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I. INTRODUCTION

Sensornetwork research[1] hasenabledlarge scale
environmentalmonitoringusingsmallsensorswith radio
links. The technologicaladvancein wirelesscommuni-
cationsand microelectronicshas enabledthe develop-
ment of small, low-cost sensors.Sensornetworks are
developedto organizeand control thesesensornodes,
whichhavesensing,dataprocessing,communicationand
control capabilities. Information collected from these
sensornodesis routedto a sink nodevia diffrent types
of wirelesscommunicationapproaches.The sink node
cancommunicatewith remoteusersthroughthe Internet
or satellitenetwork. Theresearchin thesensornetworks
has focusedprimarily on the networks issuessuch as
routing, datadissemination [2], [3] and aggregationof
co-relateddata for downstreamdata delivery [4]. The
combinationof small size, low cost and wirelessnet-
working functionality makessensornetwork technology
exceptionallyscalable.

Agro technologyis changingat a fast rate with the
applicationof sensordevices. Diseasesencounteredin
crop �elds dramatically affect productivity of a crop.
Manual analysisof the causesof diseasesin a large
crop �eld is impossible;hencewe needa genericand
rapid methodfor the analysisof the causesand timely
preventionof thosediseases.The timely preventionand
monitoring not only enhancesthe productivity but also
aids developing new crops varietiesby observing the
adaptationof new breedwith different climate condi-
tions. Clearly, WirelessSensorNetwork is a promising
data mining approachfor precisionagriculture.Instru-
mentedwith wirelesssensors,it will becomeavailableto
monitorplantsin real time for air temperature,soil water

content,and nutrition stress.The real time information
from the �elds will provide a solid basefor farmersto
adjust strategies at any time. As a part of an ongoing
researchrelatedto developing tools and techniquesof
connectingCrossbow motesin the form of a network,
we are exploring the coverageof the sensingareafor
plant monitoring. To addressthis problem, we have
beenexperimentedfor four monthswith a localization
method of deploying sensormotes in the greenhouse
to measureatmosphericparameterssuchastemperature,
barometricpressure,ambientlight intensityandhumidity
to help analyzethe effect of theseparameterson the
growth of rice plants.This paperdescribesthe design
and implementationof an integratednetwork that links
several communicationsplatforms,wirelesstechnology
and Transfer Control Protocol-InternetProtocol. The
main goal is to develop a systemthat guaranteesa low-
cost, high performanceand �e xible distributed moni-
toring systemwith an increasedfunctionality. The user
interactswith this distributed monitoring systemusing
a transparentandintuitive graphicaluserinterfacemade
availableto remoteplaces.

I I . RELATED WORK

As anintial effort [5] showedthatmodernconceptson
methodsandtechniquesfor themanagementandcontrol
of agricultural systems-suchas greenhouseand animal
live stocks-claimfor the useof computersystems.The
method basically focussedon control of the environ-
mentalparametersin an economicallyway, to produce
the best crop or animal living conditions.The speci�c
combinationof diffrent sensorinputsformsanintegrated
systemthatco-ordinateseachactionfor adequatecontrol
of various production paramters.The current work at



Iowa State University is called the Development of
In-situ Soil SensorNetwork for Temporaland Spatial
monitoringof Agriculture Fields [6]. The eventualgoal
of this projectis to developa distributedsensornetwork
to monitor the soil conditions throughoutthe growing
season,with sensorspositionedon a 50 m grid over a
�eld. In the processof their work they areattemptingto
includesensingof soil organicmatter, soil nutrients,and
othernon-agriculturalcivil and/ormilitary applications.

