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Abstract: The high-level contributions of this paper are design

and development of two distributed spanning tremebadata
gathering algorithms for wireless mobile sensomwoeks and their
exhaustive simulation study to investigate a combility vs.

node-network lifetime tradeoff that has been hiiherot explored
in the literature. The topology of the mobile sans@tworks

changes dynamically with time due to random movenwénthe

sensor nodes. Our first data gathering algorithstability-oriented

and it is based on the idea of finding a maximuemsing tree on a
network graph whose edge weights are predicted dixpiration

times (LET). Referred to as the LET-DG tree, theadgathering
tree has been observed to be more stable in tlsemre of node
mobility. However, stability-based data gatheringugled with

more leaf nodes has been observed to result inrurde of certain
nodes (the intermediate nodes spend more energgarethto leaf
nodes), triggering pre-mature node failures evdiytuaading to

network failure (disconnection of the network afdinodes). As an
alternative, we propose an algorithm to determineninimum-

distance spanning tree (MST) based data gatheeeghat is more
energy-efficient and prolongs the node and netditetimes, at the
cost frequent tree reconfigurations.

Keywords: Stability, Node Lifetime, Network Lifetime,
Tradeoff, Sensor Networks, Data Gathering Algorghiiink
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1.

A wireless sensor network comprises of several sasrsor
nodes that can gather data about the surroundirigpament
as well as process them before propagating to araton
center called the sink, from which the end useiicslty
operates to administer the network and access ddesn
Wireless sensor networks have been considered e ¢
unprecedented levels of access to real-time infaomabout
the physical world, and the benefits of deployingcts
networks are widely seen these days. However,nost all
cases, the sensor networks are statically deploged
evaluated, wherein the mobility of the sensor npttesusers
and the monitored phenomenon are all totally igdore

Introduction

Wireless mobile sensor networks (WMSNSs) are thet nef

logical evolutionary step for sensor networks inickh
mobility needs to be handled in all its forms. Atiwating

example could be a network of environmental moiritpr
sensors, mounted on vehicles, used to monitor fmtu
levels in a city. In this example, all the entitiagolved (i.e.

the sensors, the users, and the sensed phenomemeslla
are moving. Likewise, one can conceptualize mawi saal-
time scenarios to deploy sensor networks in whink or

more of the participating entities move.
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Like their static counterparts, the mobile sensmtas are
likely to be constrained with limited battery chargnemory
and processing capability as well as operate uadenited
transmission range. Two sensor nodes that aredeutkie
transmission range of each other cannot communicate
directly. The bandwidth of a WMSN is also expediethe as
constrained as that of a static sensor network. tDusl of
the above resource and operating constraints/linei be a
viable solution to require every sensor node tcedlly
transmit their data to the sink over a longer dista Also, if
several signals are transmitted at the same tirae alonger
distance, it could lead to lot of interference amdlisions.
Thus, there is a need for employing energy-efficidata
gathering algorithms that can effectively combihe tata
collected at these sensor nodes and send onhgtregated
data (that is a representative of the entire nddwto the
sink.

Tree-based data gathering is considered to be twt m
energy-efficient [23] in terms of the number of Kin
transmissions; however, almost all of the tree-thadata
gathering algorithms have been proposed for stitsor
networks without taking the mobility of the sensmides into
consideration. In the presence of node mobilitg, letwork
topology changes dynamically with time — leading to
frequent tree reconfigurations. Thus, mobility benin an
extra dimension of constraint to a WMSN and we need
algorithms that can determine stable long-livingtada
gathering trees that do not require frequent regardtions.
To the best of our knowledge, we have not comesacamy
work on stable data gathering trees for mobile @ens

etworks. The only tree-based data gathering dlgoriwe

ave come across for WMSNs is a shortest path-based
spanning tree algorithm [9] wherein each sensorenid
constrained to have at most a certain number &d cludes.
Based on the results from the literature of molite hoc
networks (e.g., [10][11]), minimum hop shortesthsatnd
trees in mobile network topologies are quite urstadnd
eed to be frequently reconfigured. We could notl fany
other related work on tree-based data gatheringVigSNs.

Most of the work on data gathering algorithms for
WMSNs is focused around the use of clusters wherein
researchers have tried to extend the classical HEAMw
Energy Adaptive Clustering Hierarchy) [3] algorithfar
dynamically changing network topologies. Variant§ o
LEACH for WMSNs that have been proposed in the
literature include those that take into consideratithe
available energy level [12] and the mobility-ley2] of the
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nodes to decide on the choice of cluster headsijistaof the (i) The underlying network graph considered in the

links between a regular node and its cluster hégdag well construction of the communication topology used for
as set up a panel of cluster heads to facilitatestet data gathering is a unit disk graph [20] constmicte
reconfiguration in the presence of node mobilify Bnother assuming each sensor node has a fixed transmission
category of research in WMSNSs is to employ a mobééa range,R. There exists a link between any two nodes in a
collecting agent (e.g., [5][6][8]) that goes arouhd network unit disk graph if and only if the physical distaenc

in the shortest possible path towards the locdtimm which between the two end nodes of the link ds the

the desired data is perceived to originate. transmission rang&.

