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ABSTRA CT

We describe the design of a system for wild re monitoring incorporating wireless sensors,and report results
from eld testing during prescribed test burns near San Francisco, California. The system is composed of
ernvironmental sensorscollecting temperature, relative humidity and barometric pressurewith an on-board GPS
unit attached to a wireless,networked mote. The motes communicate with a basestation, which communicates
the collected data to software running on a databasesener. The data can be accessedising a browser-based
web application or any other application capableof communicating with the databasesener. Performanceof the

monitoring systemduring two prescribed burns at Pinole Point Regional Park (Contra Costa County, California,

near San Francisco) is promising. Sensorswithin the burn zonerecordedthe passageof the ame front before
being scordhed, with temperature increasing,and barometric pressureand humidity decreasingasthe ame front

advanced. Temperature gradients up to 5 C per secondwererecorded. The data alsoshaw that the temperature

slightly decreasesand the relative humidity slightly increasesfrom ambient valuesimmediately preceding the

ame front, indicating that locally signi cant weather conditions develop evenduring relativ ely cool, slow moving

grass res. The maximum temperature recordedwas 95 C, the minimum relative humidity 9%, and barometric

pressuredropped by as much as 25 mbar.
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1. INTR ODUCTION

Wild res are increasingly expensiwe disastersin terms of both property damageand life safety. Wild res often
occur in ervironmentally sensitive regions suc as national parks, wildernessareas, or along the growing, en-
vironmentally and economically sensitive urban-wildland interface. Environmental monitoring in such terrains
must be environmentally appropriate, which requires easy to install, low maintenance, non-toxic and prefer-
ably inexpensiwe instrumentation. One way to monitor wild res and impending wild re conditions is by using
wireless, low-power sensortechnology to collect environmental data such astemperature, relative humidity and
barometric pressure,along with a GPS-determined location for the collected data.

Wild re monitoring systemsmay be pre-deployed in wild re prone terrains, or deployed as an ephemeal
GPS and environmental wirelesssensornetwork, designedto be rapidly deployedin destructive, environmentally
hostile environments such asewolving wild res. The project describedin this paper wasconceived asa component
of a broader, interdisciplinary e ort funded by the US National ScienceFoundation Information Tecdnology
Researt program for developing a set of real-time databasemanagemen and wirelessdata acquisition tools for
rapid and adaptive assessmenof the impact of catastrophic events such as earthquakes, res, hurricanes, or
0 ods.

The speci ¢ goalsof the project include: developingand eld testing proof-of-conceptwirelesssensortechnol-
ogy for wild re instrumentation; dewveloping and eld testing an assettracking systemfor location and erviron-
mental monitoring of re gh ting personnel;and, investigating possible\spin-o " applications in other domains,
such as monitoring of structural health, geologichazardsand or ervironment. In addition, successfuleld test-
ing provides data that may be useful for advancing re science,for helping re gh ters, and for designingfuture
generationsof sensorsand sensorplatforms as limitations in the currently deployed technology are identi ed.
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Figure 1. Wireless sensorwild re monitoring system architecture.

2. THE WILDFIRE  MONITORING SYSTEM

The wild re monitoring systemis designedto be platform independert, simple to deploy and useunder extreme
stress conditions, and to require minimal training for operating the system after deployment. A scematic
architecture of the systemis shown in Fig. 1. The collected data from motesis stored into a MySQL database,
which is queried by a browser-basedclient interacting with a web server database bridge. The architecture
allows the system to be operated using any web browser. The web application is written as a set of user
friendly web pagesabstracting the medanics of the databaseoperation away from the user. Standard, o -the-

shelf technology was used for ead part of the system, including commercially available motes, web server and
databasesener. Each elemen of the systeminteracts with others through well-de ned interfaces,which greatly
easedthe implemertation.

2.1. Motes

The sensormotes are composed of the mote platform with an independertly mounted sensorboard. This

separation allows hardware and software developmert of the wirelesssensingnetwork to proceedindependertly

as well. The sensorsare aggregatedon a printed circuit board which plugs into the Mica2 mote. The Mica2

mote, manufactured by Crosshbow Tecnology, Inc., hostsan Atmel 128L CPU running the Tiny Operating System
(TinyOS), executing programs written in the nesC(1) programming language. Sincethe Mica2 mote platform is

commercially available from Crosshow, Inc., hardware designfor the motes only required specifying the sensors
for the sensorboard, which connectsto the Mica2 using a 52 pin connector. The Mica2 platform operatesa
Chipcon1000radio on 433 MHz frequency The mote is controlled by an Atmel 128L 8 bit microprocessor,and

has an 32 kHz external clock and RAM available.