Another ongoing research [7] at Delft University
of Technologyfocussedon wirelesssensornetworks in
potato �eld. The main goal of monitoring is to reveal
when the crop is at risk of developing the disease
and let the farmer treat the �eld or parts of it with
fungicide only when absolutelyneeded.In [8] a web
server basedapproachis usedwhere sensornodesare
equippedwith a web server to be accessedvia the
internet and make use of wireless LAN to provide a
high speedtransmission.The useof a web server helps
to anaylyzedistantagricultural �elds over long periods
of time wherebythe whole datasetis accessibleto gen-
eral public. The SandiaNational Laboratoryis already
runningtheprojectsin this areawith collaborationof the
Mexican government[9] . The presentwork focussed
on usingsensingtechnologyin hydroponicgreenhouses.
The Sandia-placedsensorsand computer simulations
will tell researchershow to grow cropsef�ciently . [10] is
focusedon the investigationof wirelesssensornetworks
in agricultural applications.With a 2.4 GHz wireless
sensornode,factorssuchascoverageareaandthe agri-
cultural environmentaleffects (bare soil, soybean,and
corn�elds astheirmaintarget)ontheradiowerestudied.
Our researchdiffers from the those mentionedabove
in that we presenta simple design outlining various
constraintsconcerningoptimal sensordeployment,data
collection and data analysis.Hence, a framework for
design and implementationof our system have been
presentedwith detailedanalysisof relevant data.

I I I . EXPERIMENTAL SET-UP

Thegreenhouseis a controlledenvironmentalsystem
for researchin the areaof food production.Louisiana
StateUniversity Agcenterhas a greenhouseequipped
with fansarti�cial lampsfor light intensity control and
is isolatedfrom outsideenvironmentalconditions.This
section discussesthe design part of the experiment.
The goal of the project is to createa wirelesssensor
network that will provide 24 hour/ 7 days a week
monitoring of environmentalgreenhouseconditionsof
lsu greenhouseand its effect on growth of rice plants.
Five distinct varieties of rice plants each having four
replicaswereplacedin theLSU greenhouseandstudied

for four months.Theplantsareplacedin a randomblock
experimentdesignthroughout.

A. SystemDesign
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Fig. 1. (a).Greenhouse�oor plan and Randomizedblock diagram,
(b). LSU Agcentergreenhousedesignof distributedsensornetwork
for studyingthe rice plantsand (c). Placementof sensorsaccording
to the sensingregionsandoptimal coverageof all the rice plants

In �gure 1(b) the LSU agcenterdesign of sensor
network is presented.Datais gatheredfrom sensornodes
by hop-by-hopcommunicationin the databaseserver
running on the PC that acts as a sink node with the
help of MTS420sensorboard1. The webserver interacts
with databaseserver running on the sink, with the
help of ADSL link to enablethe remoteaccessof the
interestingdata.Furthermore,dataareanalysedremotely
by researchers.Data are collectedby using the sensor
board and stored in a postgressql data base.Further,
analysisis run on the datausingMatlab version7 2 and
Statisticstool. Furtheranalyseddataareplottedfor clear
understandingusinggraphicstools like microsoftexcel.

B. SensorNodes

Sensor nodes are setup in a wireless network to
collect variousenvironmentalreadings.Thesenodesare
a commonmix betweenthe ability to sensereal time
data with the ability to instantaneouslycommunicate
the data �ndings. The sensorsare usually set up in an

1All the sensorboardsare from crossbow, www.xbow.com
2www.mathworks.com/products/matlab/
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ad hoc environment, and the battery operatedsensors
are referredto as motes.Thereare threevery essential
componentsof the sensor networks namely sensing,
communications,and computationto have a successful
deployment. These mentionedfactors are the equiva-
lent of obtaining the correct and necessaryhardware,
software, and algorithms. A wireless sensormote is
programmedto monitorvariousconditions.Thepossible
conditions that can be monitored are light, humidity,
temperature,as well as GPS readings.Thesereadings
are routed to the systemand the data is converted for
humaninterpretation.

TheCrossbow Mica2wirelesssensornetwork devices
were utilized with the environmentalboard 420i. The
Mica2 nodeshave the following characteristics:

� ProgramFlashMemory: 128k bytes
� Battery:2x AA batteries
� User Interface:3 LEDs
� Size(in):2.25 x 1.25 x 0.25
� Weight(oz):0.7
� Multi-Channel Tranceiver: 315, 433, or 868/916

MHz

The Mica2 sensorswere out�tted with the MTS420
sensorboard.Thesensornodesfascilitatesmeasuringof
BarometricPressure,AmbientLight, Relative Humidity,
Temperature.The GPS hardware has beenremoved as
its not neededhere.It also hasEEPROM which could
beprogrammedasperuserrequirement.Eachsensorhas
to beprogrammedwith a uniqueID to uniquelyidentify
it in the network.

