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tPerforman
e of wireless sensor networks (WSNs) is di
tated by their parameters, su
h as number of sensor nodes, sensormobility and the network proto
ol used for routing. This paper provides two 
ontributions to the study of data disseminationproto
ols in WSNs. First, we des
ribe results investigating the performan
e of two data dissemination proto
ols � Dire
tedDiffusion (DD) and Two-tier Data Dissemination (TTDD) � under varying WSN parameters and appli
ation properties. We
ompare their performan
e along two dimensions in
luding (1) observed appli
ation laten
y and routing overhead, and (2) sensornetwork ef�
ien
y in terms of pa
ket transmission ratio and energy 
onsumption. Se
ond, we des
ribe our improvements to theseproto
ols and illustrate the performan
e gains a
hieved by our 
hanges.Our experiments analyzing network performan
e indi
ate that in
reasing the number of nodes per unit sensing area does notmake the network more redundant. At in
reased network densities and sink sizes the energy 
onsumption starts in
reasing veryrapidly on a

ount of the added traf�
. This argues for a better energy utilization me
hanism, whi
h s
ales the network as networkdensity, while maintaining other performan
e parameters, su
h as delivery fra
tion and average delay, within a

eptable limits.Our proposed proto
ol modi�
ations 
all for lo
al broad
ast in DD and dynami
ally 
hanging the �ooding area in TTDD without
hanging the 
ell size.Keywords: Wireless sensor networks, Data dissemination proto
ols, performan
e.
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e Tradeoffs and Optimizations inData Dissemination Proto
ols for Wireless SensorNetworksI. INTRODUCTIONA wireless sensor network (WSN) 
onsists of low power,low 
ost, multifun
tional and miniature 
ollaborating sensornodes, whi
h are spread a
ross a geographi
al area. The nodesare usually deployed inside or very 
lose to a phenomenonbeing tra
ked. The sensor nodes 
arry a small pro
essor,whi
h 
an perform several lo
alized 
omputations, su
h asdata aggregation or routing data pa
kets. This enables them topro
ess raw data generated by the phenomenon, �lter it andsend only the required information to the observer(s).Moreover, the position of sensor nodes need not be pre-determined thereby allowing any random deployment of thesenodes and fa
ilitating tra
king of mobile phenomenon. Theseproperties make the sensor networks appli
able in a variety ofappli
ations ranging from military, to industrial, to s
ienti�
,to health
are, to home. Most of these appli
ations are aimedat (a) minimizing humans in the loop so that tasks 
an beexe
uted remotely, su
h as remotely monitoring a patient'shealth and (b) 
olle
tion of data in the environments that arehazardous to humans.In WSNs a large number of sensor nodes 
olle
t the senseddata, whi
h is then routed to a number of observers interestedin this data. We 
all the sensor node generating data reportsof an observed phenomenon as a sour
e node and the noderequesting the report as a sink node, both of whi
h maybe �xed or mobile. For example, soldiers 
olle
ting lo
ationinformation of the enemy using the sensor networks deployedin the battle�eld a
t as sink nodes. The movement of theenemy a
ts as the phenomenon being tra
ked, whereas thesensor nodes in the immediate vi
inity of that phenomenona
t as sour
e nodes. The sour
e nodes dete
t the movement,generate appropriate data reports, whi
h are then forwarded toea
h of the sink nodes interested in the event.The unique 
hara
teristi
s of wireless sensor networks de-s
ribed below, however, makes the problem of disseminatingthe data generated by sensor nodes non-trivial and differentthan 
onventional wired networks. The main 
hallenges are:1) Wireless sensor networks are usually large to ensurethat a mobile phenomenon 
an be 
overed, whi
h mighto

ur over a wide geographi
al terrain.2) Computational power, storage 
apa
ity, battery life arelimited, sin
e the nodes themselves have to be large.Further, the nodes themselves 
an not be re
on�gured(to add some resour
es for example) on
e deployed.3) Node failures and frequent topology 
hanges, due tonode failures or sensor movement.These problems form the motivation for a data-
entri