The Crosshow, Inc. MTS420CA \Fireb oard" is a separate componert from the Mica2 mote and connects
to the mote using a 52 pin connector. The Fireboard has two ADG715 switches mounted in parallel on an
I12C bus. Switch 0 cortrols the power to the sensors;switch 1 controls I/O functionality. The switchesmay be
operated independertly of ead other, allowing the application to control the power to ead sensorto reduce
power consumption. The Fireboard is alsoequipped with a 256byte EEPROM. The architecture of the Fireboard
is derived from the Mica Weatherboard usedfor the Great Duck Island study (2), and hosts barometric pressure
sensor,temperature, relative humidity, acceleration, light intensity and LeadTek 9546 GPS location sensors.For
the eld testing described later in the paper, the light and accelerationsensorswere not used.

The LeadTek 9546 GPS unit has 12 channels \All-In-View" satellite tracking with cold/warm/hot start
times of 45/38/8 Seconds(respectively) a reacquisition time of 0.1 secondsand supports standard NMEA-
0183 and SiRF binary protocols. The hardware consists of SiRFstarlle chipset with embedded ARM7TDMI



Figure 2. Motes were mounted on FDM-constructed chassisto facilitate eld deployment.

microprocessor,an external antenna jack, 20 pin connector, and protective metal cover sheild, measuring 25.4 x
24.1x 6.9 mm. The GPS unit is relatively expensive to operate. From a cold start, it requires 65 mA of power,
then runs until the GPS reading is stabilized. When the sensorapplication is statically deployed, the GPS unit
need only run until an accurate location x has been obtained, at which point the GPS is poweredo. For
\dynamic" deploymernts, where the GPS unit is usedfor tracking the movemert of re ghters and equipmert,
the GPS sampling rates may betriggered by the amount of motion recordedby the unit, faster sampling resulting
from highly mobile units.

The Intersema5534AP is a low power integrated pressuresensorwith pressurerange 300-1100mbar on a 15
Bit ADC. 6 coe cien ts for software calibration stored on-chip, which communicates 3-wire serial interface. The
5534 also measurestemperature, providing a ched on the temperature results from the Sensirion SHT11 sensor
described next.

The Sensirion SHT11 temperature and humidity sensoris a single chip module providing calibrated digital
output. Both instruments are coupledto a 14 bit AD cornverter and a serial interface for superior signal quality,
fast responsetime and insensitivity to external disturbances. The relative humidity (RH) sensoris accurate to

3% between 20-80%RH, 5% outside of that range. The temperature accuracy is within ~ 2:5 C between
40 to 120 C.

For eld testing, each mote was mounted on an FDM-constructed chassis,which helped protect the soldered
connectionson the mote (battery and antenna) from rough handling (Fig. 2).

2.2. Software

The Crosshow Mica2 mote may be operated using TinyOS, an operating system speci cally dewveloped for pro-
gramming small deviceswith embedded microcortrollers. TinyOS provides a dewveloper library for controlling
radio and serial communication, and for operating various sensorboards connectedto a mote. TinyOS is pro-
grammed largely in the nesC language,which was designedexpresslyfor e cien tly capturing the semartics of
programming for small embeddeddevices. The biggest advantage of TinyOS is that application level code is in-
dependent of the underlying mote platform, thus changing platforms requiressimply recompiling the application
sourcecode for the appropriate platform.

Using the nesC programming language and TinyOS operating system allowed the re monitoring sensor
application to be deweloped very rapidly. The project would have been much more dicult had coding the
sensorapplication machine-speci ¢ assenbler codesbeenrequired. For the sensorapplication, sensordriver code
provided by Crosshow, Inc. was modi ed to implemert a \High-lev el Sensor" interface (3), which provides a
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(a) Layout for 10 motes. Motes 2, 4 and 8 (b) Flame front advancing on mote 5.
were inoperable. Arrows show direction
of ame travel.

