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Abstract

A two-tier wireless data communication system wagetbped to remotely
monitor sediment concentration in streams in riea t The system used wireless motes
and other devices to form a wireless sensor netéeacquire data from multiple sensors.
The system also used a Stargate, a single-boardutemas a gateway to manage and
control data flow and wireless data transfer. Tdéressr signals were transmitted from an
AirCard on the Stargate to an Internet server thinadhe General Packet Radio Service
(GPRS) provided by a commercial GSM cellular carN&arious types of antennas were
used to boost the signal level in a radio-hostiei®nment. Both short- and long-
distance wireless data communications were achid®@der supplies for the motes,
Stargate, and AirCard were improved for reliabld esbust field applications. The
application software was developed using Javag€CnLabView, and SQL to ensure
seamless data transfer and enable both on-siteeamate monitoring. Remote field tests
were carried out at different locations with difat GPRS signal strengths and a variety
of landscapes.

A three-tier wireless sensor network was then dgpezl and deployed at three
military installations around the country — Forteégiin Kansas, Fort Benning in Georgia,
and Aberdeen Proving Ground in Maryland - to remyatgonitor sediment concentration
and movement in real time. Sensor nodes, gatevatipiss, repeater stations, and central
stations were strategically deployed to insurealad signal transmissions. Radio signal
strength was tested to analyze effects of distaregggetation, and topographical barriers.
Omni- and Yagi-directional antennas with differgatns were tested to achieve robust,
long-range communication in a wireless-hostile mment. Sampling times of sensor
nodes within a local sensor network were synchexhet the gateway station. Error
detection algorithms were developed to detect ercaused by interference and other
impairments of the transmission path. GSM and CDd¢Aular modems were used at
different locations based on cellular coveragealDetre analyzed to verify the

effectiveness and reliability of the three-tier WSN
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CHAPTER 1 - INTRODUCTION

1.1 General background

1.1.1 Environmental monitoring

The demands on environmental monitoring are inangass we strive to better
understand and manage risks to human health asgstems (Sharpe, 2003).
Environmental monitoring is a technique to effidlgrgathering crucial data from
environment. These data must be based on reliatdeyate information. The old days of
sending people to the remote sites to collect dagabsolete. This method was too prone
to errors of inconsistency.

In response to these issues, environmental andigsts sought improvements in
laboratory-based analytical methods as well asaptatsolutions that allow sampling and
analysis to be undertaken reliably on-site. Thedrfeeup-to-date information implies a
need for continuous data collection. Electroniciemmental monitors can be preset with
sampling frequencies from a second to several hdimesy can perform inside a freezer
or inside an oven. They can be shipped and placaedamy different locations and be
relied upon to collect their data 24 hours per @ag 7 days per week. The data is stored
safely and can be transmitted over a wireless n&taodownloaded on request to a

computer where it can be analyzed.

1.1.2 Monitoring of suspended sediments

Suspended sediments are fine soil particles tiadirein suspension in water for
a considerable period of time without being in eathtwvith the bottom of the water body.
Such material remains in suspension due to the ipeeanponents of turbulence and
currents (USGS, 2010). Monitoring of suspendedrsedts is important in water quality
assessment and is the way to observe potentiadmmamations in the water body. Water
and waste treatment processes may cause suspeui®est to increase and should be
monitored carefully (Zhang, 2009). Army trainingigities are responsible for soill
erosion within and around military installationsielihcauses decline of water quality.
Many programs of the Department of Defense (DoDghsas the Strategic



Environmental Research and Development Program D&EBRNd the Environmental
Security Technology Certification Program (ESTCRE designed on assessing the water
guality and reducing soil erosion (SERDP, 2010; EBT2010).

In this study, suspended sediment in streams withimear military installations
was monitored using an optical sediment sensomiwhas originally designed by Stoll
(2004) and further developed by Zhang (2009).

1.2 Wireless sensor network

During the recent years, tremendous attentions haea directed at Wireless
Sensor Networks (WSN). The low-power electronicidew integrated with radio
functions and sensors were an epoch in computenseiand other interdisciplinary
fields. The WSN can be developed at a low-cosperate in unattended environments.
The WSN can be used for detecting relevant quastithonitoring and collecting data,
assessing and evaluating information, formulatigningful user displays, and
performing decision-making and alarm functions. Thallenges for WSN are enormous
(Lewis, 2004).

A typical WSN includes numbers of spatially distribd sensor nodes and a few
gateway stations. The sensor nodes in the WSN oragritvironmental conditions, such
as temperature, pressure, vibration, sound, ligbtjon, or pollutants. It passes the data
to remote users through gateway stations. Theitesion the sensor nodes can be
controlled by remote user if a bi-directional commuation is enabled in the WSN
(Wikipedia, 2011). Figure 1.1 shows the architeztofra typical WSN.
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Figure 1.1 Typical wireless sensor network archite¢are (Wikipedia, 2011)

A sensor node is a node in the WSN that has tHigyatoi process information,
gather sensory data, and communicate with otherezad nodes or gateway stations. A
sensor node usually has a radio transceiver widhinal antenna or connection to an
external antenna, a microcontroller, an interfacthé sensors and a power source using

battery or other power harvesting resources. Figi#eshows a typical architecture of a

sensor node (Wikipedia, 2011).
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Figure 1.2 Typical architecture of the sensor nodéWikipedia, 2011)

A gateway station is a node in the WSN that intez$aa sensor network to the
external world, including remote users. It gathgata from all connected sensor nodes.
Compared with a sensor node, a gateway usualladi@disonal abilities to process more
information, access larger internal or externabveses, such as memory, Internet

connection, USB, RS-232 and other communicatiotspor



A WSN is usually developed for a particular apgima at low power and low
cost. It usually does not require a complex, gdrargpose operating system such as
Microsoft Windows or Linux. The operating system YWSN is similar to an embedded
system. TinyOS is an operating system specifiasigned for WSN based on an event-
driven programming model. TinyOS supports nesC jauogning language which is built
as an extension to the C programming languageOIStis another operating system
developed for WSN and it supports C programminges Contiki is an operating
system for WSN, which uses a simpler programmigig s C (Wikipedia, 2011).

Many researchers and companies have been studytiioys real-time
monitoring systems using WSN. However, a full-fledgechnology for suspended
sediment monitoring is not available. The wirelbsstile environment for typical
suspended sediment monitoring is an obstacle té WE&Ns. In this study, to develop a
reliable and practically useful, real-time wirelsystem, we introduced two-tier and
three-tier WSNs. The main hardware componentsisMISN included motes, Stargates,
spread-spectrum radio dataloggers, and cellular skatice devices. Software was

developed on a TinyOS platform using the nesC amogning language.



CHAPTER 2 - OBJECTIVES

The general objectives of this study were to dgveloemote, real-time

environmental monitoring system using two-tier #mee-tier wireless sensor networks.

The specific objectives were:
1) Based on the characteristics of a Suspended Sed@oacentration (SSC)

sensor, develop wireless sensor networks to mosédiment in streams in a real-

time manner and to:

investigate the feasibility of using wireless sensetwork for SSC
monitoring;

select wireless devices based on SSC sensor dattus¢ and data rate;
develop electrical circuits to interface the SS@sses with the wireless
sensor network;

design a gateway station for data collection anatlhiag; and

develop data transmission protocols and algorithms.

2) To develop a mid-to-long range wireless data trassion system and a data

storage mechanism and to:

select equipment for mid-range wireless data trésson;

select sites that best serve data transmissioml lmeseadio propagation
models;

design protocols for data communication;

develop long-range distance data transmission rdsethsing commercial
cellular data services;

develop a reliable database for data storage; and

design and develop a web publication system fa desiplay.

3) To test the wireless environmental monitoring syste the laboratory and field

and to:



- test soil sediment measurement and flow velocitgsueement using
optical sensors;

- test the precipitation and water temperature measents;

- test an air blast cleaning system for the optieaksr;

- develop a deployment mechanism for the networkesysts a turnkey
solution;

- study and test energy harvesting and power savargfor a long system
life span;

- test auto-recovery methods for a reliable and tsedfing system;

- test the network system in the field;

- study methods to achieve low data loss rate amdl ste; and

- keep the system cost at a low level.

4) To study the potential of and limitations of theeleéss sensor network for

environmental monitoring.



CHAPTER 3 - LITERATURE REVIEW

3.1 Wireless communication system

Wireless communication is one of the most actiweasiof technology
development. This development is driven primariptiie transformation from what has
been largely a medium for supporting voice telephioto a medium for supporting other
services, such as transmission of video, images,dad data (Wang and Poor, 2003).
Current research describes many approaches faacyiwireless communication. The
wireless network technologies can be classifieddsymunication ranges (Wang et al.,
2006).

Short-range approaches for wireless personal aweorks include Bluetooth,
ZigBee, and Ultra-wideband (UWB). Bluetooth is atpcol designed for low power
consumption in a short range. A system for autochatggation using Bluetooth was
developed with successful results (Kim et al., 208&Bee protocols are intended for
use in embedded applications requiring low datesrahd low power consumption. As an
example, a WSN monitoring and control system ugiigiee was developed to monitor
the environment within a greenhouse (Zhou et 80,72. Ultra-wideband (UWB) is a
technology for transmitting large amounts of datara wide spectrum of frequency
bands with low complexity, low cost, and low powensumption. This technology has
an enhanced capability to penetrate through olestgd¥lang and Giannakis, 2004). USB
Dongle WUWBD-101 is designed based on the UWB teldgy and is available for the
market (Gemtek, 2008). Other short-range methodfyding Crossbow’s (Crossbow,
2008) MICA2, provide high-level functional integiat designed to extend the wireless
mesh networking technology into a wide variety efiging applications. An example is a
multi-hop wireless sensor network using MICA2 tomtor wildfire behavior changes
due to temperature, relative humidity and wind (Hiag et al., 2006).

Wireless local area network (WLAN) is an exampl@ahid-range technology

implemented to extend or substitute for a wired L&Man, 2007). WLAN also is



referred to as the IEEE 802.11 family of standaltdsonsists of access points that
provide access to different WLAN users.

Broadband wireless access (BWA) is a long-rangenoonication technology.
BWA is an interface specification aimed at provglimgh-speed wireless access for
wireless metropolitan area networks (Eklund et241Q2). Nortel (Nortel, 2007) offers an
end-to-end WIMAX solution, which is an example puotifor this broadband technique.

Cellular phone systems also are categorized asrbomge technologies. The
evolution of the mobile network for major wireleggstems can be clarified as follows.
The second generation (“2G”) systems include G3Mnthed in 1991, and 1S-95
CDMA, first deployed in 1995. These two technolegsvolved to General Packet Radio
Service (GPRS) and CDMA2000 1xRTT, respectivelyprvide data service that
exceeds the second generation (“2.5G”). Enhancé¢alidée GSM Evolution (EDGE), a
third generation (“3G”) standard, reached a higlaa rate with minimal modifications
in GPRS. GPRS and CDMA2000 1xRTT then continuoashyve to Universal Mobile
Telecommunication System and CDMA2000 3x (or CDMBREV-DO Rev. B),
respectively (Chan, 2007).

Microwave-link radio frequency technology alsonsluded in the long-range
transmission category. Although not well known bg-isers in a network, it is an
important component of wireless communication. @xa&mple is Campbe8cientifics’
CR200 series datalogger, which has a communicatioge of up to 16 km. MaxStream
also produced many kinds of radio frequency modemdoor or outdoor, with ranges
up to 22 km (MaxStream, 2008).

Methods for global range, such as satellite andardiurst communications, also
exist. SatWest offers a satellite network systeealidor small teams or individuals with
high data requirements (SatWest, 2008).

Meteor burst communication (MBC) is an alternativethod for a sink node. The
basic principle is simple: billions of meteors asright by earth’s atmosphere everyday.
Most of the meteors are burned up and create metelsr Although these meteor trails
last only a few seconds, it is long enough to ctftadio waves (Healy et al., 1989) B
utilizing the ionized trail of gases left from thatry and disintegration of the meteors,

people are able to create communication networksdsn different points by reflecting



signals on the disintegrating meteor’s trail ofirau gases. These signals can be received
in a receiver station which is located up to 16060dway (Brown, 1985).

The presence of a MBC link is dependent on thearrate of meteors from
space. The maximum number of trails per hour ocauesound 6AM local time, with a
minimum trail count occurring at about 6PM. Thaadtetween these values is
approximately 4 to I. This cyclical variation iselto the rotation of the Earth and its
passage through space. Over an hour, the MBC changenerally available for less
than 2% of the time (Handley et al., 1992).

Low probability of intercept (LPI) and anti-jam (Ai$ the primary attractions of
MBC. It is affected less by various natural and m@ade ionospheric disturbances,
including nuclear explosion. Statistically, the mage burst duration is 0.58s while the
average time interval between bursts is 10s. Anageethroughput of 75 bps could be
achieved with a few hundred watts of transmittedigro The frequency range for radio
propagation is 30-100 MHz (Oetting et al., 1980).

A typical MBC network usually has the following cponents and structures: A
large master base station has approximately 5,@Q% wf radio power and a large
antenna array. Any numbers of remote sites hav@anhtts radio and a directional
antenna on each of them. The master station canrbescted with all those remote
stations. At a predetermined power level, a cowtirsly, coded probe signal in a certain
direction and angle was transmitted by the masatios. When a meteor comes with
proper speed, size, and trajectory, the remotm®stetceives the signal reflected back to
the earth by the meteor from the master statioreWthe remote station received the
probe signal, it becomes “awakened” from its id&iss, and it starts to decode the probe
signal, turn on its own transmitter, and send porse signal back along the trajectory
path to the master station. On condition that ithieis reliable enough for correct
reflection, data can be exchanged. Data transtdvgden master and remote stations are
serial bursts of high-data-rate transmissions dubke extremely short duration of a
meteor trail may appear. For moving larger sedadé that cannot be transmitted within
one burst, multiple successive bursts can be Bedherland et al., 2004).

MBC is a reliable form of communication; howevemas certainly not become a

great success. It is not recommended for highbradtive applications. Nevertheless, for



users who require more reliability, low system cbosb-way messaging over medium to
long distance, MBC is one of the interesting chei(@rodsky, 1990).

In summery, the strong points of MBC are simpli@fymplementation, easy
unattended operation, low initial and running costiability and survivability. The weak
points are long delay, low throughput and highgraission power.

Although the MBC technology has had a long histtng, development in both
theory and practical is not full-fledged. Two magivawbacks were the main reason
hindering the development of MBC: low throughputl dong message waiting time.
However, as stated by Healy et al. (Healy et &89), appropriate network topology,
proper transmission protocol, and good routing rtlgms can alleviate the impacts of
these drawbacks and improve the efficiency. A ssefcéimplementation of MBC may
provide a secure and reliable link for environmentanitoring systems, and a novel
technique for the WSN.

3.2 Wireless sensor network for remote monitoring

There are numerous applications in observing natehiaracteristics of the world,
such as temperature, light, humidity, acceleragiod sound. Examples include
monitoring habitat of seabirds (Mainwaring et 2002), behavior of rats (Osechas et al.,
2008), cold-chain for temperature-sensitive prosl¢Carullo et al., 2009), structural
health (Xu et al., 2004), water transmission pipehetworks (Stoianov et al., 2007; Lin
et al., 2008) and volcanic eruptions (Werner-Akgral., 2005). These applications are a
few examples from a seemingly boundless realm oNVW&hile versatile WSNs bring
us an exciting new approach, various challengingrteal issues are still waiting for
investigation. The challenges include power-awasgh (Marin et al., 2005; Johann et
al., 2008), data aggregation (Krishnamachari e8D2; Commuri et al., 2008; He et al.,
2004), path loss model for signal transmission Kkarand Renfors, 2008; Darr and Zhao,
2008), energy harvesting (Niyato et al., 2007; Ragithan et al., 2006; Corke et al.,
2007), deployment strategies (Younis and Akkay@82Xu et al., 2005), error
correction (Sanchez et al., 2007; Mukhopadhyay.e2@09), Medium Access Control
(MAC) protocol (Demirkol et al., 2006), routing pocol (Mao et al., 2008), and

synchronization (Ren et al., 2008). The corneretonthe WSN design techniques is the
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energy efficiency algorithms to prolong the lifeéiraf the system. This is especially true
for wireless system deployments in hard-to-retrieeations.

The existing WSN monitoring systems are great sssg®in observation of
environment. They opened a new entrance for exggdhe physical characteristics of
the world. However, for remote areas lacking terr@telecommunication networks and
basic infrastructure such as power supply, theheteaccess, or telephone service, none
of them give a substantial solution. To realizeoatmuously sediment-runoff monitoring,
we need to evaluate the following technical chajésn

Data aggregation has been selected as a fundarpeniiatype for wireless
routing in sensor networks. The idea is to combireedata coming from different
sources to eliminate redundancy, minimize the nurab&ansmissions and thus save
energy. This prototype shifts the focus from tlagliional address-centric approaches for
networking to a more data-centric approach. Thénatepresented some suboptimal data
aggregation tree generation heuristics which aduesignificant energy gains. These
gains are greatest when the number of sourcesgis, land when the sources are located
relatively close to each other and far from thé §krishnamachari et al., 2002). There
are advanced schemes for data aggregation. Onednistto implement a dynamic data
aggregation using a Field Programmable Gate Arflay&As), which gives the
necessary flexibility in data aggregation technggdemanded by real-time applications
(Commuri et al., 2008). Other people proposed aptiek application-independent data
aggregation in a time sensitive manner, so thatlfggees of data aggregation can be
varied based on network traffic using a feedbackrod (He et al., 2004). However, for
the purpose of transmitting massive data suchestteam flow velocity, we do not have
an efficient yet simple solution.

Path loss model is another topic of attraction iBNVSome researchers provide
practical values for path loss models which ardéul$er mobile wireless network
planning (Turkka and Renfors, 2008). Although thalg of empirical propagation
models for mobile phone channels has been exhaysimilar models for WSN are yet
to be investigated. A two-dimensional path losgljmt®on model was developed in
poultry layer facilities. The model was able togiot 86% of the system variability and

was able to produce an average error of -0.7 dBlf@ombined points. It can be used to
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a similarly designed poultry environment (Darr &ido, 2008). However, there have
not been reports on similar empirical models forN\MB areas near water bodies such as
small rivers or creeks.

Different energy harvesting technologies, includsotar panel, vibration-based
energy harvesting technology and thermoelectricogsv(Niyato et al., 2007), have been
studied. Solar-energy harvesting through photouottanversion provides the highest
power density, which makes it the paradigm of chaacpower a sensor node. In order to
take into account the temporal variations in thergy harvester’s output, Raghunathan et
al. (Raghunathan et al., 2006) showed a systencénatully scheduled the node’s
computation, communication, and sensing tasks.¥pement used a wireless system
with a solar panel charging two AA size NiMH baitésrfor each sensor node. In an area
where the daily average sunshine hours range ftérto@.5 hours, the system has run
for more than two years (Corke et al., 2007). Hosvethere is a lack of literature to
explore the unknowns for larger systems that @tisialar energy continuously and
require more power for gateways and base statmmistig-term operations.

A Forward Error Correction (FEC) technique was eatdd by researchers. By
adding information bits into the data packet, tliteEBror Rate (BER) for received
packets was obviously reduced (Sanchez et al.,)26@fvever, their method added the
burden of overhead on the data packet and wadfiméet for a WSN with energy-
constrained resources. A novel approach to handlepie sources of errors with low-
cost and small footprint devices was presentadilized the spatial and temporal
correlations residing in sensing results to coregrirs from various sources. This
achieved correction of all types of transient esiiara simple and efficient way, and
imposed no overhead at the sensor node (Mukhopgditya., 2009). The method
greatly enhanced data reliability but with limitats. It cannot be used for a system
designed to monitor data with faster variationsittiee sampling rate of the system. Also,
the computation requirements for the gateway areeased tremendously. Another
drawback is that the collection of correlation mfation depends on the redundancy of
the sensing data, which contradicts the purposkataf aggregation.

Besides putting a lot of enthusiasm and reseafotgbn all aspects of the

sensor nodes, the communication methods for gatawagink node are also crucial for
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a reliable and robust wireless system. If the gatefails, all sensor nodes connected to
that gateway would die. If the sink node fault§VdEN through that sink node would be
lost. Considering with throughput, cost, and ene@ysumption, people choose different
devices as their sink node. Direct connection ¢oltiternet is preferred; however, most
locations of interest are remote and have no ucastructure. General Packet Radio
Service (GPRS) is one of the popular choices (Btniat al., 2007; Barrenetxea et al.,
2008). A more expensive solution for sink node ddié a satellite link (Mainwaring et
al., 2002; Mathioudakis et al., 2007).

3.3 Wireless sensor network for precision agricultce

Adopting WSN technology in precision agriculturerigiguing and practical.
There are researchers investigating the WSN farigiom agriculture using Bluetooth
(Zhang, 2004). Although challenges such as balifergnd transmission latency exist in
his application, his work gives hopes for the fataf WSN in agriculture applications. A
method was presented for measuring environmentahpeters in a greenhouse using
WSN (Liu et al., 2007). After sinking data to antémal, this terminal transfers data by
short message service from a GSM system. The simalbf the WSN device is a
double-edged sword. The battery-powered sensorsvaiatkss devices enable flexibility
in deployment but shorten the useful lifetime of #ystem. The existing WSN systems
did not give a long-term, low cost solution forasdar away from Internet access or
power supply.

With these ideas and problems in mind, the purpbdseir research was to build
an unattended, robust, and remote real-time mang@ystem; and provide the design
details and configuration of this remote WSN, vdiecific emphases on system

reliability, power source life span, transmissiange, and cost effectiveness.
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CHAPTER 4 - TWO-TIER WIRELESS SENSOR NETWORK

The real-time sediment-runoff monitoring system weployed at three locations.

Before these deployments, individual modules weséetl separately in the laboratory.

4.1 Network architecture

The conceptual configuration of the system, inegigdsensor, communication

components, and monitoring backbone servers uistiited in Figure 4.1.
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Figure 4.1 Conceptual configuration of a real-timesediment runoff monitoring

system

The system was divided into two parts: a remotéesysand an indoor server
computer system. In Figure 4.1, the componentdalisd within the green zone labeled

“remote area” belonged to the remote system. Thexg wptical sensors, signal
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conditioners, motes, data acquisition boards, atiebes and a solar panel that charged
the battery. A Stargate had a mote mounted orditvnaas equipped with AirCard 750 to
wirelessly communicate with the server computee Bhargate was powered by the car
battery and the solar panel. For the outdoor enuient, all equipment was protected in
weather-proof enclosures and was wired properly.

An FTP server was set up on the indoor server coenpal receive remote files
transferred through the GPRS data service. Thevexteata files were stored in a
database. Both Java and C languages were usedureatata processed in a timely
manner. Raw data were processed and convertegjitoeening unit automatically using
the SQL programs in the database.

In our preliminary wireless communication tests,designed a network with a
few motes transferring data to a mote sitting anSkargate wirelessly, and then
receiving data in a computer via an RS-232 caliis architecture was used for testing
mote transmission range, battery life and sensatraob It was also used for checking
data processing operation on the Stargate.

To make the system more practically useful, wedbztio add an AirCard 750 to
the Stargate so that we could use the cellular statace to further transfer data to a
remote server computer. With the AirCard, the mbbdf the system was greatly

enhanced. Using this architecture, we carried dewdfield tests in several locations.
4.2 Methodology

4.2.1 System components

4.2.1.1 Sediment sensor

Concentration of soil sediment, a proximate préalicindex of the natural water
condition, must be monitored continuously to engbat changes can be observed. An
optical sensor was used to measure suspended seaiomeentration (SSC) (Zhang et
al., 2007). The sensor was also modified to mea$oevelocity in a recent study. To
get accurate in-situ data in a river or creek,sd@sor must be fully submerged into water.

The prototype optical sensor was designed by &004). Several wavelengths

were selected to measure the spectral responsearfous water types. Further
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developed by Zhang (2009), a few more practicaletsodf the sensor were developed
and deployed in field test for measuring SSC aow flelocity in real time.

The principles of the optical sensor were illugdain Figure 4.2. A light emitting
diode (LED) with designated wavelength emits tigats for a period of time, three
phototransistors (PT) located at different angelmfthe incident light of the LED
receive and measure transmitted ()86catted (99 and backscattered (@gights,
respectively. Based on an analysis of the spe@splonses measured in different water
samples, a prediction model was developed to etgitha SSC.

PT 90°

| / . M ;
LED ("NZ______C N PT 180°
emit hght — object
D

Figure 4.2 lllustration of the principle of an optical sensor

LED light sources of three colors were used in egaital sensor. Those colors
were blue-green, orange and infrared. Based oatiatgtal analysis on colors of the LED
and receiving angles of the phototransistors, desighe optical sensor was simplified
(Zhang, 2009). Out of nine combinations of thedersaand receiving angles, only three
were actually selected for the design. They welraiiad light received at 4%IR45),
orange light received at 2%O0RA45) and orange light received at 130RA180).

Optical sensors are sensitive to ambient lighta(idh 2009). In order to reduce
the influence of ambient lights, we measured bloghsignals received by the
phototransistors when the LED light was turned ot @ff. Then we subtracted the signal
measured when the LED was off from that when thB s on, hence minimizing the

ambient lights effect.
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Four generations have been designed for the semsothe past years. Figure 4.3
shows a prototype of the latest'(@eneration) design. The sensor and signal calie we
sealed in a black polyvinyl chloride (PVC) case Aad a well shaped channel for water
flow. It also had embedded air passages for clgahi@ optical lenses of the LEDs and
phototransistors. This design, compared with oméi-fouling mechanisms, was found
effective in reducing biofouling.

Figure 4.3 Prototype of the &' generation optical sensor

Additional orange LED and two phototransistors (G2 and ORA180-2) were
placed on this sensor. These additional LED-phatsistor pairs worked with the
original orange LED-phototransistor pairs (ORA4% &RA180) to measure the flow
velocity. A dye injection mechanism was requiredreate sufficient marker for this

sensor while performing the flow velocity measurat{&@hang, 2009).

4.2.1.2 Signal conditioner

A printed circuit board (PCB) was designed for sigronditioning. It was used to
amplify the sensor data and adjust the signal rahige board also provided a 5 VDC

regulated power and control signals for the optsegisors. It was an interface between a
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data acquisition board and the optical sensor. Momeplicated design related to mote

and sensor control will be discussed in detailShapter 5.

4.2.1.3 The motes

The motes, also called smart dusts, enable a lowepwireless sensor network.
The third generation motes (MICA2, Crossbow Tecbgplinc., San Jose, CA) are used
to achieve an ad-hoc mesh network. In the netwbekmain role of the mote is
controlling sensor, collecting data, and then penfog short distance wireless
communication.

For this study, we selected MICA2 as our mote deVidICA2 utilizes Atmel
ATMega 128L as its core processor which is a lowgo CMOS, 8-bit microcontroller
based on AVR enhanced reduced instruction set congp{RISC) architecture (Atmel
Corporation, 2006). The operating voltage is 2373-VDC, which can be easy satisfied
by two AA size batteries or an external power syppl900 MHz FSK modulated radio
frequency in an unlicensed ISM band is used for ABQvireless communication. The
radio transmission power is adjustable. The maxindata transfer rate is 38.4 kbps,
which is greater than the required 9.6 kbps forajyglication in this study. The outdoor
line of sight radio transmission range is 150 nhJApin expansion connector supports
analog inputs, digital I/O, 12C, SPI and UART iritares (Crossbow, 2003). With a
proper driver program installed, adequate powepktiand the MICA2 mounted on a
data acquisition board (MDA300) through a 51-pipasion connector, the measured

sensor data are ready for broadcast. Figure 4sshdMICA2 mote.
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Atmel ATMega128

51-pin Hirose connector /

On/Off Switch

~

MMCX connector (female)

Figure 4.4 Top view of a MICA2 mote

In later experiments, we also used a new mote @tddiCAZ. Functionalities of
MICAZ are similar to or slightly enhanced from MIQAbut they use a 2.4 GHz, direct
sequence spread spectrum radio for communicatidgresmaximum data rate for MICAZ
is increased to 250 kbps. This was especially i@atfo us when the raw data for
velocity measurement needed to be transmittedr&igd shows an example of MICAZ
mote. The antenna was obviously shorter than trdtifCA2 (Figure 4.4) because of the

higher radio frequency was used.
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Figure 4.5 Top view of a MICAZ mote

4.2.1.4 Data acquisition board
A DAQ board (MDA300CA, Crossbow Technology Inc.nSiose, CA) was used

to process the analog outputs from the sensomsadtalso used to control relays. The
board has a 12-bit analog-digital converter (AD@hvan 8-channel multiplexer, the
sampling rate is 50 kHz (ADS7828, Texas Instrumedbdégdlas, Texas). The DAQ board
allows eleven analog inputs channels, six digitalports and two relays. Figure 4.6
shows the top and bottom views of the MDA300CA kdodihe 51-pin expansion
connector can be used to connect a mote seamlessly.
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Figure 4.6 (a) Top view of a MDA300CA board. (b) Bttom view of a MDA300CA
board
On this board, seven channels (AO to A6) are siegled analog channels. The
input range for the analog signals is 0-2.5 V. Fadditional channels (A7 to A10) are
differential analog channels. Three excitation cleds and two LED channels occupy the
rest slots of the analog channels. For input sggaghigher than 2.5 V, a voltage divider
is necessary to scale down the voltage levels.
The ADC reading can be converted to voltage bygughowing equation
(Crossbow, 2007).
V.

i = 2.5% D, 1409€ (4.2)
where:

Y/

out

= Output analog voltage reading
D,,c = ADC digital reading
Six digital channels (DO to D5) can be used foitdlgnput and output. When

used as output, it is an open-collector circuit) areds an external pull-up circuit to
adjust to desired output voltage levels. When tireyset as inputs they have internal
pull-up resistance so that they can be directly {€gossbow, 2007). Two additional
digital channels are used as relays. One relagrimaly open and the other is normally
closed. In this study, we used digital outputsdntml sensors and a digital input as a

counter. Relays were also used for sensor control.
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4.2.1.5 The gateway
We used a Stargate (SPB400, Crossbow Technology3an Jose, CA) as an

unattended remote gateway for control, routing @rdmunication. As a high-
performance and low-power processing platform desigor sensor, signal processing,
and controlling, the Stargate can be used for mérsless sensor networking
applications. A 32-bit, 400 MHz, Intel PXA255 XSedRISC processor is used with 64
MB SDRAM and 32 MB flash memory. It has a standelaspen-source Linux operating
system with kernel version 2.4.19 (Crossbow, 200)en it is equipped with compact
flash (CF) with an appropriate capacity (biggenthaGB) and PCMCIA connectorthe
Stargate can store application programs and maredhe year’s worth of data. This
guaranteed that backup data are always availal®@e, ia the worst wireless transmission
scenario.

With an additional daughter card (SDC400CA, Crossbechnology Inc., San
Jose, CA), the Stargate also supports a varietyteffaces, including RS-232, 10/100
Ethernet, USB port, and JTAG (Crossbow, 2006). Aenvadtached on the Stargate serves
as a base station that can receive wireless datadne or multiple remote motes. Figure

4.7 shows a Stargate with a daughter board on it.
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Figure 4.7 Stargate and daughter board as a gateway

4.2.1.6 Cellular communication using AirCard and GRS

The cellular communication was designed as thestagie of wireless data
transmission in the system. Mobile communicatiofe#sible and accessible in most
areas with human activities. A PCMCIA connectortloe Stargate makes it possible to
install any standard AirCard available in the marke

There are many different types of AirCards for n@ipihone systems provided by
different carriers, such as Code Division Multiplecess (CDMA) from Verizon
Wireless and Global System for Mobile communicai¢@SM) from T-Mobile. We
chose the AirCard 750 (AirCard 750, Sierra Wirel€&shmond, BC, Canada) based on
the availability of the required data transfer gavn the study area. The AirCard is
essentially a cell phone built into a PCMCIA cartie AirCard greatly improved the
mobility of our system, extending it, theoretically anywhere with compatible mobile
data services. This is especially important tolraraas, where limited or no Internet

access is available. Figure 4.8 shows an AirCafdwith a whip antenna on it.
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Figure 4.8 AirCard 750 with a whip antenna
General Packet Radio Service (GPRS) is a mobike siatvice for GSM system.

The maximum speed of a GPRS connection is compatalad modem connection in an

analog telephone network (about 32-40 kbps). laysdmarket, all mobile service

providers offer data service as well as voice setrwWVe chose T-Mobile’s GPRS simply
because their data service had the same coverdleiagoice service in our study area.
We also used AT&T and Verizon data services foeptbcations. We will discuss these

two data services in Chapter 5.

4.2.2 Power supply and conservation

A 12 V car battery was used as a power sourcéntoramote system. Efficient
power usage was vital for longevity of the outdsgstems. This study required
appropriate power management for both sensor aredess data communication.

For each sensor data scanning, the sampling imnteasdesigned to be 30
seconds, this allowed a near real-time data samplimle saving energy for extra data
communication in case a shorter sampling intenas applied. As designed, each LED
on the optical sensor was turned on for 96 ms hed off within every 30 seconds
period, and this time period could be controlledHr mote. This scheme minimized

sensor’'s power consumption.
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As programmed, the mote always stayed in a low pe@aesumption mode after
finishing the control and data transfer tasks. Veit80-seconds data scanning interval,
two AA size batteries lasted an average of 4.5 dagtse test. Instead of using two AA
size batteries, a 3.3 V voltage regulator couldiged for power supply. A 12 V car
battery used for mote and sensor scanning lastee tihan one month. In a later study,
we used a 5 W solar panel to recharge the batt&tgnding its lifetime to a few months.
The Stargate and AirCard were the two main powasgmers in the entire system. The
current drained by the Stargate could reach u@@ndA while the AirCard was in

operation. Because we used a 12 V battery as therpupply and the Stargate needed

only a 5V power supply, in the worst caé]aZ\/ - a/)x 0.5A= 3.3V power was wasted

on the voltage regulator’s heat sink. This alsoegated a heat dissipation problem in the
small enclosure used to protect the Stargate anditiCard for outdoor operation. To
solve this problem, in addition to add air venidat we used a switching voltage
regulator (DE-SWO050, Dimension Engineering, AkrOi]). This voltage regulator
drained current only when necessary. This design@h reduced heat build up and

significantly increased the battery life.

4.2.3 Data transfer protocols

The AirCard on the Stargate provides a point-ta¥pprotocol (PPP) link across
Internet via the cellular service. The PPP lin& imethod for transmitting datagram over
serial links. It encapsulates datagram and mansgr etétworking protocols for
transporting IP traffic, assigning and managin@di@resses. It does not impose any
restrictions regarding transmission rate (Ciscd,200nce established the PPP link
connection, we built a link between the centrabgaty (Stargate) and the server
computer using a commercial GPRS data service.liitkisemained connected until we
sent command to explicitly close it, or until otleternal event occurred (power outage,
hardware failure, etc.). In the software designmusst have the PPP link to be checked
to ensure none disruption data transmitting. Wédislcuss this further in section 4.2.5 .

