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ABSTRACT 

Remote sensing has been demonstrated an important tool in agricultural and 

natural resource management and research applications, however there are limitations 

that exist with traditional platforms (i.e., hand held sensors, linear moves, vehicle 

mounted, airplanes, remotely piloted vehicles (RPVs), unmanned aerial vehicles (UAVs) 

and satellites).  Rapid technological advances in electronics, computers, software 

applications, and the aerospace industry have dramatically reduced the cost and increased 

the availability of remote sensing technologies.  

Remote sensing imagery vary in spectral, spatial, and temporal resolutions and are 

available from numerous providers.  Appendix A presented results of a test project that 

acquired high-resolution aerial photography with a RPV to map the boundary of a 0.42 

km2 fire area. The project mapped the boundaries of the fire area from a mosaic of the 

aerial images collected and compared this with ground-based measurements.  The project 

achieved a 92.4% correlation between the aerial assessment and the ground truth data.  

Appendix B used multi-objective analysis to quantitatively assess the tradeoffs 

between different sensor platform attributes to identify the best overall technology.  

Experts were surveyed to identify the best overall technology at three different pixel 

sizes. 

Appendix C evaluated the positional accuracy of a relatively low cost UAV 

designed for high resolution remote sensing of small areas in order to determine the 

positional accuracy of sensor readings. The study evaluated the accuracy and uncertainty 

of a UAV flight route with respect to the programmed waypoints and of the UAV’s GPS 
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position, respectively.  In addition, the potential displacement of sensor data was 

evaluated based on (1) GPS measurements on board the aircraft and (2) the autopilot’s 

circuit board with 3-axis gyros and accelerometers (i.e., roll, pitch, and yaw).  The 

accuracies were estimated based on a 95% confidence interval or similar methods.  The 

accuracy achieved in the second and third manuscripts demonstrates that reasonably 

priced, high resolution remote sensing via RPVs and UAVs is practical for agriculture 

and natural resource professionals.  
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INTRODUCTION 

This research is part of a larger project that focuses on acquisition of high 

resolution aerial imagery and sensor data from a UAV constructed from commercially 

available products for a cost of less than $4,000 (i.e., parts and labor).  There were three 

manuscripts submitted, which included: 

Appendix A presented results of a test project that acquired high-resolution aerial 

photography (15 cm – 30 cm pixel resolution) with a RPV to map the boundary of a 0.42 

km2 fire area located in southern Arizona.  The images were rectified using 1m Digital 

Orthophoto Quarter Quadrangle (DOQQ) images and mosaiced using ERDAS Imagine 

software.  The boundaries of the fire area were delineated from the mosaic and ground-

truthed on the surface using a Trimble GeoXT GPS receiver.  The project achieved a 

92.4% correlation between the aerial assessment and the ground truth data.   

Appendix B used multi-objective analysis to quantitatively assess the tradeoffs 

between different sensors (i.e., hand held sensors, booms, remotely piloted vehicles, 

unmanned aerial vehicles, manned aircraft, Quickbird, Landsat, AVHRR, MODIS, 

ASTER, and SPOT) platform attributes to identify the best overall technology.  Experts 

were surveyed to identify the best overall technology at three different pixel sizes. 

Results suggest hand held sensors and manned aircraft platforms were favored for 

applications requiring very fine and fine to moderate spatial resolutions.  AVHRR and 

MODIS were rated equally as the best alternatives for applications requiring moderate to 

coarse resolution imagery. 
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Appendix C evaluated the positional accuracy of a relatively low cost UAV 

designed for small scale remote sensing of rangelands and agricultural fields in order to 

determine the positional accuracy of sensor readings. This study evaluated the accuracy 

of the UAV flight line with respect to the programmed flight transects and the uncertainty 

of the UAV’s GPS position. In addition, this research evaluated the potential 

displacement of sensor data based on (1) GPS measurements on board the aircraft and (2) 

the autopilot’s circuit board with 3-axis gyros and accelerometers (i.e., roll, pitch, and 

yaw).  The accuracies were estimated based on a 95% confidence interval or similar 

methods.  The autopilot system was manufactured by MicroPilot®.  The camera and data 

logger were georeferenced with a Garmin GPS 18 (GPS18).  The UAV flight path was 

also recorded by an eTrex receiver.  The accuracy and precision of the MicroPilot®, 

GPS18, and eTrex were determined by comparing their measurements to a differentially 

corrected Trimble GeoXT in an 8-hour stationary test; the dynamic accuracy was 

evaluated by placing the sensor in a truck and comparing the MicroPilot®, GPS18, and 

eTrex GPS receiver measurements against data points recorded by the GeoXT. The 

evaluation of the autopilot system was conducted with data collected from the 

MicroPilot®, GPS18, and eTrex receivers. 
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OVERVIEW 

I. Remote sensing platforms 

Remotely piloted vehicles (RPV) and unmanned aerial vehicles (UAV) are one of 

several alternative remote sensing platforms. They are effective, low cost alternatives to 

traditional platforms for acquiring high-resolution images and ground measurements.  

Extensive research has been conducted using hand-held and ground-based sensors (i.e., 

linear moves, booms, and tripods), satellite and aerial imagery from manned aircraft.  

Nonetheless, these platforms have limitations, particularly with regard to cost and limits 

on spatial and temporal resolution.   