Figure 3. 10 Motes were tested during the September 16, 2004 prescribed burn at Point Pinole Regional Park, near San
Pablo, California.

standard set of commandsfor cortrolling sensors. The sensorapplication was then written to handle events
triggered from the underlying driver code.

3. FIELD TESTING

The initial eld tests were performed to investigate proof of concept of the system and the robustnessof the
hardware in actual wild re conditions. For practical purposesduring eld work, the base station, database
sener and client were operated from a single, daylight-readable Fujitsu tablet personal computer. Testing the
wild re monitoring systemrequired closecollaboration with the East [San Francisco] Bay Regional Parks Fire
Department. Although, the eld tests were performed under prescribed burn conditions in relatively low fuel
load grasslandsthesewerefull scale re gh ting exercisegequiring that all researd participants be appropriately
trained and certied (Typell wildland re gh ter certi cate). In addition, although the prescribed burn setting
provided a fair degreeof control over the deployment of instrumentation, it was essetial that once deployed
the instruments would operate with a fair degreeof reliabilit y. For this reason,the application loaded onto the
moteswas kept simple for the test, and much e ort was expendedrehearsingmote setup and data collection. As
a result, useful data was gathered for both the test burns.

3.1. Results from prescrib ed burn Septem ber 16, 2004

The prescribed burn was conducted in a grassy area of light fuel, approximately one ton per acre, thus was
not a very \hot" burn with respect to res burning in areaswith densershrubbery or in wooded areas. The
motes were staked on posts in order to maintain good visual contact and to maximize the reach of the mote
radios (Figs. 2 and 3(b)). Data collected from the prescribed burn consistedof temperature, relative humidity,
barometric pressure,and the resulting physical condition of the burned motes.
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(@) Motes 5-7 clearly shov a temperature response
during passageof the ame front, while motes 3 and
10 record the proximity of the ame front. The re
was extinguished beforeit's e ect on mote 1 could be
measured. Mote 9 was scorched, and too little data
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(b) Passageand proximity of the ame front as in-
dicated by relative humidity data from the motes
matches the temperature data: motes 5-7 were
scorched, motes 3 and 10 were closeto the ame front,
and mote 1 is outside the e ect of the ames.

were reported to allow quantitativ e assessmen of the
condition at mote 9 when it stopped working.

Figure 4. Temperature and humidit y results from eld testing September 16, 2004 at Point Pinole Regional Park, near
San Pablo, California.

The mote chassisin the burned area(Fig. 3(a)) warped from the heat, and most of the battery casegartially
melted. The motes and sensortpards did not show visible damage. Every mote in the burned area evertually
failed to report data at sometime during or after the ame front passagefor a variety of reasons.Motes 5 and
7 su ered melted battery casings,but still work when supplied with power. Motes 6 and 9 becamecompletely
unserviceable.Mote 8 su ered damageto the Molex battery connectionbeforethe test began,and did not record
any data at all dueto lack of power. Mote 2 reported only 0 values, possibly due to a poor 52 pin connection
betweenthe sensortpard and the mote, sincethis Mote performed successfullyduring the subsequen Septenber
30th test. Mote 4, located inside the burn area, exhibited the samebehavior, reporting only 0 valued data.

Figure 4(a) shows temperature data for motes 1, 3, 5, 6, 7, 9 and 10. As noted above, motes 2, 4 and 8
did not record data. Motes 4-9 were located in the burned area, motes 1-3 and mote 10 were located outside
the burn area. For the scordhed motes, the e ect of the advancing ame front is obvious from temperature
plots. Temperatures for motes 5 and 7 shav a spike in the temperature, evidertly surviving the hottest part
of the ames to record post-peak temperatures before physically failing. As noted above, the battery casesfor
both motes 5 and 7 melted enoughto lose power, but both motes are still otherwise serviceable. Motes 6 and
9 on the other hand, only record smaller increasein temperature before completely failing. Most likely, the
temperature di erence and gradient after the last recorded sample (at 11:31:43am for mote 6, 11:34:02am for
mote 9) was large enoughto induce physical failure of the mote. As noted above, neither mote 6 nor mote 9
remained serviceable,although ead of the sensorlpards will still operate on a serviceablemote.