After obtaining the PPP link, we used a file trangfrotocol (FTP) to transmit
data from the Stargate to the server computer.i&@85tandard network protocol used to
copy a file from one host to another over a TCB®#4Bed network, such as the Internet.
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FTP is built on a client-server architecture. ltizes control and data connections
separately between the client and server. FTPed with user-based password
authentication or with anonymous user access (\Wdig 2010a).

A freeware software (Markov, 2006) was chosen tos€TP server on the
server computer. The FTP client, Stargate, didequireto installing any additional
FTP software. It used the existing ftp command &kenTCP connection to the server on
port 21 to establish a control connection. Thisnemtion remained open for the duration
of the communication session. From its port 20,ARE server machine made a data
connection to the Stargate and required the stditedransfer. At the same time, the
control connection was used for session manageimf@nination exchange between the
client and the server.

The server responded on the control connection thitre-digit status codes in
ASCII, e.g. “200” represented that the last commaad successful. A file transfer in
progress over the data connection could be abadiedg) an interrupt message that was
sent over the control connection. We used thesedttBs codes to determine the
progress of data transfer as well as the FTP caiomec

FTP can be run in either the active or the passiede. The difference between
these two modes is the way that the data conneistiestablished. In the active mode, the
client sends the server the IP address and a potber on which the client will listen,
and the server initiates the data connection.tiraons where the client is behind a
firewall and is unable to accept incoming data emtions, the passive mode may be
used. In this mode the client sends a PASV comnatite server and receives an IP
address and a port number in return. The clierg treese to open the data connection to
the server (Wikipedia, 2010a). Since we could adjus firewall to open the necessary

ports on the FTP server computer, we used actiwderfar the FTP connections.

4.2.4 Database and Internet presentation

For the two-tier WSN we developed in this study tlumbers of records
generated were limited. We chose Microsoft Acc&32as our data storage database.
Compared with other sophistic databases such a®sditt Structured Query Language

(SQL) server, Oracle, the Microsoft Access datalcas#d be managed with lower
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maintenance. The database programming was simgléhartechnical support was
strong.

Microsoft Access database saved records into tabédde could be designed
based on the structure of records. In this stualy,data received from the FTP
connection were saved into a table named “tblOalgiBaved raw data not only kept the
original data format, but also provided help infatran for troubleshooting. Immediately
after the raw data were written into the databadgew relational database SQL
programs, so called stored procedures, were useglittate the new data and to parse or
convert the raw data into separate user-readables;aand then to save them to a result
table named “tbIResults” automatically. We will cliss the details of the stored
procedure programs in section 4.2.5.3 .

An Internet information service (1I1S) was set ughie server computer as a web
server, which provided the real-time data accesbenmnternet. We used Active Server
Pages (ASP) to run the web publication tasks. Bastess authentication was enforced
to provide a secured website. Web server-side progning helped to realize dynamic
graphics refreshing in real-time. The web showedn#west data and graphics on its first

page. Selected data could be viewed and downldadedanywhere in the world.

4.2.5 System software design

The system software included mote programs, they&ta data processing and
communication programs, server computer data rexeand processing programs, and
web server and publication programs. These progveens written in various languages,
including nesC, Linux shell script, Java, C, SQU #&ttive Server Pages (ASP).
Language selections were based on their availabititdifferent operating platforms,

also considered the compatibility between diffeisaftware languages.

4.2.5.1 Mote program

There were basically two types of programs instiatle the mote devices — the
programs for transmitting or receiving data. Thigioal programs were developed by
Intel Corporation. We further developed these prow based on their open source
license. The programs were all written in nesCetdize the structuring concepts and

execution models of TinyOS. The nesC program cbaldompiled and debugged using
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Cygwin, which was a Linux-like environment for Wmds. It provided substantial
system call functionality, and a collection of ®abffering a Linux look and feel (Red
Hat, 2010).

The program for transmitting data controlled th&éeg sensor sampling every 30
seconds. The LED lights were turned on and ofeiguuence with a duration of 96 ms. As
we tested under the laboratory condition, this tlamacould be further reduced to 6 ms
without causing significant signal distortion, swshreduction in magnitude. However,
one second on and off period used on CR5000 dafatagas already satisfactory for
optical sensor sampling (Zhang, 2009), to givefa saargin to avoid signal distortion
due to a short LED’s on or off duration for thels#ame sampling, we chose 96 ms in the
program. By using multiple timers in a chain cortr@cmanner, i.e. one parent timer
called the next timer before it expired, the sampbaling instance was designed
precisely in the middle of each LED’s on or off &mperiod. This ensured that no sample
could be taken at the moment of LED’s on and @ffisient. The sampling timing scheme
is illustrated in Figure 4.9.

-+ 30 seconds >
- 384ms -
Goms _ 96ms
[ 48ms _ _ 48ms |
IR LED an IR LED on IR LED off IR LED off ORALEDon | ORA LED on | ORA LED off | ORA LED off ICHE
A X [ A ['Y Iy i A

Turn on Read Turn off Read Turn on Read Tumn off Read
IR LED sample IR LED sample ORA LED sample ORA LED sample

Figure 4.9 Sampling timing scheme for one sensor
The program also wrote digital data into a precefinecord, also called packet,
as shown in Figure 4.10, and then sent them t@a im@te on the Stargate. We defined
each field in the date payload as a “channel”. digeéal data was saved in a hexadecimal
format, and each channel in data payload had 4llgi#s which represented a maximum
number of 65,535 in decimal. Considering the dateye of measurement, this was large
enough for our transmitted records.
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[2008/07/16 14:02:40] Timestamp
Record packet

Te42ffff007d5d11810101000b0d08000700070006000c000b00d507000000000000000000000003b5 [41]

T EHEEEHEE BEEEE | B
s o e L e e e B e R A
Data payload
Figure 4.10 Layout of a typical record and its timstamp
Description of each field in the record was giveTable 4.1.
Table 4.1 Description of each field in the record
Name Description Length
(bytes)
Header Including record beginning number, MDA30@ra 1D 5
Group ID Identification number of a mote group (GpdD “125” was | 2
used for all motes in this study)

Board ID Identification number of sensor or DAQ fmba 2
Packet ID Identification number of a packet 1
Mote ID Identification number of a mote 1
R1 Reserved 1
Mote Batt Mote battery voltage 2
Ir45 On Reading received at 4%vhen IR LED was turned on 2
Ir45 Off Reading received at 45vhen IR LED was turned off 2
Ora45 On Reading received at 45vhen ORA LED was turned on 2
Ora45 Off Reading received at 45vhen ORA LED was turned off 2
Oral80 On | Reading received at 18&vhen ORA LED was turned on 2
Oral80 Off | Reading received at 18@&vhen ORA LED was turned off 2
Gateway batt| Gateway battery voltage 2
Other CH Five other channels (2 bytes each) 10
R2 Reserved 1
CRC Cyclic redundancy check (CRC) for error detetti 2
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Defined by the mote program, the header of therdba@s always started with 7e
in hex (0Ox7e). To avoid confusion with the datddaing the header, Ox7e should not be
allowed to show up inside the payload data. Cormsettyy the program automatically
checked and changed any value equal to Ox7e toB@x7dhis was called a number
escape. In this way, Ox7e never appeared aftdirftéwo bytes in the packet. Again,
0x7d used for the number escape could be confughdwrd used for data in the
payload. Similarly, the program changed any Ox7#&tusr data in the payload to 0x7d5d.
In this way, 0x7d was used for number escape antlge payload. As a consequence, in
the receiving side, we must always find any nungseape and change them back to the
original values, and then perform the rest of gaitecessing tasks. Because of this
number escape algorithm, the total length of eachrd varied between 41 and 43 bytes.

There was only one application program that coel@ékecuted in a given time on
the TinyOS environment. However, the TinyOS’s canenicy model allowed multiple
threads to run within one application program (Gbmsv, 2005). In our sensor control
nesC program, after initiating the control compdn#rere were two threads running at
the same time. The first thread was called maieathr which took care of collecting data
and sent them to the radio channel. The seconddiwas called timer thread. It was
started by the main thread, and took the respditgitar controlling the LED lights and
sampling at appropriate time instance. Once stattbede two threads ran forever until
the mote was stopped by the user or when an untgeeent occurred.

Figure 4.11 gives a flowchart for the mote sensmtrol and data transmitting
program. The source codes of the program are givdre Appendix A.

For receiving program on the base mote, we directfd the original nesC

programs from Intel.
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Figure 4.11 Flowchart for the mote sensor controlrad data transmitting program
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4.2.5.2 Stargate program

As mentioned in section 4.2.1.5 , the Stargateamadpen source Linux operating
system on it. Hence, we could use Linux shell $¢agprogram for data collection and
transmission. Shell script was written for commaénd interpreter of the Linux system,
and it could be used for manipulating files, exgauprograms and printing texts.

Once the Stargate was started, it automaticallgigee a few programs in the
sequence based on their priority settings. The pirsgram called was a program (PPP.sh)
that used the “pppd” command to call AirCard 750 astablish a PPP link. It also
requested a 30 seconds time delay in the Stargatait for the AirCard’s response. Next
to it, another program (cfcard.rc) checked theesy& date and time. The time could be
synchronized with a time server (tick.ucla.eduptigh the Internet connection. After that,
a watchdog timer (WDT), a hardware timing devicat tiniggered a system reset if the
program hung or neglected regular services, wésted. The program for starting WDT
was hamed as “stargate-watchdog”. Now, the Stakgaseready for receiving data and
sending them back to the server computer. Thegraors were very small and simple
programs. The source codes are listed in Appendix B

There was a script program called “xfer.rc”. Thadtion of this program was to
call data collecting script “Xlisten.sh”, FTP dezahnection clean script “killiD.sh”, FTP
connection checking script “do-clean-ftp.sh”, afitPHile sending script “ftp_test_02.sh”.
It also stopped these programs when the systenstepped. The flowchart of the
starting data collection and FTP program is shawfigure 4.12. The source code is
listed in the Appendix B.
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Figure 4.12 Flowchart for starting data collectionand FTP program

The data collecting script (Xlisten.sh) actuallyled a C program (xlisten.c)
developed by Crossbow. Based on given input paemehe “xlisten.c” program
listened to assigned serial port and printed ccgived data in a defined format. In this
study, this C program saved all raw data into afiennat file on the Stargate. We also
used this C program to obtain time information fritnva Stargate and add timestamps for
each received record. The flowchart for the dat@tiing and printing C program is

shown in Figure 4.13.
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Figure 4.13 Flowchart for the data listening and pmting C program
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The FTP service was supported by a client-sendhitacture, which requested
both client and server in good operating conditidbngase any part of this architecture
failed, the connection could not be maintainedsMms also true for wireless
communication when the signal was interrupted neohoise sources. In this study, a
FTP client was used on the Stargate. It requestedection and sent data to the server
computer. Once the FTP client started a connedti@ecupied the resources such as
memory, network port on the Stargate. This FTPtlend connection were closed by the
user program when the file transmission task wasted. However, in some situations
such as losing transmission signal and noise irtente, before being properly closed by
the user program, this FTP client remained in ffstesn even when the actual connection
was broken. This dead FTP client must be cleanesbupat we can reuse the resources
for new FTP connections. A script program (KilllB)snonitored the FTP client on the
Stargate. If a FTP client was found to stay foeatraordinarily longer time than normal,
the “KilllD.sh” program forced this FTP client txieand release the resources occupied
by it. In this study, it normally needed less tlz@nseconds for a FTP client to complete a
FTP transmission. If a FTP client stayed more thamnutes, it would be cleaned up by
the “KilllD.sh” program. The flowchart for this dgpt program is shown in Figure 4.14.

The source code is listed in the Appendix B.
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Figure 4.14 Flowchart of the dead FTP clean up pragm
Before sending data files to the server computeruged a FTP connection
checking script program (do-clean-ftp.sh) to esshlthe first connection without
sending any data. This was a safeguard programstare that both the client and server
were ready for data communication. The flowchartH®6P connection checking program
is shown in Figure 4.15.
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Figure 4.15 Flowchart for FTP connection checking pgram

After the transmission from the mote(s) to the §dger was established, the
incoming data from the mote were accumulated iata-tbg backup file one line after
another. The data-log backup file was a file toesalV incoming records from the sensor
motes on the Stargate. In case of wireless trasgmnigailure, a data backup could be
retrieved from it. We used a line reader scripigpam (Readxlisten.sh) to read the line
numbers and trace any changes in the line numiaeh Ecord had two lines of data: line
of timestamp and line of raw data. Hence, if thhe Inumber was increased by 2, we
knew that there was a newly added record in tiee Bl checking changes in line number
every second, a call FTP script program (ftp_teastt) could call a FTP transfer script
program (do-file-xfer-02.sh) when we had new redarthe data-log backup file. The

flowchart of the call FTP program is shown in Figdr16.
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Figure 4.16 Flowchart of call FTP program

Upon a data sending request, the FTP transfertsmogram (do-file-xfer-02.sh)
prepared a data-sending file for transmitting basethe newly generated line number.
The data-sending file was a file to temporarilystdata. The program then called the
FTP command to send the data-sending file to theeseomputer. If the file was
transferred successfully, the program receivedeetdigit status code, “200”, from the
FTP remote server to indicate that the FTP commasisuccessful. It then updated the
line number to indicate that those lines were tfiemned. If the transfer failed, the
program checked the FTP connection for three tinedsre restarting the Stargate. The
durations between these three checking points vadled Waiting Interval (WI). The WI
was doubled after each restarting of the Stargatietbe length of Wi reached 1 hour.
The checking algorithm eliminated any unnecessgstesn restart due to temporary
connection problems such as transmission traffirgestion and low transfer rate caused
by weak signal. It also reduced the frequencydstarting the Stargate when there was a

real connection problem from the GPRS serviceaBedhe FTP connection was lost for
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more than 5 hours in a gateway that was communigatith two motes, the
accumulated new records could generate a hugesdating file. When the FTP
connection was recovered, it usually took more thamnutes to accomplish the file
transfer. However, a FTP client executing more thamnutes could be ended by the
“KilllD.sh” program. As a consequence, the Stargafgeatedly failed to send this huge
file, and it blocked the normal FTP transmissioo.avoid this predicament, the FTP
transfer program copied the most recent recordn the data-log backup file to the data-
sending file, and made the data-sending file €2e than 550 k so that it could be sent
out within 2 minutes before the FTP client was teated by the “KilllD.sh” program.
Figure 4.17 shows the flowchart of the FTP tranpfegram.
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Figure 4.17 Flowchart of the FTP transfer program
The last program, an initial checking script pragr@heck_init.sh) checked if

four processes - the data listening and printiqgdgyram, the watchdog timer program,
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the call FTP program, and the line reader programare running. If any of these
processes was not working, it rebooted the Stard@ais initial checking program only
executed for two minutes from the time the Stargais started or restarted. The source

codes for above program can be found in the AppeBdi

4.2.5.3 The server computer program

The server computer received sensor data, andidtoeen into a Microsoft
Access database. A backbone java program (backbeagrunning on the server
computer continuously monitored the received dié&aThe program obtained the latest
date and time from the database and saved theandata render C program
(bkj_render.c) to use later. It then started thta dender C program which detected and
prepared data when new records came in. As thedagawvas ready, the backbone java
program inserted them into the database, and tbeth stored procedures to convert the
raw data into user-readable values in the datalB#sed on the new data’s timestamp in
the database, the backbone java program gathezethth of the last 24 hours and called
a graphic generating C program (bkj_gd.c) to dnaagdes for Internet presentation. The
flowchart of the backbone java program is showRigure 4.18.

The data render C program, interacted with the @k java program, was used
to read received sensor raw data, make a copyeof,thalculate the SSC predication
from one record for each mote and save them twtdike (render.txt) for Internet display.
This program also told the backbone java prograrenadndata was ready for insert into
the database based on its timestamp, so that ncalegecords were entered. This
maintained the consistency of the database. Fgd&shows the flowchart of the data
render C program.

The graphic generating C program used a GD libi@draw PNG format
pictures for Internet display. GD is an open sowade library for the dynamic creation
of images by programmers. GD creates PNG, JPEG#Admages, among other
formats. The most common applications of GD invaleb site development (Boutell,
2007). The flowchart of the graphic generating 6goam is shown in Figure 4.20.
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Figure 4.18 Flowchart of the backbone java program
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Figure 4.19 Flowchart for the data render C program
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Figure 4.20 Flowchart of the graphic generating C ppgram

Stored procedures were used in the Microsoft Acdatsbase to manipulate data.

Stored procedure is a subroutine program writte®Qt., Java, and C etc. It is saved in

the database. The stored procedure can be callethbyapplications and run directly

within the database. In this study, all the stggeatedures were written in SQL language.
By using these stored procedures, raw data weidaved, timestamp were added to each
record, and number escapes were detected and chbageto their original values in

the “tblResults” table. Based on the record layghdwn in Figure 4.10, raw data were

parsed and inserted into the final results talbRé@sults). Finally, for Internet display

purpose, the data of the latest 24 hours weresweii from the database.
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4.2.6 Deployment and installation

4.2.6.1 Fort Riley test site

A preliminary experiment was conducted at Fort Rikkansas, in August 2006.
Figure 4.21 shows the components of the remoteossgstem. A sensor was connected
to a water pipe. A water pump propelled the watién woil sediment from a nearby
water tank into the pipe. The sensor measureddtiengnt concentration in the running
water. An MDA300 data acquisition board attached MICA2 mote collected data from
the sensor, and a Stargate transferred the datheviairCard 750. A laptop was used for

debugging and temporary on-site monitoring. A LawW/program was used to display

real-time data on the laptop.

@
Figure 4.21 Components of the field test at Fort Rey, Kansas: (a) Sensor, (b)

Stargate gateway, (c) Water pump, (d) Water tank
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We established signal transmission and receivealfdain both the in-field
remote computer and the indoor server computer.edew at that time, we encountered
several problems—the data transfer signal was sorestweak, the power source was
overheated, and the Stargate occasionally stomsgibnding. These problems reduced
the system reliability, which was detrimental for@nattended remote system.

Due to the weakness of the GPRS data transferlsignaral areas, the AirCard
750 on the Stargate can lose its signal and disszirirom the system. The AirCard 750
used in this study cannot restore the connectioitskif. To solve this problem, we
mounted a range extended antenna (YSC-RE1905U-ShdPper Concepts Inc., Boca
Raton, FL) on a 1 meter pole to improve the sigraver level. We also added a
checkpoint in the Stargate data transmitting pnogi@ determine whether the FTP
connection was still alive. If the connection waarid not maintained, the program
would recheck the FTP link two more times befomedtarted the AirCard to restore the
connection.

We solved the overheating problem by using a ponaragement algorithm in
the shell script program on the Stargate. Basicalg/closed the transmission channel on
the AirCard whenever possible. As a result, thegrasonsumption was reduced
significantly. Moreover, by using a switching v@taregulator, we significantly reduced
the heating problem and prolonged the battery life.

The Stargate was a single-board computer. Like cmsputers, it can stop
responding after operating for an extended timegeiT his freeze of the Stargate might
be due to errors in a third party driver we usadlie AirCard. However, Crossbow did
not offer a driver for AirCard 750 on the Stargdte.improve the reliability of the
system, we started a watchdog timer (WDT). It waelstart the Stargate after the
processor stopped responding for a certain pefitiche.

During the Stargate’s restarting period, the sedata were saved on the remote
mote’s 512-Kb flash memory, which, in this studgncave up to 40 hours of data

without sending them out. Therefore, restartingSkargate would not cause data losses.
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4.2.6.2 Little Kitten test site

We conducted the second experiment in Little KitBraek (Manhattan, Kansas)
from August 2006 to March 2007. System block diageae illustrated in Figure 4.22. A
sensor was located in the creek, and the wirel@ssrnication system was located on
the bank. A 12 meter long cable connected the bgpraditioner on the bank to the
sensor. The sensor was protected by a waterpratdseme. A protective fence was also

built to protect the sensor and cable from damagiohting logs and other debris.

i —_———  Wired connection
ata er
Rl 0 e = Wireless conpection
Sensor f e Signal conditioner » MMOAZ00 » MICAZ et MICAZ
FTP serves
Stargate
\.- —] Internet l
Database
— ——=—  Aircard
1S Service

Figure 4.22 Block diagram of a two-tier WSN systemat the Little Kitten Creek site
in Manhattan, Kansas.

We used a CR10 datalogger (CR10, Campbell Sdeitit., Logan, UT) to
control the sensor scanning. Sensor data weredsitotee datalogger every 10 seconds.
Saved data were used later to verify the accureyreless data transmission. The
datalogger also sent a synchronization signaléedMbA300 board to initiate its onboard
sampling every 30 seconds. Thus, the samplingoathe MDA300 was set three times
lower than that of the CR10 datalogger.

Data were sent immediately from the MICA2 motette Stargate and transferred
to an indoor server computer through GPRS usingTdhservice. A 10-12 second
transmission latency due to FTP connection andtdatafer was observed. After the
resuming algorithm with a checkpoint in the motegram and a WDT for the Stargate
was implemented, data transmission became mosebleland robust. The system sent

data continuously for 15 days and stopped duebattary failure. The system was
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powered by a 12 V car battery. Voltage levels atliattery and each MICA2 mote in the

system were monitored in real time via the Internet

4.2.6.3 Mission City test site

We applied solar panels in our latest two-tier deciiure experiment. The
experiment was set up in Mission City, Kansas. Quyust 17, 2007, we installed two
sensors and a two-tier wireless sensor networkeasore sediment concentrations in
storm drainage water. Two MICAZ sensor stationgectdd and sent data to a central
station. As the second infrastructure tier, thetregistation stored data and
communicated with a cell phone system. By usind & protocol, we retrieved data at
our backbone computer system. We did not use dggaftdn this experiment. Backup
data were stored on a CF memory card with a capatgtoring one year’s worth of data.
Real-time monitoring data were published on therimt. Figure 4.23 shows the

deployment map of the sensor nodes and centradrstat

. — e A

R | e
Outlet sensor station

Figure 4.23 Map of the wireless network deployed iMission, Kansas (Map from

Google Imagery, Digital Globe, Sanborn, Map Data)
The power supply was enhanced by installing a 1%o\&r panel (Northern Tool
Equipment) for the central station and 5 W solargb&for each sensor station.

Reprogramming the software to further reduce thieaton time on remote devices also
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improved power conservation. We tested the system §an. 16 to March. 19, 2008,
and observed that the power supply was sufficiadeunormal weather conditions.

Radio-hostile environments were another challeng@xperienced in this study.
Signal loss due to absorption by nearby water anth greatly reduced the transmission
range. Trees and vehicles also impeded signalsed¥er, interference caused by
obstacles near the path of transmission, usudtyresl to as a “Fresnel Zone”
(Rappaport, 2007) problem, also hindered the stalskeof data transmission. The results
were either no signal or a severe packet loss.

We achieved more than 100 meters transmissionibg lCA2 mote with 900
MHz radiofrequency under laboratory conditions. loer, for the field test in Mission
City, we could not attain this distance. We tedtede carrier frequencies - 433 MHz,
900 MHz, and 2.4 GHz - under the same environmeatadiitions. The effective radio
transmission ranges these frequencies were foubd &pproximately 30 m, 10 m, and
20 m, respectively. The distance between one of¢hsor stations to the central station
was 96 meters. Therefore, changing carrier frequéittnot solve the problem.
Eventually, we decided to use a 2.4 GHz MICAZ mwetech, compared with motes with
other frequencies, has a higher data rate, lom&epoonsumption, cheaper external
antenna, and better anti-interference ability.

We also tested multi-hopping relays by adding aolgieti motes between the
sensor stations and the central station. Aftefidie test, this multi-hopping relay
algorithm was proved to be feasible. However, ag#ded more components, such as
motes, solar panels and car batteries, into thersyshe system became more
complicated, and the implementation cost increased.

Finally, we solved the transmission range problgmiding both omnidirectional
and Yagi directional antennas. An omnidirectiomgkana (HyperLink Technologies Inc.)
with 8.5 dBi gain was used at the central statitach sensor station has a Yagi
directional antenna (HyperLink Technologies Inciffwgain of 14.5 dBi. Setting
antennas at a height of 3 meters (Figure 4.24)mimeid packet loss. For more than two

months of continuously observation, the averagé&etdoss rate was 3.1%.
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Inlet sensor station Central station Outiet sansor statian

Figure 4.24 Two sensors and a remote system in Miss City, Kansas

4.3 Results and discussion

After setting up the system in Mission city, Kansas transferred sensor data to
a database on an indoor server computer. Theseaatae observed on the Internet and
are updated every 1 minute. One example of thetireal monitoring interface on the
Internet is shown in Figure 4.25. The table shownhe top in Figure 4.25 gives
readings from two sensors and sediment concentstalculated from these readings.
Signal levels from each sensor were shown in theviong graphs in different colors.

Battery voltage was also displayed to help morthierpower supply condition.
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Real-time TSS Monitoring, Mission, Kansas

Mote ID ||Mote Battery (V) |IR45 (V) |ORA4S ) |ORAIS0 W) [Battery (V) |Prediction (mg/L)  |Date&Time
1 53.34 0.5212 03381 0.0403 12.43 G555, 44 20080419 11:42:41
2 53.36 0.0000  {0.0000 0.8911 12.46 PiA, 20080419 11:42:47
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Figure 4.25 A screenshot of the real-time monitorig interface at the Website.
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After collecting data from Jan. 24 to Feb. 15, 200& compared the wirelessly
transferred data with data stored in the datalogh®e results are illustrated in Figure
4.26 and in Figure 4.27.
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Figure 4.26 Wirelessly transferred data extractedrbm the database stored in the

server computer
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The analog to digital converter (ADC) on the datgtasition board mounted on

the wireless mote and the ADC on the dataloggee w#ferent. The difference was

removed by establishing a regression model of #étalalgger data against the wirelessly

received data. Using this model, data received fiteerWWSN were first converted to

“equivalent” datalogger data and then compare thi¢ghactual datalogger data. The result

is shown in Table 4.2.

Table 4.2 Percentages of outliers in transmitted gnals

Signal 1 Signal 2 Signal 3
Mean of absolute difference 4.2 1.8 1.8
between signals (mV)
Confidence intervalZo’) (mV) 16.3 9.5 5.7
Number of outliers 673 527 1959
% of outliers in data 1.09 0.85 3.16

In Table 4.2, the “outliers” were defined as theeldssly transmitted signals that
were outside the confidence interval of the datgdogecorded signals. The confidence
interval was defined by2c from the datalogger-recorded values, whemeas the
standard deviation of the difference between thelessly transmitted and datalogger-
recorded signals, which was assumed to have a hdist@abution. As observed in Table
4.2, signal 3 presented the worst case, where 3dfGbe wirelessly transmitted data
were considered as the “outliers”. Further obsématf these outliers revealed that,
most of them occurred around 10:40 AM each dayg¢hvhias the time when the ambient
light condition for the optical sensor experieneesharp change from shadow to direct
sun light. This transition took place within a vestyort period of time. Because the
sampling times of the mote and the datalogger weteompletely synchronized, a small
difference in sampling time may vyield significantifferent signal readings within this
transition period. Thus, the outliers may not neagly represent wireless transmission
errors.

From the experiment in Mission City, Kansas, weorded wireless data from Jan.
16, 2008 to Aug. 19, 2008. In order to study thedi@ss during wireless signal

transmission, we defined the packet loss rate |asfs:
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Packet Loss Rate,, = (%) x100% (4.2)

T

where Ny is the actual number of data packets receiveaialse during a time

period.

N, is the number of data packets actually transmitigthg the same time period,

and
N, :[lﬂ @3)

wherefx-| is the ceiling function that returns the smalles¢éger not less than
T, is the duration of the observation period in selspn

T is the sampling interval in seconds.

From March to May, 2008, we received 197,650 datands from the wireless
system. The actual data packet loss rate was 3.1%.

A severe ice storm occurred in mid-December of 20Bi& equipment in Mission
City, Kansas, survived without damage and data ldeg/ever, due to a power outage,
we could not retrieve data from the backbone dagba the indoor computer in real-
time. After the power was resumed, the system \wkesta recover the data and
completely return to its normal operation.

Long-range wireless communications using microwakeor satellite were
expensive and difficult for deployment. In thisdguwe explored the use of a
commercial cell phone service to achieve low-dosig-range transmission. The cost for

the two-sensor system is summarized in Table 4.3.
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Table 4.3 Hardware cost for two sensors in a realfhe sediment runoff monitoring

system
Components Price
\Wireless devices $1,300.00
Antenna devices $350.00
Power supply devices $650.00
Cellular service $620.00
Total $2,920.00

The sensor we used was at a much lower cost thalaisicommercial sensors.
Once the system was installed, it saved a greatiahad maintenance cost that was
necessary when human operators were sent to tlesimgntal sites to take water
samples manually. With the WSN, data can be obdameear real time, which would
allow researchers to study the water samplesimelyt manner and, in some cases,

respond to emergencies without delay.
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CHAPTER 5 - THREE-TIER WIRELESS SENSOR
NETWORK

As the area of coverage increased, two-tier WSNmweasn appropriate solution
for transmitting the sensor data. Considering thi@son where many sensor nodes were
spread over a large observation area, we neededlta mid-range wireless
communication module that connected the local semstdes with the central station.
Therefore, designing a three-tier WSN was essefatidhe monitoring system’s further
development.

A typical three-tier WSN included sensor nodes amgateway, which made up
the first tier of wireless communication. The tnassion distance within the first tier
was determined by the motes, which were responfiblghort-range radio transmission.
The wireless communication between gateways andehial station represented the
second tier. The transmission distance may vary fsdew hundred meters up to several
kilometers, depending on the radio devices used.tfiind tier was the wireless
communication between the central station and\eseomputer via a long distance data
transmission service, such as a commercial celédarice and a Meteor Burst

Communication (MBC) service.

5.1 Network Architecture

As the name implied, the three-tier WSN include@éhevels of networking: the
local wireless sensor network (LWSN), the mid-rasgesor network (MRSN) and the
long-range cellular network (LRCN).

The LWSN was in charge of transmitting data fromsees to a gateway station.
On this tier, the area the wireless transmissia@htbaover was usually near a stream or
under a bridge, surrounded by trees and other atges$. The vegetations and water
were in general hostile to wireless transmissiazabee they often absorb, refract, or

reflect the signals. Moreover, commercial celldaverage in these areas were generally
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poor or nonexistent, short range wireless deviopgg 100 m) were needed to relay
sensor signals to a gateway station, where sigwailsl be further relayed.

The MRSN relayed the data, through a moderately thstance (up to 16 km),
from the signal-unfriendly sensor sites to a lamatvith a satisfactory commercial
cellular coverage. Because of the longer transomssinge, the MRSN allowed multiple
LWSNs within larger areas to send data to the sameal station, where they shared a
single cellular service to transmit the data toltiternet. Repeater station could also be
added to the MRSN to further enlarge its coveraga.a

The last tier in the three-tier WSN was the LRCNuded a commercial mobile
wireless data service to further transmit datdéodatabase server through the Internet.
A “Web-GIS” system developed in this project gageess to the database via the
Internet. A block diagram for the three-tier WShtgyn is shown in Figure 5.1.
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Figure 5.1 Block diagram for the three-tier WSN moritoring system

5.2 Methodology

5.2.1 Radio propagation model
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Before further discussion of the three-tier WSN,need to investigate a few
propaganda theories to better understand featfiresious wireless communication
systems. This would also help us in planning tipekagy of the network system.

Performance of wireless communication has someeziary boundaries
imposed by its radio path. The transmission pativéen the transmitter and the receiver
varies from simple line-of-sight to the one thaséverely blocked by objects such as

buildings, mountains, and foliage. Unlike most wipaths, wireless paths are usually




affected by variations in the environment surrongdhe path, which often add
complexity to the analysis.

Using propagation models to predict the averageived signal strength at a
given distance from the transmitter is a traditianachanism for electromagnetic wave
propagation analysis. One of the fundamental madeldree space propagation model.
This model is used to predict received signal gfitthen the transmitter and the
receiver have a clear, unobstructed, line-of-sgtith between them. The free space
equation (Rappaport, 2007) is shown below:

2
P (d)= it (5.0
(4m)”d’L
where P = the received power (W)
P = the transmitted power (W)
G, = the receiver antenna gain

G, = the transmitter antenna gain

d = the transmitter — receiver separation distange (m
L = the system loss factor not related to propagdtionl)
A = the wavelength of the carrier signal (m)

From equation 5.1, we found that the average redesignal power decreased
when the distance between the transmitter andettedvier increased. Therefore, in order
to help extend the system coverage, we could eidterce the transmission distance
whenever possible or install repeater stationse8as equation 5.1, a lower carrier
frequency, which corresponded to a longer carrevelength , would yield a larger

received poweP . Therefore, among carrier frequencies of 900 Mkl 2.4 GHz, 900

MHz was selected for mid-range signal transmissfdso from equation 5.1, the antenna
gains for both the transmitter and the receivetrdmurted to the enhancement of the
received signal strength. Thus, we added sevgraktgf high-gain antennas in the
system to improve the system. Obviously, a higre@ramission power in the transmitter
would result in higher received signal strengtithia receiver. However, in order to
reduce the power consumptions and avoid interf@®naused by our system to other

radio signals in the area, we limited our transiarspower in accordance with the
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Federal Communication Commission (FCC)’s regula¢ie@C, 2011). The signal powers
of all the radio devices we used are listed in @&bl below:

Table 5.1Signal power of all radio devices in the system

Radio devices Frequency band RF power

Mote (MICAZ) 2400 MHz to 2483.5 MHz | Maximum 1 mW

Datalogger (CR206) 915 MHz 0.9 W (Transmit), 0.24 W
(Receive), 0.036 W (Idle)

Modem (CDMA for 800 MHz 3.24 W (Transmit), 2.868

Verizon) W (Receive), 1.248 W
(Idle)

Modem (Quad-Band 850/900/1800/1900 MHz 5.4 W (Transmit), 4.2 W

GPRS/EDGE for T-Mobile (Receive), 1.248 W (Idle)

or AT&T)

In reality, the radio transmission often takes plager an irregular terrain. The
terrain of an interested area needs to be takeracttount for estimating the signal
strength. The presence of trees, buildings, anerathstacles also must be taken into
account.

In study of the radio transmission, three basippgation mechanisms must be
evaluated. They are reflection, diffraction andiseang (Rappaport, 2007). Reflection
happens when a signal is imposed onto an objechatas a very large dimension
compared to the signal wavelength. Ground surfdmekiings and walls are typical
objects for reflection. Reflections on the radioveg@ath should be avoid or minimized
by carefully selecting the location of each radatisen.