 

II.  UAV definition 

According to Nonami (2007), the American Institute of Aeronautics and 

Astronautics (AIAA) definition of a UAV includes “aircraft which is designed or 

modified, not to carry a human pilot and is operated through electronic input initiated by 

the flight controller or by an onboard autonomous flight management control system that 

does not require flight controller intervention.” The name UAV covers all vehicles 

capable of programmable flight patterns and operated without human intervention 

(Eisenbeiss, 2004).  

 

III.  UAV history 

It is no surprise that UAV technology originated from military applications 

considering the current worldwide UAV expenditures are estimated at $4.4 billion and 
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are expected to double over the next 10 years (PR Newswire, 2009).  The Sperry 

Company of Brooklyn is credited as the first to develop an automatic control device in 

1913 (Stoff, 2001).  In 1916, their autopilot design included a gyroscope to stabilize the 

body and an altitude control (Nonami, 2007) The Navy became interested in their product 

and funded UAV development to be used as “flying bombs” or “aerial torpedoes” 

successfully flying a distance over 30 miles (Stoff, 2001; Nonami, 2007).  Despite the 

halt of military experiments with the end of World War I, the Sperry Company launched 

the first full size UAV on March 16, 1918 (Stoff, 2001).  The gyroscrope improvements 

were incorporated into automatic pilots.  Modern cruise missiles are direct descendents of 

the Sperry’s aerial torpedo (Stoff, 2001). 

A renewed interest in UAV technologies was fuelled in the late 1950’s during the 

Vietnam and Cold Wars with full scale research and development underway in the 1970s 

(Nonami, 2007; Cox et al., 2006).  Applications in surveillance, reconnaissance, and 

penetration of hostile domain without human risk have strongly motivated the 

development of UAVs (Eisenbeiss, 2004).  After the Vietnam War the U.S. and Israel 

developed smaller and less expensive UAVs powered by small engines similar to 

motorcycle engines (Cox et al., 2006; Nonami, 2007).  These platforms carried video 

cameras that transmitted images to base stations (Nonami, 2007)  The U.S. Navy’s 

interest in UAVs declined with the end of the Vietnam War and from the 1970s to the 

early 1980s, RPVs were restricted to serve as target vehicles (Stoff, 2001; Polmar, 2004;  

Cox et al., 2006).  However, during this time the Israelis were using very simple and 

inexpensive RPVs against Syrian anti-aircraft gun and missile systems in Lebanon’s 
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Bekaa Valley in 1982 with great success (Polmar, 2004; Cox et al., 2006).  Their success 

directed then-Secretary of the Navy John Lehman to acquire UAVs for gunfire spotting 

and to conduct damage assessment for US battleships (Polmar, 2004; Cox et al., 2006).  

The Navy UAV efforts led the Air Force to develop newer systems that were used 

successfully for Middle East combat operations during the 1991 and 2003 conflicts 

(Polmar, 2004; Cox et al., 2006).   

With regards to civil applications, UAVs have been utilized by numerous federal 

government agencies (i.e., National Aeronautics and Space Administration (NASA),  

U.S. Environmental Protection Agency (EPA), National Oceanic and Atmospheric 

Administration (NOAA),  National Science Foundation (NSF), U.S. Geological Survey 

(USGS), U.S. Department of Agriculture, U.S. Department of the Interior (USDOI), and 

U.S. Forest Service (USFS) (Cox et al., 2006)), universities, and commercial entities.  

NASA’s UAV research and development began in 1969 and in the 1990s it partnered 

with commercial industries to bring the potential of a UAV market into focus (Cox et al., 

2006).  There are a wide range of civilian applications, including:   

• Border and costal patrol and monitoring (Cox et al., 2006) 

• Homeland security (Cox et al., 2006) 

• Law enforcement and disaster operations (Cox et al., 2006) 

• Digital mapping and land management/planning (Quilter and Anderson, 

2000; Cox et al., 2006) 

• Emergency response (Cox et al., 2006; Lewis, 2007) 
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• Fire detection and fire fighting management (Cox et al., 2006; Nonami, 

2007) 

• Communications and broadcast services (Cox et al., 2006; Nonami, 2007) 

• Precision agriculture and fisheries (Brewster et al., 2002; Hunt Jr., et al., 

2003; Simpson et al., 2003; Herwitz et al., 2004;  Cox et al., 2006; Dingus, 

2007; Nonami, 2007; Schmale, 2008)  

• Ground transportation monitoring and control (Cox et al., 2006) 

• Satellite augmentation systems (Herwitz et al., 2004;  Cox et al., 2006; 

Nonami, 2007) 

• Air traffic control support (Cox et al., 2006; Nonami, 2007) 

• Power transmission line monitoring (Cox et al., 2006; Nonami, 2007) 

• Environmental research (Nyquist, 1996) and air quality monitoring  (Cox 

et al., 2006;  Espinar and Wiese, 2006; Dingus, 2007) 

The market demand for UAV technology is increasing exponentially because they 

are an effective, low cost alternative to traditional RS platforms.  However, before UAVs 

are considered a viable, cost effective and regulated alternative to existing resources there 

are several pre-requisites that must be met (Cox et al., 2006).  In order to develop a 

market for civilian application the cost and benefit of operating these systems must 

supersede the benefits of the existing technologies and standard methods of data 

reconnaissance (Cox et al., 2006).  Market barriers for civil and commercial applications 

include:  
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• Incomplete or immature air space regulations that encompass UAV 

systems (Nyquist, 1996; Cox et al., 2006; Rango et al., 2006) 