In this research, we propose two distributed spantree- (i) The data gathering algorithms operate in severaids,
based data gathering algorithms for WMSNs. Oneheéé and during each round, data from the sensor nodes a
data gathering algorithms is based on the notiorind collected, aggregated and forwarded to the sindutin
expiration time (LET) that is predicted accordilngat model the data gathering tree (LET-DG or MST-DG tree)

used for the highly successful Flow-Oriented Rautin rooted at a leader node.

Protocol (FORP) [13], a stable unicast routing pcot for  (iii) The leader node of a data gathering tree remaias th
mobile ad hoc networks. The LET-DG tree is a rooted same as long as the tree exists and is randombeahoy
directed spanning tree determined in a distrib@stion on the sink every time a new tree needs to be detednin

a network graph comprising of links whose weights #e (i) LET-DG Tree:The predicted link expiration time (LET)
predicted expiration time. The LET-DG tree has been = of g jinki —j between two noddsandj, currently at X,

observed to yield long-living stable trees thatsesxor a Y) and §; Y)), and moving with velocities; andv, in
longer time. As observed in the simulation studxsthis directions6; and ¢ (with respect to the positive X-axis)
paper, the drawback of using stable trees is tigt tend to is computed using the formula proposed in [3]:

overuse certain nodes (especially the intermediaties of
the data gathering tree) and lead to their preraafaiture.

As sensor networks are often deployed with highersity, LETG, j) = ~ (ab+cd) ++/(a® + ¢*)R? - (ad —bo)? (1)
one or more node failures do not immediately brthg ’ a?+c?

network to a halt. The live sensor nodes (the naldasstill wherea = vi*cost — vj*cost;; b = X; — Xj; ¢ = w*sing, —
have a positive available energy) maintain the raye and vi*sing;; d =Y, =Y,

connectivity of the underlying network for a longgme. (v) MST-DG Tree The Euclidean distance for a lifik- j
Nevertheless, the unfairness of node usage pernsisis between two nodesandj, currently at X;, Y;) and
stable data gathering trees. As an alternativeprepose a L _ > >

second data gathering algorithm that is baseddistabuted Yj) is given by.\/(Xi - Xi) +(¥, _YJ) """"""" &)
implementation of the minimum-distance spanninge tre

(MST) algorithm run on a network graph comprisiridiaks The energy consumption modesed is a first order radio

whose weights are the Euclidean distance between thodel [15] that has been also used in several @fwill-
constituent end nodes. The MST-DG trees have begnown previous work (e.g., [3][16]) in the literagu
observed to yield a much longer node and netwdekiries, According to this model, the energy expended bwdior to
at the cost of frequent tree reconfigurations. run the transmitter or receiver circuitryige.= 50 nJ/bit and

The rest of the paper is organized as follows: iSec2 _ . ; .
presents the system model, including the modelshi@dink Egmp‘ 100 pJbit/ri for the transmitter amplifier. The

expiration time and energy consumption, as welitates the radios are turned off when a node wants to avoieivéng
assumptions. Section 3 describes the proposedithlgoto  ynintended transmissions.

determine the LET-DG trees in a distributed fashi®ection (i) The energy lost in transmitting labit message over a
4 presents a variation of the LET-DG algorithm &tedmine distanced is: Ery (k, d) = Eqec® k + ELi I+ o
minimum-distance based MST-DG trees. Section 5epites ' mp

an exhaustive simulation-based comparison of th&-D& (i) The energy lost in receivingkabit message is given by:

and MST-DG trees with respect to performance mesich Erx(K) = Egied k.

as the tree lifetime and the node and networkinifes (due (iii) During a network-wide flooding of a control message
to disconnection) along with a distribution of fhebability (for example, the tree establishment messages as
of node failures. Section 6 concludes the papeite Nioat described in Sections 3 and 4), each node is asstone
most of the performance comparison studies in #resa lose energy corresponding to transmission oveetttiee
network literature stop their simulations with tfiest node transmission range of the node and to receive the
failure. In this paper, we continue beyond thetfinede message from each of its neighbors. In networksigi
failure and keep track of the time and distributiohthe density, the sum of the energy lost at a node due t
subsequent node failures. Throughout the papereires reception of the broadcast message from all of its
‘data aggregation’ and ‘data gathering’, ‘edge’ dink’ are neighbors is often more than the energy lost due to
used interchangeably. They mean the same. transmitting the message.