Diffraction occurs when the radio path betweentthesmitter and the receiver is
obstructed by a surface that has sharp edges (Pagppa007). When the line-of-sight
condition is not met, diffraction may actually ieasse the signal strength behind the

obstacle. The Fresnel zone (Figure 5.2) is an elaofsignal diffraction.
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- - == 1% Fresnel zone

Figure 5.2 The boundaries of Fresnel zones: (a) THest Fresnel zone (b) Illustration
of 1st to 3rd Fresnel zones.
The Fresnel zone is defined as successive regibasvthe propagation signal
waves caused by diffraction have a path lengtti2 greater than the total path length
for a line-of-sight path. The radius of th& Bresnel zone circle (see the circle in Figure

5.2 (a) when n=1) can be calculated as:

= A% 5.2)
d,+d,

wherer, = the radius of the nth Fresnel zone circle (m)

n= an integer starts from 1 to infinity
A = the signal wavelength (m)

d, = the distance from the transmitter to obstacle (m)
d, = the distance from the receiver to obstacle (m)

If an obstacle moves between the transmitter amdebeiver, we get a serial of
circles which generate many ellipsoids. For case®fl, 2, 3 ..., we call these ellipsoids
as the first Fresnel zone, the second Fresnel doa¢hird Fresnel zone and so on. The
Fresnel zones are in elliptical shape with thegmaitter and the receiver antenna at their

foci.
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Usually, if the obstacles do not block most volushéhe first Fresnel zone, the
signal loss could be minimized. For a rule of thymiwve could maintain 60% volume of
the first Fresnel zone clear, we should have a goodmunication path. For this reason,
we built antenna towers with different heights teate a larger clearance volume in the
first Fresnel zone.

Scattering occurs when there are a large numbabjetts with dimensions
smaller than the wavelength of the carrier sig@dliects like foliage, street signs and
lamp posts are typical objects that cause scatt¢Rappaport, 2007). Higher carrier
frequency produces shorter wavelength. For casrggrals of higher than 2400 MHz,
which correspond to wavelengths of shorter tha@®m, it has fewer objects with
dimensions smaller than its wavelength when contpaith carrier frequency of 900
MHz. In the areas for mote signal transmissionchese 2.4 GHz over 900 MHz as the

carrier frequency so that the scattering effect bmyeduced.
5.2.2 System components

5.2.2.1 Sensor nodes

In this study, a fully equipped sediment/velocignsor node contained four
modules. They were sensory module, sensor cleanauyle, control and
communication module, and power supply module. Séresory module included an
optical sensor for SSC and velocity measuremettyeabottle or canister for velocity
measurement, a thermocouple for temperature measuotea rain gauge for
precipitation measurement, and a metal cover teeptrdhe light sensor from interference
caused by the ambient light. The sensor cleaninduhedncluded an air-blast or an
ultrasonic device for automatic cleaning of theiagdtlenses. The control and
communication module included a mote, a data atguisoard, a printed circuit board
(PCB) board and a 2.4 GHz Yagi directional antefiims module set the sampling rate
of the sensor and the interval for sensor cleaniralso sent the measurement data
wirelessly to a mote mounted on the gateway stafibese devices required
considerable electrical power to operate, which prasided by the power supply
module. The module included the solar panels ardootwo deep-cycle, 12 VDC

batteries. Depending on the location, terrain asthdce to the gateway station, the
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height of the antenna tower for the sensor nodeddretween 1 and 3 meters. Some of
the modules were placed in weather-proof enclodorgsrotection. Cables between the
sensory module and the control and communicatioduteonere protected by PVC pipes

for outdoor deployment. The system configurationd@ensor node is illustrated in

Figure 5.3. For field installation, one or more gmnents may not be included.
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Figure 5.3 System configuration for a sensor node
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In addition to the sediment measurement, the flel@aity was measured by two
sets of orange LEDs and the corresponding photistams arranged on two rings on the
optical sensor, with a distance of 0.04 m. The fehannel on the sensor was aligned
with the direction of the water flow so that thetaraflow sequentially passed through the
two rings, measuring the “upstream” (ORA45 1 or ARA 1) and “downstream”
(ORA45 2 or ORA180 2) signals, respectively. Thpstueam” signals were also used
for sediment measurement.

We injected blue food dyes into the water befoleaity measurement to
produce measurable color contrast. When releasedralyeled through the stream,
similar signal patterns could be observed from bl¢hupstream and downstream with a
time delay. After receiving the two sets of sign#te cross correlation was calculated
between the upstream and downstream signals. Mieedelay at which the cross
correlation was maximized was then used to caleuta flow velocity (Zhang, 2009).

The principle of velocity measurement is illustchie Figure 5.4.
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5.2.2.2 Gateway station

The gateway station included three modules. Theg&ta module was used for
collecting data from connected sensor nodes, sandgarsing data, and sending data to
a radio communication module. The radio commurnicathodule included a CR206
datalogger (CR206, Campbell Scientific Inc., Logdm) and an antenna tower. This
module is responsible for sending data to the akstation or a repeater station. The
power supply module included a solar panel, voltaggilators and 12 VDC batteries.

From Figure 4.10, a record had an 11-byte timestatgpved by 41 bytes, or
occasionally more than 41 bytes, but generallyemoeeding 43 bytes (Section 4.2.5.1)
of data. A sensor without velocity measurementdaansmit 2880 records per day.
Using 43 bytes as the data length, the data rasecalaulated as:

2880x (43+ 11x Bits /86408= 14Mits

For a sensor with velocity measurement, it needeéthhsmit an additional 1920

records per day. The data rate was calculated as:
(2880+ 1920 (43 1B ldts /864G Mits

As we mentioned in section 4.2.1.5 , a compachf(&~) card was used to store
the programs and the sensor data on the StargateoWd calculate the capacity of a 1
GB CF card based on our data rate and storage thetho

When data were saved on the Stargate, the chayaotee saved in ASCII
(American Standard Code for Information Interchgrigemat. Each character occupied
one byte. A carriage return (1 byte) was also addeshch line in the text file. One

sensor data containdd3+ 11)x 2= 10¢ characters and two lines (timestamp and record).

As a result, we used totally 110 bytes to savenastamp and its corresponding record
into the data-log backup file.
A sensor node produced one sediment record evesg@ihds, hence a sensor

node should generate the following amount of dathimva year:

11Qoytesx 60?'er 60m|nx 2I40urx 3eday 30sec MS: 0.1076B year
min  hour day year GB
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If velocity was to be transmitted along with theliseent data, additional 80
records were added each hour. Hence the numbetes to be stored for the velocity

data within a year can be calculated as:

11(ytes 80record 24hour 365day 1024 bytg‘:’OD?ZsB Iyear
record hour day year GB

The total space required to store the program&eICE card was less than 120
MB. Thus, the storage spaces available on a 1 GBafdto store the data and the time

lengths the card can be used to sore data underatif scenarios can be found as

follows.

Table 5.2 CF card capacity

Scenarios Capacity needed toYears of usage for
store one year of| a1 GB CF card
data

1 sensor node for sediment data only 0.1076 GB yéats
1 sensor node for 1sediment and velocity | 0.1796 GB 4.9 years
data
2 sensor nodes for sediment data only 0.2152 GB yehfis
2 sensor nodes for both sediment and 0.2872 GB 3.1 years
velocity data

The CR206 datalogger has an on-board 915 MHz, érecyuhopping spread
spectrum (FHSS) radio. The radio transmission ras@des kilometers with 0 dBd, %
wave antenna (line-of-sight) and up to 16 kilome{éine-of-sight) with a high-gain
antenna. The CR206's input channel configurati@hsamall size are optimal for
connecting a few sensors in an outdoor environnteh&s a RS-232, 9-pin interface for
communication between the datalogger and a comduteas 512 k byte flash memory
formatted for 4 byte per data point. The prograastilmemory allows a maximum
storage of 6.5 k byte. The maximum operation speede scan per second. The
communication protocol used for CR206 datalogg®&akBus. It is a packet-switched
network protocol with routing capabilities. The ®2datalogger uses a 12 VDC power

supply with an average current drain of 20 mA ma@io-always-on condition (Campbell
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Scientific, 2010a). Figure 5.5 shows a CR206 dgtéo with a FHSS radio. We used the
CR206 datalogger mainly as our mid-range radioaeun our system, the only

measurement taken directly from CR206 was the tyattdtage from datalogger’s power

supply.

Figure 5.5 CR206 datalogger with spread spectrum @io from Campbell Scientific,
Inc.

The FHSS used on the CR206 datalogger is a sigaradfer method. It rapidly
switches the carrier frequency among several fnrecgiehannels to transmit signals. The
sequence of the frequency switching, called pseudtom sequence, is known by both
the transmitter and the receiver. FHSS signals havgh interference resistanaed are
difficult to be intercepted. Also, the frequencyhbwidth can be utilized more efficiently
(Wikipedia, 2010b). When we configure the radidief CR206 datalogger, we must give
the same frequency hopping sequence for both d@nertiitter and the receiver.

As described in equation 5.1, high-gain antennabdith the transmitter and the
receiver are essential to obtain high level of isesignal strengths. A Yagi directional
antenna is one of the high-gain devices that cekygd very weak signals in a specific
direction. The available 900 MHz Yagi antenna hasaaageable size and requires a

fairly simple installation.
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An omnidirectional antenna normally does not haighér gains on the particular
direction than a Yagi directional antenna with $amsize and cost; however, it covers
360 surrounding areas which give the advantage fostratting and receiving from all
directions simultaneously. Unlike the Yagi direc@b antenna which requires accurate
direction adjustments, the omnidirectional anteamastallation is quite simple.

In some circumstances, if the numbers of transreitiee limited, and the
locations of the transmitters are known, we can248eYagi antennas with a signal
splitter to replace an omnidirectional antenndatreceiver. The signal splitter at the
receiver can split/combine signals for transmitfessn different locations. Two types of

antennas and a 2-way signal splitter are showngaré 5.6.

Figure 5.6 900 MHz antennas and signal splitter: (ayagi 14dBi directional antenna,
(b) 8dBi omnidirectional antenna (c) 2-way signal @itter
In this study, a 3-meter high antenna tower wasd us¢he gateway station. Most
other components were properly installed in seceredosures. Figure 5.7 shows the

system configuration for the gateway station.
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Figure 5.7 System configuration for the gateway sten

5.2.2.3 Repeater station

The repeater station had only two modules: a rediomunication module and a
power supply module. It took the responsibilityéaeive signals from a gateway station
and forward them to the central station. If mutiptpeaters were used to relay signals, a
repeater station may receive signals from or tranrem to another repeater. Selection
of the repeater location was very important. Idedhe repeater station should be located
on an upland area, with a good line-of-sight todéetral station. For the repeater station,
omindirectional antenna was the common choice. WeweYagi antennas with a signal
splitter were preferable. The power consumptiorepéater station was generally very

low (20 mA in average) and it required a small spknel for recharging the battery.
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5.2.2.4 Central station

The central station was the final data sink inrgraote region. It included three
modules: a radio communication module, a celluladem module and a power supply
module.

The cellular modem we used was a Raven modem, hRalen XT (Sierra
Wireless, Richmond, BC, Canada). It provided sdpfated remote monitoring and
controlling functions. For Code Division MultiplecBess (CDMA) cellular system, the
modem used 800 MHz carrier frequency, and for Gl8lyatem for Mobile
Communications (GSM) cellular system, the modend @ MHz carrier frequency.
The average transmit/receive current drain at 1ZWs 239 mA. It had a mini USB
port and a RS232 port (Sierra Wireless, 2007). Raeen modem in the cellular modem
module was connected to the CR206 datalogger iretiie communication module by a
null modem RS-232 cable.

There were different types of Raven modems manufadtfor major cellular
carriers in the US, such as AT&T, Verizon, and ThHile. We selected the cellular
carrier based on a comparison of signal coverager&5.8 shows theompact form of
a Raven XT.

SIERRA WIRELESS B\

AirLink Raven XT P ;:5* &

USB e2p ‘ - @

POWERED BY QOO

Figure 5.8 The AirLink Raven XT cellular modem
Before deployment, Raven modem should be configureis involves setting up
the serial port, assigning the IP address of theeseomputer, specifying the machine
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port on the server computer, choosing TCP protasul, disabling the TCP timeout.
These configuration settings can be saved in thgdemacand do not need to be re-

configured unless parameter is changed.

5.2.2.5 PCB board and cleaning system

The PCB board needed a major reversion since mamyfunctions had been
added. Based on these newly added functions, the pnograms also needed to be
modified. The main changes included adding diffeogrcuits on the board and re-
arranging the layout for the mote unit (MICAZ and®300). Three double pole double
throw (DPDT) relays were added. We used one r@lapntrol the air-blast cleaning
device, another relay to control the dye releangelocity measurement. The third
relay was a backup relay. A K-type thermocouple-&-24-500, OMEGA Engineering,
Inc. Stamford, CT) was used to measure the watgpeeature in the creek. We added a
conditioning circuit for the K-type thermocouple aserement. We provided a 3.3 V
power supply for the MDA300 DAQ board. We addedstes arrays for calibration of
the sediment sensor, also added the circuit fordimegauge. A PCB functional diagram
is shown in Figure 5.9.

The cleaning system included two types of mechastishe air-blast and the
ultrasonic. The air-blast cleaning mechanism useaimcompressor to fill a tank of air
to a certain pressure level. When the pressurepébpelow a threshold, the air-
compressor started to refill the tank. An air hiveen the tank conducted the air to the air
outlets on the sensor. A solenoid valve was usedléase pressurized air through the air
hose to the sensor, thus the air bubble could blway dirt and biofouling materials. The
mote controlled a relay on the PCB board to opehcimse the solenoid valve for the air
hose. When the air-compressor refilled the tankeé@ded 240 W (20 A at 12 VDC)
instance power supply, which caused a significaitage drop on the battery. The
voltage drop could be used to verify the controidiion of the mote.

Another cleaning method was using an ultrasonitsttecer to generate
mechanical waves in a container that enclosedehsos. The water movement caused by
the waves in the container cleaned the sensordeii&e ultrasonic transducer was

controlled by a control board, which also alloweguatment of the duration of the
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cleaning operation. The mote used two built-inyglan the MDA300 board to start and

reset the ultrasonic control board, respectively.
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5.2.3 Energy harvesting and saving methods

Energy harvesting is also known as power harvestirenergy scavenging, it is
the process by which energy is derived, captureldstéored from external sources, e.g.,
solar energy, thermal energy, wind energy, saligiadients, and kinetic energy.
Frequently, the term “energy harvesting” is use@mvtalking about electrical power
needed for small, wireless, autonomous device$) asithose used in wearable

electronics and wireless sensor networks.

5.2.3.1 Solar panel

In this study, we used solar power as the main peaerce in the field. To
design and build a solar power system, we neededrsider the amount of energy on
demand, gauge of wire connectors, types and cémoit batteries, locations of the
power components, and installation issues.

To calculate the power consumption of the systeenneeded to find the power
usage of each component in the system. In ordexptain the design principle and
method, we used the Little Kitten site as an examphis site had a sensor node with air-
blast cleaning and velocity measurement. The peysiem also supported a nearby
gateway station. Table 5.3 shows the current diamasdurations of power usages of the
electrical components in a sensor node and a ggtstaton.

Table 5.3 Current drain and duration of usage for éectrical components in a sensor

node and a gateway station at the Little Kitten sg

Component Current drain Duration of power usage
Mote (MICAZ) 27 mA (Average) 24 hours
Optical sensor with MDA300 | 29 mA (Average) 24 hours
and PCB board
Air-blast cleaning system 20 A 24 minutes per day
Stargate 200 mA (Average) 24 hours
Datalogger (CR206) 20 mA (Average) 24 hours
Air-blast solenoid valve 15A 10 seconds per hour
Velocity solenoid valve 15A 30 ms per hour

75



The daily power consumption by each component loan be calculated as.
Epin = Lae X TueXV (5.3)

aily = Avg

where:

E

saiy = Daily power consumption (Wh)

| .., = Average current drain (A)

Avg

T .= Expected daily use (hr)

V = Voltage of the power supply (V)

Table 5.4 Daily power consumption for the Little Kiten site

Component Daily power consumption
(Wh/day)

Two motes (MICAZ) 15.55
Optical sensor with 8.35
MDA300 and PCB board
Air-blast cleaning system 96
Stargate 57.6
Datalogger (CR206) 5.76
Two solenoid valves 1.2n
Total 184.47

The Little Kitten experimental site is located @ditude 96.6339° W and latitude
39.2057° N. To design a year-around, reliable paupply, the average daily insolation
(4.6 hr) during the coldest months in a year - fildetember to February — was used in
the calculation (Roberts, 1991) of needed power:

E ..., X100%

_ Edaily
P _—S < Eff (5.4)

Avg batt
where

P = Power need (W)
E

saiy = Daily power consumption (Wh)

S

g = Average daily insolation (hr)

Eff, .= Charging efficiency of battery (%)
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A typical charging efficiency for a lead-acid bagtevas 80%. Thus, the power
need at the Little Kitten site was calculated a4 30V. Considering the availability and
cost, a solar panel rated at 60 W was selectetthifosite. To charge a 12 V battery, a
voltage regulator with 5 A current rating was astected.

To maximize solar energy absorption, the solar paae mounted towards the

south, with an inclination angle close to the aréstitude.

5.2.3.2 The battery

As solar panels give only instant power, battesiesneeded to provide
sustainable power storage. The recommended b#breaysolar panel power system was
deep-cycle battery. Different from a shallow-cyobgtery such as a car battery, deep-
cycle battery can be discharged with more storedgées and maintain a long life. When
we start a vehicle, the car battery is dischargedlarge current within a short time
period and then immediately recharged once themgine is started. On the contrary, a
deep-cycle battery is discharged slowly at a smallerent, usually during the night, and
is gradually recharged, usually during the day.

In this study, the battery used was a deep-cyceina battery with a full
capacity of 200 Ah. This capacity was specifieddonroperating temperature of 20°C. If
lower operating temperatures were expected, thacttgpvould be reduced by 1% €.
According to Country Studies US (Country Studies P@8), the lowest temperature for
Manhattan, KS, usually occurred in January, andattezage value was around -8.33 °C.
Therefore, the total usable capacity of the batieayg reduced to

C... =200x 71.67% 143.3Ah (5.5)

The “worst-case scenario” for a solar-charged baté&as minimum to none
insolation on consecutive days. This may be cabgedin, snow, or clouds. To sustain
the system operation under the “worst-case scén#n®minimum battery capacity A
had to meet the following condition:

=S XD (5.6)
.y
where

A= Minimum battery capacity in a 12V system (Ah)
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E

saiy = Daily power consumption (Wh)

D = number of days without charging (Day)

Typically, a stationary deep-cycle battery is desiyfor 80% depth-of-discharge.
However, using shallower depth-of-discharge camopigpthe battery’s life. Assuming
60% depth-of-discharge, the number of batteriegegéor the Little Kitten site can be
calculated from the following equation:

N = Ax100% (5.7)
Cbatt X Mdc

where

N = The number of batteries required

A= Minimum battery capacity in a 12V system (Ah)

C... = Total usable capacity of a battery (Ah)

M .= depth of discharge (60%)

For the Little Kitten site, equation 5.7 givds=1.79, indicating that two batteries
are needed for a sustainable power supply system.

The following Table gives the estimation of dailywer consumption, solar panel
power need and number of deep-cycle batteries ddedall installation sites in US.
Based on this table, we can specify the solar pameithe number of batteries.

Table 5.5 The estimated daily power consumption, &y panel power need and

number of deep-cycle batteries needed for all inslation sites

Site E

daily

-Daily power | P-Power need (W) N-Number of
200Ah batteries

needed

consumption (Wh)

Little Kitten sensor
node and gateway 184.48 50.13 2

Wildcat bridge

sensor node and

gateway 184.48 50.13 2
Wildcat /Silver
Creek sensor nodes 200.61 5451 2
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and gateway

Above Keats

repeater 5.76 1.57
Cico tank repeater 5.76 1.57
Colbert Hills central| 74.59 20.27
Pine Knot sensor

nodes and gateway| 297.82 77.56
Upatoi Creek sensor

nodes and gateway| 297.82 77.56
Buena Vista turn

repeater 5.76 1.50
Buena Vista central| 74.59 19.42
Gunpowder sensor

nodes 129.47 35.18
Gunpowder gateway71.14 19.33
Anita sensor nodes,

gateway and central 275.20 74.78

5.2.4 System software design

The system software included programs for dataiaitigun, relay control, air-
blast and velocity control, the Stargate data ppe@nd communication, the datalogger

routing protocol, time synchronization and MySQltatmase.

5.2.4.1 Data acquisition program

Based on the mote program described in sectiob.4.2which was designed for
acquiring data from the optical sensors, we addézhsid control for air cleaning and
velocity test, as well as pulse counting from a gauge and temperature measurement
from a thermocouple.

In the mote program, we used an unsigned 8-bigarteariable “lights” to assign
the digital ports on the MDA300 board. From the treagnificant bit (MSB) to the least
significant bit (LSB), each bit in this variablertoolled a digital port or a relay. The

79



ports controlled were: RL2, RL1, D5, D4, D3, D2,,2hd DO. RL1 and RL2 were two
built-in relays on the MDA300 board and DO-D5 wepedigital 1/0s. RL1 was a
normally-open relay and RL2 was a normally-closddy. The initial status of the digital
ports on the MDA300 board were output low, RL1 oped RL2 closed. To keep the
initial status of these digital ports, the “lightsiust have an initial value as 0xc0. Table
5.6 gives the detailed values of ‘lights’ for fuiocts that it controls.

Table 5.6 Digital port control in the mote program

Instruction on MDA300 Operation on variable Function
“lights”

DO high OR 0x01 Turn on IR LED
D2 high OR 0x04 Turn on ORA LED
DO, D1 and D2 low AND 0xf8 Turn off all LEDs
D4 high OR 0x10 Turn on air solenoid valve
D4 low AND Oxef Turn off air solenoid valve
D1, D2 and D3 high OR 0x0e Turn on velocity test
D3 low AND 0xf7 Turn off dye solenoid valve
D1, D2 and D3 low AND 0xf1 Turn off velocity LEDs

* The initial “lights” value was 0xcO.
** D5 was set up as an input. The program blockeddutput value of “lights” on the
input digital port.

To take the samples for velocity measurementitbee program turned on the
orange LEDs of the upstream and downstream aatine $ime for 3 seconds.
Simultaneously, it opened a solenoid valve to sdadye and then closed it after 30 ms.
At a sampling rate of 279 Hz, the program acqus&d samples at both the upstream and
downstream locations. The readings were voltageldeesulting from current-to-voltage
converters that converted the current signals fileerphototransistors at the upstream
and downstream locations, 45° or 180 ° from the $Ehe user can choose to use either
the 45° or the 180 ° signal by changing the witmthe analog and digital ports without
changing the program. Because these voltage dataused to calculate the flow
velocity later, we called them “velocity raw datdhe velocity raw data were saved in

the mote until all 1024 samples were taken. At tima¢ the program put the data into
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payloads of records based on their incoming sequdfrom Figure 4.10, it can be seen
that each record contained 13 channels in the peylbhus, 40 records were needed for
the 512 samples from either the upstream or thendtveam raw data. We used “02” and
“03” in “Packet ID” to distinguish samples from thpstream and downstream,
respectively, and used “R1” to give a sequence rurfdy each record of the velocity

data. Figure 5.10 shows the structure of the vgl@aw data record.

PacketID R1 Data payload

02 1 Ch1-Ch13
E

S| 02 |2 Ch1-Ch13
a
=
od
b

02 40 Ch1-Ch13

£ 03 1 Ch1-Ch13
m
&

7 03 2 Ch1-Ch13
s
o
k=
3,

R 03 40 Ch1-Ch13

Figure 5.10 Structure of the velocity raw data recals

A tipping bucket rain gauge (TE525, Campbell Sdfeninc., Logan, UT) was
used at the sensor node. It needed a 5 V excitatibage to produce pulses at bucket
tipping. Each time the bucket was tipped, a pufsgproximately 135 ms was generated
due to switch closure (Campbell Scientific, 2010b)}the mote program, we setup a
digital port (D5) as an input, and predefined ibastalizer counter to check the rising-
edge of the incoming pulse. The program used a+ablkinterrupt to monitor the
rising-edge from the digital port. Whenever theiswa pulse generated from the rain
gauge, the program monitored the changes in theteou

Components and their relationships within a nes@nam for rain gauge reading

are illustrated in Figure 5.11.
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XSensorMDA300M.nc

Sample.dataReady()

Sample.getSample()

Dio.getData() Dio.dataReady()

I12CPacket.readPacket() I2CPacket.readPacketDone()

Figure 5.11 nesC program components for measuring r@in gauge counter

5.2.4.2 Control program

Digital I/O ports were used to control the relayshe system. As described in
Section 5.2.4.1 , RL1 and RL2 were two built-iresed on the MDA300 board. They
were single pole single throw (SPST) optical setate relays that required a very small
control signal to contralp to 100 V voltage or 150 mA current. In the motegram, we

controlled these two relays as we did for otheitdigutputs. The default values for

these two relays were set to high.
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For three external relays on the PCB board, sineealigital output ports on the
MDA300 were the open-collector type, pull-up resistwere used to increase the output
voltage to the desirable levels. In the mote pnognae used “lights” to control them.

In order to save energy and cost, in some expetahsites, we used one air
compressor to support air-blast cleaning for twusses. In this case, only one mote was
used to control the solenoid valve. To avoid clegra sensor while it was taking
sediment readings, time synchronization among@péting sensors was needed.

In this “one air compressor for two sensors” comfagion, for time
synchronization purpose, the timers on these twe@emotes were no longer started
automatically and repeatedly when we turned orptveer on these motes. Instead, the
timers were waiting for a beacon signal from theebaote on the Stargate. The base
mote on the Stargate sent a beacon signal to baoss every 30 seconds. The beacon
signal was a normal signal with a unique packefdx®D7) and an empty data payload.
Motes on the sensors identified the beacon signahbcking its packet ID. Upon
receiving the beacon signal, the timer on eachasanste was started for timing. The
sensor mote that controlled the air solenoid vateeted to sample the sediment data one
second after received the beacon signal. The stresor mote took sediment samples 16
seconds after receiving the beacon signal. Thblagt was turned on right after the first
mote finished taking sample data to start a 10+s#cteaning. Thus, the cleaning would
be completed before the second mote started tati@keamples. This schedule
guaranteed that no sample data was taken duringjitibkeaning operation, and the mote
at the gateway station received a sample data é%esgconds. The interval for air-blast
cleaning was set at 1 hour. Figure 5.12 illustrgtesmote control synchronization

mechanism.
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P of them L
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L v

Step 2- Take sample data Step 4 - Take sample data
1s after received beacon 16s after received beacon
signal signal

Y

Step 3 — Turn on air
solenocid valve every 1 hour
for 10s

Figure 5.12 lllustration of mote control synchroniation mechanism

5.2.4.3 The Stargate program

In the three-tier WSN, the AirCard was no longezduen the Stargate for data
transmission; instead, the data was sent to a CRa@6ogger via a RS-232 cable. As a
result, we did not need to use the FTP programsalilded a few C programs to handle
the data processing and transfer tasks.

A Linux line reader script program (Readxlish.sl@swurther developed to adopt
the changes as velocity raw data were also reqtored transferred for experimental
purpose. The velocity measurement was schedulled taken every 1 hour. Before the
velocity data were taken, the program copied 12 remords from a data-log backup file
and saved them to a data-sending file every sixutesl The data-log backup file was a

file to save all incoming records from the sensotas. The data-sending file was a file
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to temporarily store data before the data was @aintio the datalogger. The velocity data,
on the other hand, were generated by the sendo84nseconds. The line reader script
program constantly checked the total number of remerds every 10 seconds. Receiving
more than 12 records within the past 10-seconaMakevas an indication of the receipt

of a set of velocity raw data. In this case, thegpam would store both received velocity
and sediment data in the data-sending file.

After receiving the sediment and velocity raw datathree months, there were
approximately 690,000 records in the data-log bpdka. When the line reader script
program tried to get the number of total recordsifithe data-log backup file, we started
to observe a slower response from the line readgtprogram, and it became even
worse as the number of records further increasddrger number of records in the file
prevented us from reading and retrieving data dyjethich eventually caused the
program to stop reading. This problem was solvéagute method described below.

Whenever the number of records in the data-logdgaéle exceeded 216,000,
the line reader script program sent out the neetgived records as usual, and then used
a subroutine to copy the data-log backup file eteew file, which was archived with a
file name that contained the current date and tirhe.program then removed the current
data-log backup file, and created an empty backepadr the incoming data. Figure 5.13

shows the flowchart of the script control program.
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-‘.

(Start resize submutine)

| Settail number (TN)=0 |

b
[ Setcheck number (CN)=0 | NLN>216000 >N
i
¥
Y

'

[ Getold line number (OLN) | |

Stop xlisten-arm |

Y
Read new line number (NLN) fram - l -
data-log file [ Archive data-log file I
i !
TN = NLN - OLN | [ Empty data-log file |

!

[ Restart xlisten-arm I
I

( End resize 3ubroutine>

ééé

CN=TN

1

¥
|Cllutput to data-sending ﬁ|a|

¥
| Update OLN |

¥
| Call resize subroutine |

¥

| ResetTNandCN |

k
| wait10seconds |

Figure 5.13 The flowchart for the line reader scrip program
A data processing and controlling C program (prgéyg) was used to read the
data-sending file. When the program found datetemne that were newer than the time
previously retrieved from the data-sending filestarted to retrieve and validate data
from the data-sending file. For each received mcitve program removed the “Header”,
“PacketID” and “Reserved”, and added “day”, “timaid “GroupID” at the beginning of

the record. This newly created record was calledjger record. Based on the datalogger
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package structure which we will discuss in secfich4.4 , the program filled these
received logger records into a predefined packagesaved them to a queued, first-in-
first-out (FIFO) buffer, a circular array. The pagle would be sent out when there was
no new data waiting for reading or the queue wlsThe program requested time
synchronization information from the CR206 datakxgghenever the queue was empty
and the time from the last synchronization checkiad passed 12 hours. Normal
sediment data and the velocity data were distimguidy their group ID. This is shown
in Table 5.7.

Table 5.7 The group ID ranges used for different da types

Data type Group ID range
Sediment data 0to 127
Velocity upstream data 201 to 240
Velocity downstream data 301 to 340

The program calculated the cross-correlation batviee upstream and
downstream data for velocity measurement. It atgdoutated the cyclic redundancy
check (CRC) of each record for error checking keefant them out. CRC-16 was used

for the calculation. The divisor value was “0x80@bid the generator polynomial

wasx™ + x"°+ x*+1. The flowchart for this program is shown in Fig&t&4.
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Figure 5.14 Flowchart for data processing and contil C program “prelogger.c”

5.2.4.4 Data flow control in the MRWN

CRBasic is a programming language for Campbellrfifies’datalogger software
design. All programs on the datalogger are prograchim the CRBasic language. To use

the serial input functions on the datalogger, wetmstall a special S operating system
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on the datalogger, and use version “v06S” of coenmh the computer for software
design.

The CR206 datalogger has limited variables thatb@ansed for data transmission.
We used totally 60 variables for the purpose ofisendata. The layout of a package
structure organized in the datalogger at the gatestations is shown in Figure 5.15.
Each package must have a PakBus address to id#meifyrigin of the data, and a
sequence number to tell the order of the packagesach package, the gateway and the
central station battery voltage levels, as wethasrepeater’s battery voltage level if
applicable, were included in addition to the semsda. Each package contained three
logger records. The logger records could be distsiged by their group ID, mote ID and
timestamps. Each logger record had its CRC atridda@ error checking, as shown in
Figure 5.15.

Gateway i hi che
PakBusAdd Seqnum Batt day time Group IR Mote ID Mote Bait 1R45 on IRAS off
Cha Chd Ch5 Che Cha Cha Chid
ORA45 on | ORA45 off | ORA1BDOn | ORATED off e Rain Temp Valocity Ctitd Chi2
Ch13 CRC day time GrouplD | MoteiD | Mote Bat i i Ch3

IR4%5 on IR45 off ORA4S on

Chd Chs Ché Cche cha Ch1D Repeater
ORA4S off | ORA1B0 on | ORAtBO o | ©NT Rain Temp Velocity S0k & Batt
, chi ch2 Ch3 Chd
.
CRC day tirne Group 1D Maote 1D Maote Batt R4S on R4S aff ORAdSon | DRA4S off
Cha Chi Che Cha CH10 3
ORA180on | ORA1800N |  ©7 Raln Temp Velocity &k il 28 | el Bai S C R

Figure 5.15 The structure of a package formed in th datalogger at the gateway
stations
The CR 206 dataloggers were used in the mid-tighethree-tier WSN, the

MRWN, as transmitters at the gateway stationssteivers at the repeater stations, and
receivers at the central stations. The transndiéalogger at the gateway stations
received data from the Stargate through a 9-pi23RSerial port, andias responsible
for time synchronization between the Stargate aediatalogger. When both the
datalogger and the Stargate were started or redtattthe same time, the datalogger

needed very short transition time from its initiatatus to its normal operating status,
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while the Stargate took longer timEhe program on the datalogger waited 3 minutes
until the Stargate was ready, and then sent tifioermation to synchronize the Stargate.
The datalogger also respondedgymchronization request from the Stargate every 12
hours.