• Efforts to establish joint customer requirements (Cox et al., 2006) 

• Liability for civil operations (Nyquist, 1996; Cox et al., 2006) 

• Sensor technology and miniaturization ( Herwitz et al., 2004; Cox et al., 

2006) 

• No secure non-military frequencies (Cox et al., 2006; Nonami, 2007) 

• Reliability recognition and consumer perception (Cox et al., 2006; 

Nonami, 2007) 

• Operator training issues (Quilter and Anderson, 2000;  Cox et al., 2006; 

Espinar and Wiese, 2006;)   

• Limited payload capacity and space restrictions (Nyquist, 1996;  

Eisenbeiss, 2004; Herwitz et al., 2004; Cox et al., 2006;  Espinar and 

Wiese, 2006; Rango et al., 2006; Nonami, 2007; Laliberte et al., In 

review) 

UAVs advantages 

• Economical or readily available off-the-shelf technology, readily 

adaptable  (Nyquist, 1996; Quilter and Anderson, 2000; Brewster et al., 

2002; Hunt Jr., et al., 2003; Simpson et al., 2003; Eisenbeiss, 2004; 

Herwitz et al., 2004;  Hardin and Jackson, 2005; Cox et al., 2006;  Espinar 

and Wiese, 2006;  Jones et al., 2006; Rango et al., 2006; Dingus, 2007; 

Jones, 2007; Lewis, 2007; Nonami, 2007; Laliberte et al., In review) 
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• Collection of real time data (Herwitz et al., 2004;  Espinar and Wiese, 

2006; Lewis, 2007) 

 

IV.  RPV and UAV research and associated costs 

Nyquist (1996) describes a project developed by Oak Ridge National Laboratory 

(ORNL) that made use of a radio controlled airplane that was modified to carry a 35 mm 

camera, video camera and video transmitter.  The entire system, including the radio 

controller and rectification software cost less than $10,000 (Hardin and Jackson, 2005).  

The system was designed to collect aerial photography for environmental site 

characterization and management, update aerial photos of solid waste storage areas and to 

document construction activities.   

Quilter and Anderson (2000) mounted a 35mm camera in a model airplane to 

obtain low altitude/large scale photography to document stream and riparian restoration 

projects at a cost of approximately $1000. This publication focused on the application 

aspect and did not provide platform specifications (i.e., engine, dimensions of the wing 

and fuselage, manufacturers, etc.).  The photographs were used to assess barbs (a.k.a low 

rock sills) which project out from a stream bank and across the stream thalweg to redirect 

stream flow that will minimize bank erosion; stereo imaging; vegetation inventories; and 

infra-red film to assess vegetation health. 

In 2002, Stanley Herwitz, professor of Earth sciences at Clark University, 

Worcester, Mass, was awarded a NASA grant totaling $3.76 million to fund the UAV 
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Coffee Project (Bluck, 2002).  The project deployed the UAV Pathfinder-Plus to collect 

high resolution, multi-spectral imagery to evaluate coffee bean ripeness.   

Hunt et al. (2002, 2003, and 2005) used a low-cost automatic five megapixel 

camera and color-infrared film. He determined that  the NDVI obtained from this 

technology on an RPV was comparable to the NDVI from advanced sensors on 

conventional aircraft or satellites. Some of the problems encountered by this team 

included: film overexposure; lack of spectral and radiometric calibration; the need to 

have long take-off and landing areas; and the inability to automate the determination of 

multiple canopy factors from a single image because consumer-grade color digital 

cameras have only three bands. At the time of the research, the aircraft and camera cost 

about $1200 and $700, respectively (Hunt, 2008 per communication). 

Simpson et al. (2003) designed a RPV for precision agriculture applications for a 

total cost of less than $1000.  The project modified a commercially available sailplane, or 

glider, by installing a Jeti Phasor 45/3 electric motor, a 40-3P Opto speed controller and a 

12-cell, 2400 mAH battery pack.  Live video from a single board camera was transmitted 

from the plane to a ground station and was recorded on VHS video.  The sensor platform 

also included a digital 2.0 Megapixel camera with the capacity to store 50 images.  The 

RPV weighed 3.4 kg making it light enough to hand launch and it was able to withstand 

“belly landings”.  The simplicity of the plane allowed for easy transport and on-site data 

review.   

The platform used by Hardin and Jackson (2005) was built in 56 hours at a cost of 

$1480.  They flew this system for two years and conducted over 100 test flights. Their 
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design included remotely controlled airplane with a flight stabilizer, a 35-mm camera, 

and GPS receiver. Upon landing, the GPS data was downloaded to yield the plane’s 

horizontal and vertical positions and velocity.  The photograph locations were found by 

following the GPS tracks.   

As part of their Global Dust Program, the USGS designed a UAV for less than 

$6,000 (i.e., aircraft, engine, telemetry gear, and laser particle counter) to identify 

microorganisms that can survive long-range atmospheric transportation by desert dust 

clouds (Espinar and Wiese, 2006).  The study used a one-quarter–scale Super Cub 

aircraft with a 100-inch wingspan and nitro-engine combination capable of carrying 14 

kg for one hour duration at an altitude of one kilometre (Espinar and Wiese, 2006).  The 

UAV telemetry included real-time positioning, autonomous scientific instrumentation 

control, autonomous flight and ground control, and a lightweight precision vision system.  