C. RiceBackground

The LSU Agcenter and the United StatesDepart-
mentof Agriculture(USDA) researchershasspentseveral
decadesin the understandingand cultivation of rice to
maximize production and yield quantity under varied
environmentalconditions.The growth structureof rice
can be classi�ed into three(3)basicphases:vegetative,
reproductive, and ripening, respectively. Traditionally,
rice being a tropical plant hasa reproductive phaseof
25 days anad the ripening phaseis approximately30
days. A very interestingproperty that can be inferred
in the rice plants is that the differencesin the growth
duration [11] are categorizedby changesin the length
of the vegetative phase.The following rice varietiesare
usedin the currentexperiment:

� Variety 1 = Cypress,LA variety �rst releasedin
1992known for its high grain milling quality.

� Variety 2 = Rosemont,TX long-grainvariety, very
susceptibleto fungus

� Variety 3 = Pecos,TX variety, tolerantto fungus
� Variety 4 = Cocodrie,LA variety, known for high

yield, but susceptibleto fungus
� Variety 5 = IR64, popular variety grown in Asia,

susceptibleto fungus

Therearefour replicasof eachvarietyof riceplantsstud-
ied for theeffect of spatialdistribution of environmental
conditionson plant growth.

IV. IMPLEMENTATION

Implementationissuesof thecurrentwork is discussed
in this section.

A. GreenhouseRandomizedblock design

Floor plan of greenhouseis shown in Figure 1(a).
The LSU Agcenter greenhouseis 26' long and 24'
wide with two 24” fan. Plant varietiesare labeledwith
the correspondingvariety number and placed on four
equidistantbenches.Location of heater, fan and pump
have been shown. Clearly, �oor plan and randomized
block designof the experimentaffect the growth rates
of plants.We further commenton this in sectionV and
VI.

B. Wirelesssensornetworkdesign

A group of sensors(in our case � ve sensorsare
distributedin �eld andoneoutside)aredistributedinside
andoutsideof thegreenhouseto form a sensornetwork.
Thesensornodesareplacedin thegreenhousein sucha
way that differentvariety of plantscomein the sensing
rangeof every node.

Theplacementof thesensorsis basedon thefollowing
constraints:

� Eachrice plant is in the coverageregion of at least
onesensor

� The overlapbetweenthe sensingregionshasto be
minimized(thusminimizing thenumberof sensors)

� Multiple communicationpaths exist betweenthe
sensorsandthe basestation(laptop).This provides
reliability in caseof temporaryfailuresof the sen-
sors.

In the currentscenario,thereare � ve sensorssensing
andforwardingthe datato the basestation.Eachsensor
coverageregion is labeledasshown in Figure 1(c).Thus
eachrice plant falls into one of the regions I(covering
plantvariety5,4and1), II(coveringplantvarieties5, 3, 1
and2), III (4 and3), IV(1, 2, 4 and5), andVII(Covering
plant varieties1,2,3 and 4. SensorsIV and VI are for
forwardingpurposes.
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Fig. 2. (a). Sensorplacementin a coke bottle (b). Routing sensor
outsidethegreenhouse(c)Plantvarietiesin theclay pot(germination
phase)and (d,e). Reproductive and Ripening phaserespectively of
rice plantsandplacementof sensors

The sensor motes implementedin the greenhouse
formsa self-organizingrobustmeshnetwork, with IEEE
802.11 as shown in �gure 1(b). The architectureis
divided into threemain layers.Layer1 is themotelayer
or sensormeshnetwork layer. This layer is programmed
with TinyOS �rmw areasplatform.The interface,called
MOTE-VIEW interface,is applicationorientedandpro-
grammedto do speci�c taskslike weathermonitoring,
target detectionandtracking.Layer2 is theServer layer
which is responsiblefor datacollectionandlogging and
otherdatabaserelatedservices.The sensorreadingsare
storedon a server when they arrive at the basestation
andtheserver layertakescareof all proceduresinvolved.
Layer 3 is the client layer which provides software for
usersfor visualization,datamonitoringanddataanalysis
tools to display, calibrateand interpretsensordata.