In the datalogger used at a gateway station, whatnwlas ready to be sent to an
upper level station, i.e. a repeater or a centadilos, the datalogger program waited for a
beacon signal “receiving flag IDLE” from the updexel station. The “receiving flag
IDLE” signal was a one variable package. Once #taldgger at the gateway station
received this beacon signal, it changed a flagéndatalogger from O to 1, giving the
green light to start transmitting data to the ugdpeel station. At the same time, in the
upper level station, the beacon signal was chatméeceiving flag BUSY”. This
beacon signal would set the flags on other gatestatjons from 1 to 0, thus preventing
simultaneous data transmissions from multiple gatestations. During data
transmission, the datalogger at the gateway staBahthe data in six 40-byte segments
to the upper-level station. For each of the segmehé datalogger looked for a
SUCCESS acknowledgement from the upper-level staticonfirm the success of the
transmission. For each segment, if the transmidaited, the datalogger at the gateway
station would repeatedly transmit the segment anBUCCESS acknowledgement was
received. After data transmission of all six segtmevas completed, the datalogger at the
upper-level station would reset the “receiving fleag“IDLE”, which gave chances to
other gateway stations to send data. Figure 5Mésdhe flowchart of the CRBasic

program for the transmitter datalogger.
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L
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| set V1 to empty |
]

Figure 5.16 Flowchart for the CRBasic program written for the transmitter
datalogger
When the datalogger at a repeater station wasaneilceiving data from a lower-
level station nor sending data to an upper-le\alat, it would send a “receiving flag
IDLE” beacon signal to its lower-level stationsa{gway or repeater stations) in a
sequence that was predefined based on their Padiiess. During a 3-second period

after the beacon signal was sent, if any of theslelevel stations responded to this signal,
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indicating the need for data transmission, theatgerogram would first change the
“receiving flag” to “BUSY” so that other lower-lel/stations could not send data to the
repeater. After the data transmission was comp|éedepeater station saved the
received data locally and watched the “receiviag'floeacon signal from its own upper-
level station (a central station or another repesttion). Once the flag from the upper-
level station became “IDLE”, the repeater staticould forward the saved data, in six
40-byte segments, to the upper-level station. Bafidy from the gateway station, the
repeater station gave only 3 seconds for transomssi each 40-byte data segment,
regardless of the actual time needed for transanissnd transmission error. If the
transmission was completed within 3 seconds, theater would not start another
transmission before the 3-second period endedh®nother hand, if the transmission
failed or was incomplete at the end of the 3-seqmrtbd, the repeater station would
transmit whatever in the segment to the upper-Istaion, and send a new beacon signal
to the next lower-level station on the predefineguence. This “wait-and-go” scheme
prevented time waste and associated data losseFagli7 shows the flowchart for the

CRBasic datalogger program at a repeater station.
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Figure 5.17 Flowchart for the CRBasic dataloger prgram written for the repeater

station

The data receiving part of the program used foddtalogger at a central station

was identical to that on a repeater station. Todhart of the CRBasic program for the

datalogger at the central station is shown in FEdud8.
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Figure 5.18 Flowchart for the CRBasic program for he datalogger at the central
station
The data flow protocol among the gateway, repeatet,central stations is
illustrated in Figure 5.19. The source codes atediin the Appendix D.
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Figure 5.19 Data transmission protocol

5.2.4.5 Time synchronization program

The clock on the Stargate was stopped once ithespower supply. On the
contrary, the clock on the datalogger had an iafdvattery and kept running when it lost
the power supply. To get system time on the Starget synchronized the Stargate’s
clock with the datalogger. There were two situaia/mere time synchronization was
performed. The first was when the Stargate wasisgianp. Every 12 hours, if there was
no data package waiting in the queue, the Staaiatewould request time information
from the datalogger to readjust its own time. Thegjuent adjustment guaranteed time
synchronization between the Stargate and the dggeafo

In both cases, the Stargate program (preloggena)dussue a request to the
datalogger for time information and call a time @yronization program (syncdate.c)

while yielding the control of the RS-232 port, wihiwas connected to the datalogger, to
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this program. Thus, time information on the datgkrgcan be read by the Stargate via
the serial port. The time synchronization prograould be terminated whenever the time
information was received, or 120 seconds afteptbgram was called if no time
information was ever received. Once the time infation was received, a Linux script
time synchronization program (syndate.sh) useditifiismation to actually adjust the
clock on the Stargate. Figure 5.20 shows the fl@astobf the time synchronization

program on the Stargate. The program source coddsizd in the Appendix E.
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Figure 5.20 Flowchart of the time synchronization pogram
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5.2.4.6 Server computer program

A java server program was used on the server canputontinuously receive
data packages from the designated network sockegprédefined, each package used a $
sign as the header to indicate the start of thi&geges and a # sign for the end. Once the
program found the header, it started to checkdbation of each data segment received
in the package, and assigned it to correspondihgreoin the database. In the database,
raw data were converted to engineering units anddts that were readable by the final
user. Based on the received data package, eackrlogmprd was used to calculate the
CRC again using the same polynomial formula useterStargate, and compared it to
the received CRC code. If a discrepancy was foarf@RC not pass” mark would be
added to the record in the database, indicatirgy®em the received record. The
flowchart for the Java server program is shownigufe 5.21. The source code for the

program is in the Appendix F.
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Figure 5.21 Flowchart of a Java server program

5.2.4.7 The MySQL database design
MySQL database is a popular, open-source relatideiabase. With

programming language specific APIs, many languagehijding Java, can access the

99



database seamlessly. A MySQL server allows muli-ascess, which was important as

we collaborated with the Oklahoma State Univer&i$U) project team in design of the

web GIS system for Internet applications.

In the database, we used one main table (tblr@galtsold all received data from

the network, except the velocity raw data, whicliergaved in another table

(tblvelocity_riley) separately. We used a tablésghsors) to store information such as

names, IDs, site descriptions and locations ahathllation sites. The webGIS

performance information, such as errors, warnimgsuser logins, was saved into table

“tbllog”. Descriptions of the columns in the maabte are listed in Table 5.8.

Table 5.8 Description of columns in the main tablef the MySQL database

Column Description Range
ID A unique identification number for each recondhe table)
This number automatically incremented by 1 wheew n
record was added.
UniqueCode A unigue number assigned to each sewsierbased on its
location.
PakBusAdd Address for PakBus protocol. 0-400(
SegNum Sequence number for packages sent fronatbe/gy 1-65535
station
GrouplD Group identification number for each mote. 0-127
MotelD Identification number for each mote. 0-255
MoteBatt Battery voltage on mote (Volt) 0-20
Ch1~Ch6 Ch1l ~ Ch6 are voltage reading for IR459RA5 off, 0-5
ORA45 on, ORA45 off, ORA180 on, ORA180 off. (Volt
Ch7 Reserved
Ch8 Velocity calculation results (meter/second) 00-3
Cho Thermocouple reading (Celsius degree) 0-50
Ch10 Rain gauge reading in counter numbers 0-655
Ch11~Ch13 Reserved
Chi4 CRC check mark (0 for pass, 1 for not pass) 1 0,
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GatewayBatt Battery voltage at the gateway stafigalt) 0-20
RepeaterBatt Battery voltage at the repeater statitlt) 0-20
CenterBatt Battery voltage at the central statfuolt) 0-20
DateTime Date and time in following format (yyyy-rrohd

hh:mm:ss)

5.2.5 Site selection

For the three-tier WSN, selection of the sitesstiemsor nodes, gateway stations,
repeater stations, and central stations was vitaportant to the performance of the
entire network. Candidate sites were first sele@teth maps. Field survey was then
performed to measure important indices, such asved signal strength indicator (RSSI)
between the candidate locations. One of the ingnisnused during the survey was a
handheld spectrum analyzer: model N9340B, 100.0kBD GHz (Agilent
Technologies, 2011). High buildings, hills, andests in the transmission path were
avoided.

After the survey, extensive field tests were coneldico refine and confirm the
selected sites. For this, we used two datalogger) installed with a signal strength test
program provided by Campbell Scientific Inc. andami antenna. The program used the
number of blinks of two LEDs on the dataloggerrtdicate the strengths of the received
and transmitted signals. During the test, eachiagger was held by a person at a
selected site. By changing the locations, heigirid, directions of the antennas at the two
sites, signal strengths can be measured, and shabinna positions can be determined.

With the help of compasses, accurate antenna winscivere recorded.

5.2.6 Deployment and installation

The three-tier WSN was installed at three militaustallations in the US. We first
set up a pilot experimental site at Fort. Rileynsas. As we tested the system and gained
experiences on sensor deployment and system atigtall we started to develop the
second site at Fort. Benning, Georgia. Finallyingalled our last site at Aberdeen
Proving Ground (APG), Maryland. At each site, weldged four sensors. Thus, the total
number of sensors in the network was 12. Measuredata from all 12 sensors were
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transferred back to the database server at Mamh#tgmsas, through three different

cellular carriers.

5.2.6.1 Issues of field deployment

Several issues were encountered during the deplayofi¢he system. This
section discusses these issues and the methodsoussdlve them in order to improve

the reliability, efficiency, and life span.

5.2.6.1.1 Enabling brown-out detection

A reliability problem detected was mote malfunctranunder unstable power
supplies. A mote would malfunction when the supmitage was too low, and would not
resume normal operations after the power levelresismed. A bad mote required two
trips of an operator to the field to retrieve aaohstall. For a solar charged battery that
has been deployed for a long time, the voltagel lenagy drop greatly during nights and
cause this problem.

A solution to this problem was to enable the “breswut detection function”
available on the mote. This function monitored pbever supply level during operation
by comparing it to a fixed trigger level. When poweopped below the trigger level, the
brown-out detection activated an internal resettép the microcontroller processor
(MCU) immediately. When power rose again to a fixestart level which was higher
than the trigger level, the MCU was restarted aidteertain delay (Atmel Corporation,
2006). The drawback of this function was that nsiamed energy even in when the mote
was in the deep sleep mode. After applying the brout detection function to all the
motes for more than one year, no mote malfunctmphis been found even under the
worst weather conditions, including winter snowstisr

Figure 5.22 illustrates the brown-out detectiooperation. As can be seen in the
figure, there was a time delay after VCC (battevitage) reached the restart level. This
delay gave more time for the power supply to bevered before the MCU started to

work again.
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Figure 5.22 lllustration of brown-out detection (from Atmel Corporation, 2006)

5.2.6.1.2 Memory management for Stargate

One problem observed on the Stargate was thgpéisabon slowed down after
running for a few months. We investigated this jpeoband found that the memory
usage on the Stargate was very high. This wasalthetfact that the Linux system was
automatically caching frequently accessed filethéxmemory to achieve a faster speed
for reading and writing. Without the need to reeahf a hard disk (CF card for the
Stargate), the frequently accessed files couleebeeved straightly from the memory in a
much faster rate. These files eventually were anito the CF card. The system only
used the unused part in the memory for caching.fil@erefore, it did not affect the other
applications in the memory. Since the memory hadite size of 64MB on the Stargate,
it was not possible to cache everything. The Lisystem cleaned those less frequently
accessed files and kept the more frequently acdesses.

After we added raw data transmission for the v&yatieasurement, the amount
of data accumulated in the data-log backup fils¢deed in section 5.2.4.3 ) was larger
than before, and the frequency of accessing tleisvas also increased. After a few
months of continuous operation, the file in thed@kd, as well as its copy in the memory,
became very large, occupying most of the availai#enory in the system. Although this
high memory usage did not cause system crash dumeéibning owing to the memory
management of the Linux system, it apparently stbd@wvn the operation significantly.

To solve this problem, we activated the “virtualmgy” in the Linux system by
creating a swap file on the CF card. The swapafds an external memory storage on the

CF card. With the swap file, files in the memorgitivere not presently used could be
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saved to the virtual memory so that the memoryabel used by other applications. We
performed an extensive laboratory test to verify thethod. We used a mote to send
massive data (transmitted one record every 2 sae¢andhe Stargate in a few days to
simulate generation of a large amount of datadadita-log backup file in a few months.
We monitored changes in the memory usage on thigedéa Once the memory usage
approached 64MB on the Stargate, the usage ofimtemory started to grow.

In addition, we used a line reader script progrReadxlisten.sh) to reduce the
size of the data-log backup file when the numbeeobrds in the file reached a threshold.
This program was discussed in section 5.2.4.3uddyg this program, when the number
of records reached the threshold, the currentldgté@ackup file would be renamed and
archived in the CF card. A new, empty data-log bpadide was then created to receive
the incoming records. We conducted tests on thibode and found that, when the old
backup file was archived, no immediate reductiomemory usage was seen. The copy
of the previous data-log backup file in the memwas not cleaned until 2-3 minutes
later. Overall, the memory usage dropped to a ldexerl after the Readxlisten.sh

program was used.

5.2.6.1.3 Insect attack and vandalism

Damages by insects, especially ants, was found trbajor cause for failure
after the system was deployed. We used ant repédigmotect the electronic
components. Vandalism was another problem we eemd Wires were cut several
times, a battery was stolen, and a rain gauge s&d a&s ash tray. We used chain locks

had the wires underground or protected by PVC pipes

5.2.6.2 System installation

The three-tier WSN was installed at three militaugtallations across the country
(Figure 5.23). For each installation, we chosellaleg carrier that provided the best
signal coverage. They were T-mobile’s Global SystenMobile communications
(GSM) system and its General Packet Radio Ser@&dR(S) data service for Fort Riley,
Kansas, Verizon’s Code Division Multiple Access (@R) system and its Evolution-
Data Optimized (EVDO) data service for Fort Benni@gorgia, and AT&T's GSM
system and its Enhanced Data rates for GSM Evalyi#®DGE) data service for
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Aberdeen Proving Ground, Maryland.

Washingtong®

a Techrologies

Figure 5.23 Three military installations where thethree-tier WSN was installed.

5.2.6.2.1 Fort Riley site

In October, 2008, we started to install a threeM#SN to a pilot experimental
site in the Fort Riley - Manhattan area in Kansagations of four sensor nodes were
carefully selected at the Little Kitten Creek, Wid Bridge, Wildcat Creek, and Silver
Creek sites (Figure 5.24). From the sensor nodeasurtement data were transmitted to a
nearby gateway station using MICAZ motes throughrtd.4GHz radio channels. In the
gateway station, a Stargate received these dataeartdhem to a datalogger with 915
MHz spread spectrum radio transceiver (CR206, Cathficientific Inc., Logan, UT)
via an RS-232 cable. This datalogger then transthitie data to the datalogger at a
repeater station, where the data were relayecetoehtral station. Upon receiving the
data, the datalogger at the central station senddlta to a cellular modem, which
transmitted the data back to the server computéaasas State University. Data were
stored in a robust open-source database serverQMg8rver, which can be accessed

from the Internet.
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Figure 5.24 Map of the Manhattan-Fort Riley, KS Pibt Experimental Site

The central station was installed near the ColHgls water tower at longitude
96.6465° W and latitude 39.2299° N. The elevatioth@location was 415 meters and it
was at least 70 meters higher than any of the sersles, gateway stations, and repeater
stations. Although it was not a pure “line-of-sighituation between the central station
and the gateway/repeater stations, there were viowbobstacles between their antennas.
Two repeater stations were installed. One was oco0"@nk” at longitude 96.6288° W
and latitude 39.2095° N for Little Kitten site. Aher was on the “Above Keats” at
longitude 96.7115° W and latitude 39.2125° N fahb&/ildcat bridge gateway and
Silver Creek gateway stations. The gateway locatieere chosen based on two
principles: 1) close to the sensor nodes, 2) camaanicate with the central station or a
repeater station. The Little Kitten site had a gatg station and a sensor node installed at
longitude 96.6339° W and latitude 39.2059° N. Thiel®¥t bridge gateway station and a
sensor node were installed at longitude 96.628%h@/latitude 39.2188° N. The Silver
Creek gateway station was installed at longitud@Z@° W and latitude 39.2229° N.
Two sensor nodes shared this gateway station,tahe &ilver Creek, and another at the
Wildcat Creek.

For all the gateway, repeater, and central statiof®rt Riley, we used three-
meter high antenna towers. Each tower was secutbdiwee guy wires with adjustable
lengths. The guy wires were covered by PVC pipekthe pipes were painted in neon-

orange color to warn approaching human beings ionas. 900 MHz Yagi directional
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antennas (HyperLink Technologies Inc. Boca Rata) with 14dBi gain were used for
datalogger communications among all the gatewggater, and central stations at the
Fort Riley site.

A central station needed to communicate with gayeaval repeater stations in
different directions. Thus, an omnidirectional ammta may be a good choice. However,
omnidirectional antennas radiated and receivedawsted signals in all directions. Thus,
using an omnidirectional antenna at the centraiostanay lead to low efficiency in
signal reception (Yi et al., 2003). In this studsg used two Yagi directional antennas at
the central station, pointing to the repeateratd tank” and “Above Keats”,
respectively. We also used a signal splitter/combiao merge signals from the two
repeater stations. This setup efficiently improttegl communication. Figure 5.25 shows
the central station at Ft. Riley site, KS.

Figure 5.25 Central station at Ft. Riley site, KS
Similar to the central station, we used two 900 MHgi antennas at the Cico
tank repeater station. One Yagi antenna was paimdirthe central station at Colbert
Hills, another was pointing to the gateway staabhittle Kitten. Hence the signals from

the Little Kitten gateway station can be relayedhi® central station.
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Three antennas were used on the Above Keats repstation. A 3-way signal
splitter was used so that three antennas couldteected to the datalogger at the same
time. A 900 MHz omnidirectional antenna was usedcctommunication with the central
station at the Colbert Hills. Two more 900 MHz Yagiectional antennas were used to
connect to the Wildcat bridge and Silver Creek watestations, respectively. Figure
5.26 shows two repeater stations at the Ft. Ritey KS.

Antennas

Above Keats Cico tank
Repeater station Repeater station
Ft. Riley, KS Ft. Riley, KS

Figure 5.26 Repeater stations at Ft. Riley site, KS

At the Little Kitten site, we used 2.4 GHz Yagi amhas for both the gateway
base mote and the sensor mote for LWSN communicalioe distance between the
sensor node and the gateway station was about &¢snElow velocity was measured
every hour. The optical sensor was air-cleanedydveur, 30 minutes after the velocity
measurement. A rain gauge was installed on an space with wired connection to the
sensor node. A 60 W solar panel was set up witho@iteries to supply electric power.

At the Wildcat bridge site, a 2.4 GHz Yagi antemas used on the gateway
station while a 2.4 GHz omnidirectional antenna wsed on the sensor node. The

distance between them was about 18.5 meters. Arlast cleaning device and a rain
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gauge were also installed. A 60 W solar panel wéasig with two batteries as the power
supply.

At the Silver Creek site, we installed two sensmdes, one in Silver Creek and
the other in Wildcat Creek. The Wildcat Creek semsmle used a 2.4 GHz Yagi antenna
pointing to the omnidirectional antenna on the basée. The distance from the Wildcat
Creek to the gateway station was 22 meters. Theal@nd communication module of
the Silver Creek sensor node was actually locatedda same enclosure as the gateway
station, and an original whip antenna on the mas found sufficient for
communication. At the beginning, we used an air m@®sor to provide air-blast
cleaning for each sensor. We later changed thgmuiésiclean both sensors using only
one air compressor. A rain gauge was installed theaBilver Creek sensor node. A 60
W solar panel was set up with two batteries to jpi®electric power. Figure 5.27 shows
the gateway stations at Fort Riley, Kansas. Figu28 gives the inside view of the

gateway station at the Little Kitten site.

| N

Little Kitten B0 % . Wildcatbridge | © 7w & 2k silver Cre

Figure 5.27 Gateway stations at Ft. Riley site, KS
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Figure 5.28 Inside view of the gateway station atittle Kitten, Ft. KS.

5.2.6.2.2 Fort Benning site
We installed the WSN at Fort Benning, Georgiahaténd of June, 2009. A

central station was located on the Buena Vista Ro&® km from the Upatoi gateway

station at longitude 84.748°W and latitude 32.485J%is location was selected because

it had fair wireless coverage by the Alltel Companwhich was later merged with the

Verizon Wireless Company. Between the Pine Kna¢way station and the central

station, we installed a repeater station on thenBuésta Road, 0.69 km from the central

station and 1.01 km from the Pine Knot gatewayataat longitude 84.7407°W and
latitude 32.4455°N. A map showing these locatiergiven in Figure 5.29.

110



Figure 5.29 Map of the Fort Benning site
The central station had a 900 MHz omnidirectiomaéana for communication
with both the Upatoi Creek gateway and the repes#gion at Buena Vista turn. A
fiberglass, dual band cellular antenna (KIT1027,-826 MHz/1850-1990 MHz, Laird
Technologies, Chesterfield, MO) was also instalt@dnobile data service. A 20 W solar
panel and a battery were used as the power supigiyré 5.30).

111



o

90 MHz omnidirectonal
antenna
B

Dual band
cellular antenna

b

Figure 5.30 Central station at Ft. Benning site, GA
Two local WSNs (LWSNSs) were installed, each witlotsensor nodes. The first
LWSN was located at the Upatoi Creek, under a lrimgthe Buena Vista Road, at
longitude 84.7572° W and latitude 32.4452° N. Tensers were installed in the creek;
one was more south than the other. Hence, they naamned the “Upatoi South” and
“Upatoi North” sensor nodes, respectively. The ROBtrol board, air compressor, and
battery for each sensor node were placed in a weatioof enclosure. Both enclosures
were placed on the east bank of the creek. A rairgg was placed near one of the
enclosures. The “Upatoi South” sensor measured sethment concentration and
velocity, whereas the “Upatoi North” sensor onlyasered sediment. A 5-liter dye
canister was used to store blue dye for velocitgsneement. 2.4 GHz Yagi antennas on
both sensor nodes were directed towards a 2.4 Gigr ahtenna on the gateway station.
The distance between the gateway station and tisosaodes was about 20 meters. A

900 MHz Yagi antenna was installed on the gatewayf/RWN communication. Figure
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5.31 shows the gateway station and sensor nodkes Blpatoi Creek site, Fort Benning,
GA.

Upatoi tewa;-station 8% L& 0 Upatoi sensor nodes :

¥ 900 MHz Yagi T
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Figure 5.31 Gateway and sensor nodes at Upatoi Ciesite, Ft. Benning, GA
The Upatoi South sensor was installed near thebeat of the creek, while the
Upatoi North sensor was installed near the cerftdreocreek (Figure 5.32). The sensors
were covered with aluminum covers to reduce thieiémice of ambient light on sensor
signals. The shape of the covers for the Upatottsand Upatoi North was rectangular
and diamond, respectively. T-shape fence poles placed in front of the sensors to

prevent damages on the sensor from tree logs &ed large debris (Figure 5.33).
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Figure 5.33 Sensor cover for Upatoi Creek site, FBenning, GA
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The second LWSN was installed at the Pine Knot KCreeder a bridge on the
Buena Vista Road, at longitude 84.733° W and l@¢t82.4391°N. Two sensors were
installed on the south and north sides of the ¢nesspectively. Thus, the sensors were
named “Pine Knot South” and “Pine Knot North”, resfively. The gateway station was
installed at “Pine Knot South” site. Hence, no angewas needed for the “Pine Knot
South” sensor node. The distance between the gatsaagon and the North sensor node
was about 15 meters; hence a 2.4 GHz Yagi anteasauged at the sensor node. Two
solar panels were installed at the Pine Knot gayestation. One was 60 W for the
sensory, control, and communication modules; therovas 20 W for the sensor
cleaning module. Figure 5.34 shows the gatewajostand two sensor nodes at Pine
Knot, Fort Benning, GA.
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Figure 5.34 Gateway and sensor nodes at Pine Knates Ft. Benning, GA
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A rectangular shaped cover was used at Pine Knagh@md a diamond shape
cover was installed at Pine Knot North. The secables were protected inside PVC
pipes. Each sensor was protected by a T-shape peheat the upstream. The sensors

are shown in Figure 5.35.

Pine Knot South

Pine Knot North

"~ T-shape poles )

Figure 5.35 Sensor cover at Pine Knot site, Ft. Baimg, GA

5.2.6.2.3 Aberdeen proving ground site
The WSN was installed at the Aberdeen proving gido@PG) in October, 2009.

The sensors were installed in tidal water. Onlyireedt concentration was measured
because velocity measurement was not needed.

Two locations were selected for the LWSNSs. Bothea@n boat piers, where
sensors could be installed in water at proper déptie LWSN was at the Anita Leight
Park on the North, at longitude 76.2745°W anddd#et39.4507°N. The central station
was placed at the same location. The other LWSNaw#dse Gunpowder pier on the
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South, at longitude 76.3041°W and latitude 39.3R16%gure 5.36 shows the map for
the APG site.

Figure 5.36 Map of the APG site
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At each location, two sensors were mounted to theden poles of the pier with
sunlight covers. Sensors were submerged under atdedepth that kept the sensor in
water at low tide. The sensor motes inside its axater-proof enclosures were placed on
the piers. Figure 5.37 shows the gateway statidman sensor nodes at the Gunpowder
site, APG, MD.

Rain gauge and
antenna

Gunpowder near sensor.node

GunpowdéF site

Gunpowder far
sensor node

Figure 5.37 Gateway and sensor node at the Gunpowdste, APG, MD

The sensor nodes were named based on their distemttee coast (Figure 5.37).
From both “Gunpowder far” and “Gunpowder near” sensodes, two 2.4 GHz Yagi
antennas were pointing to a 2.4 GHz omnidirectiamé&nna at the gateway station, at
distances of 44 and 34 meters, respectively. Agairge was installed at the Gunpowder
far sensor node. The sensors were shielded byneodd shape sunlight cover with a
removable roof. This made it easy to manually ckb@nsensor lenses. Figure 5.38 shows
the sunlight cover used in APG, MD.
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Figure 5.38 A diamond shape sunlight cover with aamovable roof

At the Anita Leight Park site, all components, udihg the central station, the
gateway station and two sensor nodes, were ingdtaflinin an area of 25 square meters.
Hence, external antennas were not necessary fonakes and the datalogger at the
gateway station. A 900 MHz Yagi antenna was usethi®datalogger at the central
station. The two sensor nodes were named basdteordistances to the coast as “Anita
near” and “Anita far”, respectively. A 60 W solaanel was used for power supply.

Figure 5.39 shows the central station, the gatestatyon and sensor nodes at the Anita
Leight site, APG, MD.
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Figure 5.39 Central, gateway and sensor nodes at Aa Leight site, APG, MD

The APG area was much more populated than the iexgretal sites at Fort
Benning and Fort Riley. Location selection for thpeater and central stations was also
much more difficult due to the stricter restrictifam access within APG. To avoid the
need for repeater stations, we raised the heighteantenna towers at the Gunpowder
gateway station and the central station at theaAloatigh site to about 6 meters and 3
meters, respectively. This allowed direct wireleassmission between the two locations
with an effective transmission range of 8 km.

At the APG site, a method of using one air comparegsclean two sensors was
tested. Air compressors were the most energy conguaievice in the system. Reducing
the number of compressors in the system greatlycextithe demand for electric power,

thus improving the reliability and extending thie liime of the system.

5.3 Results and discussion

Results of the experiments conducted at threeamnjlinhstallations are reported in

this section. Analysis and discussion are alsorgive
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5.3.1 Packet loss and transmission error

This section reports the packet loss and transamssiror rate for each sensor
node under normal operation. Transmission breakafgesger than two hours, such as
restart of a server, maintenance break at a seosiar, gateway, repeater or central
station, breakage from the cellular service, andgyautage, were considered abnormal
operations. Packet loss and transmission errong@bnormal operations were not
included in the statistics. In addition, duplicdtga transmission intentionally conducted
for testing purpose is not included in the reports.

The average packet loss rate and transmission rateofor Little Kitten Creek
sensor node were 5.29% and 0.55% respectivelythiosensor node, data were
transmitted to the central station via a dedicadgpeater station at Cico tank. Figure 5.40
shows the monthly average packet loss rate andrrigrion error rate for sensor node at
Little Kitten Creek, Manhattan, KS.

Little Kitten Creek
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Figure 5.40 Monthly average packet loss rate and ansmission error rate for Little

Kitten Creek, Manhattan, KS sensor node
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Performance of the three-tier WSN in transmittilaga from the Little Kitten
sensor node and causes for failures within a tentimperiod are illustrated in Figure
5.41.

Dec-09 Jan-10 Feb-10 Mar-10 Apr-10

May-10 Jun-10 Jul-10 Aug-10 Sep-10

[ Normal operation 3§ Power supply failure - Cellular service interruption
Surface cable damage B8 Sensor buried in sand  (Data from Joseph Dverak & Xu Wang)
Figure 5.41 Performance in wireless data transmissn and causes for failures for
Little Kitten sensor node

Because Little Kitten Creek was the closest sit€3tJ, we used this site for a
series of tests to improve the quality of datagrmaission. However, this site was in an
area with dense coverage of trees, bushes, ansegraghich seriously affected mote
communication. In order to achieve a low packes lage, we removed some of the
vegetative cover to create the “line-of- sight” diion for communication within the
LWSN. For MRWN communication, a tree near the gatestation blocked the radio
wave path between the Little Kitten site and tipesger station at Cico tank. This was
probably the main cause for the relatively highkagddoss rate and transmission error
rate.

The average packet loss rate and transmissionrateofor Wildcat Bridge sensor
node were 5.78% and 5.03% respectively. For this@enode, data were transmitted to
the central station via a repeater station at Ab¢eats. Figure 5.42 shows the monthly
average packet loss rate and transmission ermfoathe sensor node at Wildcat Bridge,
Ft. Riley, KS.
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Figure 5.42 Monthly average packet loss rate and ansmission error rate for
Wildcat Bridge, Ft. Riley, KS sensor node
Performance of the three-tier WSN in transmittiagedfrom the Wildcat bridge

sensor node and causes for failures within a tentimperiod are illustrated in Figure
5.43.

Dec-09 Jan-10 Feb-10 Mar-10 Apr-10

May-10 Jun-10 Jul-10 Aug-10 Sep-10

[ Normal operation B8 Power supply failure [ Cellular service interruption
~ |Surface cable damage [ ]Sensor cable damage R\ Field equipment damage
E= Antenna problems (Data from Joseph Dvorak & Xu Wang)

Figure 5.43 Performance in wireless data transmissn and causes for failures for
Wildcat bridge sensor node
Within a one year period, from May 2009 to Apr. @0the Wildcat Bridge site
had very low packet loss and transmission err@srathe data transmission quality
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depended on the performance of the repeater stikbove Keats”. From Figures
5.42, 5.44 and 5.46, it can be seen that highddgbdass rates were found for sensors at
both the Wildcat Bridge and Silver Creek sites nigithe same time period. Because
these sensor nodes shared the same repeater,statanbe concluded that the function
of the repeater station was deteriorated durirgypbiiod of time. A site inspection found
that the antenna tower at the “Above Keats” repesitgion fell down.

The average packet loss rate and transmissionrateofor Silver Creek sensor
node were 19.12% and 13.27% respectively. Forsdgmsor node, data were transmitted
to the central station via a repeater station aiv&lKeats. Figure 5.44 shows the

monthly average packet loss rate and transmission mate for sensor node at Silver
Creek, Ft. Riley, KS.
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Figure 5.44 Monthly average packet loss rate and ansmission error rate for Silver
Creek, Ft. Riley, KS sensor node
Performance of the three-tier WSN in transmittiagadfrom the Silver Creek

sensor node and causes for failures within a tentimperiod are illustrated in Figure
5.45.
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Dec-09 Jan-10 Feb-10 Mar-10 Apr-10

May-10 Jun-10 Jul-10 Aug-10 Sep-10

[ Normal operation

i Power supply failure [ Cellular service interruption

[ ISurface cable damage [ ] Sensor cable damage S Field equipment damage
E== Antenna problems

N Sensor buried in sand {Data from Joseph Dvorak & Xu Wang)
Figure 5.45 Performance in wireless data transmissn and causes for failures for
Silver Creek sensor node

The Silver Creek sensor node was located in a deepy area with dense plants
and trees. From Nov. 2009 to Apr. 2010, we hadpagket loss rates and transmission
error rate. However, from the end of Dec. 200hw®leginning of Feb. 2010, we did not
receive any data due to power failure, and ver pigcket loss rates and transmission
error rates have been observed since May 201006ealsle damage and field
equipment damage may have been responsible for this

The average packet loss rate and transmission rateofor Wildcat Creek sensor
node were 17.34% and 11.90% respectively. Forsegmsor node, data were transmitted
to the central station via a repeater station atv&lKeats. Figure 5.46 shows the
monthly average packet loss rate and transmission mate for sensor node at Wildcat
Creek, Ft. Riley, KS.
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Wildcat Creek
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Figure 5.46 Monthly average packet loss rate and ansmission error rate for
Wildcat Creek, Ft. Riley, KS sensor node
Performance of the three-tier WSN in transmittiagedfrom the Wildcat Creek
sensor node and causes for failures within a tentmperiod are illustrated in Figure
5.47.

Dec-09 Jan-10 Feb-10 Mar-10 Apr-10

Jul-10 Aug-10 Sep-10

[ Normal operation B85 Power supply failure [ Cellular service interruption

Surface cable damage [ ] Sensor cable damage S Field equipment damage
E== Antenna problems

8 Sensor buried in sand (Data from Joseph Dvorak & Xu Wang)
Figure 5.47 Performance in wireless data transmissn and causes for failures for
Wildcat Creek sensor node
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The Wildcat Creek sensor was located very clogkddilver Creek sensor, and
both sensors shared the same gateway station peatee station. The transmission
performances for these two sensor nodes were thergimilar.

The average packet loss rate and transmissionrateofor Upatoi South sensor
node were 0.44% and 0.03% respectively. Figure &8s the monthly average packet

loss rate and transmission error rate for sensoe ab Upatoi South, Ft. Benning, GA.

Upatoi South
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Figure 5.48 Monthly average packet loss rate and amsmission error rate for Upatoi
South, Ft. Benning, GA sensor node
Performance of the three-tier WSN in transmittiagadfrom the Upatoi South
sensor node and causes for failures within an eleventh period are illustrated in
Figure 5.49.

127



Nov-09 Dec-09

May-10 Jun-10 Jul-10 Aug-10 Sep-10

[ Normal operation

Power supply failure [ Cellular service interruption

Surface cable damage [ ]Sensor cable damage S Field equipment damage
E== Antenna problems '

Sensor buried in sand (Data from Joseph Dvorak & Xu Wang)
Figure 5.49 Performance in wireless data transmissn and causes for failures for
Upatoi South sensor node

Both the Upatoi South and North sensor nodes voeaed in an area with open
space. These two sensor nodes were close to damh Bhe gateway station for Upatoi
Creek was located on the bridge with higher elewvatihan both Upatoi South and North
sensor nodes. As a result, the average packetdtesand transmission error rate were
very low. However, sensor cable damage and celddta service interruption caused
data transmission failures from early Dec, 2006niddle of Apr. 2010.

The average packet loss rate and transmission ratefor Upatoi North sensor
node were 2.51% and 0.03% respectively. Figure 8hfvs the monthly average packet

loss rate and transmission error rate for sensoe ab Upatoi South, Ft. Benning, GA.
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Upatoi North
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Figure 5.50 Monthly average packet loss rate and ansmission error rate for Upatoi
North, Ft. Benning, GA sensor node
Performance of the three-tier WSN in transmittiagedfrom the Upatoi North
sensor node and causes for failures within an eleventh period are illustrated in
Figure 5.51.

Nov-09 Dec-09

May-10 Jun-10 Jul-10 Aug-10 Sep-10

[ Normal operation B8 Power supply failure [ Cellular service interruption

Surface cable damage [ ]Sensor cable damage S Field equipment damage
E== Antenna problems

Sensor buried in sand (Data from Joseph Dvorak & Xu Wang)
Figure 5.51 Performance in wireless data transmissn and causes for failures for
Upatoi North sensor node
The average packet loss rate and transmission rateofor Pine Knot South

sensor node were 1.78% and 0.07% respectivelythisensor node, data were
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transmitted to the central station via a repedtgias at Buena Vista Turn. Figure 5.52
shows the monthly average packet loss rate andmiasion error rate for sensor node at
Pine Knot South, Ft. Benning, GA.

Pine Knot South
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Figure 5.52 Monthly average packet loss rate and ansmission error rate for Pine
Knot South, Ft. Benning, GA sensor node
Performance of the three-tier WSN in transmittiagedfrom the Pine Knot South
sensor node and causes for failures within an eleventh period are illustrated in
Figure 5.53.
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May-10 Jun-10 Jul-10 Aug-10 Sep-10

[ Normal operation

Power supply failure [ Cellular service interruption

[]Surface cable damage [ ]Sensor cable damage S\ Field equipment damage
E== Antenna problems

Sensor buried in sand (Data from Joseph Dvorak & Xu Wang)
Figure 5.53 Performance in wireless data transmissn and causes for failures for
Pine Knot South sensor node

Pine Knot South and North sensor nodes were ctosadh other, and they were
near the gateway station. As a result, the dataraamcation quality for both sensor
nodes was generally good. However, we completalydata from Jan. 2010 to Apr.
2010 due to interruption in cellular data serviaaf the carrier (Alltel). Shortly after the
data service was resumed in April, an equipmehiraihat resulted in power loss
prevented normal signal transmission until it weysaired in late June, 2010.