To ensure the sampling devices were not contaminated, the UAV was equipped with a 

dual-membrane filteration device: one filter serving as a negative control and the other 

collected samples at predefined altitudes.  The authors reported the results of two test 

flights over a site located in Tampa Bay, Florida.  The first test flight recovered no 

bacteria but eleven viruses from one filter.  The second flight included two filters and 

recovered an average of 1.5 bacteria and 7.5 fungi.   

Jones et al. (2006) used a small custom built UAV for wildlife applications for a 

cost of approximately $35,000, including software.  According to this research team, the 

only comparable UAV available at the time of the study cost $200,000.  The project flew 

over thirty flights to capture high-quality videos of Florida wildlife and various 
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landscapes but they were unable to georeference the video captured.  The UAV was 

powered by a 0.32 cubic-inch internal combustion engine with a modified muffler to 

dramatically reduce engine noise.  A pusher engine was used to eliminate propeller 

inference with the forward looking camera and avoid fouling the downward looking 

camera.  The UAV had a flight duration of one hour, a telemetry range of 3 km, 1.5 m 

wingspan that could be folded and capable of being checked as luggage onto commercial 

aircraft.  Similar to our project, the take-off and landing were under pilot control with the 

autopilot controlling the heading, airspeed, altitude, roll, pitch, and yaw.  In addition, the 

autopilot system integrated a GPS receiver, accelerometer-gyroscope, and a pressure 

altimeter.  The reported vertical accuracy of the altimeter was 15 m.  The accelerometer 

was accurate to 2 degree tilt that resulted positional errors between 10 m and 100 m.   

Jones (2007) proposed that a modified a RC airplane equipped with a GPS 

receiver and digital camera could be used to conjunction with automated post-processing 

techniques to reduce the costs of traditional noxious weed mapping.  Similar to the 

Madera Canyon study, the project walked the perimeters of noxious weed patches with 

various hand-held GPS receivers.  The study found that the automated post-processed 

photos were not positioned sufficiently accurate to produce consistent and accurate weed 

perimeters.  Supervised classification was attempted but resulted in low accuracy and an 

inability to identify weed perimeters.  In order to increase the accuracy of the weed maps 

the project had to georectify the photos and hand digitize the weed perimeter.  This was 

time intensive and the associated costs exceeded the traditional on foot method.   
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Lewis (2007) successfully operated an $8000 UAV with little pilot experience for 

emergency response situations.  The UAV could be assembled in less than one-half hour 

and transported in a midsized car.  The UAV was constructed from commercially 

available components that consisted of a modified sailplane with an electric motor and a 

MicroPilot® MP2028 autopilot with a carrying capacity of 2 kg.  The test platform 

included a Pentax Optio S5i colour digital camera with an infrared sensor, which allowed 

for remote triggering.  Upon reaching a programmed waypoint, the camera was triggered 

by a servo that transmitted a signal to the camera’s infrared sensor.  The camera was 

mounted in a small enclosure underneath the wing using elastic rubberbands. The digital 

images were acquired at 640 m and had a spatial resolution 22 cm.   

Finally, Virginia Polytechnic Institute and State University integrated 

MicroPilot® technology for precise aerobiological sampling above agricultural fields 

(Dingus, 2007; Wang et al., 2007; Schmale et al., 2008).  The estimated platform costs 

(i.e., UAV components, field equipment, and building supplies) related to Dingus’s 

(2007) thesis was $10,500; the estimated project costs of Wang et al. (2008) system 

(airframe and propulsion, on-board autopilot avionics system, and ground control station) 

was $15, 000 (Woolsey, 2008).  The UAV design included in Dingus (2007) and 

Schmale et al. (2008) comprised of an ARF and a 1.20 cubic-in engine that produced 3.1 

hp at 9,000 rpm.  The engine was oversized to increase engine pull through the sampling 

plates.  MicroPilot®’s ultrasonic above ground level (AGL) sensor (MP-AGL, 

MicroPilot® Inc.) and a compass module (MP-COMP, MicroPilot® Inc.) were added to 

permit autonomous take-off and landing and to aid in the determination of the UAV’s 
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true heading, respectively.  The spore-sampling designed included two large sail servos 

mounted in a wooden frame that were attached to the wing bottom.  Five different flight 

patterns were explored (one, two, three, and four consecutive waypoints and four 

waypoints in a figure-8 pattern) to determine the most appropriate sampling path for 

aerobiological sampling above crop.  The project completed 25 sampling test flight 

conducted 10 m to 100 m above agricultural fields.  The study concluded that an orbital 

sampling pattern around a single GPS waypoint exhibited high positional accuracy with 

altitude standard deviations of 1.6 to 2.8 m. 