family of sensor network routing proto
ols 
alled data-dissemination proto
ols, where the fo
us is on the data ratherthan the nodes. It follows that the proto
ols must be s
alable,ef�
ient, fault-tolerant and adaptable. A number of data-dissemination proto
ols have been suggested [10℄, [6℄, [4℄,[9℄, whi
h aim to address these 
hallenges.Although signi�
ant work in WSN area has been done ondesigning and building sensor networks, most of it fo
useson designing new appli
ations and routing proto
ols. Forexample, Bokareva et al [2℄ re
ently proposed a 
omparativestudy of data-dissemination proto
ols 
omprising uniformnode distribution under two different topologies. However,this is a more dire
t 
omparative analysis and does not studythe effe
t of variations in availability of network resour
eson the overall performan
e. This paper aims to address theresour
e tradeoffs in designing a WSN and its rami�
ationson network performan
e and its design. We also 
ompare twodissemination proto
ols e.g., the Two-tier Data Dissemination(TTDD) [9℄ and Dire
ted Diffusion (DD) [4℄ proto
ols, inorder to provide useful insights into the design 
hoi
es andoptimizations for WSNs. The dire
t impa
t of our work is thuson providing useful insights in network and proto
ol optimiza-tions, studying the best possible design and optimal resour
ede
isions in the 
ontext of the dissemination proto
ols studied.Our experiments analyzing network reliability indi
ate thatin
reasing the number of nodes per unit sensing area does notmake network more redundant; instead this might very wellresult in fast depleting network whi
h is 
ounter intuitive. Oneof the important �ndings from the analysis is that the the net-work needs to intelligently manage the resour
es. At in
reasednetwork densities and sink sizes the energy 
onsumptionstarts in
reasing very rapidly on a

ount of the added traf�
.This argues for a better energy utilization me
hanism whi
hs
ales the network well as network density, while maintainingother performan
e parameters (for example, delivery fra
tion,average delay) within a

eptable limits.Organization: The rest of the paper is organized asfollows: Se
tion II provides a brief overview of the data dis-semination proto
ols used in our study; Se
tion III des
ribesthe experimental setup used for our proto
ol simulations;Se
tion IV presents and analyzes the results of our simulationstudies; and �nally Se
tion V provides 
on
luding remarksoutlining lessons learned.II. OVERVIEW OF DATA DISSEMINATION PROTOCOLSThis se
tion provides a brief overview of the two datadissemination proto
ols we study in this paper.
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ted Diffusion (DD): Dire
ted diffusion (DD) [4℄was the �rst proto
ol to address the problem of sink mobility inthe 
ontext of sensor networks. In DD ea
h parti
ipating nodemaintains a dynami
 map of the sensing tasks and the previoushop from whi
h the interest was re
eived. Ea
h sensing taskhas an asso
iated information, su
h as the node(s) to whi
hto forward data reports, the rate of sending this data and theduration. As soon as the sour
e nodes dete
t sensing tasks,they start sending exploratory pa
kets to the sink nodes (whi
hgenerate these tasks or interests). The sink node 
hooses oneparti
ular node (in its neighborhood) from whi
h to re
eivethe data and thus for a given sour
e node, a single path isreinfor
ed, whi
h is used for all the traf�
 towards the sink.Two-tier Data Dissemination (TTDD): Two-tier DataDissemination (TTDD) [9℄ uses a two-tier ar
hite
ture todisseminate the data to interested nodes. A grid is formedwith the sour
e node at one of the 
rossing points of the grid.Thus, the sensing spa
e is divided by the grid into small 
ells.Only the nodes at the 
rossing points (
alled disseminationnodes) 
an forward the data. A sink node, whi
h is interestedin re
eiving a spe
i�
 data, �oods its lo
al 
ell in order todis
over the 
losest dissemination node. Ea
h disseminationnode 
ontains forwarding information for ea
h request of datait re
eives. On dis
overy of a dissemination point, the datarequest is forwarded to sour
e node by the disseminationnodes, followed by data report being sent to the sink. Here,the smaller 
ell is the �rst tier, while the higher tier is madeof the dissemination nodes at the grid points, whi
h makes thetwo tier ar
hite
ture.III. EVALUATION METHODOLOGYFor studying the relationships of infrastru
ture and appli-
ation properties of sensor networks, we used an evaluationenvironment within the NS-2 [7℄ dis
rete event simulator.The underlying MAC layer was IEEE 802.11, the physi
alradio 
hara
teristi
s of ea
h node's network interfa
e, su
h astransmit power, re
eiver sensitivity, data load and antenna typewere 
hosen so as to approximate the Lu
ent WaveLan dire
tsequen
e spread spe
trum radio. The evaluations were basedon the simulation of sensor nodes whi
h were distributed andmoving within a square �at spa
e of 1000m X 1000m for 100se
onds of simulation time. The mobility model used was therandom waypoint model [5℄, [1℄.The network parameters of interest to us was the sensornetwork size. This parameter were varied for the differentproto
ols des
ribed in Se
tion II. In
reasing the total nodesin a network will not ne
essarily in
rease the network per-forman
e, for the same topology sin
e denser node will havemore 
ollisions, possibly node failures and hen
e 
ongestion.The simulations are run for 100, 196, 289 and 400 nodes forthe same square �at spa
e des
ribed above [8℄.The data-dissemination proto
ols mainly address the ob-server mobility issue. As su
h it is 
riti
al to study the behaviorof proto
ols varying the following parameters:1) number of observers (i.e., sinks nodes): Network per-forman
e against in
reasing sink nodes is an importantmetri
 sin
e it is indi
ative of how well the network