The average packet loss rate and transmissionrateofor Pine Knot North
sensor node were 1.42% and 0.08% respectivelythi®sensor node, data were
transmitted to the central station via a repedtgias at Buena Vista Turn. Figure 5.54
shows the monthly average packet loss rate andniasion error rate for sensor node at
Pine Knot North, Ft. Benning, GA.
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Pine Knot North
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Figure 5.54 Monthly average packet loss rate and @ansmission error rate for Pine
Knot North, Ft. Benning, GA sensor node
Performance of the three-tier WSN in transmittiagadfrom the Pine Knot North
sensor node and causes for failures within an eleventh period are illustrated in
Figure 5.55.
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May-10 Jun-10 Jul-10 Aug-10 Sep-10

[ Normal operation B8 Power supply failure [ Cellular service interruption
Surface cable damage [ ]Sensor cable damage S Field equipment damage

E== Antenna problems

Sensor buried in sand (Data from Joseph Dvorak & Xu Wang)
Figure 5.55 Performance in wireless data transmissn and causes for failures for
Pine Knot North sensor node
The average packet loss rate and transmission rateofor Gunpowder Near

sensor node were 30.20% and 8.79% respectivelyrd-i§56 shows the monthly
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average packet loss rate and transmission ermfoasensor node at Gunpowder Near,
APG, MD.

GunpowderNear
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Figure 5.56 Monthly average packet loss rate and ansmission error rate for
Gunpowder Near, APG, MD sensor node
Performance of the three-tier WSN in transmittiagadfrom the Gunpowder Near
sensor node and causes for failures within a twelgath period are illustrated in Figure
5.57.
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] Normal operation B85 Power supply failure [ Cellular service interruption
Surface cable damage [ ]Sensor cable damage S Field equipment damage
E== Antenna problems

B Sensor buried in sand (Data from Joseph Dvorak & Xu Wang)
Figure 5.57 Performance in wireless data transmissn and causes for failures for

Gunpowder Near sensor node
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Gunpowder Near and Far sensor nodes were closektoather. They shared the
same gateway station. We did not use any repdat@rsbetween the Gunpowder
gateway and the central station at the Anita Lsigh In order to transmit data through a
distance of 8.1 km, we had to raise the antennar®at both sites. From Oct. 2009 to
Mar. 2010, the packet loss rates and transmission mtes were extremely high. This
was because that the clock on the gateway statsmnat functioning properly yet the
data transfer protocol required checking of theetstamps. The problem was solved by
temporarily removing the time stamp checking fréva program. As a result, the data
transmission was greatly improved.

The average packet loss rate and transmission rteofor Gunpowder Far
sensor node were 22.61% and 11.53% respectiveyré-b.58 shows the monthly
average packet loss rate and transmission er@foasensor node at Gunpowder Far,
APG, MD.
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Figure 5.58 Monthly average packet loss rate and ansmission error rate for
Gunpowder Far, APG, MD sensor node
Performance of the three-tier WSN in transmittiagadfrom the Gunpowder Far
sensor node and causes for failures within a twelgath period are illustrated in Figure
5.59.
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1 Normal operation

Power supply failure [ Cellular service interruption
[ ]Surface cable damage [ |Sensor cable damage Y Field equipment damage

E== Antenna problems BN Sensor buried in sand (Data from Joseph Dvorak & Xu Wang)
Figure 5.59 Performance in wireless data transmissn and causes for failures for
Gunpowder Far sensor node
The average packet loss rate and transmissionrateofor Anita Near sensor
node were 2.33% and 0.79% respectively. Figure 8n6vs the monthly average packet

loss rate and transmission error rate for sensoe ab Anita Near, APG, MD.
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Figure 5.60 Monthly average packet loss rate and ansmission error rate for Anita
Near, APG, MD sensor node
Performance of the three-tier WSN in transmittiagedirom the Anita Near
sensor node and causes for failures within a twedgath period are illustrated in Figure
5.61.
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B3 Power supply failure [ Cellular service interruption

Surface cable damage [ ]Sensor cable damage Y Field equipment damage

E Antenna problems - Sensor buried in sand (Data from Joseph Dvorak & Xu Wang)

[ Normal operation

Figure 5.61 Performance in wireless data transmissn and causes for failures for
Anita Near sensor node

For the Anita Near and Far sensor nodes, the ggtstation and central station
were located next to each other. As a result, dolgt loss rates and transmission error
rates were low. There was a transmission breakahwerto a power failure during Feb.
2010, when we obtained only 10 days of data.

The average packet loss rate and transmissionrateofor Anita Far sensor node
were 4.29% and 0.66% respectively. Figure 5.62 shbe monthly average packet loss
rate and transmission error rate for sensor nodaidéd Far, APG, MD.
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Anita Far
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Figure 5.62 Monthly average packet loss rate and ansmission error rate for Anita
Far, APG, MD sensor node
Performance of the three-tier WSN in transmittiagedirom the Anita Far sensor

node and causes for failures within a twelve-magathod are illustrated in Figure 5.63.
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[ Normal operation B3 Power supply failure [ Cellular service interruption
[ |Surface cable damage [ ]Sensor cable damage Y Field equipment damage

E Antenna problems “ Sensor buried in sand (Data from Joseph Dvorak & Xu Wang)

Figure 5.63 Performance in wireless data transmissn and causes for failures for

Anita Far sensor node

5.3.2 Sediment measurement

The optical sensors responded to changes in setlooeoentration. When the

sediment concentration increased, signals fronpktw¢otransistors placed 43rom the
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infrared LED (IR45) and orange LED (ORA45) incrasehile the signal from
phototransistor placed 18@om the orange LED (ORA180) decreased. Usually,
sediment concentration increased during or immelgiafter rain events, which
disturbed soil sediment. Figure 5.64 shows sereaating changes during three rain
events in Little Kitten Creek, Manhattan, Kansasmya 12-day period, from March 26
to April 7 in 2010.
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Figure 5.64 Sediment sensor signals and precipitat. Data recorded from March
26 to April 7, 2010, at the Little Kitten Creek sie in Manhattan, KS
Within this 12-day period, the historical precipita data from “Weather

Underground” (Weather Underground, 2010) showeekthain events in the area.
Accumulated precipitation for each of the rain dgemas given in Figure 5.64.
Corresponding variations in sensor signals canlasobserved. After the rain events, the
signals gradually returned to their normal levélse general decreasing trend of the
ORA180 signal was probably caused by sensor larstp
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Detailed sediment sensor signal and precipitatioritfese three rain events are
shown in Figures 5.65-5.67. A scale factor of 1@ wsed to the IR45 and ORA45
signals to better observe their variations.
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Figure 5.65 Sediment sensor signals and precipitati for the 1% rain event at the
Little Kitten Creek site in Manhattan, KS. The IR45 and ORA45 signals were

enlarged by a scaling factor of 10.
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Figure 5.66 Sediment sensor signals and precipitati for the 2" rain event at the
Little Kitten Creek site in Manhattan, KS. The IR45 and ORAA45 signals were
enlarged by a scaling factor of 10.
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Figure 5.67 Sediment sensor signals and precipitati for 3 rain event at the Little
Kitten Creek site in Manhattan, KS. The IR45 and ORA45 signals were enlarged by
a scaling factor of 10.

Figure 5.68 gives another example of sediment nmeasnt at the Wildcat
Bridge site at Ft. Riley, Kansas. During the stodmamatic changes in all three signals
(IR45, ORA45 and ORA180) were observed. The hisabprecipitation data from the
Weather Underground showed that a storm occurfed &ours before significant
changes were found in the sensor signals. Thigonasbly due to the fact that Wildcat
Creek was a larger creek than Little Kitten Crelius, it took a longer time to have
disturbed soil sediment accumulated a detectatatd. |Also notice that, after the storm, it

took a longer time for the sensor signals to retartmeir normal levels.
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Figure 5.68 Sediment sensor signals measured durigrain event at Wildcat Bridge,
Ft. Riley, KS
The sediment data in Figure 5.69 showed two ragmtsvat the Pine Knot South
site at Ft. Benning, Georgia. In both events, datde changes in the signals did not
immediately occur when the storm started.
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Figure 5.69 SSC signals for Pine Knot South, Ft. Baing, GA
Detailed sediment sensor signal and precipitatiorttfese three rain events are

shown in Figures 5.70 and 5.71. Again, a scalefait10 was used to the IR45 and
ORAA45 signals to better observe their variations.
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Figure 5.70 Sediment sensor signal and precipitatiofor the 1% rain event at Pine
Knot South, Ft. Benning, GA. The IR45 signal was darged by a scaling factor of 5
and ORA45 signal was enlarged by a scaling factoif 0.

144

Precipitation (Inches)



——IR45 —— ORA45 —— ORA180 ——Rain |

—
Precipitation- 0.14 inchgs | T 012
7/12/2010 from 12:51 tq 18:F1
12
TU1 7
S
s 1 =
= 008 5
5 g
o 08 i =
]
2
~+ 0.06 o
|
06 1
| i dlﬂ i Ll T e
0.4 JERNNE (i L "--.] i L L. dul gtk NS G A | e IR | ! 14
0.2 1 i - - =+ 0.02
0 0

2010-07v12  2010-0712 20100712 2010-07-12  2010-07-12  2010-07-12  2010-07-13  2010-07-13  2010-07-13
09:57:05 12:27.35 14:58:05 17:32:36 20:02:36 23:22:20 01:54:20 04:24:51 06:54:51

Precipitation data from http:/Awww wunderground.com Date time:

Figure 5.71 Sediment sensor signal and precipitatiofor the 2" rain event at Pine
Knot South, Ft. Benning, GA. The IR45 signal was darged by a scaling factor of 5
and ORA45 signal was enlarged by a scaling factoif 0.

5.3.3 Water temperature measurement

The temperature data were used for temperature easagion for SSC
calculation (Zhang, 2009). Figure 5.72 shows terupee measured at the Little Kitten
Creek site in Manhattan, KS. The daily high-low paratures recorded by “Weather
Underground” (Weather Underground, 2010) for theesaegion were also shown in the
figure. Comparison between the two sets of dateated that the range of daily water
temperature variation was smaller than that ofydail temperature variation. However,

the main trends in water and air temperature viariatwere similar.
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Figure 5.72 Water temperature measured at the Lite Kitten Creek site in
Manhattan, KS

5.3.4 Precipitation measurement

Figure 5.73 shows the precipitation data recordedume 2, 2009 at Wildcat
Bridge, Ft. Riley, KS. As we described early, thmrgauge data contained a cumulative
counter, which represented the total number ofrtippulses generated by the rain gauge.
Each tipping pulse represented 0.01 inches ofakirfiracing changes of this counter
within a period of time, we could obtain the pretzpon data for this period. In Figure
5.73, precipitation measured by the rain gaugeasagpared with the record from the
“Weather Underground” web site (Weather Undergro@@d.0). The precipitation
measured by the rain gauge was drawn in inchahéoaiccumulated tipping pulses at
times they were recorded, whereas the Weather dramlerd data was drawn as
rectangles, with the width and height representiegtime period and total precipitation,
respectively. From the figure it can bee seentti@tWeather Underground” web site
and the rain gauge recorded two rain events wdimmlar time periods. For the first rain

event, the precipitations reported by the two sesikgere 0.92 and 1.2 inches,
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respectively. The precipitations reported for teeand event were 0.31 and 0.2 inches,
respectively. The small differences between thedauarces were probably due to the

difference in locations where the measurements weide.
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Figure 5.73 Precipitation data from Wildcat Bridge, Ft. Riley, KS

5.3.5 Air-blast cleaning

The air-blast cleaning valve was turned on for &€osds every hour. Figure 5.74,
shows the sediment signals measured within a 24 genod. It was obvious that, every
time the lenses was cleaned, the ORA180 signahlsadiden increase, whereas the IR45
and ORA45 signals displayed a reduction at the samee which can be displayed with a
larger scale (Figure 5.75). According to Zhang @0@uling on the sensor lenses
usually caused decreases in transmitted light (CB®RA&nd increases in backscattered
light (IR45 and ORAA45). After the lenses were ckxdirthe signals returned to their
normal levels.

Compared with other components in the system, ithr@anpressor consumed a
much greater amount of electric power. Figure Sh@ws the measured battery voltage

during the same period the sediment was measuerdafkable voltage drops occurred
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every two hours and, in most cases, the time ttterlyavoltage dropped coincided with
the time the ORA180 signal increased, indicatirad the air pressure accumulated in the
air tank could only support two 10-second air-btdsaning operations. After two

cleaning operations, the air compressor had tofoed on to refill the air tank.
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Figure 5.74 Air-blast clean effects at Wildcat Bridje, Ft. Riley, KS
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Figure 5.75 Sediment signals with air-blast cleanfiects at Wildcat bridge, Ft. Riley,
KS

5.3.6 Velocity measurement

Sensors for simultaneous measurement of sedimentedacity were deployed at
both the Upatoi and Pine Knot sites at Fort Benmingd the Little Kitten site at Fort
Riley. For these sensors, both velocity raw daththa calculated flow velocity were
transmitted to the database server. The velooydata contained two sets of data - the
upstream data named “ORA180 1” and the downstrestenrthmed “ORA180 2”. For
both sets of data, 512 samples were taken at aisgnfiiequency of 279 Hz. Figure 5.76
displays an example of the raw data. The obvioltsge drops on both the upstream and
downstream signals were caused by the releaseefdyke. The time lag between the
downstream and upstream signals was calculatedghra cross-correlation analysis.

Figure 5.77 shows the calculated cross-correlatgificient.
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Figure 5.76 Velocity data taken from Upatoi SouthfFt. Benning, GA
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5.4 System cost

Material costs for the major components of thedftrer WSN system, including
sensor node, gateway station, repeater stationgemtdal station, are listed in the
following tables.

Table 5.9 Material cost for a sensor node that meases only sediment concentration

Components Price
Sensory module $571.00
Sensor cleaning module $167.00

D

Control and communication module  $446.00

Power supply module $567.00
Total $1,751.00

Table 5.10 Material cost for a sensor node that meares both sediment and velocity

Components Price
Sensory module $828.00
Sensor cleaning module $167.00

Control and communication module  $446.00

Power supply module $567.00
Total $2,008.00

Table 5.11 Material cost for a gateway station

Components Price

Stargate module $747.00
Radio communication module $900.00
Power supply module $395.00
Total $2,042.00
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Table 5.12 Material cost for a repeater station

Components Price

Radio communication module $900.00
Power supply module $335.00
Total $1,235.00

Table 5.13 Material cost for a central station

Components Price
Cellular module $575.00
Radio communication module $900.00
Power supply module $335.00
Total $1,810.00

Table 5.14 Material cost for the three-tier WSN intalled at the three military

installations with twelve sensor nodes

Components Price

Ft Riley, KS site $17,667.00
Ft. Benning, GA site $14,647.00
APG, MD site $12,898.00
Total $45,212.00

development, deployment, and maintenance.

5.5 Potential and limitations of the system
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The costs listed in these tables do not includerlabd traveling cost for system

Field tests of the three-tier wireless sensor n&kwlemonstrated that the system
was capable of remote, real-time environmental toanig. With proper site selection,
accurate antenna positioning, and proper maintenahe system achieved low packet
loss rates and low transmission error rates. Thease were capable of measuring
sediment concentration and flow velocity simultamsg. The temperature and
precipitation measurements were effective. Freqlesst cleaning using the air-blast

cleaning system helped reduce signal distortiontduens fouling.




This system, with proper modifications, could bedifor other field monitoring
applications, such as precision agriculture, waeagsmonitoring, and forest fire
prevention. The system was especially useful forote monitoring in areas with
insufficient cellular coverage. Potentials of tleveloped technology are great.

There were a few limitations for the system. A méijoitation was the need for
frequent field maintenance by experienced persoiheing the past two years, we
encountered many difficulties at the Ft. Bennind ARG sites mainly because we had
no experienced personnel at the sites to condugblkeshooting and repair. Although the
system could issue alert messages for low poweglguipwas unable to detect other
problems automatically. Currently, the only solatfor most system failures was to send
technicians to the field for inspection and repair.

Another problem was a number of uncontrollable/edmtable factors that
affected the operation of the system. Examples welialar carrier service stoppage,
server compute IP address change, severe storiasandiated flood, snow cover on
solar panels, animal damage on wires and cabldfhaman vandalism and sabotage.
Most of these factors were random events. Althoughreceived daily reports from the
server on data transmission quality and battertagel, we have not implemented

solutions that would proactively predict and prevaost of the system failures.
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CHAPTER 6 - CONCLUSIONS

The conclusions derived from our studies on boghttyo-tier and three tier

wireless sensor networks are summarized as follows:

6.1 Two-tier wireless sensor network

In the two-tier WSN study, we developed a rematal-time, wireless sediment
monitoring system and addressed several challeaggexiated with the system.

1. For the higher tier communication, we used a comaeGPRS mobile
service to provide long-range wireless data trariefan area where wired or wireless
Internet access was not available. The use ofgerartender antenna enhanced GPRS
signal power and reduced abrupt FTP disconnections.

2. For the lower-tier communication, wireless trarssion was achieved in a
radio-hostile environment by using properly seldaanidirectional and Yagi
directional antennas with properly selected antéanar heights.

3. Reliable power supplies were provided in the tgséirea with solar panels.
By using a switching voltage regulator in hardwane a short sampling duration in
software, the battery life was extended.

4. Software for both the remote system and the indeorer computer was
developed. Algorithms for auto-restart after poaetage developed for both the server
and the Stargate computer improved the reliabdltthe system.

5. The sensors successfully measured in-stream sedomecentrations and the
two-tier WSN successfully transmitted the measurgrdata to an indoor server
computer, which made the data available on therieteThe system provided the end-
users with convenient access to the real-timedabteut installing additional software.

6. The cost for the system was reduced by using appteantennas to achieve
long-range wireless transmission. The total cossfeh a system with two sensors was
US $3,000.
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6.2 Three-tier wireless sensor network

In the study of three-tier WSN, we further develdpiee architecture of the
communication system and applied it to environmentanitoring at a much larger scale.
The following conclusions can be drawn from thisdst

1. The three-tier WSN architecture was successfullyl@mented at three
military installations - Fort Riley, Kansas, Forefhing, Georgia, and Aberdeen Proving
Ground (APG), Maryland.

2. In addition to in-stream sediment concentratioheoenvironment-related
variables, such as water temperature, precipitaéind stream flow velocity, were also
monitored. All data were transmitted to a servengoter in real time through the three-
tier WSN.

3. For the lower tier communication, sensor nodesessfally controlled data
acquisition, rain gauge measurement, velocity measent, and air-blast lens cleaning.
Data from the sensor nodes were wirelessly traresfdo the gateway stations using
wireless motes. The longest transmission distaraseabout 100 meters.

4. Wireless dataloggers/radio transceivers were usethé middle-tier
communications. These dataloggers were install¢deigateway, repeater, and central
stations. Careful site selection insured good ngtywerformances. The longest
transmission ranges at APG and Fort Riley wereaBdL5.9 km, respectively.

5. Signal splitters were used in two repeater statamtsa central station at the
Fort Riley site, where data transmissions in mldtgirections were involved. The
combined use the splitters and Yagi directiona¢anas enhanced signal strength,
reduced the need for additional repeaters and eheaduced the overall cost.

6. For the higher-tier data communication, commercgdular data services of
GPRS for T-Mobile GSM system, EVDO for Verizon CDM#stem, and EDGE for
AT&T GSM system, were used at the Fort Riley, Behning, and APG sites,
respectively. The server computer at Kansas Staieetsity (KSU) received data from

all three installations successfully.
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7. Solar panels were selected for all experimentatdased on electrical power
demands. Deep-cycle, marine batteries were uspdvesr storages for the solar panels
and power supplies for the system. This energydsdivg mechanism met the need of
the system for reasonably long life span.

8. System reliability and performance were enhanceerapling the brown-out
detection function on the motes, reducing the &targ data backup file size when it
became necessary, and adding virtual memory oSttrgate.

9. Complete software for the three-tier WSN system geageloped. Functions
of the software included data acquisition and psstgy, relay control, time
synchronization, data communication, and data georéhe software automatically
handled the system’s starting or restarting prqoaeseh reduced the maintenance need.

10. Time synchronization between two sensor motes la@dnbte at the gateway
station guaranteed that no sediment or velocitysen@anent was conducted during the
air cleaning operation. Time synchronization betw#ee Stargate and the datalogger
improved the accuracy of time information generdigdhe Stargate.

11.Long-term field experiments conducted in three taili installations
indicated that low packet loss rate and errorwagee achieved for most sensor nodes.
However, maintaining low packet loss and transraissirror rate for a long period was
difficult. Causes for failures and interrupts iradal carrier service interrupts, weather
damage, animal damage, and human vandalism anthgabo

12.Real-time data received from three military insttdins were saved into a
MySQL database server. These data can be accaasatevnet.

13. The material cost for the three-tier WSN instabiédhree military

installations with totally 12 sensors was less t846,000.
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Appendix A- Mote program for sensor control and daa

transmitting used in one or two-tier WSN

File Name: XsensorMDA300M.nc

/* XSensorMDA300M tab:4
* IMPORTANT: READ BEFORE DOWNLOADING, COPYING, ISTALLING OR USING.
By

* downloading, copying, installing or using thaftsvare you agree to
* this license. If you do not agree to this fise, do not download,
* install, copy or use the software.

*

* Intel Open Source License

*

Copyright (c) 2002 Intel Corporation

* All rights reserved.

* Redistribution and use in source and binaryif@rwith or without modification, are permitted
provided that the following conditions are met:

*

* Redistributions of source code must retain theve copyright notice, this list of conditions
and the following disclaimer. Redistributions imaiy form must reproduce the above copyright
notice, this list of conditions and the followingcaimer in the documentation and/or other
materials provided with the distribution. Neithbethame of the Intel Corporation nor the names
of its contributors may be used to endorse or pterpmducts derived from this software without
specific prior written permission.

*/

T S

* - Tests the MDA300 general prototyping card

* (see Crossbow MTS Series User Manual)

* - Read and control all MDA300 signals:

*  ADCO, ADC1, ADC2, ADCS3,...ADC11 inputs, DIO-5,

*  counter, battery, humidity, temp
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*

* Output results through mica2 uart and radio.

* Use xlisten.exe program to view data from eitpert:

* uart: mount mica2 on mib510 with MDA300

* (must be connected or now data is read)

* connect serial cable to PC

* run xlisten.exe at 57600 baud

* radio: run mica2 with MDA300,

* run another mica2 with TOSBASE

* run xlisten.exe at 56K baud

* LED: the led will be green if the MDA300 is coaected to the mica2 and

*  the program is running (and sending outkeés). Otherwise it is red.

*

* Data packet structure:

* PACKET #1

* msg->data[0] : sensor id, MDA300 = 0x81

* msg->data[l] : packet number =1

* msg->data[2] : node id

* msg->data[3] : reserved

* msg->datal4,5] : analog adc data Ch.0

* msg->data[6,7] : analog adc data Ch.1

* msg->data[8,9] : analog adc data Ch.2

* msg->data[10,11] : analog adc data Ch.3

* msg->data[12,13] : analog adc data Ch.4

* msg->data[14,15] : analog adc data Ch.5

* msg->data[16,17] : analog adc data Ch.6

* C:\Program Files\UCB\cygwin\opt\tinyos-
1.x\contrib\xbow\tos\sensorboards\mda300\SamplerC.n
ek ok Kok Rk AR R Ak
I/l include sensorboard.h definitions from tos/mdadbdectory
includes sensorboard;

module XSensorMDA300M

{
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provides interface StdControl;
uses {

interface Leds;
/ISampler Communication
interface StdControl as SamplerControl;
interface Sample;
//UART communication
interface StdControl as UARTControl;
interface BareSendMsg as UARTSend;
interface ReceiveMsg as UARTReceive;
/IRF communication
interface StdControl as CommControl;
interface BareSendMsg as SendMsg;
interface ReceiveMsg as ReceiveMsg;
[[Timer
interface Timer as SamplingTimer;
interface Timer as SleepTimerl;
interface Timer as SleepTimer2;
interface Timer as SleepTimer3;
interface Timer as SleepTimer4;
interface Timer as SleepTimer5;
interface Timer as SleepTimer®6;
interface Timer as SleepTimer7;
interface Timer as SleepTimers;
interface Timer as SleepTimer9;
interface Timer as SleepTimerl0;
interface Timer as SleepTimerll;

}

implementation

{

/l#define ANALOG_SAMPLING_TIME 30520 //samp{j interval = 30 seconds

#define ANALOG_SAMPLING_TIME 10000 //samplimgterval = 10 second, not in used.
#define DIGITAL_SAMPLING_TIME 100 //0.1 sectn
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#define MISC_SAMPLING _TIME O

/l#define SCALE_SAMPLING_TIME 2750 //every 88conds with any delay in datalogger
#define SCALE_SAMPLING_TIME 214 //(for 0.1 seabDIGITAL_SAMPLING_TIME)
1992 (for 0.01second DIGITAL_SAMPLING_TIME) 30 seuts

#define READ_DELAY 48 //delay time from turn onchturn off light 48 for 96 ms
#define ANALOG_SEND FLAG 1

#define DIGITAL_SEND_FLAG 1

#define MISC_SEND _FLAG 1

#define ERR_SEND_FLAG 1

#define PACKET1_FULL Ox10EF //channel O to 3 phadtery

#define MSG_LEN 31 // excludes TOS header, icltides xbow header

enum {
PENDING =0,
NO MSG =1
h
enum {

MDA300_PACKET1 =1,
MDA300_PACKET2 = 2,
MDA300_PACKET3 = 3,
MDA300_PACKET4 = 4,
MDA300_ERR_PACKET = 0xf8
h
enum {
SENSOR_ID =0,
PACKET _ID,
NODE_ID,
RESERVED,
DATA_START
} XPacketDataEnum;
/* Messages Buffers */
TOS_Msg packet[5];
TOS_Msg uart_send_buffer, radio_send_buffer;
TOS_MsgPtr uart_msg_ptr, radio_msg_ptr;
TOS_Msg errMsg_uart, errMsg_radio;
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uintl6_t errMsg_status;
uint8_t next_packet;
bool sending_packet;
uintl6_t msg_status[5], pkt_full[5];
char test;
uint8_t data_t;
uintl6_t delay time;
int8_t record[25];

/************************************************** kkkkhkkkkkkhkkkkkkk

* |nitialize the component. Initialize Leds
ek ok Sk kA kA |
command result_t StdControl.init() {
call Leds.init();
atomic {
errMsg_status=0;
uart_msg_ptr = &uart_send_buffer;
radio_msg_ptr = &radio_send_bulffer;
next_packet = 1;
data_t = 0xcO;
delay_time = 0x0;
sending_packet = FALSE;
}
msg_status[1] = 0;
pkt full[1] = PACKET1_FULL;
call UART Control.init();
call SamplerControl.init();
call CommControl.init();
return SUCCESS;
}
/** Sends a plain text error string using the temsg board type. */
task void send_uart_err_msg(){
uint8_ti;
char *errMsg = "mda300 not found";
errMsg_status = 1 && ERR_SEND_FLAG;
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if (lerrMsg_status) return;

errMsg_uart.data|]SENSOR_ID] = SENSOR_BOARD _ID;

errMsg_uart.data]PACKET_ID] = MDA300_ERR_PACKET;

errMsg_uart.datal]NODE_ID] = TOS_LOCAL_ADDRESS;

errMsg_uart.addr = TOS_UART_ADDR,;

errMsg_uart.type = 0;

errMsg_uart.length = MSG_LEN; //TOSH_DATA_LENGTH,;

errMsg_uart.group = TOS_AM_GROUP;

i=0;

/I Copy error string

while ((*errMsg) && (i <= MSG_LEN-1)) {
errMsg_uart.data|[DATA_START + i] = errMsq[i];

i++;

/I Copy over uart packet to radio packet (idefitica
for (i=0; i <= MSG_LEN-1; i++) errMsg_radio.d4ila= errMsg_uart.data]i];
call UARTSend.send(&errMsg_uart);

/IRead data only once
task void ReadOnce0()

{
if (call Sample.getSampleOnce(0) == FAIL)
{
post ReadOnce0();
}
}
task void ReadOncel()
{
if (call Sample.getSampleOnce(1) == FAIL)
{
post ReadOncel();
}
}
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/*

*/

task void ReadOnce2()

{
if (call Sample.getSampleOnce(2) =
{
post ReadOnce2();
}
}
task void ReadOnce3()
{
if (call Sample.getSampleOnce(3) =
{
post ReadOnce3();
}
}
task void ReadOnce4()
{
if (call Sample.getSampleOnce(4) =
{
post ReadOnce4();
}
}
task void ReadOnce5()
{
if (call Sample.getSampleOnce(5) =
{
post ReadOnce5();
}
}

/**************************************************

= FAIL)

= FAIL)

= FAIL)

= FAIL)

kkkkhkkkkkkhkkkkkkk

* Start the component. Start the clock. Setup tiamel sampling

kkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkk

command result_t StdControl.start() {

call UARTControl.start();
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call SamplerControl.start();
call CommControl.start();
[lif(call PlugPlay())
if(TRUE)
{
call SamplingTimer.start(TIMER_REPEAT, 30720)/sampling every 30s
/[call SamplingTimer.start(TIMER_REPEAT, 10240);/sampling every 10s
/lchannel parameteres are irrelevent
record[16] = call Sample.getSample(0,
BATTERY,ANALOG_SAMPLING_TIME,SAMPLER_DEFAULT);
/Istart sampling channels. Channels 7-10 aittraging since they are more
percise.channels 3-6 make active excitation
record[0] = call
Sample.getSample(0,ANALOG,ANALOG_SAMPLING_TIME,SAMBR_DEFAULT );
record[1] = call
Sample.getSample(1,ANALOG,ANALOG_SAMPLING_TIME,SAMBR_DEFAULT );
record[2] = call
Sample.getSample(2,ANALOG,ANALOG_SAMPLING_TIME,SAMBR_DEFAULT);
record[3] = call
Sample.getSample(3,ANALOG,ANALOG_SAMPLING_TIME,SAMBR_DEFAULT );
/lrecord[4] = call
Sample.getSample(4,ANALOG,ANALOG_SAMPLING_TIME,SAMBR_DEFAULT);
/Irecord[5] = call
Sample.getSample(5,ANALOG,ANALOG_SAMPLING_TIME,SAMBR_DEFAULT);
/Irecord[6] = call
Sample.getSample(6,ANALOG,ANALOG_SAMPLING_TIME,SAMBR_DEFAULT);
/lrecord[7] = call
Sample.getSample(7,ANALOG,ANALOG_SAMPLING_TIME,SAMBR_DEFAULT);
call Leds.greenOn();
}
else {
post send_uart_err_msg();
call Leds.redOn();
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return SUCCESS;
}

/************************************************** kkkkhkkkkhkkhkkkkkkhkk

* Stop the component.
*kkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkkkkhkkkhkkkkkkkkhkkhkkkhkkkhkkkkk ******************/
command result_t StdControl.stop() {
call SamplerControl.stop();
return SUCCESS;

}

/************************************************** kkkkhkkkkkkhkkkkkkkk

* Task to uart as message
kkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkk ******************/
task void send_uart_msg(){
uint8_ti;

atomic sending_packet = TRUE;
uart_msg_ptr->addr = TOS_UART_ADDR,;
uart_msg_ptr->type = 0;
uart_msg_ptr->length = MSG_LEN;
uart_msg_ptr->group = TOS_AM_GROUP;
uart_msg_ptr->data[SENSOR_ID] = SENSOR_BOARD _ID;
uart_msg_ptr->data|[PACKET_ID] = next_packet;
uart_msg_ptr->data]NODE_ID] = TOS_LOCAL_ADDRESS;
for (i=4;i <= MSG_LEN-1; i++)

uart_msg_ptr->data[i] = packet[next_packethflh
call UARTSend.send(uart_msg_ptr);

}

/************************************************** kkkkhkkkkhkkhkkkkkk

* Task to transmit radio message
* NOTE that data payload was already copied frbendorresponding UART packet

kkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkk ****************/

task void send_radio_msg()

{
uint8 ti;

172



radio_msg_ptr->addr = TOS_BCAST_ADDR;
radio_msg_ptr->type = 0;
radio_msg_ptr->length = MSG_LEN; //TOSH_DATAENGTH,;
radio_msg_ptr->group = TOS_AM_GROUP;
radio_msg_ptr->data[SENSOR_ID] = SENSOR_BOARD _
radio_msg_ptr->data[PACKET _ID] = next_packet;
radio_msg_ptr->data[NODE_ID] = TOS_LOCAL_ADDRBSE;
for (i=4; i <= MSG_LEN-1; i++)
radio_msg_ptr->datali] = packet[next_packiztali];
call SendMsg.send(radio_msg_ptr);
}

/************************************************** kkkkkkkkkkkkkkkkkk

* Uart msg xmitted.

* Transmit same msg over radio

ek ok Kok kAR R Ak

event result_t UARTSend.sendDone(TOS_MsgPtr, nesgilt_t success) {
uart_msg_ptr = msg;
//call Leds.yellowOn();
post send_radio_msg();
return SUCCESS;

}

/************************************************** kkkkhkkkkkkhkkkkkkkk

* Radio msg xmitted.
S KRR AR KRR
event result_t SendMsg.sendDone(TOS_MsgPtr rasglt_t success) {
radio_msg_ptr = msg;
call Leds.yellowToggle();
/I mark that this packet has been sent
atomic {
sending_packet = FALSE;

return SUCCESS;
/************************************************** kkkkkkkkhkkkkkkkkkkk
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* Radio msg rcvd.

* This app doesn't respond to any incoming radég m

* Just return

kkkkkkkkkkkkhkkkkkhkkkhkkkhkkkhkkkkkkhkkkhkkkkkkkhkkhkkkhkkkhkkkkk *******************/
event TOS_MsgPtr ReceiveMsg.receive(TOS_Msgéata) {

return data;

}

/************************************************** kkkkhkkkkkkhkkkkkkhkkk

* Uart msg rcvd.