 

V. Remote sensing in precision agriculture 

Continued competition and increasing water scarcity drives innovations in 

precision crop management (PCM).  Robert et al. (1995) defined PCM as “an 

information- and technology-based agricultural management system to identify, analyze 

and manage site-soil spatial and temporal variability within fields for optimum 

profitability, sustainability and protection of the environment.”  Moran et al. (1997) 

defines PCM as an agricultural management system designed to target crop and soil 

inputs according to within field requirements to optimize profitability and protect the 

environment.  Remote sensing (RS) has been identified as a cost-effective technology for 

PCM by providing spatial and temporal information to develop maps of water stress, 

nitrogen status and canopy density.  In addition, RS of crop evapotranspiration (ETc) 

patterns can be used to schedule irrigations events to match to actual crop water needs.   
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In 2002, Arizona had 836,587 irrigated acres (FRIS, 2003) accounting for 80% of 

freshwater withdrawals. Arizona has experienced explosive growth over the past 50 years 

and the population in central Arizona is projected to exceed six million by 2025 (Jacobs 

and Holway, 2004). A majority of the urban growth in the state has occurred on 

agricultural lands due to restrictions of developments on land without a history of water 

use. Increasing land values near urban areas entices farmers to sell their property for 

considerably greater immediate values than is obtainable through several years farming 

(Livanis, 2006). The grower leases from the developer/investor are generally on year-to-

year cash leases. These changes in land ownership create disincentives for the investing 

in farm conveyance and irrigation system up-grades, resulting in decreased irrigation 

efficiencies.  In 2003, 47% of the farms in Arizona reported some financial barriers to 

water conservation improvements.  Other barriers to adoption were uncertainty about 

future water availability (31%) and operators’ belief that they will not be farming long 

enough to justify improvements (30%) (FRIS, 2003).  Possibly, remote sensing, crop 

models, and irrigation models, can be used as a lower cost method for improving farm 

water management without investments in infrastructure for this short term farming 

mentality. 

 

PROBLEM STATEMENT AND RESEARCH OBJECTIVES 

The overall goal was to use evaluate the performance of a relatively low cost 

guidance system by comparing UAV’s GPS data (e.g., horizontal and vertical records) 

against two commercial GPS receivers.  This information will be used to plan remotely 
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sensed data collection schemes over agricultural fields and rangelands. This research 

submitted three manuscripts for publication and the specific objective for each 

manuscript is provided below.   

 

VI.  Appendix A research objectives 

This study examined the feasibility of acquiring high-resolution aerial imagery 

with a remotely piloted vehicle (RPV). The RPV acquired vertical, low-altitude, high-

resolution digital imagery in order to delineate the boundaries of a fire area. The aerial 

imagery was compared to ground-based measurements.   

 

VII.  Appendix B research objectives 

To survey remote sensing experts and apply multi-objective analysis (MOA) to 

identify the best overall remote sensing at three different pixel sizes: very fine (<5 cm), 

fine to moderate (0.5 m – 1.0 m), and moderate to coarse resolutions (0.1 km – 1.0 km).  

 

VIII.  Appendix C research objectives 

• To determine the precision and accuracy of the receivers and guidance 

system in a stationary test.  

• To determine the accuracy of the receivers and guidance system in a land 

vehicle. 

• To determine the relative accuracy of the UAV guidance system and 

receivers in flight tests.  
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PRESENT STUDY 

I. UAV System Cost 

Table 1 summarizes the various components for each platform (i.e., ground 

support equipment and supplies) and is followed with a discussion on the various parts. 

 

Table 1. An itemized list of the UAV components and their associated costs. 

Airframe Cost 

Sig Kadet Senior $220 

4.8 V batteries (2 @ $20) $40 

Transmitter, receiver, and servos $300 

Construction supplies (MonoKote, tools, hardware, etc.) $300 

Total 

 

$1,020 

 

Nitro Engine  

O.S. 91FX $230 

Prop  $7 

Tote (Carrier, glow plug, starter, and battery) $120 

Fuel per gallon $18 

Total $375 
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Electric Motor  

e-Flight 90 $150 

Castle 110 amp speed controller $220 

Prop  $6 

15C 8000mAh 11.1-volt batteries ($100 * 8) $800 

Charger $100 

Total 

 

$1276 

 

Autopilot system Cost 

MicroPilot® $1,700 

Garmin eTrex $300 

Panasonic Lumix 8.1 Mega Pixel Camera $150 

Garmin GPS 18 OEM $75 

Control electronics $100 

Data logger $200 

Total 

 

$2525 

 

Laptop $300 

  

Total cost of gas platform $4060 

Total cost of electric platform $4961 
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A. Motor and airframe 

The Sig Kadet Senior ARF was selected because of it high-wing configuration, 

flat- bottom airfoil, large control surfaces, and a high power-to-weight ratio provides for 

stable, slow and gentle flight operation.  In addition, its design allows it to correct itself 

and return to level flight. 

 

B. Transmitter and receiver 

The Spektrum receiver AR7000 and transmitter DX7 combines an internal and 

remote receiver providing superior path diversity.  The radio system creates duel radio 

frequency (RF) paths by transmitting simultaneous frequency which reduces path 

redundancy.  In addition, each receiver is installed in slightly different locations that 

expose each to a different RF creating an ultra-secure RF link (Spectrum 2009).  

Spectrum was selected because reasonably priced and it creates a unique RF signal, thus, 

eliminates inferences related to traditional receiver/transmitter systems. 

 

C. Nitro Motor 

The engine of the initial platform was an O.S. 91FX 2-stroke glow fuel (nitro) 

engine.  The engine size is greater than the recommended of 6.5 - 7.5 cm³ to 10 cm³ 

engines for the Kadet Senior.  The engine was oversized to increase the airplane’s 

carrying capacity.  The most economical field totes are complete kits for beginner flyers 

that include a wood carrying case/toll box; a starter and starter battery; a glow plug and 

wall charger; a control panel; and fuel pump and hoses.  
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D. Electric Motor 

Advantages of using a nitro engine are longer flight durations, and they are less 

expensive than electric airplanes.  Despite the fact that O.S. engines are top of the line, 

the project converted to electric motors because nitro engines are messy (i.e., spent fuel 

on fuselage and wings) and engine vibrations create image distortions.  Electric planes 

deliver clean and quiet performance.  The electric motor selected was the e-Flight Power 

90 Outrunner with the power equivalent to the power of a 90-size, 2-stroke glow engine.  

The e-Flight motor will power an airplane up to 6 kg with up to 1800 watts of power.  A 

Castle Phoenix 110 amp speed controller was selected because it capacity exceeded the 

electric motor’s manufacturer specifications.  Castle Creations, Inc. is a reputable speed 

controller manufacturer, and as a result, is more expensive than other brands.  The most 

economically priced Li-po batteries were found through the Internet which were 

manufactured by T-Energy and distributed through Rite Hobby.   