2. System Model, Energy Consumption Model The key assumptionsbehind the two data gathering

and Assumptions algorithms are as follows:
() A sensor node is able to obtain its current locgtio

The system modeddopted for the data gathering algorithms  velocity and direction of motion (with respect toet
presented in this paper can be summarized as fallow positive X-axis) at any point of time and also irdgs
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the same as a Location Update Vector (LUV) in theode (i.e., the root), then its upstream node idds to

TREE-CONSTRUCT message broadcast to

itSIULL. The estimated node weigli the best known weight

neighborhood at the time of constructing the dateorresponding to the position of the sensor nodieéntree.
gathering trees (refer Sections 3 and 4). With th€hetree levelfield is a measure of the distance of the sensor

inclusion of a LUV in the TREE-CONSTRUCT

node from the root node of the tree. When a neva dat

message, we avoid the need to periodically exchangathering tree needs to be configured (either aihjti at

beacons in the neighborhood.
(ii)

table comprising of the estimates of the LET valtes

network startup or when the last known tree is brjkthe

For the LET-DG trees, a sensor node maintains a-LEValues to the fields of the tree-configuration estaformation

are set as follows, indicated in parenthesis nexhé field

each of its neighbor nodes based on the latest TRERame:

CONSTRUCT messages received from them. For the

MST-DG trees, a sensor node maintains a Distariile-ta
comprising of estimates of the Euclidean distangéd w

the neighbor nodes that sent it the TREE-CONSTRUCT

message.
iii)
Division Multiple Access) and CDMA (Code Division

Multiple Access)-enabled [14]. Every upstream node

broadcasts a time schedule (for data gathering}sto

immediate downstream nodes; a downstream node

transmits its data to the upstream node accordiribi$

Sensor nodes are assumed to be both TDMA (Tinve

At the LEADER node:estimated node weighttoo),
upstream node i@NULL), tree level(0), LEADER node
id (self) and sequence numbefthe latest sequence
number informed by the sink node through the TREE-
INITIATE message for the new tree to be configured)
At a regular sensor node (i.e., a hon-LEADER node):
estimated node weiglfto), upstream node igNULL),
tree level(+w), LEADER node idNULL) and sequence
number(the sequence number of the last known tree if
one existed; otherwise, set to -1).

In the simulations, the Positive Infinity ¢} and Negative

schedule. Such a TDMA-based communication betweénfinity (-o0) will be represented respectively as very large
every upstream node and its immediate downstregpositive and very small negative values that faliswe the

child nodes can occur in parallel, with each upstre
node using a unique CDMA code.

(iv) We assume the size of the aggregated data pachket to

the same as the size of the individual data paderis
by the sensor nodes. In other words, aggregati@nyat
node does not result in increase in the size ofdtita

range of the possible values for the link weight.

3.2 Sink — Selection of the Leader Node

Whenever a sink node fails to receive aggregatea fiam
the leader node of the LET-DG tree, the sink rarigiom
chooses a new leader node from lise of available nodes

packets transmitted from the sensor nodes towdrels tcurrently perceived to exist with a positive residenergy,

sink.

Link  Expiration  Time-based Data

Gathering (LET-DG) Algorithm

The LET-DG algorithm is a distributed implementatiof
the maximum spanning tree algorithm [21] on a wEdgh

and sends it a TREE-INITIATE message to start canshg
a tree rooted at the chosen leader node (LEADERY. Sink
includes a sequence number (a monotonically intrgas
value maintained at the sink, starting from 0) foe tree
construction process in the TREE-INITIATE messageaq
the leader node includes it in its tree constructicessage
(see Section 3.3) to avoid replay errors involvingdated

network graph with the edge weights modeled as theks. If the leader node is alive (i.e., it hasiive available
predicted link expiration time (LET) of the cona#nt end energy), then it responds back with a TREE-INITIAREK
nodes. The objective of a maximum spanning treerslin  message acknowledging that it will start the flomgbased
is to determine a spanning tree such that the dufrecedge  tree discovery. If the TREE-INITIATE-ACK messagenist
weights is the maximum. Our aim is to determine geceived within a certain time, the sink considies chosen
maximum-LET spanning tree for mobile sensor net&orksensor node to be not alive, removes it from lige of

such that the sum of the LETs of the constituerksliof the
spanning tree is the maximum. The LET-DG tree isaied
maximum-LET spanning tree with the root being thader
node chosen by the sink (as explained in Sectidn 3.

3.1 Initializations of State Information on Data

Gathering Tree-Configuration

Each sensor node locally maintains its best knotates
information regarding the data gathering tree-apnfition,

available nodesand sends the TREE-INITIATE message
(with a higher sequence number, to avoid any paréike
construction occurring in the network) to anothandomly
chosen sensor node from thst of available nodesThe
above procedure is repeated until the sink suags$inds

a leader node that accepts to initiate the treestoaction
process.

3.3 Initiation of the TREE-CONSTRUCT Message

The leader node broadcasts a TREE-CONSTRUCT message

containing the following fields:estimated node weight
upstream node idree leve] LEADER node idandsequence containing a 6-element Tree-Configuration tupkeguence
number The LEADER node iccorresponds to the id of the number LEADER node id sender node idtree level

root node of the data gathering tree. Heguence number sender’'sestimated weightupstream node il as well as a
field is the latest known sequence number for aa dalocation update vector (LUV) comprising of the 4wmknt
gathering tree involving the sensor node. The satpie tuple <X-coordinate Y-coordinate Velocity, Direction of

number of a data gathering tree is set during tiee t motion - Angle with respect to the positive X-axie its