* This app doesn't respond to any incoming uag ms

* Just return

kkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkk *******************/
event TOS MsgPtr UARTReceive.receive(TOS_MsdRta) {

return data;

}
[
* Handle a single dataReady event for all MDA3@@edtypes.
* @author Leah Fera, Martin Turon
* @version 2004/3/17 leahfera Intialiston
*@n 2004/4/1 mturon Improwadte machine
*/
event result_t Sample.dataReady(uint8_t chawin&_t channelType,uint16_t data)
{
switch (channelType) {
case ANALOG:
switch (channel) {
/I MSG 1 : first part of analog channels (0-6)
case 0O:
if (data_t == Ox01){
packet[1].data[DATA_START+14]=data & Oxff;
packet[1].data[DATA_START+15]=(data >> 8) &fx
atomic {msg_status[1] |=0x0001;}

}
if (data_t == 0x03){
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/Ipacket[1].data[DATA_START+16]=data & Oxff;
/Ipacket[1].data|[DATA_START+17]=(data >> 8)&ff;
/latomic {msg_status[1] |=0x0010;}

}

break;
case 1:

if (data_t == 0x05){
packet[1].data[DATA_START+2]=data & Oxff;
packet[1].data[DATA_START+3]=(data >> 8) & ®xf
atomic {msg_status[1] |=0x0002;}

}

if (data_t == Ox07){
packet[1].data|[DATA_START+4]=data & Oxff;
packet[1].data|[DATA_START+5]=(data >> 8) & Oxf
atomic {msg_status[1] |=0x0020;}

}

break;
case 2:

if (data_t == 0x09){
packet[1].data[DATA_START+6]=data & Oxff;
packet[1].data[DATA_START+7]=(data >> 8) & ®xf
atomic {msg_status[1] |=0x0004;}

}

if (data_t == OxOb){
packet[1].data|[DATA_START+8]=data & Oxff;
packet[1].data][DATA_START+9]=(data >> 8) & Oxf
atomic {msg_status[1] |=0x0040;}

}

break;

case 3:
if (data_t == 0x09){
packet[1].data[DATA_START+10]=data & Oxff;
packet[1].data[DATA_START+11]=(data >> 8) &f@x
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atomic {msg_status[1] |=0x0008;}

}

if (data_t == Ox0b){
packet[1].data[DATA_START+12]=data & Oxff;
packet[1].data[DATA_START+13]=(data >> 8) &f@x
atomic {msg_status[1] |=0x0080;}

}
break;
I* case 4:
if (data_t == Ox03){
packet[1].data[DATA_START+14]=data & 0xff;
packet[1].data[DATA_START+15]=(data >> 8) &ffx
atomic {msg_status[1] |=0x0001;}
}
if (data_t == Ox01){
/lpacket[1].data[DATA_START+16]=data & Oxff;
/Ipacket[1].data|[DATA_START+17]=(data >> 8)&ff;
atomic {msg_status[1] |=0x0010;}
}
break;
case 5:
if (data_t == Ox03){
packet[1].data[DATA_START+14]=data & Oxff;
packet[1].data[DATA_START+15]=(data >> 8) &f@x
atomic {msg_status[1] |=0x0001;}
}
if (data_t == Ox01){
/lpacket[1].data[DATA_START+16]=data & Oxff;
llpacket[1].data][DATA_START+17]=(data >> 8)«ff;
/fatomic {msg_status[1] |=0x0010;}
}
break;
case 6:

packet[1].data[DATA_START+12]=data & Oxff;
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packet[1].data[DATA_START+13]=(data >> 8)0&ff;
atomic {msg_status[1]|=0x0080;}

break;
*/
default:
break;
} // case ANALOG (channel)
break;
case BATTERY:
packet[1].data[DATA_START+0]=data & Oxff;
packet[1].data[DATA_START+1]=(data >> 8) &f@)
atomic {msg_status[1]|=0x1000;}
break;
default:
break;
} /I switch (channelType)
atomic {
if (!sending_packet){
if (msg_status[1] == PACKET1_FULL) {
msg_status[1] = 0;
post send_uart_msg();
}
}
}
return SUCCESS;
}
e P
* Timer Fired
ek ok Kk Rk AR R Ak

event result_t SamplingTimer.fired() {
data_t=0x0; /[[Turn on BG

call Sample.set_digital_output(3, SET_LOW, 0x@yrn off all lights

call SleepTimerl.start(TIMER_ONE_SHOT,READ_DELAY)
return SUCCESS;
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}

event result_t SleepTimerl.fired() {

data_t=0x01; //Read BG On
post ReadOnce0();
call SleepTimer2.start(TIMER_ONE_SHOT,READ_DELAY)
return SUCCESS;

}

event result_t SleepTimer2.fired() {
data_t=0x02; //Turn off lights
call SleepTimer3.start(TIMER_ONE_SHOT,READ_DELAY)
return SUCCESS;

}

event result_t SleepTimer3.fired() {
data_t=0x03; //Read BG Off
call SleepTimer4.start(TIMER_ONE_SHOT,READ_DELAY)
return SUCCESS;

}

event result_t SleepTimer4.fired() {
data_t=0x04; //Turnon IR
post ReadOncel(); /[This is not the measurenhahtte need.
call Sample.set_digital_output(3, SET_LOW, Ox@4urn on IR
call SleepTimer5.start(TIMER_ONE_SHOT,READ_DELAY)
return SUCCESS;

}

event result_t SleepTimer5.fired() {
data_t=0x05; //Read IR On
post ReadOncel();
call SleepTimer6.start(TIMER_ONE_SHOT,READ_DELAY)
return SUCCESS;

}

event result_t SleepTimer6.fired() {
data_t=0x06; //Turn off all lights
post ReadOncel(); //This is not the measurenhatite need.
call Sample.set_digital_output(3, SET_LOW, 0xayrn off all lights
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}

call SleepTimer7.start(TIMER_ONE_SHOT,READ_DELAY)
return SUCCESS;

event result_t SleepTimer7.fired() {

}

data_t=0x07; /[Read IR Off

post ReadOncel();

call SleepTimer8.start(TIMER_ONE_SHOT,READ_DELAY)
return SUCCESS;

event result_t SleepTimer8.fired() {

}

data_t=0x08; //Turn on ORG

post ReadOnce2(); //This is not the measurenhantte need.

post ReadOnce3(); //This is not the measurenhantie need.

call Sample.set_digital_output(3, SET_LOW, 0x08)urn On ORG
call SleepTimer9.start(TIMER_ONE_SHOT,READ_DELAY)
return SUCCESS;

event result_t SleepTimer9.fired() {

}

data_t=0x09; //IRead ORG On

post ReadOnce2();

post ReadOnce3();

call SleepTimerl10.start(TIMER_ONE_SHOT,READ_DELAY

return SUCCESS;

event result_t SleepTimer10.fired() {

}

data_t=0x0a; //Turn off all lights

post ReadOnce?2(); //This is not the measurenhaite need.

post ReadOnce3(); //This is not the measurenhanite need.

call Sample.set_digital_output(3, SET_LOW, 0xayrn off all lights
call SleepTimerll.start(TIMER_ONE_SHOT,READ_ DELAY
return SUCCESS;

event result_t SleepTimerl1.fired() {
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data_t=0x0b; //[Read ORA Off
post ReadOnce2();

post ReadOnce3();

return SUCCESS;
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Appendix B - Stargate program for data collection ad
transmission using AirCard

File Name: PPP.sh
echo Starting PPP ......
mknod /dev/ppp ¢ 108 0
/sbin/modprobe -v ppp
pppd call ac750 &
echo Wait for 30 seconds......
sleep 30
File Name: cfcard.rc
#!/bin/sh
#cfcard.rc
#recover date from saved time and adjust it by Semer via internet connection.
case $1in

start)

#recover date from last shutdown time
date --set=""cat /mnt/cfl/mydata/SavedDate™
date --set="+3 minutes'

#ntpdate tock.usno.navy.mil
ntpdate tick.ucla.edu
stop)

echo "goodbye"

esac

exit 0

File Name: stargate-watchdog

#!/bin/sh

#

export PATH=$PATH:/usr/sbin

case "$1"in
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start)
echo -n "Starting watchdog: staegaatchdog"
start-stop-daemon --start --quiet -m --pidfilarvun/stargate-watchdog.pid --
background --exec /usr/sbin/stargate-watchdog.sh
echo"."
stop)
echo -n "Stopping watchdog: stazgaatchdog”
start-stop-daemon --stop --quiet --oknodo --pédfvar/run/stargate-watchdog.pid
{usr/sbin/stargate-watchdog-stop.sh
echo"."
restart)
echo -n "Restarting watchdog: stargate-watchdog"
start-stop-daemon --stop --quiet --oknodo --pédfvar/run/stargate-watchdog.pid
{usr/sbin/stargate-watchdog-stop.sh
sleep 2
start-stop-daemon --start --quiet -m --pidfilariun/stargate-watchdog.pid --
background --exec /usr/shin/stargate-watchdog.sh

echo".
*)
echo "Usage: /etc/init.d/stargatteldog {start|stop|restart}"
exit 1
esac
exit 0
File Name: xfer.rc
#!/bin/sh
#xfer.rc
CFROOT=/mnt/cfl1
DATAROOT=${CFROOT}/mydata
ETCROOT=/etc/init.d
XFERROOT=/etc/xfer
LOCAL_FILE=${DATAROQT}/data_for_ftp
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LOCAL_FILE_OR=${DATAROOT}V/xlisten_data
K_FILE_XL=${CFROOT}/Kkill_xlisten
K_FILE_FT=${CFROOTVYKill_ftp_test
K_FILE_RC=${CFROOTYKkill_xfer.rc
K_FILE_tmp=${CFROOTYKkill_tmp2
case $1in
start)
${CFROOT}/Xlisten.sh
${CFROOT}/do-clean-ftp.sh
${CFROOTYkIllID.sh&
#copy ftp file LOCAL_FILE from original file LOCALFILE_OR
#cp -r SLOCAL_FILE_OR $LOCAL_FILE
${XFERROOT}/ftp_test_02.sh&
${CFROOT}/Readxlisten.sh&
stop)
#kill xlisten-arm
ps -0 "%u %p %c" |grep "[[:space:][xlisten-arm$$k_FILE_XL 2>&1
grep "root" $K_FILE_XL &>/dev/null
if[$? -eq 0] ; then
sed -e 's/xlisten-arm//g' $K_FILE_XL > $K_FILE_pm
sed -e 's/root/kill/g' $K_FILE_tmp > $K_FILE_XL
chmod +rx $K_FILE_XL #give rights
source $K_FILE_XL #run kill file
cat $K_FILE_XL #for testing only
>$K_FILE_XL #clean kill file
echo kill xlisten-arm done
else
echo do not find xlisten-arm
fi
#Kkill ftp_test.sh
ps -0 "%u %p %c" [grep "[[:space:]]ftp_test.sh$$ke FILE_FT 2>&1
grep "root" $K_FILE_FT &>/dev/null
if [$? -eq 0] ; then
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sed -e 's/ftp_test.sh//g' $K_FILE_FT > $K_FILEptm
sed -e 's/root/kill/g' $K_FILE_tmp > $K_FILE_FT
chmod +rx $K_FILE_FT #give rights
source $K_FILE_XL #run kill file
cat $K_FILE_FT #for testing only
>$K_FILE_FT #clean kill file
echo kill ftp_test.sh done
else
echo do not find xlisten-arm
fi

esac

exit 0

File Name: Xlisten.sh

#!/bin/bash

#Xlisten.sh

#start xlisten to get data from mote
CFROOT=/mnt/cfl
DATAROOT=/mnt/cfl/mydata
LOG_FILE=$DATAROOT/event.log
DATA_FILE=$DATAROOQOT/xlisten_data
K_FILE_tmp=$CFROOT/kill_tmp2

LD _LIBRARY_PATH=/usr/local/armpgsql/lib nice -n -2tnt/cfl/bin/xlisten-arm -r -q -t -1 >>
$DATA_FILE &
ps -0 "%u %p %c" |grep "[[:space:]]xlisten-arm$$k_FILE_tmp 2>&1
grep "root" $K_FILE_tmp &>/dev/null
if[$? -eq 0] ; then
echo xlisten-arm start at “date +%D' '%T" >> $LEGEE
echo xlisten-arm start at "date +%D" '%T"
else
echo xlisten-arm fail to start at "date +%D' %% $LOG_FILE
echo xlisten-arm fail to start at “date +%D' '%T"
fi
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exit 0
File Name: killlD.sh
#!/bin/sh
#killlD.sh
#This script will kill a hung ftp process (hung fmiore than 2 minutes) so that the new ftp can
start.
CFROOT=/mnt/cfl1
DATAROOT=/mnt/cfl/mydata
LOG_FILE=$DATAROOT/event.log
K_FILE_01=$CFROOT/kill_01
K_FILE_02=$CFROOT/kill_02
K_FILE_tmp=$CFROOT/kill_tmp
while true
do
ps -A -0 "%u %p %c" |grep "[[:space:][ftp$" > $K LEH_01 2>/dev/null
grep "root" $K_FILE_01 &>/dev/null
if[$? -eq 0] ; then
sed -e 's/ftp//g' $K_FILE_01 > $K_FILE_tmp
sed -e 's/root/kill/g' $K_FILE_tmp > $K_FILE_01
sleep 120 #sleep 2 minutes
ps -A -0 "%u %p %c" |grep "[[:space:]Iftp$" > $RILE_02 2>/dev/null
grep "root" $K_FILE_02 &>/dev/null
if [$? -eq 0] ; then
sed -e 's/ftp//g' $K_FILE_02 > $K_FILE_tmp
sed -e 's/root/kill/lg' $K_FILE_tmp > $K_FILE_02
diff $K_FILE_01 $K_FILE_02 &>/dev/null
if [ $? -eq 0 ]; then
chmod +rx $K_FILE_01
source $K_FILE_01
cat $K_FILE_01 #for testing only
cat $K_FILE_02 #for testing only
>$K_FILE_01
>$K_FILE_02
echo kill dead ftp at ‘date +%D' '%T" >> $SLOGLE
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echo kill dead ftp at “date +%D" '%T"
fi
fi
fi
sleep 60
done
exit 0
File Name: Readxlisten.sh
#!/bin/sh
#Readxlisten.sh
#This script will show the newest incoming datatloe stdout so that a Labview program can
read it from RS232 port.
DATAROOT=/mnt/cfl/mydata
LOCAL_FILE_OR=$DATAROOT/xlisten_data
LineNumber_New=$DATAROOT/NewlineNumber_rd
LineNumber_OId=$DATAROOT/OIdlineNumber_rd
while true
do
let tailrow_rd=0
while [ $tailrow_rd -It 2 ]; do
sleep 1
oldrow_rd="cat /mnt/cfl/mydata/OldlineNumber_rd"
wc -l SLOCAL_FILE_OR > $LineNumber_New
newrow_rd="sed -e's/\\mntVcfl\/mydata\/xlisteatad/g'
/mnt/cfl/mydata/NewlineNumber_rd"
tailrow_rd=$(($newrow_rd-$oldrow_rd))
done
tail -n $tailrow_rd $LOCAL_FILE_OR > /devV/tts/0
oldrow_rd=$(($tailrow_rd+$oldrow_rd))
echo $oldrow_rd > $LineNumber_Old
done
File Name: ftp_test_02.sh
#!/bin/sh
#ftp_test_02.sh
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DATAROOT=/mnt/cfl/mydata
XFERROOT=/etc/xfer
FTP_PROG=$XFERROOT/do-file-xfer-02.sh
LOCAL_FILE_OR=$DATAROOT/xlisten_data
LineNumber_New=$DATAROOT/NewlineNumber

while true
do
let tailrow=0
while [ $tailrow -It 24 ]; do

sleep 1
oldrow="cat /mnt/cfl/mydata/OldlineNumber’
wc -l SLOCAL_FILE_OR > $LineNumber_New
newrow="sed -e's/\\mnt\/cfl\/mydataV/xlisten_datdmnt/cfl/mydata/NewlineNumber’
tailrow=$(($newrow-$oldrow))
done
#echo Please wait......
$FTP_PROG
if [$? -ne 0] ; then
echo XFER FAILED
fi
done
File Name: do-file-xfer-02.sh
#!/bin/sh
#do-file-xfer-02.sh
DATAROOT=/mnt/cfl/mydata
LOG_FILE=$DATAROOT/event.log
SCRIPTS_DIR=/etc/xfer
ETC=3$SCRIPTS_DIR/etc
REMOTE=129.130.80.73
FTP_OUTPUT=/tmp/ftp.out
REMOTE_TEMP_NAME=tmp$$
LOCAL_FILE=$DATAROOT/data_for_ftp
LOCAL_FILE_OR=$DATAROOT/xlisten_data
LineNumber_New=$DATAROOT/NewlineNumber
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LineNumber_OId=$DATAROOT/OldlineNumber
Iteration_File=$DATAROOT/IterationNumber
Date_File=$DATAROOT/SavedDate
REMOTE_DIR=Stargate
REMOTE_FILE=data_for_ftp.txt
#LOGIN_OK="230 Login successful"
#FILE_SENT_OK="226 File receive OK"
LOGIN_OK=""230"
FILE_SENT_OK=""226"
do_ftp () {
ftp -n -v SREMOTE <<EOF > $FTP_OUTPUT 2>&1
user SUSERNAME $PASSWORD
binary
cd SREMOTE_DIR
put SLOCAL_FILE $REMOTE_FILE
quit
EOF
}
do_ftp_bye () {
ftp -n -v $REMOTE <<EOF > $FTP_OUTPUT 2>&1
user SUSERNAME $PASSWORD
bye
EOF
}
# Check if login was OK
check_login_ok 1 () {
grep "$LOGIN_OK" $FTP_OUTPUT
if[$? -ne 0] ; then
echo The First Time Login Failed at “date +%®r
echo The First Time Login Failed at “date +%Dr'%> $LOG_FILE
iteration="cat /mnt/cfl/mydata/lterationNumber’
sleep $iteration
do_ftp_bye
check _login_ok_2
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else
echo LOGIN WAS OK
echo "15"> $lteration_File
fi
}
check login_ok 2 () {
grep "$LOGIN_OK" $FTP_OUTPUT
if[$? -ne 0] ; then
echo The Second Time Login Failed at “date +%D"
echo The Second Time Login Failed at “date +%D"'>> $LOG_FILE
sleep Siteration
do_ftp_bye
check login_ok 3
else
echo LOGIN WAS OK
echo "15"> $lteration_File
fi
}
check login_ok 3 () {
grep "$LOGIN_OK" $FTP_OUTPUT
if[$? -ne 0] ; then
echo The Third Time Login Failed at "date +%8BT"
echo The Third Time Login Failed at "date +%DI"'%> $LOG_FILE
#increase iteration number if the jam is harddlve at this moment
let "iteration = iteration * 2 "
if [Siteration -gt 3600]; then
let “iteration = 3600 "
fi
echo $iteration > $lteration_File
#save current date time
echo “date’ > $Date_File
echo Restart at “date +%D' '%T"
echo Restart at ‘date +%D"' '%T" >> $LOG_FILE

shutdown -r now
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else

f
}

exit 2

echo LOGIN WAS OK
echo "15"> $lteration_File

check_xfer_ok () {
grep "$FILE_SENT_OK" $FTP_OUTPUT
if[$? -ne 0] ; then

else

}

echo File-Transfer Failed at “date +%D' '%T"
echo File-Transfer Failed at “date +%D' '%T 0% FILE
do_ftp_bye

exit 2

echo File Sent OK at “date +%D' '%T"
#save old row number
oldrow=$(($tailrow+$oldrow))
echo $oldrow > $LineNumber_OlId

fi

copy_file(){

#number check
oldrow="cat /mnt/cfl/mydata/OldlineNumber’
wc -l SLOCAL_FILE_OR > $LineNumber_New
newrow="sed -e's/\/mnt\/cfl\/mydataV/xlisten_datdmnt/cfl/mydata/NewlineNumber’
tailrow=$(($newrow-$oldrow))
#limit the maximum number of lines for one ftpriséer (517k data).
if [$tailrow -gt 2500] ; then
let "tailrow = 2500"
fi
#copy file
#tail -n $(($tailrow+4)) SLOCAL_FILE_OR > $LOCAL _IEE
tail -n $tailrow $LOCAL_FILE_OR > $LOCAL_FILE
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# The main program
if [ -f SETC/USERNAME ] ; then
USERNAME-="cat $ETC/USERNAME"
else
echo $PROG "No User-Name File"
exit 2
fi
if [ -f SETC/PASSWORD | ; then
PASSWORD="cat $ETC/PASSWORD"
else
echo $PROG "No Password File"
exit 2
fi
# Do the transfer and check the results
copy_file
do_ftp
check login_ok 1
check xfer_ok
#echo ALL OK!
File Name: check init.sh
#!/bin/sh
#check init.sh
#This script check if following four processes axening, if any one of them is not working,
reboot the Stargate. The processes are:
# xlisten-arm, stargate-watchd, ftp_test 02.shReadxlisten.sh
CFROOT=/mnt/cfl1
DATAROOT=/mnt/cfl/mydata
LOG_FILE=$DATAROOT/event.log
CHECK_FILE=$DATAROOT/checkfile
Date_File=$DATAROQOT/SavedDate
sleep 120 # give 2 minutes initial time for theserfprocesses.
ps -A -0 "%u %p %c" |grep "[[:space:]]xlisten-arm$$CHECK_FILE 2>/dev/null
grep "xlisten-arm" $CHECK_FILE &>/dev/null
if [$? -ne 0] ; then
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#reboot stargate

echo ‘date’ > $Date_File #save current date time
echo Restart at ‘date +%D" '%T"
echo Restart at ‘date +%D"' '%T" >> $LOG_FILE
shutdown -r now
fi
ps -A -0 "%u %p %c" |grep "[[:space:]|stargate-wats" > $CHECK_FILE 2>/dev/null
grep "stargate-watchd" $CHECK_FILE &>/dev/null
if [$? -ne 0] ; then
#reboot stargate

echo “date’ > $Date_File #save current date time
echo Restart at “date +%D' '%T"
echo Restart at "date +%D"' '%T" >> $LOG_FILE
shutdown -r now

fi

ps -A -0 "%u %p %c" |grep "[[:space:]]ftp_test_0ZS> SCHECK_FILE 2>/dev/null
grep "ftp_test_02.sh" $CHECK_FILE &>/dev/null
if [$? -ne O] ; then
#reboot stargate
echo ‘date’ > $Date_File #save current date time
echo Restart at “date +%D' '%T"
echo Restart at ‘date +%D"' '%T" >> $LOG_FILE
shutdown -r now
fi

ps -A -0 "%u %p %c" |grep "[[:space:]]Readxlistér®s> SCHECK_FILE 2>/dev/null
grep "Readxlisten.sh" $CHECK_FILE &>/dev/null
if [$? -ne 0] ; then

#reboot stargate

echo “date’ > $Date_File #save current date time

echo Restart at ‘date +%D" '%T"

echo Restart at "date +%D"' '%T" >> $LOG_FILE
shutdown -r now
fi

exit 0
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Appendix C - Program on host for AirCard transmission

File Name: backbone.java
// backbone.java
/l by Wei Han
/I Nov 16, 2007
import java.io.*;
import java.sql.*;
class backbone
{
static String DateFile = "c:/Inetpub/wwwroot/MisaKC/data/latest_datetime.txt";
static String RecordFile = "c:/Inetpub/wwwroot/disnKC/data/data_for_record.txt";
static String AppendFile = "c:/Inetpub/wwwroot/MisnKC/data/data_for_append.txt";
static String CountFile = "c:/Inetpub/wwwroot/MissKC/data/counter.txt";
static String gdFile = "c:/Inetpub/wwwroot/Missi€@/c_code/bkj_gd.exe";
static String rendFile = "c:/Inetpub/wwwroot/MisaKC/c_code/bkj_render.exe";
static String str,line,lineDate;
public static void main(String[] args) throws ImgptedException
{
try{
System.out.printin("Backbone server start atdtdbtils.now()+"\n");
/lllget the latest datetime from database aritg vito file
latest_datetime.txt
try {
Class.forName("sun.jdbc.odbc.JdbcOdbcDriver");
String connString = "jdbc:odbc:DRIVER=Microsdftcess
Driver (*.mdb);DBQ=c:/Inetpub/wwwroot/MissionKC/dathase/Stargate.mdb;PWD=mypass";
Connection con =
DriverManager.getConnection(connString,"Admin","84@-05");
/I try and create a java.sgl.Statement so \we'wa queries
Statement s = con.createStatement();
s.execute("exec sp_newdate");

ResultSet rs = s.getResultSet();
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rs.next();
str = rs.getString(1);
rs.close();
s.close();
con.close();
/lwrtie new date to file
tryf
I/l Create file
FileWriter fstream = new FileWriter(Dated)il
BufferedWriter out = new BufferedWritkstfeam);
out.write(str);
/[Close the output stream
out.close();
fstream.close();
}catch (Exception e){//Catch exception ifyan
System.err.printin("Error: " + e.getMegsg);
}
}

catch (Exception e) {

System.out.printin("Error: " + e);

[ll[start to run a C program -- bkj_render.akés is an endless loop

program, you need to kill it if you want to sto throgam

try

{
Runtime rt = Runtime.getRuntime();
Process p = rt.exec(rendFile);

}

catch(Exception e)

{
System.out.printin("Error: " + e);

}

while(true){//endless while loop
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tryf
/lread from counter.txt file

try {
FileReader input = new FileReader(CountFile);

BufferedReader bufRead = new BufferedReadauf)n

line = bufRead.readLine();

bufRead.close();

input.close();
}catch (IOException e){

e.printStackTrace();

if(line.equals("11")){
try {//lopen database
Class.forName("sun.jdbc.odbc.JdbcOdbcDriver");
String connString = "jdbc:odbc:DRIVER=Microsoftéess Driver
(*.mdb);DBQ=c:/Inetpub/wwwroot/MissionKC/databas&gate.mdb;PWD=mypass";
Connection con = DriverManager.getConnection(comm&"Admin","bae840-05");
/I try and create a java.sgl.Statement so \we'wa queries
Statement s = con.createStatement();
try {//open file to read new data
FileReader input = new FileReader(AppendFile);
BufferedReader bufRead = new BufferedReadauf)n
/l Read lines
line = bufRead.readLine();
while (line = null){
/Ivalidate raw data based on its format &gtén
if (line.startsWith("[") && line.length()>=2}
lineDate=line;
line = bufRead.readLine();
if (line.length()>=82){
s.execute("Insert into tblOriginal (rawdata) Med(" + lineDate + ™)");

s.execute("Insert into tblOriginal (rawdata) Med(" + line + ™)");

}
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line = bufRead.readLine();

}

bufRead.close();
input.close();
}catch (IOException e){
e.printStackTrace();
}
/lescape 7d5d
s.execute ("exec sp_escape7d");
s.execute ("exec sp_replace7d";
s.execute ("exec sp_checkTotal");
ResultSet rs = s.getResultSet();
rs.next();
str = rs.getString(1);
s.execute ("exec sp_reset");
while(Istr.equals("0")){
s.execute ("exec sp_escape7d0l1");
s.execute ("exec sp_replace7d01");
s.execute ("exec sp_checkTotal");
rs = s.getResultSet();
rs.next();
str = rs.getString(1);
s.execute ("exec sp_reset");
}
/lescape 7e5d
s.execute ("exec sp_escape7e");
s.execute ("exec sp_replace7e");
s.execute ("exec sp_checkTotal");
rs = s.getResultSet();
rs.next();
str = rs.getString(1);
s.execute ("exec sp_reset");
while(Istr.equals("0")){
s.execute ("exec sp_escape7e");
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s.execute ("exec sp_replace7e";
s.execute ("exec sp_checkTotal");
rs = s.getResultSet();
rs.next();
str = rs.getString(1);
s.execute ("exec sp_reset");
}
//data process
s.execute ("exec sp_DateData");
s.execute ("exec sp_final");
//get the latest date in database
s.execute("exec sp_newdate");
rs = s.getResultSet();
rs.next();
str = rs.getString(1);
Ilrs.close();
/lget one day early data (negtive 1
means the past one day)
s.execute("SELECT * from tbIResults
Where strDatetime between DateAdd('d’, -1, ™ +st) and #" + str + "# order by strDatetime
DESC"; // select the data from the table
rs = s.getResultSet(); // get any
ResultSet that came from our query
if (rs != null) // if rs == null, then there

is no ResultSet to view

try{
/I Create file

FileWriter fstream = new FileWriter(Rechbilt);
BufferedWriter out = new BufferedWriffstream);
while (rs.next()){
out.write(rs.getString(1)+" "+rs.getSg{a)+"
"+rs.getString(3)+" "+rs.getString(4)+" "+rs.geti@g(5)+" "+rs.getString(6)+"
"+rs.getString(7)+" "+rs.getString(8)+" "+rs.get®(9)+" "+rs.getString(10)+"
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"+rs.getString(11)+" "+rs.getString(12)+" "+rs.geiBg(13)+" "+rs.getString(14)+"
"+rs.getString(15)+" "+rs.getString(16)+"\n");
}
/[Close the output stream
out.close();
fstream.close();
}catch (Exception e){//Catch exception
if any
System.err.printin("Error: " + e.getMage());
}
}

rs.close();
s.close(); // close the Statement to let the
database know we're done with it
con.close(); // close the Connection to
let the database know we're done with it
}
catch (Exception €) {

System.out.printin("Error: " + e);

try
{/Irun c program to draw pictures -- bkj_gckee
Runtime rt = Runtime.getRuntime();

Process p = rt.exec(gdFile);

}
catch(Exception e)
{
System.out.printin("Error: " + e);
}

[/Iset counter.txt file = 00

try{
FileWriter fstream = new FileWriter(Co#iie);
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BufferedWriter out = new BufferedWritfstream);
out.write("00");
out.close();
fstream.close();
}catch (Exception e){//Catch exceptioraify
System.err.printin("Error: " + e.getMage());
}
Mlend of if line == 11
//Pause for 60 seconds
System.out.printin(DateUtils.now()+"\n");
Thread.sleep(60000);
}catch(Exception e){
System.err.printin("While loop Error: " + e.yigssage());
Hinally{
Thread.sleep(10000);
continue;
}
}lend of endless loop
}catch (Exception e){//Catch exception if any
System.err.printin("Main Error: " + etiygessage());

File Name: bkj_render.c
/* bkj_render.c

by Wei Han

Sep 10, 2007

This program is used to read xlisten raw datkara copy of it, convert it to engineering unit
and save it to a txt file (render.txt).