 

E. Construction Supplies 

The Kadet Senior was stripped and recovered with MonoKote covering because 

the factory covering was susceptible to nics and tears.  Other construction supplies 

included an iron, Exacto knives, CA glue, epoxy, Allan wrenches (metric and English), 

prop reamers, and battery connectors. 
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F. Laptop 

The MicroPilot® and data logger files were downloaded via nine-pin serial port. 

Serial ports have been phased out from newer laptops, and as a result, an older model 

laptop was used.  The project avoided using USB adaptors because they are known to be 

unreliable which may result in a loss of data.   

 

G. Autopilot system 

The MicroPilot® autopilot system was selected based on price, ease of 

installation and proven performance.  At the time the MicroPilot® system was purchased, 

there were no reasonably priced autopilots with specifications comparable to that of 

MicroPilot®. 

 

H. Camera sensor package 

The eTrex, Sony camera, and GPS18 were all selected based on their reasonable 

price and size.  The data logger was small, light weight, and inexpensive system that was 

custom built by Vince Jenkins from Securaplane.   

 

I. Autopilot Calibration 

The autopilot is programmed with HORIZONmp p software which calibrates the 

autopilot’s speed, throttle, and preferred methods of maintaining level flight.  The servo 

throws, directions, and zeros were mechanically adjusted independent of each other 

without engaging the autopilot.  The servos were then adjusted using the MicroPilot® 
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Configuration Wizard software that provides step-by step instructions on how to set the 

units of measure (i.e., English or metric) , verify aircraft direction, servo configuration, 

test RC input, altitude hold mode (i.e., elevator to control altitude and throttle is used to 

control airspeed; elevator controls airspeed and throttle controls altitude; or elevator 

controls altitude and the throttle is fixed), and settings for speed, altitude, throttle, and 

battery (Figure 1).  In addition, the Configuration Wizard verifies the autopilot transfers 

to and from computer in command (CIC) and pilot in command (PIC) modes.   

 

 

Figure 1. The MicroPilot® configuration Wizard provides step-by step instructions on 

how to select measurement units, calibrate control surfaces, and verify CIC and PIC 

modes are functioning correctly. 
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In addition, the HORIZONmp software includes a proportional integral differential 

(PID) controller that allows the adjustment of the servo setting (Figure 2).  The study 

made PID adjustments to improve the turning radius, elevation control, roll from heading, 

and throttle from altitude.   

  

Figure 2. Servo calibration and PID adjustments in HORIZONmp. 

 

J. Flight programming 

The flight path is programmed using a specified code that is generated in 

HORIZONmp and uploaded to the UAV (Figure 3).  Each flight program can be saved as 

a separate fly file.  Flight commands are used to navigate the aircraft; it sets the units (i.e. 

metric, imperial, or default units), flight altitude, programmed flight route, and return 

location.   
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Figure 3. Programming the waypoints in Miropilot HORIZONmp. 

 

II.  Flight Simulations 

It is easy to make an error when entering the waypoints so the programmed route 

is validated through  HORIZONmp flight simulator.  Simulations allow the user to verify 

that the waypoints and holding patterns are correct.  It displays the route, waypoints, and 

position of the aircraft as it moves over its trail (Figure 4).  UAV simulation settings 

include duration, heading, latitude, longitude, wind speed, wind heading, and transmitter 

range.  
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Figure 4. Simulating programmed flight path in MicroPilot® HORIZONmp. 

 

III.  MicroPilot® telemetry file and Logview 

Each flight is recorded with an internal data logger that is saved as a comma 

delimited text file and downloaded via a serial port.  The autopilot starts recording data 

once it is triggered and the files are deleted after the system has been powered up two 

times.  The data is recorded at a rate of five samples per second but does not report a time 

component.  The log file is extensive and most of the fields recorded are not of interest.  

Once downloaded, the flight path is plotted in MicroPilot®’s Logviewer.  In addition, 

Logviewer allows the user to select parameters of interest to be graphed with relation to 

time (Figure 5).  The relevant MicroPilot® fields include longitude, latitude, pitch, roll, 

airspeed, GPS speed, and altitude.   
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Figure 5. MicroPilot® software allows user to plot altitude, roll, pitch, and yaw for the 

flight. 

 

IV.  UAV Pre-flight check  

The following pre-flight check routine was conducted prior to each flight.  

• Transmitter/receiver range check 

• Check the battery voltage 

• Calibrate the engine throttle by checking that it does not stall at idle or 

when tipped up at full throttle 

• Check the camera servo is adjusted correctly and triggers the camera 

• Check all wire connections for the camera and data logger 

• Turn on camera and data logger 

• Completely fuelled  
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• eTrex is ready to navigate and in track mode 

   

V. MicroPilot® pre-flight check  

The autopilot initialization process zeros all sensors and locates satellite signals to 

lock on to.  There is no UAV control until this initialization is complete.  Once the GPS 

signal is locked, the preflight check is performed. The MicroPilot® pre-flight check 

includes: 

• Check the change in control surfaces between manual and autopilot 

control. 