s
ales as sink nodes. We 
all the total number of sinknodes in the simulation as sink size.2) pause time: In the sensor network, ea
h node remainsinitially stationary for a �xed period of time, knownas the pause time. A destination is then sele
ted fromthe �at simulation spa
e de�ned and then a node startsmoving towards the destination. The speed of the nodevaries from 0 to some maximum speed spe
i�ed at thebeginning of simulation. On rea
hing the destination, thenode again pauses for the �xed time, at the end of whi
hit sele
ts another destination and the pro
ess is repeatedfor simulation time. Pause time is thus a measure of sinkmobility, sin
e lower pause time indi
ates highly mobilesinks, while longer pause times mean the sinks arestationary for longer periods. In
reased sink movementsleads to more frequent 
hanges in dissemination path(and potentially in
reased traf�
). Thus it is interestingto observe proto
ol ef�
ien
y for in
reased sink mobil-ity. Su
h an experimental setup was important in orderto 
hallenge the proto
ols in an environment where theywould be most appli
able.The simulations are run for reports generated (by sour
enodes) every 0.25 se
onds. In order to have a dire
t 
ompari-son for the proto
ols being studied, the same environment vari-ables with identi
al loads were used for the all experiments.The same movement �les, whi
h des
ribe the movement ofnodes in the sensor network are used for both the proto
ols.The simulations were run with movement patterns whi
h weregenerated for seven different pause times in
luding 1, 2, 10,25, 40, 50 and 75 se
onds. Eight different values for thenumber of sink nodes were used in
luding 2, 4, 6, 8, 10, 12,14 and 16 sinks nodes.IV. RESULTS AND DISCUSSIONThis se
tion des
ribes results and analysis of our experi-ments des
ribed in Se
tion III. The results are presented alongdifferent dimensions of WSN performan
e metri
s.A. Aggregate Energy ConsumptionAggregate Energy Consumption is de�ned as the totalenergy 
onsumed (in joules) in transmission and re
eiving,during the simulation. The Sink Size is the total number of sinknodes in the wireless network. Assume that the total energyper node i is Ei and energy 
onsumption for this node is
Econsumedi