3.2. Results from prescrib ed burn Septem ber 30, 2004

The results from the Septenber 30, 2004 test are showvn in Fig. 5. Motes 1, 2, 3 and 10 were reusedfrom the
Septenber 16, 2004 test. The 51 pin connectionson all motes were carefully chedked, and the initial data was
examined to ensurethat ead mote was returning valid results. In this prescribed burn, only mote 10 ceased
to function completely for the duration of the test. However, motes 1 and 11 retransmitted the same packet
for a 1 and 2 minute (respectively) period of time during the passageof the ame front, then started operating



100 : : : : : : : 100 -—
Mote 1 + : i i i i i i i i i
Mote 2
Mote 3 *
80  Mote 10 - R T
Mote 11 ‘ ‘ 2
Mote 12 : : X : : E
@) 60 [ froeneenees S A SR A M S
% i i i i o i i i
B ; =
Pl i TS NS RS T W i
; ; ; ; ; i ; 9]
: : : e X g iy | o
‘ : ‘ ; | \\ ES
H H H Cal H H
0 i i i i 1 i i
17:00 22:00 15:00 20:00 25:00

1100 (PDT), 30 September 2004

(a) Temperatures recorded by the motes clearly show
the passageof the ame front over time.

1100 (PDT) 30 September 2004

(b) Relative humidities recorded by the motes clearly
show the passageof the ame front over time.

Figure 5. Temperature and humidit y results from eld testing September 30, 2004 at Point Pinole Regional Park, near

San Pablo, California.

1020 T T T T T T T T T 80 80 T T T T T T T T T 80
baro. pres. + i i i i rel. hum. + : :
L : temp. ; ;
< 1015 L Ly + s L > O *W _
8 10 PRI . leo 2 I 5 {160 ©
£ - ~ E 6OF . % >
o A A e 2 2
5 1005 ; ; [ [ 2 ° 3
2 K 2 S s0f P K c
1] : @EF‘F : 2 = [ : [)
¢ 1000 |- < W 140 8 I e 40 g
L & x 40fF LA iR <
S 995 - o E ¥ I «fH N
£ ¥ =g sof ¥4 g
o 990 | ‘ 4 20 g 1’8 120 2
@ - = 20 + i 4 |
985 . #
980 i i i 1 i i i i O 10 i i i i I i W i i O
11:15 11:20 11:25 11:15 11:20 11:25

Hours (PDT) 30 September 2004

(@) Combined plot of barometric pressure and tem-
perature showing mote 2 response during passageof
the ame front.
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(b) Combined plot of relative humidity and temper-
ature showing mote 2 response during passageof the
ame front.

Figure 6. Data recorded by Mote 2 on September 30, 2004.



correctly once enough heat dissipated. The causeof the behavior is not yet known, but it is likely hardware
related sincethe sensorsoftware respondsto hardware signaledevents. In the caseof motes1 and 11, the timing
loop on the mote cortinued to operate even though no sensorevents were handled, and the last known data
sert on the timeout. Figure 6 shows the temperature plotted against the barometric pressureand the relative
humidity for mote 2. The sensorresponseis excellent, data are recordedon approximately 2.5 secondintervals.
Data sequencenumbers indicate very low padket loss.

3.3. Discussion

Comparing the temperatures from the burn conducted on Septenber 16, 2004 (Fig. 4(a)) with temperatures
recordedduring the Septenber 30 burn (Fig. 5(a)) showsthe Septenber 30 burn had signi cantly lower temper-
atures both at the initiation of the burn and for the peak temperatures. In cortrast, the relative humidity on
Septenber 16 (Fig. 4(b)) was approximately 40-45%,which is much lower than the relative humidity of 60-65%
recorded on Septenber 30 (Fig. 5(b)). Sincethe fuel moisture content is a function of the ambient relative hu-
midity, lower peak temperatures are most likely related to higher relative humidity than to lower initial ambient
temperature.

The peak temperatures recorded during both burns were surprisingly low. One possiblereasonfor this is
that the responseof the temperature sensoris roughly 2 seconds,inducing a temporal averaginge ect into any
reading. The temperature of the ame frame front varies chaotically, while the sensorrespondsto accunulated
heat. Thus, while very brief applications of high heat may be enoughto ignite the grassyfuel, the re front moves
rapidly enoughso asnot to allow the temperature sensorto record the rapid variations in point temperature.