• Check the roll, pitch and yaw by rotating the UAV and verify the ailerons, 

elevator, and rudder move in the correct direction to compensate for this 

movement. 

• Check the airspeed sensor by covering the pitot tube to obtain an increase 

in pressure reading as this is comparable to an increase in airspeed. 

• Turn the transmitter off and verify that it switches to autopilot control. The 

operator needs to verify the servos lock and do not move. 

 

VI.  GPS18 data file 

The Garmin GPS18 receiver was connected to a camera or a sensor/data logger package 

(Figure 6b).  The data logger that recorded time in Coordinated Universal Time 

(HHMMSS), latitude, longitude, and flying altitude from the GPS18.  The GPS18 data 
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was saved in a comma delimited format and downloaded via a serial port at the 

conclusion of the flight (Figure 7).   

 

 

Figure 6. The camera sensor package include (a) 8.1 megapixel Panasonic Lumix camera, 

(b) GPS18, (c) power supply, and (d) data logger. 

 

Table 2. An example of the GPS18 raw data file format. 
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VII.  VBA data conversion program  

It is necessary to process the GPS18 data file in order to graph it.  Initially, the 

data was manually converted in Excel and imported into ArcMap to plot the flight path.  

This was redundant and time consuming.  In order to expedite data processing, Dr. Peter 

Waller created a VBA/Excel program to automate data reformatting and conversion.  The 

VBA converts Coordinated Universal Time (UTC) to HH:MM:SS in Mountain Standard 

Time and decimal hours and the latitude and longitude from decimal minutes format 

(hddd mm.mmm) to decimal degrees in an Excel Worksheet (Figure 8). This program 

produces graphs of time vs. altitude (Figure 9a), and plots a scaled graph of the flight 

path with elevation or sensor data indicated by Marker colors (Figure 9b).  The VBA 

program is a significant improvement in data processing because it simplifies the 

conversion process and allows laptop data analysis and presentation in the field.   

 

Table 3. An example of an Excel formatted GPS18 data file. 
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Figure 7. The VBA program plots altitude vs. time (a) and scaled graphs of the flight path 

(b). 

 

VIII.  IRT Output configuration and data conversion 

The IRT sensor package is independent of the camera system.  In addition to the data 

recorded for the camera system, the IRT system includes an IRT body and target sensors; 
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670 nm, 720 nm, and 790 nm diodes; air temperature and humidity sensors; and IRT 

body and target sensors (Table 2).  Examples of the imported raw comma delimited file 

and convert data file is provided Figure 10a and Figure 10b.  Similar to the GPS18 VBA 

program, the IRT VBA program plots all the sensor data and NDVI (Figure 8).   

 

Table 4. IRT log file format and unit conversion formulas. 

Column Data recorded 

Column 1 UTC 

Column 2 Latitude (decimal minutes) 

Column 4 Longitude (decimal minutes) 

Column 6 Altitude (## Meters ASL) 

Column 7 670nm diode 

Column 8 720nm diode 

Column 9 790nm diode 

Column 10 air temp 

Column 11 humidity 

Column 12 IRT body 

Column 13 pressure 

Column 14 IRT target 
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Table 5. Example of an imported IRT log file (a) and file conversion in Excel (b). 

 

 

 

Figure 8. The VBA program allows the user to plot field data. 
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OVERALL SUMMARY 

Low-cost UAV system designed with commercially available products can 

provide researchers, natural resource managers, and agricultural producers a safe, 

innovative, and cost effective method of aerial data collection. This may be of particular 

importance under rapidly changing conditions during which managers must react 

accordingly.  Improvements for future projects include; autonomous take off and landing; 

greater payload capacity; increased range; and calibration of the thermal infrared and 

multi-spectral sensors.  

 

OVERALL CONCLUSIONS 

I. Appendix A 

The project demonstrated that RPV systems equipped with commercially 

available products can provide natural resource managers with a safe, innovative, and 

cost effective method of obtaining high resolution aerial photography.  The project 

achieved a 92.4% correlation between the aerial assessment and the ground truth data, 

demonstrating the feasibility of using RPVs to obtain high-resolution, low altitude, 

vertical digital imagery to map fire boundaries.  The cost, accessibility, and the ability to 

perform multiple missions provide advantages over satellites and airplanes. These 

features are particularly important when wildland conditions are rapidly changing and 

land managers must react accordingly.   
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II.  Appendix B 

The MOA surveyed five RS experts in to determine the “best overall RS 

technology” based on their preferences.  First, participants were instructed to weigh the 

importance of each attribute relative to the others.  Second, each participant assigned a 

numerical rating as to how well each attribute is captured or fulfilled by each platform. 

The attributes presented included, cost, efficiency, flexibility, payload capacity, spatial 

coverage, and spatial, spectral, and temporal resolutions.  The considerations of all of 

these attributes are not applicable to all of the platforms presented. For example, 

researchers did not acquire the cost of satellite systems nor was there control over 

payload capacities.  Third, a special multi-criteria method, social choice was applied for 

the final selection.  