construction process (as explained in Section 3TYe neighbor nodes. The sequence number is the vahiebge
upstream node ids the id of the immediate parent node foithe sink to the leader node for the specific treestruction
the sensor node in the tree. If a sensor nodeeit BADER  process. If the sender node is the LEADER, it gshis
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upstream node itb its own id; while the other nodes set thébroadcast only if it camcreasethe estimated weight of the
upstream node ido be the id of the node that they perceiveode to connect to the tree without introducing Eroping.
to be their best choice for the upstream nodediatconnect The algorithm executes as the TREE-CONSTRUCT messag
them to the tree. In the TREE-CONSTRUCT message, tpropagates around the sensor network reaching esessor
leader node sets the sendez&imated weightalue to 40 node. As part of this flooding process, each sensdle is
and the value of thizee leveffield to 0. guaranteed to accept the TREE-CONSTRUCT message for
3.4 Propagation of the TREE-CONSTRUCT v;/]eight/tree—copfiguratipn update at IeasF once mdc_ast
Message and Tree Establishment t e message in its neighborhood. Th|§ is becgheemttlal
) estimated weight of a sensor node to join the igeeo, and
When a node receives the TREE-CONSTRUCT messaggs |eader node starts with a positivevalue and the LET
with a higher sequence number for the first timérgats it as yg)ues for the links are always positive. The otiecof the
a sign of tree reconfiguration and resets, if & hat already | eT.pG algorithm is to connect each node with taegést

done so, the different fields of the local treef@uration  possible weight value in the tree — a measureméttimated
state information to their initial values as listed Section |ifetime of the tree.

3.2. The receiving node then calculates the waifjtite link

to the neighbor node from which the message wasived. 3.5 Propagation of the TREE-LINK-FAILURE
A TREE-CONSTRUCT message is accepted at a noda for Message

weight/tree configuration update and rebroadcast tfie When an upstream sensor node finds out that adike of
neighborhood of the node) if the following conditioare its downstream child nodes is broken due to faitareeceive

met: aggregated data packets, the upstream node initai&REE-
(i) The upstream node id is not equal to the id ofrthée LINK-FAILURE message and includes in it the sequenc
itself. number that was used in the TREE-CONSTRUCT message

(i) The value of theree levelfield in the message is lower corresponding to the most recently used floodingcess.
than or equal to the curretree levelfield value at the The TREE-LINK-FAILURE message is essentially reeers

node. broadcast along the edges of the sub tree proapéalivards
(iii) The estimated weight at the node lisver than the the leader node, starting from the upstream nodehef
sender’s estimated weight. broken link. Similarly, the downstream node detehts link

(iv) The estimated weight at the node lisver than the failure when it fails to receive a TDMA-schedulerr its
predicted expiration time of the link (LET, calctdd upstream node for the next round of data aggreyatiod
according to equation 1) on which the TREEinitiates a TREE-LINK-FAILURE message to inform aibo
CONSTRUCT message was received. the tree failure to the nodes in the sub tree watdt. If an

intermediate node and/or leaf node does not recthiee

If all the above conditions are true, then a nceteiving . X .
the TREE-CONSTRUCT message accepts the messageT%EE LINK-FAILURE message, it continues to wait fie

. e s . “Taggregated data packets from its perceived dovaratre
update its position in the tree. Note that condgi@) and (ii) nggesgor the TDMAI?-scheduIe from its I?Jpstream ot i
are included to ensure there is no looping. Theivec node

; arns about the tree failure through the broadchst new
selects the sender node as its upstream node

joining/connecting to the tree, sets its estimatedjht in the EE-CONSTRUCT message with a sequence number
o ; . . greater than that of the most recently used tree.

tree as theninimum of the sender node’s estimated weight

for the tree and LET of the linkthrough which the TREE- 4. Mini di S . T b d

CONSTRUCT message was received, and also setalhe v ™ Inimum-distance panning ree-base

of its tree levellocal state information to one more than the ~ Data Gathering (MST-DG) Algorithm

value of the-tree I-evel-field in the TREE'QONSTRUCT The MST-DG algorithm is a distributed implementatiof
message. If its weight is updated, the receiverersehds a the minimum spanning tree algorithm [21] on a wesgh

TREE-JOIN-CHILD message to the upstream sender no Stwork graph with the edge weights modeled as the

ind_icating the decision tp connect to the tree -bgdming its Euclidean distance between the constituent end sncdar
child node. The receiver node also decides to éurth ;i< {5 determine a minimum-distance spanning fa

broadcast the TREE-CONSTRUCT message {o its neighb‘?/vireless mobile sensor networks, such that the efirihe

bhy replaacmg tr:je L;JNVr?f the sen%er QOde \(/letf] 'tS”OWV’ q distances of the constituent links of the spannieg is the
the sender node lidwith its own id, thesender's estimated nim  Since a sensor node loses more energgisrhit

weight with its recently updated weight in the tree, th(?)veralarger distance, we reduce the transmiggiengy loss
upstream node iget to the id of the node through which it - ; .