It also interactive with a java program to mandgpe raw data.

gcc -0 bkj_render bkj_render.c

bkj_render.exe
*/
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#include <stdio.h>
#include <string.h>
#include <stdlib.h>
#include <windows.h> //for Sleep function
#include "bkj.h"
float EUVoltage(int); //function to convert Engineey Unit
int CompareDate(int,int,int,int,int,int,int,int,ifmt,int,int); /function to compare date time
main(int argc, char **argv){
char *fname_ftp = "c:/ftproot/Stargate/data_fop.tftt";
char *fname_read = "c:/Inetpub/wwwroot/MissionK@ta/data_for_read.txt";
char *fname_append = "c:/Inetpub/wwwroot/Missiond&a/data_for_append.txt”;
char *fname_rended = "c:/Inetpub/wwwroot/Missiond@ta/rended_data.txt";
char *fname_date = "c:/Inetpub/wwwroot/MissionK @td/latest_datetime.txt";
char *fname_count = "c:/Inetpub/wwwroot/MissionKiata/counter.txt";
char * pch; //receive token
char ch;
char cdata[7][20];
char TempBuffer[256];
char str[4];
char strDate[20],straDate[num_Motes][20];
char strMotelD[3];
int intMotelD, MotelD_tbl[num_Motes];
char strBattery[5];
char strCh[12][5];
float fCh[num_Motes][12];
char strChOon[5], strChOoff[5];
char strChlon[5], strChloff[5];
char strCh2on[5], strCh2off[5];
char strCh3on[5], strCh3off[5];
char strCh4on[5], strCh4off[5];
char strCh5o0n[5], strCh5off[5];
long int number;
float fBattery,fbatinum_Motes];
float fChOon,fChOoff,Prediction[num_Motes];
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int i,j, k;
int counter, f_append;
int year, month, day, hour, minute, second;

int year_o, month_o, day_o, hour_o, minute_oosd_o;

FILE *fp_ftp, *fp_read, *fp_append, *fp_rended pfdate, *fp_count;
counter=0;
f_append=0;
/lget lastest date from date file. (this date\iies created and updated by a java program
(backbone.java))
while((fp_date = fopen(fname_date, "r")) == NUL{)
printf("Error Opening Date File.\n");
Sleep(100); //pause 0.1 s
}
fgets(TempBuffer, sizeof(TempBuffer), fp_date);
fflush(fp_date);
fclose(fp_date);
pch = strtok (TempBuffer,"- :");
i=0;
while (pch !'= NULL){
strcpy(cdata]i],pch);
i++;
pch = strtok (NULL, "-:");
}
year_o = strtol(cdata[0],NULL,10);
month_o = strtol(cdata[1],NULL,10);
day_o = strtol(cdata[2],NULL,10);
hour_o = strtol(cdata[3],NULL,10);
minute_o = strtol(cdata[4],NULL,10);
second_o = strtol(cdata[5],NULL,10);
/Iresume data left in append file
while((fp_count = fopen(fname_count, "r")) == NULL
printf("Error Opening Counter File.\n");
Sleep(100); //pause 0.1 s
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}
strcpy(TempBuffer,™);

fgets(TempBuffer, sizeof(TempBuffer), fp_count);
fflush(fp_count);

fclose(fp_count);

memset (str, \0', 3);

strncpy (str, TempBuffer, 2);

if(strcmp(str,"01") == 0¥
counter=1,;

}

/finitial data value to zeros

for (j=0; j<num_Motes; j++){
MotelD_tbl[j]=0;
for(i=0; i<12;i++){

fCh[il[i1=0;

}

/Istart to check incoming data forever
for(;;){/lendless loop

/lopen ftp file as binary file for reading

while((fp_ftp = fopen(fname_ftp, "rb")) == NULL)
printf("Error Opening ftp File.\n");
Sleep(100); //pause 0.1 s

}

/lopen read file as binary file for writing

while((fp_read = fopen(fname_read, "wb")) == NUL{LL
printf("Error Opening read File.\n");
Sleep(100); //pause 0.1 s

}

Il copy the file from ftp to read

while(!feof(fp_ftp)) {
ch = fgetc(fp_ftp);
if(ferror(fp_ftp)) {
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printf("Error reading ftp file.\n");
exit(1);
}
if('feof(fp_ftp)) fputc(ch, fp_read);
if(ferror(fp_read)) {
printf("Error writing destination file.\n");
exit(1);

}
fflush(fp_read);

fclose(fp_read);

fflush(fp_ftp);

fclose(fp_ftp); // Close the file

while((fp_read = fopen(fname_read, "r")) == NUL{L)
printf("Error re-opening read File.\n");
Sleep(100); //pause 0.1 s

}

k=0; //flag

IIreset buffers

strcpy(TempBuffer,™");

/lfrom following while loop, we get the last limd data rended, and this is

enough for display purpose

while( fgets(TempBuffer, sizeof(TempBuffer), fead) '= NULL ) {

/Icheck date
memset (str, \0', 4);
strncpy (str, TempBuffer, 3);
if(strcmp(str,"[20") == 01
memcpy(strDate, TempBuffer+1,19);
/[Check to see if it is a new date

if(k==0){/this k flag make sure it checkingetiatetime for the

first date line of the data_for_read.txt only
k=1;

//if date time equal or less then, do nothing

pch = strtok (strDate,"/ :");
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i=0;
while (pch !'= NULL){
strcpy(cdata]i],pch);
i++;
pch = strtok (NULL, "/ :");
}
year = strtol(cdata[0],NULL,10); //convert cha
integer
month = strtol(cdata[1],NULL,10);
day = strtol(cdata[2],NULL,10);
hour = strtol(cdata[3],NULL,10);
minute = strtol(cdata[4],NULL,10);
second = strtol(cdata[5],NULL,10);
if(lCompareDate(year, month , day, hour, minut
second, year_o, month_o, day_o, hour_o, minuteeaprsl_0))
break;
year_o = year;
month_o = month;
day o =day;
hour_o = houir;
minute_o = minute;
second_o0 = second;
f_append=1, //flag for append new data
}
lelse if (strcmp(str,"7e4") ==0){
/lescape
escape(TempBuffer);
/Imote ID
memset(strMotelD,"\0',3);
memcpy(strMotelD, TempBuffer+18,2);
intMotelD = strtol(strMotelD,NULL,16); //hex tdec
/Ibattery
memset(strBattery,\0',5);
memcpy(strBattery, TempBuffer+22,4);
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interchange(strBattery);
number = strtol (strBattery,NULL,16);
fBattery=number/1000.0;
/[get channel values
for (i=0; i<12; i++){
memset(strCh[i],"\0',5);
memcpy(strCh[i], TempBuffer+26+i*4,4);
interchange(strChli]);
number = strtol(strCh[i], NULL,16);
for (j=0; j<num_Motes;j++){//seperate data lpte 1D
if (intMotelD==(j+1)}{
fChlj][i]l=EUVoltage(number);
fbat[j]=fBattery;
strcpy(straDatelj],strDate);
MotelD_tbl[j]=1;

}
}/end of while loop

fflush(fp_read);
fclose(fp_read);
if(f_append){
//delete data in rend file
while((fp_rended = fopen(fname_rended, "w"))NULL) {
printf("Error Opening rended File.\n");
Sleep(100); //pause 0.1 s
}
fprintf(fp_rended,™);
fflush(fp_rended);
fclose(fp_rended);
/lappend data to rend file
while((fp_rended = fopen(fname_rended, "a"))N3LL) {
printf("Error re-opening rended File.\n");
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Sleep(100); //pause 0.1 s
}
for (i=0; i<num_Motes; i++){

if(MotelD_tbl[i]){

switch(i){
case 0: fCh[i][6]=fCh[i][6]*10; //use diffremn
paramater of voltage divider, 10 is the ideal value
if (fCh[i][4]<=2.49){

Prediction[i]=((Motel_IR45_ A*(fCh[i][O]-
fCh[i][1])+Motel_IR45_B)+(Motel ORAA45_A*(fCh[i][2]-
fCh[i][3])+Motel_ORA45_B)+(Motel ORA180 A*(fChl[i][H
fChli][5])+Motel_ORA180_B))/3;

}lelse{Prediction[i]=99999;}
break;
case 1: fChli][6]=fCh[i][6]*10;
if (FCh[i][4]<=2.49){

Prediction[i]=((Mote2_IR45_A*(fCh[i][0]-
fCh[i][1])+Mote2_IR45_B)+(Mote2_ ORA45_A*(fCh[i][2]-
fCh[i][3])+Mote2_ORA45_B)+(Mote2_ ORA180 A*(fCh[i][
fCh[i][5])+Mote2_ORA180_B))/3;
}else{Prediction[i]=99999;}
break;
}
if(Prediction[i]==99999){
fprintf(fp_rended, "%d %3.2f %5.4f %5.4f
%5.4f %4.2f %s %s\n", i+1, fbat[i], fCh[i][0]-fCh[i1], fChli][2]-fCh[i][3],fCh[i][4]-
fCh[i][5],fCh[i][6],"N/A",straDate[i]);
}else if (Prediction[i]<=0.00){
fprintf(fp_rended, "%d %3.2f %5.4f %5.4f
%b5.4f %4.2f %s %s\n", i+1, fbat[i], fCh[i][0]-fCh[i1], fChli][2]-fCh[i][3],fCh[i][4]-
fCh[i][5],fCh[i][6],"0.00",straDate[i]);
}else if (Prediction[i]<10.00){
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fprintf(fp_rended, "%d %3.2f %5.4f %5.4f
%5.4f %4.2f %3.2f %s\n", i+1, fbat[i], fCh[i][0]-f6[i][1], fCh[i][2]-fCh[i][3],fCh[i][4]-
fChIi][5],fChl[i][6],Prediction[i],straDate][i]);
}else if (Prediction[i]<100.00){
fprintf(fp_rended, "%d %3.2f %5.4f %5.4f
%b5.4f %4.2f %4.2f %s\n", i+1, fbat[i], fCh[i][0]-f6[i][1], fCh[i][2]-fCh[i][3],fCh[i][4]-
fCh[i][5],fChl[i][6],Prediction[i],straDate][i]);
}else if (Prediction[i]<1000.00){
fprintf(fp_rended, "%d %3.2f %5.4f %5.4f
%5.4f %4.2f %5.2f %s\n", i+1, fbat[i], fCh[i][0]-f@[i][1], fCh[i][2]-fCh[i][3],fCh[i][4]-
fChIi][5],fCh[i][6],Prediction[i],straDate][i]);
lelse {
fprintf(fp_rended, "%d %3.2f %5.4f %5.4f
%b5.4f %4.2f %6.2f %s\n", i+1, fbat[i], fCh[i][0]-f6[i][1], fCh[i][2]-fCh[i][3],fCh[i][4]-
fChIi][5],fChl[i][6],Prediction[i],straDate][i]);

}
fflush(fp_rended);

}
fflush(fp_rended);

fclose(fp_rended);
/[copy to create a new append file or apperahtexisting append file
while((fp_read = fopen(fname_read, "r")) == NUL{L
printf("Error the third time opening read File);
Sleep(100); //pause 0.1 s
}
if (counter==0){//copy file
/lopen append file for binary writing, this indrase old data in
append file
while((fp_append = fopen(fname_append, "wb3)NULL) {
printf("Error Opening Append File.\n");
Sleep(100); //pause 0.1 s

}
lelse{//append file
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/lopen read file for appending, this will kesld data

while((fp_append = fopen(fname_append, "a")NtH. L) {
printf("Error Opening append File.\n");
Sleep(100); //pause 0.1 s

}
/I copy the file from read to append

while(feof(fp_read)) {

ch = fgetc(fp_read);

if(ferror(fp_read)) {
printf("Error reading read file.\n");
exit(1);

}

if('feof(fp_read)) fputc(ch, fp_append);

if(ferror(fp_append)) {
printf("Error writing append file.\n");
exit(1);

}

f_append=0;

counter++;

fflush(fp_append);

fclose(fp_append);

/lread and set resuming flag (resume from coermltutdown or restart)

while((fp_count = fopen(fname_count, "r")) == NU) {
printf("Error re-opening count File\n");
Sleep(100); //pause 0.1 s

}

strcpy(TempBuffer,™);

fgets(TempBuffer, sizeof(TempBuffer), fp_count);

fflush(fp_count);

fclose(fp_count);

memset (str, \0', 3);

strncpy (str, TempBuffer, 2);
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if(stremp(str,"00") == 01
[Iwrite resuming flag
while((fp_count = fopen(fname_count, "w")) =4JNL) {
printf("Error 3th-opening count File.\n");
Sleep(100); //pause 0.1 s
}
fprintf(fp_count, "%s", "01");
fflush(fp_count);
fclose(fp_count);
}
fflush(fp_read);
fclose(fp_read);
}
if (counter>=1){//wrtie flag to let java prograimsert data into DB
while((fp_count = fopen(fname_count, "r")) == NU) {
printf("Error 6th-Opening count File.\n");
Sleep(100); //pause 0.1 s
}
strcpy(TempBuffer,™";
fgets(TempBuffer, sizeof(TempBuffer), fp_count);
fflush(fp_count);
fclose(fp_count);
memset (str, \0', 3);
strncpy (str, TempBuffer, 2);
if(stremp(str,"11") != 0){// reset counter wheounter file is not 11
while((fp_count = fopen(fname_count, "w")) =JNL) {
printf("Error 7th-Opening count File.\n");
Sleep(100); //pause 0.1 s
}
fprintf(fp_count, "%s", "11");
fflush(fp_count);
fclose(fp_count);

counter=0;

209



}
Sleep(30000); //pause 30 s

} /lend of endless loop

}
escape(char strLine[])
{
char chi[1];
char ch2[1];

char strBIK[2];
char NewLine[256];
int bhead =0;
intij;
memset (NewLine,\0',256);
for (i =0; i<strlen(strLine); i=i+2){
strcpy(chl,"a\0");
memmove(chl,strLine+i,1);
strcpy(strBlk,chl);
if(i+1<strlen(strLine)){
strcpy(ch2,"a\0");
memmove(ch2,strLine+i+1,1);
strcat(strBlk,ch2);
if(strcmp(strBIk,"7d")==0){
bhead=1,
lelse if(bhead==1 && strcmp(strBIk,"5e")==0){
strcpy(strBIk,"7e");
memset(NewLine+strlen(NewLine)-2,0',2);
bhead=0;
lelse if(bhead==1 && strcmp(strBIk,"5d")==0){
strepy(strBlk,™);
bhead=0;
lelsef
bhead=0;

lelse{
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strepy(strBlk,chl);
}

strcat(NewLine,strBIk);

}
strcpy(strLine,NewLine);
return;

}

interchange(char str[]){
char strtemp[5];
memset(strtemp,\0',5);
memcpy(strtemp,str+2,2);
strncat(strtemp,str,2);

strcpy(str,strtemp);

return;
}
float EUVoltage(int num){//Engineering Unit for Vialge
if(num==0)
return 0.0;
return num*2.5/4096.0;
}

int CompareDate(int y,int m ,int d,int h,int mm,mtint y_o,int m_o,int d_o,int h_o,int mm_o,int
s_o){//compare two datetimes
if (y>y_o)
return 1;
if (y<y_o)
return O;
if (m>m_o)
return 1;
if (m<m_o)
return O;
if (d>d_o)
return 1;
if (d<d_o)
return O;
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if (h>h_o)
return 1;
if (h<h_o)
return O;
if (mm>mm_o)
return 1;
if (mm<mm_o)
return O;
if (s>s_0)
return 1;
if (s<s_o0)
return O;
return O; //for everything are same

}
File Name: bkj_gd.c

[k
* bkj_gd.c - creating images with the GD librarsed for display on the Internet
* Compiling and running this file looks like this
* $gcc-o bkj_gd bkj_gd.c -lgd
* $ ./bkj_gd
* Note that the "-Ilgd" means "include the gd lityta
* Wei Han, Aug 30, 2007
D L LT

#include <stdio.h>

#include <string.h>

#include <stdlib.h>

#include <math.h>

#include <c:/GnuWin32/include/gd.h>

#include "bkj_gd.h"

#include "bkj.h"

/I See the bottom of this code for a discussiosonfie output possibilities.

char *filename_mote_01 = "C:/Inetpub/wwwroot/MissiaC/images/mote01.png";

char *filename_mote_02 = "C:/Inetpub/wwwroot/MissiiC/images/mote02.png";

char *filename_12V = "C:/Inetpub/wwwroot/MissionKi@¥ages/Battery_12V.png";
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char *filename_PreCon = "C:/Inetpub/wwwroot/MisdkdVimages/PredConce.png";
char *fileRead = "C:/Inetpub/wwwroot/MissionKC/d&data_for_record.txt";
int main(){
FILE *outfile_mote[num_Motes], *outfile_bhatoutfile_precon, *fp; /
defined in stdio

char TempBuffer[256];

char * pch;

char cdata[20][20];

gdimagePtr image_mote[num_Motes], image_batgé@nprecon; /l'a GD
image object

int white[num_Motes], blue[num_Motes]dpeum_Motes],

green[num_Motes], black[num_Motes], goldenrod[nunotés], DarkOliveGreen4[num_Motes],
DarkVioletinum_Motes], DarkOrange2[num_Motes], 8Biue[num_Motes],
gray84[num_Motes], gray[num_Motes][255]; // some GD colors

int white_batt, blue_batt, red_batt, grdeatt, black_batt, goldenrod_batt,
DarkOliveGreen4_batt, DarkViolet_batt, DarkOrande&t, SlateBlue_batt, gray84_batt,
gray_batt[255]; // some GD colors

int white_precon, blue_precon, red_pregmeen_precon, black precon,
goldenrod_precon, DarkOliveGreend_precon, DarkYigieecon, DarkOrange2_precon,

SlateBlue_precon, gray84 precon, gray_precon[255]; // some GD colors

int colorCode;

int L X Y,

int hours,minutes,seconds;

int xzero, xall, xall_old, xflag=0, oldflag=0;

int eflag_mote, eflag_batt, eflag_precon[numtéddy
int xaxile, yaxile;

float fvalue[num_Motes][13], fvalue_old[num_Msi§L3];
int intMotelD=0;

int IR45[num_Motes], IR45_old[num_Motes],

ORA45[num_Motes], ORA45_old[num_Motes], ORA180[nuviotes],
ORA180_old[num_Motes];
int PreCon[num_Motes], PreCon_old[num_Motes];
int Bat 12V, Bat 12V _old;
//Open record file for reading
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if(fp = fopen(fileRead, "r")) == NULL) {
printf("Error Opening File.\n");
return(l);
}
/finital the values to zeros
for (i=0;i<num_Motes;i++){
eflag_precon[i]=0;
}
eflag_mote=0;
eflag_batt=0;
for (i=0;i<num_Motes;i++){
image_mote[i] = gdimageCreate(IMAGE_WIDTH, IMAGHEIGHT);
}
image_bat = gdlmageCreate(IMAGE_WIDTH, IMAGE_HEIGH
image_precon = gdimageCreate(IMAGE_WIDTH, IMAGE_IBHT);
//define colors for mote
for (j=0;j<num_Motes;j++){
white[j] = gdimageColorAllocate(image_mote[j],2855,255); // 1stis
background
blue[j] = gdimageColorAllocate(image_mote[j]0®55); /I (red,green,blue)
red[j] = gdimageColorAllocate(image_mote[j], 26®);
green[j] = gdimageColorAllocate(image_mote[jJLQ0,0);
black]j] = gdimageColorAllocate(image_mote[j]0M);
gray84[j] = gdimageColorAllocate(image_mote[iil® 209, 209);
goldenrod[j] = gdimageColorAllocate(image_mote}l18,165,32);
DarkOliveGreen4[j] = gdimageColorAllocate(imageote]0], 110,139,61);
DarkViolet[j] = gdimageColorAllocate(image_mofe[148,0,211);
DarkOrangeZ2]j] = gdimageColorAllocate(image_mpjt&38, 118, 0);
for (i=0; i<255; i++){
gray[jl[i] = gdimageColorAllocate(image_motel[j]i,i);

}
/Idefine colors for battery 12 V

white_batt = gdimageColorAllocate(image_bat, 255,255); // 1stis background
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blue_batt = gdimageColorAllocate(image_bat, G5)2 /I (red,green,blue)
red_batt = gdimageColorAllocate(image_bat, 25%;0,0
green_batt = gdimageColorAllocate(image_bat, Q@00
black_batt = gdimageColorAllocate(image_bat, ;0,0
gray84_batt = gdimageColorAllocate(image_bat, 208, 209);
DarkOliveGreen4_batt = gdimageColorAllocate(imaug, 110,139,61);
DarkViolet_batt = gdimageColorAllocate(image Hat38,0,211);
DarkOrange2_batt = gdimageColorAllocate(image_ 238, 118, 0);
SlateBlue_batt = gdimageColorAllocate(image_bagp, 1112, 255);
for (i=0; i<255; i++){

gray_batt[i] = gdimageColorAllocate(image_baiti)i,

//define colors for predicted concentration
white_precon = gdimageColorAllocate(image_pre@u®s,255,255); // 1stis
background

blue_precon = gdimageColorAllocate(image pre€oh255); /I (red,green,blue)
red_precon = gdimageColorAllocate(image_precob,28);
green_precon = gdimageColorAllocate(image_pre@d0,0);
black_precon = gdimageColorAllocate(image_pre€o,0);
gray84_precon = gdimageColorAllocate(image_pre268, 209, 209);
DarkOliveGreen4_precon = gdimageColorAllocate(imggecon, 110,139,61);
DarkViolet_precon = gdimageColorAllocate(image gome, 148,0,211);
DarkOrange2_precon = gdimageColorAllocate(imagecqm, 238, 118, 0);
SlateBlue_precon = gdimageColorAllocate(image gme32, 112, 255);
for (i=0; i<255; i++){

gray_precon[i] = gdimageColorAllocate(image_predd,i);
}
/Istart a loop to read record file one line atretime
strcpy(TempBuffer,™);
while( fgets(TempBuffer, 256, fp) = NULL ){

pch = strtok (TempBuffer,"- :");

i=0;

while (pch = NULL){

215



line

once

strcpy(cdatali],pch);

if (i==18){//check date time, 18 is the indextbE last item from one

hours = strtol(cdata[16],NULL,10);

minutes = strtol(cdata[17],NULL,10); //hex ted
seconds = strtol(cdata[18],NULL,10);

seconds = hours*3600+minutes*60+seconds;

if (xflag==0){//this flag make sure to drawafne only

xzero=720-seconds/120;
xflag=1;

for(i=0;i<num_Motes;i++){
/ldraw horizontal lines for motexx.png

gdimageLine(image_motel[i],

RIGHT,yscale+BORDER, LEFT,yscale+BORDER, gray84]i]

gdimageLine(image_mote[i],

RIGHT,2*yscale+BORDER, LEFT,2*yscale+BORDER, grédfi®;

LEFT,TOP,

//draw frame for all motes

gdimageLine(image_mote[i],
RIGHT,TOP, blueli]); // draw lingsimage

gdimageLine(image_mote[i],

RIGHT,TOP, RIGHT,BOTTOM, blue[i]); // +------=mxmm- +

gdimageLine(image_mote[i],

RIGHT,BOTTOM, LEFT,BOTTOM, blueli]); // [0,0 WIDTH,0|

gdimageLine(image_mote[i],

LEFT,BOTTOM, LEFT,TOP, blue[i]); / |0,HEIGHT

}

/ldraw horizontal lines for Battery_12V.png
for (i=1; i<12;i++){

gdimageLine(image_bat,

RIGHT,i*10+BORDER, LEFT,i*10+BORDER, gray84_batt);

}

216



//ldraw frame for Battery_12V.png

gdlmageLine(image_bat, LEFT, TOP,
RIGHT, TOP, blue_batt); // draw lines in image

gdlmageLine(image_bat, RIGHT, TOP,
RIGHT,BOTTOM, blue_batt); // +----------=-=---- +

gdlmageLine(image_bat, RIGHT,BOTTOM,
LEFT,BOTTOM, blue_batt); // |0,0 WIDTH,0|

gdlmagelLine(image_bat, LEFT,BOTTOM,
LEFT,TOP, blue_batt); // |0,HEIGHT

/ldraw horizontal lines for PredConce.png
for (i=1; i<10;i++){
gdimageLine(image_precon,
RIGHT,i*12+BORDER, LEFT,i*12+BORDER, gray84_precon)
}
/ldraw frame for PredConce.png
gdlmageLine(image_precon, LEFT, TOP,
RIGHT,TOP, blue_precon); // draw lines in image
gdlmageLine(image_precon, RIGHT, TOP,
RIGHT,BOTTOM, blue_precon); // +----------------- +
gdlmageLine(image_precon, RIGHT,BOTTOM,
LEFT,BOTTOM, blue_precon); // |0,0 WIDTH,0|
gdlmageLine(image_precon, LEFT,BOTTOM,
LEFT,TOP, blue_precon); // |0,HEIGHT
}
xall = seconds/120;
intMotelD = (int)atof(cdata[1])-1; //make mate start from O
/lget value
for (j=0; j<13;j++){
fvalue[intMotelD][j]=atof(cdatalj+2]);
}
if (xflag==2){//draw value, we have 150-30=12ixles, 40
means 40 pixles represent 1 volt
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IR45[intMotelD] =
fringe((int)floor(40*(fvalue[intMotelD][0]-fvalue[ntMotelD][1])));
IR45_old[intMotelD]
=fringe((int)floor(40*(fvalue_old[intMotelD][0]-fvdue_old[intMotelD][1])));
ORA45[intMotelD] =
fringe((int)floor(40*(fvalue[intMotelD][2]-fvalue[ntMotelD][3])));
ORA45_old[intMotelD] =
fringe((int)floor(40*(fvalue_old[intMotelD][2]-fvalie_old[intMotelD][3])));
ORA180[intMotelD] =
fringe((int)floor(40*(fvalue[intMotelD][4]-fvalue[ntMotelD][5])));
ORA180_old[intMotelD] =
fringe((int)floor(40*(fvalue_old[intMotelD][4]-fvalie_old[intMotelD][5])));
/Icalculate predicted concentration
/ldraw value, we have 150-30=120 pixles, 83r&ans 1
pixles represent 83.33 mg/L
switch (intMotelD){
case
0:PreCon[0]=fringe((int)floor(((Motel IR45 A*(fvak]0][0]-
fvalue[O][1])+Motel_IR45_B)+(Motel ORAA45_A*(fvalue][2]-
fvalue[0][3])+Motel_ORA45 B)+(Motel ORA180 A*(fvadii0][4]-
fvalue[0][5])+Motel ORA180_B))/(3*83.33)));
PreCon_old[0]=fringe((int)floor(((Motel_IR45_A*(f\ae_old[0][0]-
fvalue_old[0][1])+Motel IR45 B)+(Motel ORA45 A*(flae_old[0][2]-
fvalue_old[0][3])+Motel ORA45 B)+(Motel ORA180_ Avlue_old[0][4]-
fvalue_old[0][5])+Motel ORA180_B))/(3*83.33)));
break;
case
1.PreCon[1]=fringe((int)floor(((Mote2_IR45_A*(fvakj1][0]-
fvalue[1][1])+Mote2_IR45_ B)+(Mote2_ ORA45_A*(fvalug][2]-
fvalue[1][3])+Mote2_ORA45_B)+(Mote2_ORA180_A*(fvadlil][4]-
fvalue[1][5])+Mote2_ORA180_B))/(3*83.33)));
PreCon_old[1]=fringe((int)floor(((Mote2_IR45_A*(flae_old[1][O]-
fvalue_old[1][1])+Mote2_IR45_ B)+(Mote2_ORA45_ A*(flae_old[1][2]-
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fvalue_old[1][3])+Mote2_ORA45 B)+(Mote2_ ORA180_ Av@lue_old[1][4]-
fvalue_old[1][5])+Mote2_ORA180_B))/(3*83.33)));
break;

}

//12V battery (choose which mote get the 12¥dry
data),

/110 pixles represent 1 volt, the second 1Bés
parameter for voltage divider, it should be a valter measure your voltage divider

Bat_12V = (int)floor(10*10*fvalue[0][6])-20;

Bat_12V_old = (int)floor(10*10*fvalue_old[O]]$-20;

if(oldflag>3){//do not draw anything when xadild is
null, the first two iternations should be ignored
/ldraw the value
eflag_mote =
drawValue(image_mote[intMotelD], xall, xall_old, em, IR45[intMotelD],
IR45_old[intMotelD], DarkViolet[intMotelD], eflag_mte);
eflag_mote =
drawValue(image_mote[intMotelD], xall, xall_old, e, ORA45[intMotelD],
ORA45_old[intMotelD], green[intMotelD], eflag_mote)
eflag_mote =
drawValue(image_mote[intMotelD], xall, xall_old, e, ORA180[intMotelD],
ORA180_old[intMotelD], DarkOrange2[intMotelD], eflamote);
if(fvalue[intMotelD][4]<2.49){//check if
ORA180 is out of water which means no rain, anccharo need to draw the prediction values
switch(intMotelD){
case 0:colorCode=green_precon;
break;
case
1.colorCode=DarkOrange2_precon;

break;
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eflag_precon[intMotelD] =
drawValue(image_precon, xall, xall_old, xzero, RyefintMotelD], PreCon_old[intMotelD],
colorCode, eflag_precon[intMotelD]);
}
if(intMotelD==0)
eflag_batt = drawValue(image_bat, xall,
xall_old, xzero, Bat_12V, Bat_12V_old, DarkOlive@r&l_batt, eflag_batt);

}
}
xflag = 2;
xall_old = xall;
oldflag++;
for(j=0; j<13;j++){
fvalue_old[intMotelD][j] = fvalue[intMoteID][J;

}

i++:

pch = strtok (NULL, " :");

}

//draw vertical lines for all motes on x-coordie
for(j=0;j<num_Motes;j++){
for (i=0; i<25; i++){
gdimageLine(image_mote[j],
margin(xzero+i*xscale)+EDGE+BORDER,BOTTOM+4,
margin(xzero+i*xscale)+EDGE+BORDER,BOTTOM, blue]j])
}
gdimageLine(image_mote][j], margin(xzero)+EDGE+BIHER, TOP,
margin(xzero)+EDGE+BORDER,BOTTOM, red[j]);
}
//draw vertical lines for Battery_12V.png
for (i=0; i<25; i++){
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gdlmageLine(image_bat,
margin(xzero+i*xscale)+EDGE+BORDER,BOTTOM+4,
margin(xzero+i*xscale)+EDGE+BORDER,BOTTOM, blue_tlat
}
gdimageLine(image_bat, margin(xzero)+EDGE+BORDERT
margin(xzero)+EDGE+BORDER,BOTTOM, red_batt);
/ldraw vertical lines for PredConce.png
for (i=0; i<25; i++){
gdlmageLine(image_precon,
margin(xzero+i*xscale)+EDGE+BORDER,BOTTOM+4,
margin(xzero+i*xscale)+EDGE+BORDER,BOTTOM, blue_gqug);
}
gdimageLine(image_precon, margin(xzero)+EDGE+BORDP,
margin(xzero)+EDGE+BORDER,BOTTOM, red_precon);
/ldraw hours
for (j=0; j<num_Motes; j++){
/ldraw char zero
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j], y+LEFT+margin(xze2o0x+BOTTOM+6, gray][jl[zero[X][y]]);
if j==0)
gdimageSetPixel(image_bat, y+LEFT+margin(xzera3+BOTTOM+6, gray_batt[zero[x][y]]);
gdimageSetPixel(image_precon, y+LEFT+margin(xz&o3+BOTTOM+6,
gray_precon(zero[X][y]]);
}
}

/ldraw char one
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+xscale)-2, x+BOTTOM+6, gray§ifie[X][yID;
if j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+xscale)-2, x+BOTTOM+6, gray_thate[X][y]]);
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gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+xscale)-2, x+BOTTOM+6, gray_guwa[one[X][y]]);
}
}

/ldraw char two
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+2*xscale)-2, x+BOTTOM+6, grdithivo[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+2*xscale)-2, x+BOTTOM+6, grawattptwo[x][y]]);
gdlmageSetPixel(image_precon,

y+LEFT+margin(xzero+2*xscale)-2, x+BOTTOM+6, grayepon[two[x][y]]);

}
}

/ldraw char three
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+3*xscale)-2, x+BOTTOM+6, grdithree[X][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+3*xscale)-2, x+BOTTOM+6, grawttithree[X][y]]);
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+3*xscale)-2, x+BOTTOM+6, grayepon[three[X][Y]]);
}
}

/ldraw char four
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+4*xscale)-2, x+BOTTOM+6, grdifiour[X][y]]);
if(j==0)
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gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+4*xscale)-2, x+BOTTOM+6, grawtthifour[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+4*xscale)-2, x+BOTTOM+6, grayepon[four[X][y]]);
}
}

/ldraw char five
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+5*xscale)-2, x+BOTTOM+6, grdifive[x][y]]);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+5*xscale)-2, x+BOTTOM+6, grawttifive[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+5*xscale)-2, x+BOTTOM+6, grayepon[five[x][y]]);
}
}

/ldraw char six
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+6*xscale)-2, x+BOTTOM+6, gradigix[X]1[y]D;
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+6*xscale)-2, x+BOTTOM+6, graattysix[X][y]];
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+6*xscale)-2, x+BOTTOM+6, grayepon[six[X][y]]);
}
}

/ldraw char seven
for (x=0; x<8; x++){

for (y=0; y<5; y++){
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gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+7*xscale)-2, x+BOTTOM+6, grdigeven[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+7*xscale)-2, x+tBOTTOM+6, grawttjseven[x][y]]);
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+7*xscale)-2, x+BOTTOM+6, grayepon[seven[x][y]]);
}

}
/ldraw char eight

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+8*xscale)-2, x+BOTTOM+6, grdjgight[X][y]D;
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+8*xscale)-2, x+BOTTOM+6, grawattjeight[x][y]]);
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+8*xscale)-2, x+BOTTOM+6, grayepon[eight[X][y]]);
}
}

/ldraw char nine
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+9*xscale-2), x+BOTTOM+6, grdjfine[X][y]D;
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+9*xscale-2), x+BOTTOM+6, grayttinine[X][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+9*xscale-2), x+BOTTOM+6, grayepon[nine[X][y]]);
}
}

/ldraw char ten
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for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+10*xscale)-5, x+BOTTOM+6, gragkdne[x][y]]);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+10*xscale)-5, x+BOTTOM+6, gréattjone[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+10*xscale)-5, x+BOTTOM+6, grgyecon[one[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+10*xscale), x+BOTTOM+6, graygéro[X][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+10*xscale), x+BOTTOM+6, graytfeero[X][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+10*xscale), x+BOTTOM+6, grayepon[zero[x][y]]);
}
}

/ldraw char eleven
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+11*xscale)-5, x+BOTTOM+6, gragkdne[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+11*xscale)-5, x+BOTTOM+6, gréattjone[x][y]]);
gdlmageSetPixel(image_precon,

y+LEFT+margin(xzero+11*xscale)-5, x+BOTTOM+6, grayecon[one[x][y]]);
}
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for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+11*xscale), x+BOTTOM+6, grajfihe[x][y]];
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+11*xscale), x+BOTTOM+6, graytthane[X][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+11*xscale), x+BOTTOM+6, grayepon[one[X][Y]ID);
}
}

/ldraw char twelve
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+12*xscale)-5, x+BOTTOM+6, graidne[x][yl]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+12*xscale)-5, x+BOTTOM+6, grémattfone[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+12*xscale)-5, x+BOTTOM+6, grayecon[one[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+12*xscale), x+BOTTOM+6, grayfyyo[X][y1]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+12*xscale), x+BOTTOM+6, graytipavo[x][y]]);
gdlmageSetPixel(image_precon,

y+LEFT+margin(xzero+12*xscale), x+BOTTOM+6, grayepon[two[x][y]]);
}
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/ldraw char thirteen
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+13*xscale)-5, x+BOTTOM+6, gragkdne[x][y]]);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+13*xscale)-5, x+BOTTOM+6, gréattjone[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+13*xscale)-5, x+BOTTOM+6, grgyecon[one[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+13*xscale), x+BOTTOM+6, grayfiiree[X][YID);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+13*xscale), x+BOTTOM+6, grayttfthree[x][y]]);
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+13*xscale), x+BOTTOM+6, grayepon[three[x][y]]);
}
}

/ldraw char fourteen
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+14*xscale)-5, x+BOTTOM+6, gragidne[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+14*xscale)-5, x+BOTTOM+6, gréattjone[x][y]]);
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+14*xscale)-5, x+BOTTOM+6, grgyecon[one[X][y]]);
}
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}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+14*xscale), x+BOTTOM+6, grafidur[X][y]]);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+14*xscale), x+BOTTOM+6, grayttp@ur[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+14*xscale), x+BOTTOM+6, grayepon[four[x][y]]);
}
}

//draw char fifteen
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+15*xscale)-5, x+BOTTOM+6, grakdne[x][y]]);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+15*xscale)-5, x+BOTTOM+6, gréattjone[x][y]]);
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+15*xscale)-5, x+BOTTOM+6, grgyecon[one[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+15*xscale), x+BOTTOM+6, grayfiye[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+15*xscale), x+BOTTOM+6, graytiae[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+15*xscale), x+BOTTOM+6, grayeponl[five[x][y]]);
}
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}

//draw char sixteen
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+16*xscale)-5, x+BOTTOM+6, grakdne[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+16*xscale)-5, x+BOTTOM+6, gréattjone[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+16*xscale)-5, x+BOTTOM+6, grgyecon[one[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+16*xscale), x+*BOTTOM+6, grayik[X][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+16*xscale), x+*BOTTOM+6, graytisix[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+16*xscale), x+*BOTTOM+6, grayepon[siX[X][y]]);
}
}

//draw char seventeen
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+17*xscale)-5, x+BOTTOM+6, gragidne[x][y]]);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+17*xscale)-5, x+BOTTOM+6, gréattjone[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+17*xscale)-5, x+BOTTOM+6, grgyecon[one[X][y]]);
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}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+17*xscale), x+BOTTOM+6, graygiéven[X][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+17*xscale), x+BOTTOM+6, grayttpseven[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+17*xscale), x+BOTTOM+6, grayepon[seven[x][y]]);
}
}

/ldraw char eighteen
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+18*xscale)-5, x+BOTTOM+6, grakdne[x][y]]);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+18*xscale)-5, x+BOTTOM+6, gréattjone[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+18*xscale)-5, x+BOTTOM+6, grgyecon[one[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+18*xscale), x+BOTTOM+6, graygight[x][yI]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+18*xscale), x+BOTTOM+6, graytiaight[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+18*xscale), x+BOTTOM+6, grayepon[eight[X][y]]);
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}

/ldraw char nineteen
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+19*xscale)-5, x+BOTTOM+6, graidne[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+19*xscale)-5, x+BOTTOM+6, gréattjone[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+19*xscale)-5, x+BOTTOM+6, grayecon[one[x][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+19*xscale), x+BOTTOM+6, grayfiine[X][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+19*xscale), x+BOTTOM+6, grayttfane[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+19*xscale), x+BOTTOM+6, grayepon[nine[X][y]]);
}
}

/ldraw char twenty
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+20*xscale)-5, x+BOTTOM+6, graltivo[X][Y]]);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+20*xscale)-5, x+BOTTOM+6, gréatt[two[x][y]]);
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gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+20*xscale)-5, x+BOTTOM+6, grayecon[two[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+20*xscale), x+BOTTOM+6, graygéro[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+20*xscale), x+BOTTOM+6, grayttigero[X][y]];
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+20*xscale), x+BOTTOM+6, grayepon[zero[X][y]];
}
}

/ldraw char twenty-one
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+21*xscale)-5, x+BOTTOM+6, graltivo[X][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+21*xscale)-5, x+tBOTTOM+6, gréatt[two[x][y]]);
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+21*xscale)-5, x+BOTTOM+6, grayecon[two[x][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+21*xscale), x+BOTTOM+6, grayfihe[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+21*xscale), x+BOTTOM+6, graytiane[x][y]]);
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gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+21*xscale), x+BOTTOM+6, grayepon[one[X][y]]);
}
}