, then the energy depletion, Edepletion, is de�nedas
Edepletion =

n∑

i=1

(Ei − Econsumedi
)/n (1)where n is the network density.Figures 1 and 2 show the variation of aggregate energy
onsumption against sink size for various network densitiesfor DD and TTDD, respe
tively. On an average, the energy
onsumption in
reases by 17% for a 60% in
rease in thesensor nodes deployed. It would appear that in
reasing thetotal sensors per unit �at spa
e under observation will in
rease
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y of the network. This follows from the fa
t thatsin
e there are more nodes per unit spa
e, at least some nodeswill always be �alive� and would route the through traf�
 forthat spa
e. However, from Figures 1 and 2, we observe thatthe energy gets depleted faster for highly dense nodes. Forexample, for the same sink size (of 2) the energy depletionis 36% for a network density of 100, while it is 50% for anetwork density of 400. Thus, a highly dense network will notin
rease the redundan
y. This is be
ause for su
h a networkfor the same time the energy of a single node will deplete ata faster rate and hen
e the nodes that are �alive� per unit �atspa
e will be lesser.
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Fig. 1. Average Energy Consumption During Transmit/Re
eive for DD

2 4 6 8 10 12 14 16
2000

2500

3000

3500

4000

4500

5000

5500

6000

6500

7000

Network Sink Size

A
gg

re
ga

te
 E

ne
rg

y 
C

on
su

m
pt

io
n 

(in
 jo

ul
es

) 100 nodes
196 nodes
289 nodes
400 nodes

Fig. 2. Average Energy Consumption During Transmit/Re
eive forTTDDB. Pa
ket Delivery Fra
tion dis
ussionsPa
ket Delivery Fra
tion is de�ned as the fra
tion of numberof pa
kets re
eived at the sink to the number of pa
kets beingsent from the sour
e nodes. The fra
tion is averaged for all thesink-sour
e pairs for ea
h network density in the simulation.The variation of pa
ket delivery fra
tion against sink size, fornetwork densities of 100, 196, 289 and 400 for DD and TTDD,respe
tively, is shown in Figures 3 and 4.
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Fig. 3. Pa
ket Delivery Fra
tion versus Sink Size for DD
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ket Delivery Fra
tion versus Sink Size for TTDDWe observe that the fra
tion variation is about 7% onan average, for in
rease in sink size from 2 to 16. Thisredu
tion is owing to an in
rease in the overall traf�
 sin
ethe reports have to rea
h more observers. This allows us toa

ommodate more sinks (an 800% in
rease) at the 
ost of 7%more pa
kets getting dropped. This might seem a reasonabletradeoff, however, it must be noted that for the same sinksize in
rease, the energy 
onsumption in
reased almost 100%!A better energy utilization, in parti
ular, as the sink size isin
reased is thus 
ru
ial to in
rease network performan
e,sin
e this will mean more sinks 
ould be tolerated at ana

eptable energy 
onsumption level and delivery fra
tionvalues.C. Normalized Routing Load dis
ussionsRouting load (L) for a single node is de�ned as the totalnumber of routing pa
kets that it transmits in a network for theduration of simulation. We de�ne Normalized Routing Load(Ln) as

Ln = (

n∑

i=0

Li)/n (2)



SUBMITTED TO IEEE GLOBECOM 2005 4where n is the total number of nodes in the network.Figures 5 and 6 show the variation of normalized routingload against pause time for various network densities for DDand TTDD, respe
tively. The sink size is kept 
onstant at6 for this set of experiments. Observe that, for less mobilesinks (indi
ated by higher pause times), the TTDD has morenormalized routing load than DD. This is expe
ted sin
e,TTDD has to 
onstru
t and maintain the grid whi
h is very
ostly. Further, TTDD has a lo
alized �ooding, where a smallarea of topology is �ooded till a dissemination point is lo
ated.The �ooding area is thus another fa
tor whi
h 
ontributesthe routing load. The �ooding area is a stati
 
on�gurationparameter, and thus on
e set it 
an not be dynami
ally varied(in order to redu
e the normalized routing load, sin
e lesserare will mean lesser �ooding). Thus, TTDD has more routingload than DD for the same pause time and sink size.
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Fig. 5. Normalized Routing Load versus Pause (in se
onds) for DD
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Fig. 6. Normalized Routing Load versus Pause (in se
onds) for TTDDD. Average Delay dis
ussionsThe average delay is de�ned as the laten
y seen by thesink in obtaining reports of interests from the sour
e, averagedfor all sink-sour
e pairs. Figures 7 and 8 show the variation