C. OS/Software Application

MOTE-VIEW [12] interface in our sensorssupports
the MICA2 platform, basedon TinyOS3 framework. In
addition to this, it supportscertain other featureslike
security/intrusiondetectionsystemwhich is basedon
MSP. Further, we have used the XMesh Application
availablein MOTE-VIEW to programour MTS420sen-
sors.XMesh is Crossbow.s multi-hop meshnetworking
protocol and it has featureslike low-power listening,
time synchronization,schedulingsleepmodes,any-to-
baseandbase-to-any routing.Thus,the XMesh applica-
tion hashelpedour sensormotesto form a meshwithin

3TinyOS: A Component-BasedOS for the Networked Sensor
Regime, http://webs.cs.berkeley.edu/tos/

the greenhouse,by forwarding data to the basestation
and �nally to the server for storage.Our MOTE-VIEW
interface runs on Windows XP Professionalplatform
with remoteviewing facility.

D. SensorPlacement

During the germination phase,a sensor has been
placedin the coke bottle as in �gure 2(a) to measure
diffrent environmental factors such as humidity, light,
temperatureetc. Special care has been taken to place
the sensornearthe top of the plants.Further, the sensor
hasbeenmoved to the top of the plant to measurethe
environmentalparameterssuchastemperature,humidity,
pressureandlight assuggestedby agricultureresearchers
asin Figure2(d,e).In thesame�gure( 2(c))plantvarities
were placedin a small pots.Additional sensorsfor the
hop to hop communicationhave been placed outside
of the greenhouse.Outside sensorhas beenplaced in
a small containerwith a hole in a baseto save it from
rainandotherenvironmentaldisturbancesthatmayaffect
integrity of sensornetwork operation.

V. EXPERIMENTAL-RESULT

The placementof sensorsaccountsfor the different
growth variationfor differentplantvarietiesandreplicas
as spacingand �xing the sensorsare important as it
sensedthe regions aroundit. We assumedthat sensors
have circular sensingregion and likewise we recorded
the reading for different plants. Sensorscollectively
transfer the data to forwarding sensorswhich �nally
reachto the sink. Temperature,humidity, light intensity
are consideredimportant factorsfor the growth of the
plant. This sectioncontainsdatacollectionandanalysis
part. Becauseof spacelimitation, all the resultscannot
be presentedhere.Our main focus of this sectionis to
explain the usefulnessof the dataof interest,which are
useful for agricultureresearchers.

A. WeeklyStatistics

The current project is real time monitoring of the
growth of theplantswith differentenvironmentalparam-
eters.Theweeklystatisticsfor temperatureandhumidity
variation is shown in Table ?? for the period of 10th
March to 16th March, 2006. As we can seefrom the
table, standarddeviation and mean variation of the
parameterfor interesthasbeencalculatedandalsogiven
the variation. As we can see in the green house,the
variation is not the samefor all the nodesand it solely
dependson the design of the greenhouselike heater
placement,fan plancementetc. and that variation will
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TABLE I
WEEKLY STATISTICS FOR ENVIRONMENTAL PARAMETER

VARIATION SENSED SENSOR NODE REGION 1 (A) AND NODE

REGION 2 (B)IN THE GREEN HOUSE

(a)

�

(b)

�

accountfor differentgrowth ratefor differentplants.As
it is alreadymentionedthat we coveredall the regions
of interestusingthesensornode,shencefor eachsensor
nodeswe have differentvariationasmentionedearlier.

B. Node-Region wiseGrowth Variation
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Fig. 3. (a). Growth variation of rice plants of different varieties
in node region 1, (b). Growth variation of rice plants of different
varietiesin noderegion 2, (c). Variationof rice variety1 asobserved
in different sensingregions and (d). Variation of rice variety 2 as
observed in differentsensingregions.

As shown in the Figure 3(a) and Figure 3(b), the
growth variation of different plant varietieshave been
shown in differentnoderegions.As we canseedifferent
varieties has different growth rates as expected. For
example the 3rd replica of variety 4 grew longer as
comparedto other plant varieties which accountsfor
the environmental parametersthat are more favorable
for this variety and among other varieties, this gives
good performance.As we can seein the Figure 3(c)

and Figure 3(d), one particular plant varieties gives
differentgrowth ratein differentregionswhich is dueto
the fact that environmentalparamtersare not samefor
eachregion. Hence,It givesvaluableinformationabout
the placementof the plantsin the greenhouse.

