Uhe location of
Lhe accrss node A, and Lhe sink’s desired update rate /B,

3.2 Gate Replica Search

When extending a d-tree, Lhe resuliing performanes de-
pendds mostly upon Lthe replica chosen Lo feed Lhe now acress
nodde in the currend d-tree (e, upon Lhe choice of Lhe gale
replica). Most muliicast models |6, 5| in wireless ad hoe nol-
works exploil fleoding in order Lo (nd a courrent bres miem-
ber close Lo Lhe sink. Those models are nol cost-eillcient
beecause (looding consumes muoch energy and camses unnee-
essary oollisions. Alse, when the desired refresh rates of the
sinks are varied, the geographically closest node & nod al-
ways Lhe best choice for feeding the sink. Both proximicy
and desired sink refresh rate must be considercsd in connect-
ing Lhe new aotess node Lo Lhe d-tree. A gale replica should
b choson which offers the least cosl increase aller it B con-
nected Lo the accoss node. We propose a search alporichm
Lo Mnd Lthe gate replica ellectively.

In our algoriLhm, each node i in Lhe tree has a sel Ofn) of
children. 1L maintains a downstream rate Q7 [or each child
¢ & C{n). The node n should send data o each child e at
rate Q7 which s Lhe maximum among Lhe refresh rates roe-
quesied by Lhe sinks served from Lthe downstream branches.
The algorithm starts when a source rectives a query indi-
cating a sink’s desired refresh rabe, R,

Each level of replica v, meluding Lhe soaree roceiving Lhat
message. runs a recursive search as lollows. 11 the node has a
parent and Lhe downsiream rabe Q,‘f{":' ol Lthe node r's parent
pir) is lower than the desired update rate /it s changed o
M. Lot B denole the sel of r's ancestors. When a replica
r is connecled Lo Uhe actess node A,, the additional cost,
Kr), of connecting Lhe access point Lo r 8 calculated as

K(r) = Rudir, A) + 3 | — Q5™ |\dipim),m)  (2)
s By

whorne

z, if z=10
=1 o o 22 3

and pim) & Lhe replica m's parent. This oosk can be cal-
culated recursively, Consider the incremental cost, Kir) —
K(¢) where r s s parenl, e, r = pic). This cost s calou-

latnd as [olbows:
Kir)— Kic) ()
Red(r, A+ 3 || — Q5™ ||dip(m), m)
m by
—Red(e, A — Y || — QE™ d(p{m), m)
miE My

Rod(r, A) — Bod(e, A) — || — QE dip(c), £)
Rod(r, Ay) — Red(e, A) — || Ry — QT||d(r, €)

which relabes the cost al node v Lo that al ils child e 0T
Lhe request rate K, is nol larger than Lhe downsiream rabe
}: of the chikd, the second term in (4) & zero. The node
r caleulates K (r) — K(e) lor each of its children e. 1T all
Lhe results for K{r) are less Lhan zero, Lhat s, K{r) s less
Lhan K {c) lor all the children (), this recursive lorwarding
Lerminates and Lhe replica v becomes Lhe fate replica. 11 nod,
il [orwards Lhe message Lo a child with Lthe least overhead
K¢}, in obher words, Lhe child thal maximies K(r)— K{c).