against sink size for DD and TTDD, respe
tively. As onewould expe
t, with the in
rease in sink size, more pa
ketsare transmitted for the same per unit sensing area 
ausingin
reased delays as seen by the sink. Figures 7 and 8 
on�rmthis behavior where the average delay in
reases steadily assink size in
reases. One important observation from the TTDDand DD delay results is that the delay in
reases more rapidlyfor TTDD than for DD. This is 
orroborated by the fa
t thatother parameters being 
onstant, the routing overhead is morefor TTDD than DD, whi
h leads to 
ongestion and hen
e anin
rease in the delays.
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Fig. 7. Average Delay (in se
onds) versus Sink Size for DD
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Fig. 8. Average Delay (in se
onds) versus Sink Size for TTDDE. Suggestions on proto
ol improvementBased on insights gained from our experimental evaluation,we now brie�y des
ribe proposed improvements to the twoproto
ols we studied.1) DD: In DD, network-level broad
ast (for advertisinginterest in spe
i�
 sensing data) and sending exploratorydata pa
kets are one of the most expensive operationsand hen
e network performan
e will be greatly affe
tedif the 
ost asso
iated with these operations is redu
ed.



SUBMITTED TO IEEE GLOBECOM 2005 5One possible solution is diffusing interests lo
ally in-stead of broad
ast, su
h as using passive 
lustering [3℄,where the redundant transmissions during broad
astoperations are redu
ed effe
tively redu
ing the 
osts.Furthermore, 
ost redu
tion 
an be done by exploringmultiple paths instead of a single reinfor
ed path sin
ea single path depletes the nodes that make up this pathfaster.2) TTDD: In TTDD, the �ooding is restri
ted to a singlehome 
ell of a sink node, thus aiming to redu
e the as-so
iated 
ost. However, the �ooding area is not dynami
and thus on
e set, the same area will be �ooded withsensing data request. A possible enhan
ement to TTDD
an be that if the 
urrent density of the network andaverage energy 
onsumption makes 
ell-level broad
ast
ostly, a new tier 
ould be introdu
ed at the 
ell-level.A new dissemination point 
an be appointed inside the
ells themselves. This is better than 
hanging the 
ellsize [2℄ be
ause 
hanging 
ell-size dynami
ally meansre
onstru
ting the grid stru
ture, whi
h is a very 
ostlyoperation. In the worst 
ase s
enario, for a sink lyingon the grid but at a distan
e α/2 from ea
h of the
losest dissemination points, the �ooding will be donefor a maximum of 0.785 unit area for unit α. The worst
ase value for the plain two grid stru
ture without thesuggested improvement is 1.57 unit area, thus giving aredu
tion of almost 50%.V. CONCLUDING REMARKSIn this paper we dis
ussed the resour
e tradeoffs for WSNs.We studied the proto
ol performan
e against steady in
reaseof sensor nodes and sink size in the network. The 
ontributionsand lessons learned from our work are twofold.1. Effe
ts of resour
e tradeoffs in sensor networks: Westudied the effe
ts of resour
e tradeoffs on network perfor-man
e, whi
h indi
ated the following:1) We show that in
reasing nodes per unit sensing areadoes not make the network mode redundant, instead thismay lead to a fast depleting network whi
h is 
ounterprodu
tive.2) At in
reased network densities and sink sizes (numberof sinks in the network), the energy 
onsumption startsin
reasing very rapidly due to in
reased traf�
 that ea
hnode has to handle. This argues for an intelligent energyutilization me
hanism whi
h s
ales the network well asthe above parameters.2. Proposed enhan
ements to proto
ols: Based on ouranalysis, we propose the following improvements to the twoproto
ols studied.1) In Dire
ted Diffusion (DD), we propose a lo
al broad-
ast, whi
h redu
es redundant transmissions duringbroad
ast operations. Further, performan
e improvement
an be a
hieved by maintaining multiple paths instead ofa single reinfor
ed path, to redu
e the energy depletionof the single path nodes.2) In Two-tier Data Dissemination (TTDD), we proposea new me
hanism to dynami
ally 
hange the �ooding

area without 
hanging the 
ell size i.e., without havingto re
onstru
t the grid. In the worst 
ase, our approa
hgives a redu
tion of almost 50% in the lo
al (
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