C. ANOVA Analysis

ANOVA4. test hasbeenrun on multiple variablesto
see the effect of diffrent variableson other variables,
henceit provides an important statisticsresult. Hence,
Table II shows the effect of temperatureand humidity
effect on variety 1 plants.Since,diffrent varietieshave
diffrent growth patterns,ANOVA analysishasbeenper-
formedandshown in theTable III. In the table,HRep1,
HRep2,HRep3,andHRe4correspondto replicas1, 2, 3,
and4 of varity 1. The favorablefactorfor the growth of
variety1 andreplica1 governsgoodgrowth environment
having a little higher temperatureand lower humidity.
Growth differencesbetweendifferent varietieshelpsus
choosingthe variety of the plant correspondingto fa-
vorableenvironmentalconditionsand dependingon the
environmentalfactorwe shouldchooseplant variety for
maximumgrowth. Thedatahelpsusin differentdomains
�rst choosingthe variety and favorable conditions for
that variety as we have differencesbetweengrowth of
different replicas.
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ANOVA ANALYSIS SHOWING THE EFFECT OF HUMIDITY AND

TEMPERATURE ON PLANT VARIETY 1
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VI. CONCLUSION AND DISCUSSION

The presentpaperoutlinesthe methodthroughwhich
the measurementdataareavailablefrom the greenhouse
to analyseandpredict the variousenvironmentalfactors
affecting the plants in variousmanners.In the agricul-
tural researchadaptanceof engineeringsystemto the
conditionof severeenvironment,opensystem,andlong-
term operationmakes it easyto adaptand control the
agricultural�eld. Furthermore,it will helpin a lab-based
measurementin the actual�eld. However, the following
designconstraintmust be consideredwhile designinga
robust sensornetwork:

Robustness: The overall robustnessof a sensornet-
work dependson many factors: the ability of network
protocols to recover from errors, the quality of radio
transmissions,the quality of the gateway link, how well
the nodeswithstandharshoutdoorconditionsand mis-
adventurefrom wildlife or humans,the accuracy of the
sensorsand software usedfor measurmentof humidity,
temperature,light intensityandlifetime of batterypower
sources.Hence,if thenetwork doesnot performreliably
in any oneof theseareas,thenit may fail to deliver data
from the�eld. In thepresentcasewe did not observeany
datalossandthe sensor-network deployed in the green-
househasbeenmonitoredthroughtheremoteconnection
once a week. Since the greenhouseenvironemnt is a
controlledenvironment,no-losscasemay seemobvious
but in the caseof real time monitoring of crop �eld
loss of datacommunicationis expecteddue to outside

interferencein the communication.
Accuracy: We want to know how feed grows from

changesin temperatureand locationand time of water-
ing. That will help us modify the designand operation
of the greenhouses.In the presentwork, sensornodes
are located at diffrent location and the placementof
temperatureand light controlling devices will give a
diffrent reading at diffrent location. Hence, the plant
growth expectedto be diffrent in diffrent geographical
locations inside the greenhouse.The accuracy of data
correspondsto suchdiffrences.

Lifetime of the sensor network: For the long time
measurementbatterylife shouldbe suf�cient so that we
have lowestnumberof batteryreplacements.We ran the
experimentfor four monthsandrecordeddatafor every
4 hoursas suggestedby agricultureresearcher. Due to
low frequency of datacollection,we only hadto replace
battery once during the whole duration of experiment.
To employ the optimizationof batterypower, the nodes
have beenprogrammedto go to sleepmodewhen not
sensing.

It is dif�cult to performa �ne judgmentby automatic
sensor, andthereis understandableanxietyaboutsensor
error becauseof the possible consequencesto living
things. In our proposedsystem,the sensor-nodesare
constructed,not with the arti�cial intelligenceto judge
for themselves,but managedby manualoperatingusing
the �eld usersjudgment.This systemcanalsoconstruct
a man-machinesystemin which the �eld userhimself
can checkand operatethe peripheralequipmentwith a
senseof securityin thecaseof animportantsubject.With
regard to future work, sensornetwork with embedded
intelligent shouldbe explored for the automaticcontrol
andadaptabilityto the variousenvironmentalconditions
without manual interferenceof �eld users. Intelligent
sensorssurely revolutionisethe environmentalresearch.
The proposeddesignand implementationdescribedin
this paperis effective andcanbe a guidelinefor further
researchin this area.
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