. . across the whole spanning tree by setting the adight to
has decided to join/connect to the tree, andttbe level P ¢ y g

; . . be the Euclidean distance between the constituehhedes.
value in the message incremented by one (matcloirte

: X The MST-DG tree is a rooted minimum-distance spamni
updated value of thiee levellocal state information at the tree with the root being the leader node chosethbysink
node). The LEA.D.ER node id and the sequence nuniesf (as explained in Section 3.2). The overall procedto
are retained as it is in the TREE-CONSTRUCT message  ..ctruct the MST-DG tree is the same as that @fLfET-

A node follows the same procedure as explained abobG
when it receives a TREE-CONSTRUCT message with thsee
h|gclj'1est knov:ln sequ%nce number fé%m Sany oéher nerght\Ne only highlight these differences in detail amdvide a
node. In c.)t er words, a TREE-CONSTRUCT MeSSaffiief outline of the entire algorithm for the sak#
corresponding to the latest broadcast processdeeaising completeness

the sequence number) is accepted for an updaterexnd

tree, except the differences in the criteriaduder
lecting the links that form part of the treethis section,
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The constituent fields of the MST data gatheringetr the MST-DG algorithm is to connect each node wihb t
configuration state information are the same assdholowest possible weight value in the tree — a measiirthe
mentioned in Section 3.1. The initial values foe tipstream energy consumption and fairness of node usage. The
node id sequence numbetLEADER node idand thetree procedure to detect a link failure and propaga&e TREE-
level fields at the LEADER node and the regular sensdrINK-FAILURE messages initiated by the upstream and
nodes are the same as those listed for these mo&extion downstream nodes of the broken link is the same as
3.1. To begin the process of constructing the MST #tee, explained in Section 3.5.
the sink node randomly chooses a leader node @anis in
the case of LET-DG tree, see Section 3.2) and sénds 5. Sjmulations
unique sequence number, greater than the valuefoséae ) _ o ]
previous tree. The initial estimates of the weigha node to !N this section, we present the results from sitrrtestudies
connect to the tree are rather different thoughttierMST-  €valuating the performance of the LET-DG and MST-DG
DG tree. The weight estimate at the LEADER node @nd data gathering trees under diverse conditions divor
the estimate at every other node is. The LEADER node den5|_ty and mobility. The S|mulgt|0ns were condddtens-2
broadcasts a TREE-CONSTRUCT message in ifyersion 2.31_) [18]. The Medium Access Control (MAC
neighborhood; the message contains the same 6lem@yer model is the IEEE 802.11 [19] model. The mekw
Tree-Configurationtuple and a 4-elememtJV as indicated dimension is 100m x 100m. The number of nodes & th
in Section 3.3. A node only processes TREE-CONSTRuUcCetwork is 100 and the nodes are uniform-randomly
messages that are received with the largest knequesice distributed throughout the network. 'I_'he sink |salt_ad_ at
number so far or higher. The criteria used at aiving node (50, 50), the center of the network field. The smfssion
to accept the message for a weight/ tree configuratpdate 'ange per sensor node is varied from 20m to 50m, in

is as detailed below: increments of 5m. For brevity, we present only ltssu
(iv) The upstream node id is not equal to the id ofrtbee ©Obtained for transmission ranges of 25m, 30m (sEprEative
itself (same as in Section 3.4) of moderate density, with connectivity of 96% arlubwe)
(v) The value of thdree levelfield in the message is lower @nd 40 m (high density, with 100% connectivity).
than or equal to the curretiee levelfield value at the ~ Simulations are conducted for two kinds of energy
node (same as in Section 3.4). scenarios: One scenario wherein each node is sappiith
(vi) The estimated weight at the nodegeater thanthe abundant supply of energy (50 J per node) and ko
sender’s estimated weight. node failures due to exhaustion of battery charte

(vii) The estimated weight at the nodegeater thanthe Simulations in thesesufficient energy scenarios are
predicted Euclidean distance of the link (Ca|ClﬂateC0ndUCted for 1000 seconds. The second scenarin is

according to equation 2) on which the TREEE£nNergy-constrained scenarim which each node is supplied

CONSTRUCT message was received. with a limited initial energy (2 J per node) ande th
simulations are conducted until the network of Isensor

If all the above four conditions are met, then eeieng nodes gets disconnected due to the failures ofoonaore
node decides to join or update its connection &tthe by nodes. We conduct constant-bit rate data gathetitige rate
becoming a child node of the node that sent the B-REOf 4 rounds per second (one round for every 0.25rsgs).
CONSTRUCT message, and sends to it the TREE-JOINDe size of the data packet is 2000 bits; the sizéhe
CHILD message. It sets its estimated weight intthe to be Control messages used in the tree formation pisaagsumed
the maximum of the sender's estimated weight and thd® Dbe 400 bits, which is sufficiently large enougd
Euclidean distance of the link on which the TREE- accommodate the 6-element Tree-Configuration taptethe
CONSTRCT message was received and setéréts level 4-element Location Update Vector (LUV) tuple of the
value to one more than the value in the TREE-CONSTR | REE-CONSTRUCT message, allocated as follows:

message. The receiving node also rebroadcasts RIEET *  Tree-Configuration tuplesequence numbefint, 2
CONSTRUCT message in its neighborhood by replattieg bytes);LEADER node idint, 2 bytes);sender node
LUV of the sender node with its own LUV, theee-level id (int, 2 bytes);tree level(int, 2 bytes);sender’s
value to one more than the current value in thesagss the estimated weighdouble, 8 bytes)upstream node
sender node idvith its own id, theestimated sender’s weight id (int, 2 bytes)

with its own recently updated weight in the treed ahe * LUV tuple: X-coordinate (double, 8 bytes);Y-
upstream node isvith the id of the node to which it sent the coordinate (double, 8 bytes)Velocity (double, 8
TREE-JOIN-CHILD message. Any subsequently received bytes); Direction of motion — Angle with respect to

TREE-CONSTRUCT message is accepted at a node for an the positive X-axigdouble, 8 bytes)
update and rebroadcast only if it cd@creasethe estimated The node mobility model used is the well-known Rand
weight of the node in the tree. The rest of thecpdure in  Waypoint mobility model [17] with the maximum node
the propagation of the TREE-CONSTRUCT messagess thelocity being 3 m/s (for low mobility scenarios)ca10 m/s
same as that explained in Section 3.4. (for high mobility scenarios). According to this de, each
Note that every sensor node is expected to updsate mode chooses a random target location to move with
estimated weight in the tree at least once bectnes@itial  velocity uniform-randomly chosen from [0,..Vn), and
estimated weight at a sensor node ds &nd the values for after moving to the chosen destination locatiorg thode
the sender’s weight in the TREE-CONSTRUCT messag®ntinues to move by randomly choosing another new
broadcast by the LEADER node is 0, and the Euctidedocation and a new velocity. Each node continuesntwe
distance values are always greater than 0. Thectdlgeof like this, independent of the other nodes and also
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independent of its mobility history, until the erd the
simulation. For a given value of,., we also vary the
dynamicity of the network by conducting the simigdas
with a variable number of static nodes (out of 168 nodes)
in the network. The values for the number of staticles
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the nodes. In the energy-constrained scenarios, theeigh a
data gathering tree may topologically exist, theetwould
require reconfiguration (i.e., a new discovery tlgo
network-wide flooding of the TREE-CONSTRUCT
messages) if one or more nodes in the tree fail Wue

used are: O (all nodes are mobile), 20, 50 and 80.

5.1

exhaustion of battery charge. This has an impactthen
lifetime of the data gathering trees observed ir th
simulations, and this is what we capture by meaguthe
We generated 200 mobility profiles of the netwask & total  tree lifetime under energy-constrained scenariogesa tree
duration of 6000 seconds, for every combinationtl @also needs to be reconfigured due to node mobilitg,
maximum node velocity and the number of static sodelifetime of the data gathering trees observed foergy-
Every data point in the results presented in Figdréhrough constrained scenarios is always less than or eguahat
6 is averaged over these 200 mobility profiles. M/thie tree observed for sufficient energy scenarios. This estent
lifetime is measured for both the sufficient energgd holds true for both the LET-DG and MST-DG trees.
energy-constrained (appropriately prefixed EE‘next to As the LET-DG trees are inherently more topolodjcal
the algorithm names) scenarios, the node and nktwditable than the MST-DG trees, we observe the difieg in
lifetimes are measured only for the energy-constchi the absolute magnitudes of the tree lifetimesHerdufficient
scenarios. energy and energy-constrained scenarios to beivediat

The performance metrics measured in the simulatioes larger in the case of the LET-DG trees, especiétly
() Tree Lifetime — the duration for which a data gatheringnoderate transmission range per node. Howeverarger
tree existed, averaged over the entire simulatiore t transmission ranges per node, the LET-DG treesaisust
period. premature node failures due to continued use ofaicer
Node Lifetime — measured as the time of first nod intermediate nodes_for stgble data gathering; ﬂ“r'.’m’ the
failure due to exhaustion of battery charge. ST-DG trees — with their tendency to mare fairlseuthe

o nodes — show a relatively larger difference inttke lifetime

Network Lifetime — measured as the

_ , , time ofa  sufficient energy scenarios compared to energy-
disconnection of the network of live sensor nodes,( gnstrained scenarios.

the sensor nodes that have positive available rigatte
charge).

To obtain the distribution of node failure timesg w
counted the frequency of the number of node faslure
ranging from 1 to 100, in each of the 200 mobility
profile files for every combination of transmissi@ange,
maximum node velocity and number of static nodés T
probability for X number of node failuresx(from
ranging from 1 to 100 as we have a total of 100esad
our network for all the simulations) for a given
combination of the operating conditions is measwasd
the number of mobility profile files that reported
number of node failures divided by 200, which is th
total number of mobility profiles used for every |
combination of maximum node velocity and number ¢
static nodes. Similarly, we keep track of the tiate
which X' (x ranging from 1 to 100) number of node
failures occurred in each of the 200 mobility plexifor
a given combination of operating conditions and th
values for the time of node failures reported iguFés 5
and 6 is an average of these data collected ol/¢heal
mobility profile files. We discuss the results for
distribution of the time and probability of nodeldises
along with the node and network failure times ictim
5.3.