/ldraw char twenty-two
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+22*xscale)-5, x+BOTTOM+6, graltivo[X][Y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+22*xscale)-5, x+BOTTOM+6, gréatt[two[x][y]]);
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+22*xscale)-5, x+BOTTOM+6, grayecon[two[x][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+22*xscale), x+BOTTOM+6, grayfjo[x][y]]);
if(j==0)
gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+22*xscale), x+BOTTOM+6, graytifavo[x][y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+22*xscale), x+*BOTTOM+6, grayepon[two[X][Y]]);
}
}

/ldraw char twenty-three
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+LEFT+margin(xzero+23*xscale)-5, x+BOTTOM+6, graltivo[X][y]]);
if(j==0)
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gdimageSetPixel(image_bat,
y+LEFT+margin(xzero+23*xscale)-5, x+BOTTOM+6, grépatt[two[X][Y]]);
gdimageSetPixel(image_precon,
y+LEFT+margin(xzero+23*xscale)-5, x+BOTTOM+6, grayecon[two[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+LEFT+margin(xzero+23*xscale), x+BOTTOM+6, grayfiiree[X][YID);
if(j==0)
gdlmageSetPixel(image_bat,
y+LEFT+margin(xzero+23*xscale), x+BOTTOM+6, grayttfthree[x][y]]);
gdlmageSetPixel(image_precon,
y+LEFT+margin(xzero+23*xscale), x+tBOTTOM+6, grayepon[three[x][y]]);
}

}

/ldraw char hour
for (x=0; x<8; x++){
for (y=0; y<21; y++){
gdimageSetPixel(image_mote[0], y+LEFT+360, x+BO@M+17,
gray[O][charhour[X][y]]);
gdlmageSetPixel(image_mote[1], y+LEFT+360, x+BOM+17,
gray[1][charhour[X][y]]);
gdimageSetPixel(image_bat, y+LEFT+360, x+BOTTAM;+
gray_batt[charhour[X][y]]);
gdimageSetPixel(image_precon, y+LEFT+360, x+BOMRF17,
gray_precon[charhour[X][y]]);

}

/ldraw inlet and outlet label
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gdlmageLine(image_precon, LEFT+5, BOTTOM+20, LERT;BOTTOM+20,
green_precon);
gdimageLine(image_precon, LEFT+55, BOTTOM+20, LEFU,BOTTOM+20,
DarkOrange2_precon);
/ldraw inlet char
for (x=0; x<8; x++){
for (y=0; y<19; y++){
gdimageSetPixel(image_precon, y+LEFT+25, x+t+BOTTOWMI+dray_precon[charinlet[x][y]]);
}
}

/[draw outlet char
for (x=0; x<8; x++){
for (y=0; y<27; y++){
gdlmageSetPixel(image_precon, y+LEFT+75, x+BOTTOWM+dray_precon[charoutlet[X][y]]);
}

}
/ldraw char OV

for (j=0;j<num_Motes;j++){
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j], y+LEFT-16, x+BOTTGMgray|j][zero[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdimageSetPixel(image_mote[j], y+LEFT-10, x+BOTTCMgray[jl[charV[X][Y]]);
}

}
/ldraw char 1V

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j], y+LEFT-16, x+BOTTQGgEale-3, gray[jl[one[X][y]]);
}
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for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdimageSetPixel(image_mote[j], y+LEFT-10, x+BOTTQMEale-3, gray[jl[charV[X][y]]);
}

}
/ldraw char 2V

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j], y+LEFT-16, x+BOTTHAscale-3, gray[j][two[X][Y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdlmageSetPixel(image_mote[j], y+LEFT-10, x+BOTTMscale-3, gray|j][charV[X][y]]);
}

}
/ldraw char 3V

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j], y+LEFT-16, x+BOTT¥yscale-3, gray[j][three[X][y]];
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdlmageSetPixel(image_mote[j], y+LEFT-10, x+BOTTscale-3, gray[j][charV[X][y]]);
}

}

/ldraw ylabel for prediction concentration
for (x=0; x<8; x++){
for (y=0; y<5; y++){gdimageSetPixel(image _precgnl.EFT-10, x+BOTTOM-
0*yscale_prec-3, gray_precon[zero[x][y]]);}

}

for (x=0; x<8; x++){
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for (y=0; y<5; y++){gdImageSetPixel(image_precgnl EFT-10, x+BOTTOM-
1*yscale_prec-3, gray_precon[one[X][y]]);}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){gdimageSetPixel(image_precgnl EFT-10, x+BOTTOM-
2*yscale_prec-3, gray_precon[two[X][y]]);}
}

for (x=0; x<8; x++){
for (y=0; y<5; y++){gdimageSetPixel(image_precg#nl EFT-10, x+BOTTOM-
3*yscale_prec-3, gray_precon[three[x][y]]);}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){gdimageSetPixel(image precgnl.EFT-10, x+BOTTOM-
4*yscale_prec-3, gray_precon[four[x][y]]);}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){gdImageSetPixel(image_precgn EFT-10, x+BOTTOM-
5*yscale_prec-3, gray_precon[five[X][y]]);}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){gdimageSetPixel(image_precgnl EFT-10, x+BOTTOM-
6*yscale_prec-3, gray_precon[six[X][y]]);}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){gdimageSetPixel(image_precgnl EFT-10, x+BOTTOM-
7*yscale_prec-3, gray_precon[seven[x][y]]);}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){gdimageSetPixel(image_precgnl EFT-10, x+BOTTOM-
8*yscale_prec-3, gray_precon[eight[X][y]D;}
}

for (x=0; x<8; x++){
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for (y=0; y<5; y++){gdImageSetPixel(image_precgnl EFT-10, x+BOTTOM-
9*yscale_prec-3, gray_precon[nine[x][y]]);}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){gdimageSetPixel(image_precgnl.EFT-16, x+BOTTOM-
10*yscale_prec-3, gray_preconfone[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){gdimageSetPixel(image_precg#nl EFT-10, x+BOTTOM-
10*yscale_prec-3, gray_precon[zero[X][y]]);}
}
for (x=0; x<15; x++){
for (y=0; y<9; y++){gdImageSetPixel(image_precgnl EFT-25, x+BOTTOM-
6*yscale_prec-3, gray_precon[chargdL[x][y]]); }
}
/[draw char 2V for battery
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_bat, y+LEFT-16, x+*BOTTOM-@3te_bat-3, gray_batt[two[x][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdimageSetPixel(image_bat, y+LEFT-10, x+*BOTTOM-@3te_bat-3, gray_batt[charV[X][y]]);
}

}
/ldraw char 4V for battery

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_bat, y+LEFT-16, x+*BOTTOM-2afe bat-3, gray_batt[four[X][y]]);
}
}

for (x=0; x<8; x++){
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for (y=0; y<7; y++){
gdlmageSetPixel(image_bat, y+LEFT-10, x+*BOTTOM-2%afe bat-3, gray_batt[charV[x][y]]);
}

}
/ldraw char 6V for battery

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_bat, y+LEFT-16, x+BOTTOM-4&3fe_bat-3, gray_batt[six[x][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdlmageSetPixel(image_bat, y+LEFT-10, x+BOTTOM-4&3fe bat-3, gray_batt[charV[x][y]]);
}

}
/ldraw char 8V for battery

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_bat, y+LEFT-16, x+*BOTTOM-Gafe bat-3, gray_batt[eight[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdlmageSetPixel(image_bat, y+LEFT-10, x+BOTTOM-G3fe bat-3, gray_batt[charV[x][y]]);
}

}
/ldraw char 10V for battery

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_bat, y+LEFT-22, x+BOTTOM-&%3te_bat-3, gray_battlone[x][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
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gdlmageSetPixel(image_bat, y+LEFT-16, x+*BOTTOM-&%le bat-3, gray_batt[zero[x][y]]);

}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdlmageSetPixel(image_bat, y+LEFT-10, x+*BOTTOM-&%fe bat-3, gray_batt[charV[x][y]]);
}

}
/ldraw char 12V for battery

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_bat, y+LEFT-22, x+BOTTOM-1€gle bat-3, gray_batt[one[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_bat, y+LEFT-16, x+BOTTOM-1€*sle bat-3, gray_batt[two[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){gdimageSetPixel(image_batyg#FT-10, x+BOTTOM-
10*yscale_bat-3, gray_batt[charV[X][y]]);
}

}
/ldraw char 14V for battery

for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_bat, y+LEFT-22, x+BOTTOM-1&*gle_bat-3, gray_batt[one[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_bat, y+LEFT-16, x+BOTTOM-1&*gle_bat-3, gray_batt[four[x][y]]);
}
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}
for (x=0; x<8; x++){
for (y=0; y<7; y++){gdimageSetPixel(image_baty#FT-10, x+BOTTOM-
12*yscale_bat-3, gray_batt[charV[X][y]]);}
}
for(j=0; j<num_Motes; j++){
//draw line and char IR45
xaxile = 10;
yaxile = 10;
gdlmageLine(image_mote[j], EDGE+BORDER+xaxile, BlOM+yaxile+10,
EDGE+BORDER+xaxile+20,BOTTOM+yaxile+10, DarkViolgi[
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdlmageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+21, x+BOTTOM-+yaxile+7, grayGharl[x][y]D;
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdimageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+26, x+BOTTOM+yaxile+7, grayfharR[x][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+34, x+BOTTOM+yaxile+7, grayfgur[x][yID);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+40, x+BOTTOM-+yaxile+7, grayfive[x][y]D;
}
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}
/ldraw line and char ORA45

xaxile = xaxile +60;

yaxile = 10;

gdimageLine(image_mote[j], EDGE+BORDER+xaxile, BlOM+yaxile+10,
EDGE+BORDER+xaxile+20,BOTTOM+yaxile+10, green[j]);

for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdimageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+23, x+BOTTOM+yaxile+7, grayfharO[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdimageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+30, x+BOTTOM-+yaxile+7, grayfharR[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdimageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+38, x+BOTTOM-+yaxile+7, graygharA[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+46, x+BOTTOM+yaxile+7, grayfgur[x][yI]);
}
}
for (x=0; x<8; x++){

for (y=0; y<5; y++){
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gdlmageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+52, x+BOTTOM-+yaxile+7, grayfive[x][y]D;
}

}
/ldraw line and char ORA180

xaxile = xaxile + 70;

yaxile = 10;

gdimageLine(image_mote[j], EDGE+BORDER+xaxile, BlOM+yaxile+10,
EDGE+BORDER+xaxile+20,BOTTOM+yaxile+10, DarkOranfjp2

for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdlmageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+23, x+BOTTOM-+yaxile+7, grayfharO[x][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdlmageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+30, x+BOTTOM-+yaxile+7, grayfharR[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<7; y++){
gdlmageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+38, x+BOTTOM-+yaxile+7, grayfharA[X][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdlmageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+46, x+BOTTOM-+yaxile+7, grayfhe[X][y]D;
}
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for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+52, x+BOTTOM-+yaxile+7, grayglght[x][y]]);
}
}
for (x=0; x<8; x++){
for (y=0; y<5; y++){
gdimageSetPixel(image_mote[j],
y+EDGE+BORDER+xaxile+58, x+BOTTOM+yaxile+7, graygero[X][y]]);
}

}

/I Finally, write the image out to a file.
[lprintf("Creating output file '%s".\n", filenammote);
outfile_mote[0] = fopen(filename_mote_01, "wb");
gdimagePng(image_mote[0], outfile_mote[0]);
fclose(outfile_mote[0]);

outfile_mote[1] = fopen(flename_mote 02, "wb");
gdimagePng(image_mote[1], outfile_mote[1]);
fclose(outfile_mote[1]);

outfile_bat = fopen(filename_12V, "wb");
gdimagePng(image_bat, outfile_bat);
fclose(outfile_bat);

outfile_precon = fopen(filename_PreCon, "wb");
gdimagePng(image_precon, outfile_precon);
fclose(outfile_precon);

[k

* Notes about the output :

* 1. "wb" here means "write binary"; the 'bigigpart only
* applies to Windows but doesn't hurt onxumbxes.

* 2. If this had be a true color image thenhaioly a JPEG would
*  be a better choice than a PNG; in thaegami'd just say
* gdimageJpeg(image, outfile, quality);
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*  where O<=quality<=100, or quality=-1 fdret libjpeg default.

*

3. To send the output image to standard dugmu'd just say
* gdimagePng(image, stdout);

*  in which case you'd run the program fikes :

* $ ./GD_example > outputfile.png

**/

}

int margin (int x){
if (x>720){

X=X-720;

}
return x;

}

int drawValue(gdimagePtr image, int xall, int xalld, int xzero, int Value, int Value_old, int
color, int eflag){
if (xall>(720-xzero)) && (xall_old>(720-xzero))}{
gdlmageLine(image, LEFT+xzero-(720-xall), BOTTOK&ue, LEFT+xzero-
(720-xall_old), BOTTOM-Value_old, color);
eflag=1;
lelse if (xall>(720-xzero)){
gdlmagelLine(image, LEFT+xzero-(720-xall), BOTTOK&lue,
LEFT+xzero+xall_old, BOTTOM-Value_old, color);
eflag=1;
lelse{
if(eflag==0){//this flag indicate when to stopaving
gdimageLine(image, LEFT+xall+xzero, BOTTOM-Value
LEFT+xall_old+xzero, BOTTOM-Value_old, color);

}
}
return eflag;
}
int fringe(int val){
if (val<0)
val=0;
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if(val>120)//120 pixels represents 3 Volt
val=120;

return val;
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Appendix D - Datalogger programs

File Name: Send_PB1_LittleKitten 12100 v09.CR2
'CR200 Series Datalogger
‘date:
'‘program author:Wei Han
'‘Declare Public Variables
Public SI_in(60)
Public Response
Public f1_1
Public batt_volt
'‘Declare Constants
Const MAXVALUES = 60
Const TERMCHAR = 35
‘Main Program
BeginProg
Delay(180, sec)
RealTime( Sl_in, 0)
Print(-2,9600,S1_in(1),"/",S1_in(2),"/",SI_in(3))
Print(-2,9600,"/", SI_in(4),"/", SI_in(5), "I")
Print(-2,9600, SI_in(6),CHR$(13))
S1_in(1)=0
Scan (1,Sec)
Battery (batt_volt)
f1_1=0
Print (2, 9600)
Seriallnput (SI_in(), MAXVALUES, TERMCHAR,$)
If SI_in(1)<>0 Then
If SI_in(1)=4000 Then 'time synchronization
RealTime( Sl_in,0)
Print(-2,9600,S1_in(1),"/",S1_in(2),"8]_in(3))
Print(-2,9600,"/", SI_in(4),"", SI_in\5'")
Print(-2,9600, SI_in(6),CHR$(13))
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S1_in(1)=0
Else

While f1_1=0

Wend

'voltage for gateway

Sl _in(3) = batt_volt

Response=-1

While Response<>0
SetValue(Response,SI_in(1), 10,fDes616100000)

Wend

Response=-1

While Response<>0
SetValue(Response,Sl_in(11),10,fDes$2100000)

Wend

Response=-1

While Response<>0
SetValue(Response,S|_in(21),10,fDes63%100000)

Wend

Response=-1

While Response<>0
SetValue(Response,Sl_in(31),10,fDes646100000)

Wend

Response=-1

While Response<>0
SetValue(Response,S|_in(41),10,fDes65100000)

Wend

Response=-1

While Response<>0
SetValue(Response,Sl_in(51),10,fDes666100000)

Wend

Response=-1

Sl_in(2)=1

While Response<>0
SetValue(Response,Sl_in(2),1,flag, 108600)
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Wend
Sl_in(1)=0
EndIf
EndIf
NextScan
EndProg

File Name: Relay_PB6_Riley Cico v07.CR2
'CR200 Series Datalogger
‘date:
'‘program author:Wei Han
'‘Declare Public Variables
Public Res
Public fDest1(10),fDest2(10),fDest3(10),fDest4(1Dgst5(10),fDest6(10)
Public flag, f6_6
Public batt_volt
'‘Define Subroutines
Sub GetData
Res=-1
If fDest1(1)=0
Delay(3,sec)
Endlf
While Res<>0
SetValue(Res,fDest1,10,Dest1,1,2,2,00000)
Wend
Res=-1
If fDest2(1)=5120
Delay(3,sec)
Endlf
While Res<>0
SetValue(Res,fDest2,10,Dest2,1,2,2,00000)
Wend
Res=-1
If fDest3(1)=5120
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Delay(3,sec)
EndIf
While Res<>0
SetValue(Res,fDest3,10,Dest3,1,2,2,00000)
Wend
Res=-1
If fDest4(1)=5120
Delay(3,sec)
EndIf
‘voltage for repeater
fDest4(10)=batt_volt
While Res<>0
SetValue(Res,fDest4,10,Dest4,1,2,2,00000)
Wend
Res=-1
If fDest5(1)=0
Delay(3,sec)
EndIf
While Res<>0
SetValue(Res,fDest5,10,Dest5,1,2,2,00000)
Wend
Res=-1
If fDest6(1)=5120
Delay(3,sec)
EndIf
While Res<>0
SetValue(Res,fDest6,10,Dest6,1,2,2,00000)
Wend
Res=-1
fDest1(2)=1
While Res<>0
SetValue(Res,fDest1(2),1,flag,1,2,2,00000
Wend
fDest1(1)=0
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fDest2(1)=5120
fDest3(1)=5120
fDest4(1)=5120
fDest5(1)=0
fDest6(1)=5120
EndSub
‘Main Program
BeginProg
flag=1
fDest1(1)=0
Scan (1,Sec)
Battery (batt_volt)
f6_6=0

SetValue(Res,flag,1,f1_1,1,1,1,00000)
Delay(3,sec)
If fDest1(1)<>0 Then
flag=0
While f6_6=0
Wend
Call GetData
EndIf
NextScan
EndProg
File Name: Receive_PB2_Central_Riley_v08.CR2
'CR200 Series Datalogger
‘date:
'‘program author:Wei Han
'‘Declare Public Variables
Public batt_volt
Public Res
Public Dest1(10),Dest2(10),Dest3(10),Dest4(10),b@€r),Dest6(10)
Public flag

'Define Subroutines
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Sub GetData

Print(2,9600,"$")
If Dest1(10)=5120

Delay(3,sec)
Endlf
Print(2,9600,Dest1(1),Dest1(2),Dest1(3),DebtDest1(5))
Print(2,9600,Dest1(6),Dest1(7),Dest1(8),DERt Dest1(10))
If Dest2(10)=5120

Delay(3,sec)
Endlf
Print(2,9600,Dest2(1),Dest2(2),Dest2(3),Rebt Dest2(5))
Print(2,9600,Dest2(6),Dest2(7),Dest2(8),REHt Dest2(10))
If Dest3(10)=5120

Delay(3,sec)
EndIf
Print(2,9600,Dest3(1),Dest3(2),Dest3(3),Bebt Dest3(5))
Print(2,9600,Dest3(6),Dest3(7),Dest3(8),BEHt Dest3(10))
If Dest4(10)=5120

Delay(3,sec)
EndIf
Print(2,9600,Dest4(1),Dest4(2),Dest4(3),Bebt Dest4(5))
Print(2,9600,Dest4(6),Dest4(7),Dest4(8),BEXRt Dest4(10))
If Dest5(10)=5120

Delay(3,sec)
EndIf
Print(2,9600,Dest5(1),Dest5(2),Dest5(3), bebt Dest5(5))
Print(2,9600,Dest5(6),Dest5(7),Dest5(8), BEXt Dest5(10))
If Dest6(10)=0

Delay(3,sec)
EndIf
‘voltage for center

Dest6(9) = batt_volt

Print(2,9600,Dest6(1),Dest6(2),Dest6(3), bebt Dest6(5))
Print(2,9600,Dest6(6),Dest6(7),Dest6(8), bERt Dest6(10))
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Print(2,9600,"#")
Dest1(1)=0
Dest1(7)=0
Dest1(10)=5120
Dest2(10)=5120
Dest3(6)=0
Dest3(10)=5120
Dest4(10)=5120
Dest5(5)=0
Dest5(10)=5120
Dest6(10)=0
flag=1
EndSub
‘Main Program
BeginProg
flag=1
Dest1(1)=0
Scan (1,Sec)
Battery (batt_volt)
SetValue(Res,flag,1,f5 5,1,5,5,00000)
Delay(3,sec)
If Dest1(1)<>0 Then
flag=0
Call GetData
Endlf
SetValue(Res,flag,1,f6_6,1,6,6,00000)
Delay(3,sec)
If Dest1(1)<>0 Then
flag=0
Call GetData
Endlf
NextScan

EndProg
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Appendix E - Time synchronization program

File Name: syncdate.c
/* This program is used to receive data from CR2@6RS-232 cable
then save it to a local file on the Stargate.
Stargate will then use this file to adjust its diate to current.
Author: Wei Han
Date: Nov 5, 2008 2:43:00 PM
*/
#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <time.h>
#define TYPEDATA "./typedata" //save incoming datto this file
int cMonth(char[], int);
int main(){
FILE *f1;
char str[25];
char *pch;
char cdate[6][10];
char ccmonth[4];
intik;
unsigned int j;
int month;
fd_set read_file descr;
struct timeval timeout;
dof
k=0;
FD_ZERO(&read_file_descr);
FD_SET(fileno(stdin),&read_file_descr);
timeout.tv_sec = 120;//wait for 120 seconds
timeout.tv_usec = 0;

int error=select(1,&read_file_descr,0,0,&timequt)
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//This program waits for 120 seconds and thenigoe.
//The select function blocks the calling process! there is activity on any of
the specified sets of file descriptors, or untd timeout period has expired.
if (error==0){
printf("timeout\n");
return O;
lelse if (error<0){
printf("erron\n™);
return O;
lelse{
/lopen typedata file for writing
if (1(f1 = fopen(TYPEDATA, "w+"))) {
perror ("Couldn't open typedata file.\n");
exit(1);
}
memset(str,\0',25);
scanf("%s",str);
if (strlen(str)>=16){
pch = strtok (str, "/");
i=0;
while(pch = NULL){
strcpy(cdateli],pch);
i++;

pch = strtok (NULL,"/");

}

/lcheck for valid numbers
for (i=0; i<6; i++){
for (j=0; j<strlen(cdate[i]); j++){
if(!((cdate]i][j] >='0") && (cdate[i][j]<="9)){
puts("Not a numeric value.\n");
k=1;

break;
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if (k)
break;
}
if('k){
month = strtol(cdate[1],NULL,10);
if (month<1 || month>12)
return O;
if('cMonth(ccmonth, month)){
fprintf(f1,"date --set \"%s %s %5:%s.%s %wMmonth,
cdate[2], cdate[3], cdate[4],cdate[5],cdate[O]writes
}
}
fclose(fl);
}
} while (k);
return O;
}
int cMonth(char cm[], int n){
switch(n){
case 1:
strcpy(cm, "Jan®);
break;
case 2:
strcpy(cm, "Feb");
break;
case 3:
strcpy(cm, "Mar");
break;
case 4:
strcpy(cm, "Apr");
break;
case 5:

strcpy(cm, "May");
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break;

case 6:
strcpy(cm, "Jun™);
break;

case 7:
strepy(cm, "Jul");
break;

case 8:
strcpy(cm, "Aug");
break;

case 9:
strcpy(cm, "Sep™);
break;

case 10:
strcpy(cm, "Oct");
break;

case 11:
strcpy(cm, "Nov");
break;

case 12:
strcpy(cm, "Dec");
break;

default:
return 1;

}

return O;
}
File Name: syndate.sh
#echo Welcome
/home/xbow/apps/syncdate/syncdate
chmod +rx typedata

source typedata
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Appendix F - Java server program

File Name: KSUServer.java
[*This program use socket to listen port 2008 andesincoming data from RAVEN modem.
Wei Han
10:10:00 am Dec 8, 2008 */
import java.net.*;
import java.io.*;
public class KSUServer {
public static void main(String[] args) throwdHException {
ServerSocket serverSocket = null;
boolean listening = true;
try {
serverSocket = new ServerSocket(2008);
} catch (IOException e) {
System.err.printin("Could not listen port: 2008.");
System.exit(-1);

System.out.println("Waiting for a connectio");
while (listening){

new KSUMultiServerThread(serverSocket.acdgptart();
}

serverSocket.close();

}
File Name: KSUMultiServerThread.java

[*This program handles incoming data, converts th@rngineering unit and stores them to a
mySQL database

Wei Han

Last updated: Nov 5, 2009

Checked and Modified by Xu Wang Jan 5, 2010 */
import java.net.*;

import java.io.*;
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import java.sql.*;
import java.util.*;
import java.text.*;
public class KSUMultiServerThread extends Thread {
private Socket socket = null;
public KSUMultiServerThread(Socket socket) {
super("KSUMultiServerThread");
this.socket = socket;
System.out.printin("Accepted a connection fromsbeket.getinetAddress());

}
public void run() {

try {
PrintWriter out = new PrintWriter(System.otitje);
BufferedReader in = new BufferedReader(new

InputStreamReader(socket.getinputStream()));

final int Num_Packets = 3;

int i=0,k=0,j,count;

int init=0; //Modified by Xu Wang, for rain gauge

/IModified by Xu Wang, for rain gauge

int[] pt = new int[256]; // pt for temporary pripitation to save the last
precipitation of different motes

int ptsn=0; // pt's serial number, pt[ptsn], fefoom MotelD

boolean r=false; //rain gauge

// Modified by Xu Wang, for CRC check, add PakBdd and SegNum for the
2nd and 3rd data packets

String pakbusadd="",;

String segnum="";

boolean[] v = new boolean[Num_Packets];

int[] intdata = new int[60];

int[] crcRemote = new intfNum_Packets];

String[] results = new String[Num_Packets];

String[] crcCheck = new String[Num_Packets];

String[] strCheck = new String[Num_Packets];

String strSQL;
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String inputLine, token;
Calendar ¢ = Calendar.getlnstance();
int year,;
final double d=0.04; //Distance between two LEDs
final int sf=279; //Mote sampling frequency 27¢3s one channel, 140/s for two
channels
NumberFormat formatsensorbatt = new DecimalFatina0");
NumberFormat formatsensordata = new DecimalFd¢fth8000");
NumberFormat formatradiobatt = new DecimalForig&Q0");
NumberFormat formatvelocity = new DecimalForm@d0.00");
CRC16 my_crc = new CRC16();
results[O]=results[1]=results[2]="";
crcCheck[0]=crcCheck[1]=crcCheck[2]="";
crcRemote[0]=crcRemote[1]=crcRemote[2]=0;
v[0]=Vv[1]=v[2]=false€;
//Modified by Xu Wang, for rain gauge, initial[parray
for (ptsn=0; ptsn<256; ptsn++){
pt[ptsn] = O;
}
while ((inputLine = in.readLine()) != null) {
StringTokenizer st = new StringTokenizer(inpukk);
Connection conn = null;
search:
while (st.hasMoreTokens()) {
token=st.nextToken();
//Check the beginning
if (token.equals("$")){
results[k]="";
crcCheck[0]="";
crcRemote[0]=0;
i=0;
}
if (I==3 || i==40 |[i==59)
intdata[i-1] = (int)(Float.valueOf(tokefipatValue()*100.0);
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if (intdata[i-1]>5000)
intdata[i-1] = 5000;
}
/IValidate data and convert String to integer
if (i>0 && i<61){
if (1(i==3 || i==40 ||i==59){
try {
intdata[i-1] = Integer.parselnt(token);
}
catch (NumberFormatException nfe) {
I exit loop
out.printin("Invalid data");

break search;

/Iprepare string for crc check
/IModified by Xu Wang

if (i==1) {
pakbusadd = token;
}
if (i==2) {
segnum = token;
}
if 1(i==3||i==22]|i==40|| i==41 || i58 ||

i==60)){//do not check gateway, repeater and cébittery as well as crc data
crcCheck[k] = crcCheck[K] + token;
}
switch (i) {
case 3. //gateway battery
case 21://ch13
case 40: //repeater battery
case 59: //central battery
/[Reserved field, do nothing

break;
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case 4.
if (intdata[i-1]<0 || intdata[i-1]>3%p6

results[O]=results[1]=results[2]="",
if (conn != null){
try

{

conn.close ();

}catch (Exception e) {¢hiore close errors

}
}
break search;
}
year = c.get(Calendar.YEAR); //get year
JulianDate JD = new JulianDate(year,
intdatali-1]);
JD.convert();
results[k] = results[k] + ""+ JD.cDate +
break;
case 23:
case 42:

if (intdata[i-1]<0 || intdata[i-1]>3%6

results[0]=results[1]=results[2]="";
if (conn != null){
try
{

conn.close ();

}catch (Exception e) {¢hiore close errors
}

}

break search;

}
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year = c.get(Calendar.YEAR); //get year
JulianDate JD2 = new JulianDate(year,
intdatal[i-1]);
JD2.convert();
results[k] = results[K] + intdata[O]+"+"
intdata[1] + ", " + JD2.cDate + ", ";
break;
case 5:
case 24:
case 43:
if (intdata[i-1]<0 || intdata[i-1]>860}{

results[0]=results[1]=results[2]="";
if (conn != null){
try
{

conn.close ();

}catch (Exception e) {@hiore close errors

}

}
break search;
}

TimeString TS = new TimeString(intdata]);1
TS.convert();
results[k] = results[k] + TS.ctime + ™, ";
break;

case 6://check group ID

case 25:

case 44:
if (intdata[i-1]==125){

v[k]=false;

lelsef

v[K]=true;
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results[k] = results[k] + intdata[i-1] + "; "
break;

/l Modified By Xu Wang

case 7: // Get mote ID

case 26:

case 45:

ptsn = intdata[i-1];

break;
case 8: //Mote battery
case 27:
case 46:
if (VKT
results[k] = results[k] +
formatsensordata.format(intdata[i-1]*2.5/4096.0) #
lelse{
results[k] = results[k] +
formatsensorbatt.format(intdata[i-1]/1000.0) +;", "
}
break;
/IModified By Xu Wang
case 16: //Rain gauge
case 35:
case 54:
if(vK]{
results[k] = results[k] +
formatsensordata.format(intdata[i-1]*2.5/4096.0) #
lelse{
if (pt[ptsn] == 01
if ('n){
pt[ptsn] =
intdatali-1];
results[k] =
results[k] + formatsensordata.format(0) + ", ;
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r = true;

lelse {

pt[ptsn] =
intdatali-1];

results[k] =
results[k] + formatsensordata.format(pt[ptsn] *a1p+ ", *;

}

}else if (pt[ptsn] == intdatali-
114
results[K] = results[k] +
formatsensordata.format(0) + ", ;
}else if (pt[ptsn] > intdatali-1]){
results[k] = results[k] +
formatsensordata.format(0) + ", *;
pt[ptsn] = O;
}telse {results[k] = results[k] +

formatsensordata.format((intdata[i-1] - pt[ptsnj9.254) + ", ";
pt[ptsn]=intdata[i-1];

}

break;
//Modified By Xu Wang
case 17:// Thermocouple
case 36:
case 55:
if(VIKI{
results[k] = results[k] +
formatsensordata.format(intdata[i-1]*2.5/4096.0) #
lelse{
results[k] = results[k] +
formatradiobatt.format((intdata[i-1]*2.5/4096.0/@23-0.011)*25) + ", ";
}
break;
case 18: //Velocity
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case 37:
case 56:
if(VIKI{
results[k] = results[k] +
formatsensordata.format(intdata[i-1]*2.5/4096.0) #
lelse{
if (intdata[i-1] > 1){
results[k] = results[k] +
formatvelocity.format(d*sf/(intdata[i-1]-1)) +", *;
telse{
results[k] = results[k] +

formatvelocity.format(0.0) +", ;

}

break;

case 9:

case 10:
case 11:
case 12:
case 13:
case 14:
case 15:
case 19:
case 20:
case 28:
case 29:
case 30:
case 31:
case 32:
case 33:
case 34:
case 38:
case 39:
case 47:
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case 48:
case 49:
case 50:
case 51:
case 52:
case 53:
case 57:
case 58:
results[k] = results[k] +
formatsensordata.format(intdata[i-1]*2.5/4096.0) #
break;
case 22:
crcRemote[k] = intdata[i-1];
k=1; //indicate this is the end of the first
group of data.
results[k]="";
crcCheck[Kk]= pakbusadd + segnum;
crcRemote[k]=0;
break;
case 41:
crcRemote[k] = intdata[i-1];
k=2; //indicate the end of the second
group of data.
results[k]="";
crcCheck[Kk]= pakbusadd + segnum;
crcRemote[k]=0;
break;
case 60:
crcRemote[K] = intdata[i-1];
k=0; //indicate the third group of data.
break;
default:

results[k] = results[K] + intdata[i-1]"+
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break;

}
/ICheck the end

if (token.equals("#")){
for (j=0; j<Num_Packets; j++){
out.printin(results[j]);
out.println(crcChecklj]);
out.printin(crcRemotelj]);
if
(crcRemote[j]==my_crc.getValue(crcCheck]j],crcChgklength())){
strCheck][j]= "0";

lelse{
strCheck][j]= "1";
}
}
/lInsert into mySQL database
try

String userName = "root";

String password = "bae840-05";

String url = "jdbc:mysql://1290.35.77:3308/estcp";

Class.forName ("com.mysql.jdbdéver").newlnstance ();

conn = DriverManager.getConneacfiarl, userName,
password);

Statement s = conn.createStatefhen
for (j=0; j<Num_Packets; j++){
if (VI
strSQL="INSERT
INTO tblvelocity riley (PakBusAdd, SeqNum, DateTinRacketID, MotelD,"

ChO, Chl, Ch2, Ch3, Ch4, Ch5, Ch6, Ch7, Ch8, Ch9,"
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Ch10, Ch11, Ch12, CRC)"

VALUES(" + results]j] + strCheck[j] + ")";
lelse{
strSQL="INSERT
INTO tblresults (PakBusAdd, SegNum, DateTime, GibypMotelD,"

4
MoteBatt, Chl, Ch2, Ch3, Ch4, Ch5, Ch6, Ch7, CH®,C

4
Ch10, Ch11, Ch12, Chl4, GatewayBatt, RepeaterBatiterBatt)"

+ n

VALUES(";

strSQL = strSQL +uks]j]
+ strCheck[j] +",

+
formatradiobatt.format(intdata[2]/100.0) + ", "

+
formatradiobatt.format(intdata[39]/100.0) + ", "

+

formatradiobatt.format(intdata[58]/100.0) + ")";

}
count = s.executeUpdate (strSQL);
}
s.close ();
}
catch (Exception e)

{

System.err.printin(e);

System.err.printin ("Cannot coctrte database server");

}
finally

{
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if (conn != null)
{
try
{
conn.close ();
}
catch (Exception e) { // igaalose errors

}

out.printin("Data seq # " + intdata[1] #eceived
successfully.\n");

}

out.close();
in.close();
socket.close();
} catch (IOException e) {
if (e instanceof SocketException){

System.out.printin("Waiting for a connectiorj;.."
lelse{

e.printStackTrace();
}
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