Sincethe motes were deployed above (0.5 m) the top of the fuel to avoid radio transmission packet loss, the
cooler temperature may indicate a rapidly decreasingtemperature gradient with respectto height above the fuel.
This possibility requiresfurther investigation, asthe motes were clearly exposedto ames at somepoint during
the passageof the ame front, asshawn in Fig. 3(b).

The exponertial decay of the temperature after passageof the ame front indicates either stored heat dissi-
pating from the entire sensorlmard and mote system, or cooling of the burned areaafter the passageof the ame
front, or both. However, recovery of the relative humidity and barometric pressurevaluesshould not necessarily
be a ected by the behavior of the sensorplatform, and may indicate the local weather conditions around the
sensorafter the passageof the ame front. Figure 6(a) shavsthat the temperature after the ame front recovered
to a higher value than the initial temperature during the approximately 4 minute time period required for the
barometric pressureto return to it's initial value. Figure 6(b) shows that the relative humidity after the passage
of the ame front is much lower than the initial condition.

The results from this initial, proof-of-concept eld testing suggestmany possibledirections for future tests.
Real time ewolution of the re could be better monitored by surveying the areato be burned and recording the
exacttime that the re wasstarted. This will require closerwork with the re gh ters, and more corveniert base
station setups.

Better ame and heat protection for the motes and batteries may allow longer data collection through the
passageof the ame front. For example,in grassesand other light fuels similar to what was burned for the eld
tests at Point Pinole, wrapping the mote battery casewith duct tape may be sucien t to prevert the battery
from losing contact. Vertically arrayed motesaswell ashorizontally distributed moteswould help provide a more
detailed information on the actual structure of the ame front. The limitation on this is the radio operation
at lessthan wavelength above absorbing boundary such as dry grassor fuel. To help prevernt padket collision
the motes could be arrayed at dierent vertical heights at dierent locations. Faster sampling, more robust
sensorswith a wider range in operating conditions would allow better calibration of re modelsto predict the
ernvironmental conditions after the passageof the ame front, possibly allowing moree cien t re gh ter response.

4. SUMMAR Y AND CONCLUSIONS

The wirelesssensorwild re monitoring systemrepreserts a proof-of-conceptimplemertation for wirelessinstru-
mentation in destructive, environmentally hostile wild res. Results from eld testing in light fuelsindicate that
the hardware performs adequately out of the box, increasingthe economicviabilit y of the systemfor commercial



dewvelopmert. From discussionswith re ghters, a sensorthat could only indicate the presenceof re would
be useful, even if the instrument was rapidly destroyed. However, the actual performance of the sensormotes
indicates that minor hardening of the battery caseswould likely allow sampling through more of the passageof
the ame front. In heavier fuels, the mote will needto be protected, while still allowing the sensorsto operate
accurately. For, inexpensiwe, disposablemotes, we believe that adequateprotection will be cost e ectiv e.

Using this system for wild re monitoring has seweral advantages over traditional systemsrequiring wired
sensors:

1. Individual motes are relatively inexpensiwe, allowing more data to be collected per unit cost;

2. Standardized, freely available and modular software componerts reduce cost of developing, modifying and
maintaining the system;

3. The motes are easyto deploy and use;

4. The deployed system allows near real-time responseto everts such asrapid temperature rise reported by
deployed sensors.

Longerterm deployment of motesin re-prone areasprecedingwild re events will require more sophistication
in the data collection algorithms. For example, sampling could be conducted intermittently from motes usually
suspended in sleepmode. The frequency of sampling could be tied to the current ervironmental state: high
temperature with low humidity in the daytime would increasethe frequencyof sampling, the conversedecreasing.
Triggering sampling rate changescould be accomplishedby inspecting the gradients, or by motes querying the
gateway to request sampling parameters.

The construction of the wirelesssensormonitoring system lends itself to incorporation within larger sensor
data collection systems. For example, the SHIMS (4) project describes a sensor metadata repository useful
for monitoring lifecycle changesto structures such as bridges and buildings. Combining a internally-fo cused
structural sensorsystem with this system's externally-focused ernvironmental sensorsystem provides wholistic
coverageof a building system. The combined system is larger than either wild re monitoring or SHIMS, and
allows correlation betweenewvents (structural failure) and causes(direction of advancing ame front).
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