5.2

Performance Metrics

(ii)
(i)
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Tree Lifetime

We measure the tree lifetime for both the suffitienergy
scenarios (to capture the impact of network dynaynici.e.,

variations in node velocity and the number of statbdes)
and the energy-constrained scenarios (to capt@réntpact
of tree reconfigurations induced by node failuiesaddition
to network dynamicity). We say a tree exists togaally if

the physical Euclidean distance between the endsoftithe
links constituting the tree is within the transnossrange of

Avg. Tree Lifetime, S
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# Static Nodes

Figure 1(c). Transmission Range = 40 m

Figure 1. Average Tree Lifetime
(Low Node Mobility,Viax= 3 m/s)
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For fixed node mobility, the magnitude differencethe
tree lifetime between the sufficient energy and rgye
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While comparing the magnitude difference betwees th
lifetime of the LET-DG and MST-DG trees, we obsetivat

constrained scenarios for both the data gathermegst the difference in magnitude decreases with incréeaste

increases with increase in the transmission ramgenpde.
This can be attributed to the increased energy rekpee

incurred at the nodes at larger transmission rarngading to
certain premature node failures, as well as to latively

longer link lifetime (i.e., the trees tend to topgically exist
for a longer time at larger transmission ranged).latger
transmission ranges, the constituent end nodediok dave
more degrees of freedom to move around and stilidn

the transmission range of each other for a loriges.tOn the
other hand, for fixed transmission range per notie,

difference in the tree lifetime between the suéfiti and
energy-constrained scenarios decreases with ireinag,,,

This is as expected because the trees have aredfatower

topological lifetime at high node velocities. Fogi@en vy

and transmission range per node, the differencehm
magnitude for the lifetime of the data gatherirges for the
sufficient energy and energy-constrained scenanogases
with increase in the number of static nodes. Tlhia be
attributed to increase in the topological lifetimithe trees
as the number of static nodes increases.

MST-DG B LET-DG
B EC-MST-DG OEC-LET-DG

Avg. Tree Lifetime, S
O=NWHAROONO®
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Figure 2(a). Transmission Range = 25 m
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Figure 2. Average Tree Lifetime
(Moderate-High Node Mobility Vmax= 10 m/s)

transmission range per node as well as with inerdas
network dynamicity (i.e. as more nodes are mob#fey a
given maximum node velocity, the LET-DG trees ineur
much longer lifetime compared to the MST-DG tredemw
operated at moderate transmission ranges per nodeaa
larger proportion of static nodes. In the suffitiemergy
scenarios, when operated under moderate transmissiges
per node, the difference in the tree lifetime carab large as
25% when all the 100 nodes are mobile and as lasge5-
60% when operated with 80 static and 20 mobile sode
Under energy-constrained scenarios, especiallgrget node
mobility, as we increase the transmission rangenpde, the
lifetime of the LET-DG trees converge to that oé thiST-
DG trees. This can be attributed to the prematuwden
failures in the LET-DG trees. For a given maximuonde
velocity and transmission range per node, as wease the
number of static nodes from 0 to 80 (out of a tafal00
nodes) the LET-DG trees incur about 60-90% lardetirhe
and the MST-DG trees incur about 50-60% largetillife.

For both the sufficient energy and energy-conséghin
scenarios, for each data gathering tree, for adfixe
transmission range per node, as we increase thémuonax
node velocity by more than 3 times (i.e., from g 10
m/s), we observe a more or less proportional deergathe
tree lifetime (i.e., the lifetime of the trees demses by about
1/3%. For a fixed maximum node velocity, as we incecthe
transmission range per node from 25m to 40m, wervbs
more than a proportional increase in the lifetimetfoth data
gathering trees. This can be attributed to the ifsigmtly
high network connectivity (more than a linear irage)
obtained at larger transmission ranges per node.

5.3 Node Lifetime and Network Lifetime

We observe a stability-node/network lifetime traffleo
between the LET-DG and MST-DG trees. While the LET-
DG trees have been credited for higher stabilingytare
unfair with respect to node usage. An intermediede that
lies on a stable tree tends to get used for a lotige and
ends up spending more energy to receive data ftbaof &s
child nodes, aggregate them and transmit to anregst
node; whereas, the leaf node of a data gatherawy anly
spends energy to transmit its data to the upstreata.

H MST-DG-Network
OLET-DG-Network
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LET-DG-Node
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0 20 50 80
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Figure 3(a). Transmission Range = 25 m
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Figure 3. Average Node Lifetime and Network Lifetime
(Low Node Mobility,Viax= 3 m/s)

With a shallow structure and more leaf nodes, tBd-L
DG trees are vulnerable for premature node faijuses
observed in Figures 3 — 6. However, the LET-DGgreave
been observed to significantly offset the early endailures
with a much better network lifetime, attributedttee lower
energy spent to reconfigure the trees and the Ipibissof the
energy-rich leaf nodes (that were lightly used befand
during the first few node failures) becoming intediate
nodes in the subsequently reconfigured trees #fteinitial
set of node failures. The impact of the latter dactould be
especially observed in Figures 5 and 6 wherein lveavghe
distribution of the node failure times and the bitity of
node failures.
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Figure 4(a). Transmission Range = 25 m
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Figure 4. Average Node Lifetime and Network Lifetime
(Moderate-High Node Mobilityyyax= 10 m/s)

After the initial set of node failures, attributed the
excessive use of certain nodes as part of theestedss, we
observe the LET-DG trees to have a much lower piiba
of node failure for much of the network’s lifetincempared
to the MST-DG trees. This could be attributed te@ th
relatively equal expenditure of energy acrosstedlnodes of
a MST-DG tree. With fewer leaf nodes and relativelgre
frequent tree reconfigurations, we expect almokioflthe
nodes in a MST-DG tree to lose about the same atmafun
energy during the network lifetime. This could mnfirmed
by observing a much flatter curve for the probapiiif node
failure (closer to 1) for a sufficiently larger nber of node
failures. From figures 3 and 4, we observe the aekw
lifetime incurred for the MST-DG trees to be mostlyout
15-30% more than that of the node lifetime (andest, 70%
larger when operated with 80 static nodes,,a% of 10 m/s
and transmission range per node of 40m); wherdss, t
network lifetime for the LET-DG trees to be mos5i§-125%
more than that of the node lifetime (and at besh be as
large as 200% more when operated with 80 statiesiad
VimaxOf 10 m/s and transmission range per node of 40m).
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Figure 5(a). Transmission Range = 30 m, 0 Static Nodes
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Figure 6(c). Transmission Range = 40 m, 0 Static Nodes
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Figure 6. Distribution of Node Failure Times and Probability
of Node Failures\fax= 10 m/s]

The impact of the difference in the node usageciediof
the two data gathering trees can be observed iditfezence
in the magnitudes for the node lifetimes (the tiofefirst
node failure) and the network lifetimes (the time vbhich
the network of live nodes, nodes with positive Elde
energy, getting disconnected due to failure of peetes) for
the two data gathering trees. We observe the MSTHBES
to incur about 85-150% larger node lifetime thae LET-
DG trees for different combinations of hode mopjl# static
nodes and transmission ranges per node. On the fudine,
the network lifetime sustained for the MST-DG tress
hardly 10-15% more than that of the LET-DG treed &n

Figure 5. Distribution of Node Failure Times and Probabilityonly at most 25% larger.
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Figure 6(b). Transmission Range = 30 m, 80 Static Nodes

In the case of LET-DG trees, one can observe from
Figures 3 and 4 that for a given level of netwoykamicity
(Vmax @and the number of static nodes), the node lifetime
substantially decreases (as large as by 25%) nittease in
the transmission range per node, whereas the networ
lifetime decreases only marginally (by at most 108h
increase in the transmission range per node. Theedse in
the node lifetime with increase in transmissiongegan be
attributed to the increase in the transmissiongnkrss and
receipt of data from several downstream nodes when
operated at higher transmission range. However, nwhe
operated at a higher transmission range, LET-D(stre
discover more stable routes as well as balance the
distribution of the role of the intermediate nodewd leaf
nodes more evenly, resulting in a significant iase=in the
time of node failures, beyond the first node falum the
case of MST-DG trees, we observe a very slightedess in
node lifetime (at most 5%) with increase in trarssign
range per node. For the network lifetime, we obseav
decrease of at most 15%wat, = 3 m/s and an increase of at
most 15% atvy. = 10 m/s. We attribute the better
performance of MST-DG trees with respect to network
lifetime at higher node velocities and transmisgiange per
node to the increase in the fairness of node usawe,the
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possibility of the role of “intermediate node” t@ Wotated
among the nodes with regular reconfiguration of tlaa
gathering tree at high node mobility. The enerdicieihcy
associated with lower Euclidean distance of thé&slialso
helps to contain the transmission energy loss dddira
increasing the network lifetime.
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LET-DG and MST-DG trees are observed to be lower at

energy-constrained scenarios compared to thoser@ttat
the sufficient energy scenarios. For each dataegati tree,
the difference in the magnitude of lifetime (in sne
constrained vs. sufficient energy scenarios) irszeawith
increase in transmission range per node (for fixede

Both the LET-DG and MST-DG trees are observed tmobility) and decreases with increase in node rigl{iior a

demonstrate larger node and network lifetimes wiparated
in networks that have a mix of both static and reohbdes
vis-a-vis a network comprising of only mobile nod€sr a

fixed transmission range per node). For a fixed imam
node velocity and transmission range, the nodenataork
lifetimes incurred with both the MST-DG and LET-Dfges

given value o/, and transmission range per node, both th&ubstantially increase with increase in the nunufestatic

data gathering trees have been observed to swiaurt 20-
25% larger node lifetime when operated in a netvibék is a

nodes.

mix of 80 static and 20 mobile nodes compared ®rajng References
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