The results consistently identified hand held sensors and manned aircraft to be the 

best overall technology for very fine (<5 cm) and fine to moderate (0.5 m – 1.0 m) pixel 

resolutions.  AVHRR and MODIS were tied as best alternatives for moderate to coarse 

(0.1 km – 1.0 km) pixel resolution imagery.  In future surveys, each of the spatial 

resolution categories should be ranked independently of each other instead of ranking the 

platforms/sensor attributes once and applying these values to the three different spatial 

resolution categories.  The medium resolution results are biased because none of the 

experts had any experience related to RPV/UAV technologies. Although there were 

limitations to the methods, they can be expanded in the future to include more experts 

and attributes to provide a more robust analysis.   
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III.  Appendix C 

The stationary horizontal precision of the eTrex, GPS18, MicroPilot®, and 

GeoXT GPS receivers at the 95% confidence level were 10.7 m, 10.6 m, 9.51 m, and 

3.50 m, respectively.  The accuracy of the commercial grade receivers for the stationary 

test as determined by the GeoXT was between 9.19 m and 11.11 m.  At the 95th 

percentile, the differences in elevation from the GPS receiver average elevation for the 

eTrex, GPS18, MicroPilot®, and GeoXT were within 14.6, 30.2 m, 13.5, and 7.90 m, 

respectively.  The distances from the GeoXT average elevation at the 95th percentile for 

the eTrex, GPS18, and MicroPilot® were 13.8 m, 20.0 m, and 15.6 m.  The horizontal 

dynamic accuracies at the 95th percentile for the eTrex, GPS18, and MicroPilot® in the 

dynamic test were approximately half the accuracies of the stationary test at 4.50 m, 6.80 

m, and 5.40 m.   

The MicroPilot® receiver reported minimum and maximum distances from the 

flight line of 0.07 m and 172 m for the eleven test flights.  Extending the programmed 

waypoints when there is a change in direction (i.e., 90 degree – 180 degree turns) will 

reduce the measured distance from the transect.  The measured distance to the flight line 

decreased dramatically to 19 m at the 95% confidence level when considering only the 

later half of the flight line.   

Flights 1, 2, 10, and 11, included the GPS18 and eTrex receivers.  The eTrex data 

was inconsistent with the data reported from by the GPS18 and the MicroPilot® 

receivers.  The GPS distances from the transect at the 95th percentile varied between 

9.29%, 10.5%, 33.8%, and 8.03% for flight 1, 2, 10, and 11, respectively.  In general, the 
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autopilot maintained operation at or above the programmed flying elevation.  The roll and 

pitch under calm wind conditions was only one degree in contrast to the seven degree roll 

and pitch resulting from windy conditions.  The horizontal errors under calm and windy 

conditions were 14 m and 20 m, respectively, which is of no consequence when 

investigating vast areas (i.e., commercial farming operations and rangelands).  

Decreasing flight velocities and operating the UAV in the early morning when wind 

conditions tend to be more favorable will reduce deviations from the flight transects and 

improve stability of the platform.   
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I. Abstract 

Extensive research has been conducted using satellite and aerial imagery from 

manned aircraft to detect and define fire severity on landscape scales.  Nonetheless, these 

platforms have limitations, particularly with regard to cost and limits on spatial and 

temporal resolution.  Remotely piloted vehicles (RPV) are effective, low cost alternatives 

to satellites and manned aircraft for acquiring high-resolution images.  We present the 

results of a test project acquiring very high-resolution aerial photography (15 cm – 30 cm 

pixel resolution) with an RPV to map the boundary of a 0.42 km2 fire area located in 

southern Arizona.  The images were acquired at 600 m -1200 m above ground level, 

georeferenced using 1m Digital Orthophoto Quarter Quadrangle (DOQQ) images and 

mosaiced using ERDAS Imagine software.  The boundaries of the fire area were 

delineated from the mosaic and ground-truthed on the surface using a Trimble GeoXT 

GPS receiver.  The project achieved a 92.4% correlation between the aerial assessment 

and the ground truth data.  This study demonstrates that integrating RPV acquired images 

with ground based observations, digital imagery, GIS layers and other site specific 

information can assist in evaluating fire severity: the need for post fire assessments; 

prioritizing the treatments and rehabilitation efforts, and evaluating the effectiveness of 

the treatments and rehabilitation efforts. 

 

II.  Keywords  

remotely piloted vehicles, model airplanes, aerial photography, fire mapping, remote 

sensing 
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III.  Brief Summary (50 words) 

This study examined the feasibility of acquiring high-resolution aerial imagery 

with an remotely piloted vehicle to obtain vertical, low-altitude, high-resolution digital 

imagery to delineate the boundaries of a fire area and compare it with ground based 

measurements.  The project achieved a 92.4% correlation between the aerial assessment 

and the ground truth data.   

 

IV.  Introduction  

Remote sensing is a relatively inexpensive source of data for site-specific 

management purposes.  Remote sensing technologies offer the ability to monitor 

landscapes for quick and continuous assessment of plants, soil and water resources and 

interrelated problems (Myers, 1975).  Extensive research has been conducted using 

satellite and aerial imagery from manned aircraft to detect and define fire severity at 

landscape scales; including the mapping of fire perimeter location, size, and severity; for 

mapping fuel types (Lee, 1941); to assess beetle susceptibility (Matthews, 1978); for fire 

scar mapping (Minnich, 1983) and wildland fire and chaparral succession (Minnich and 

Bahre, 1995) along the California and Baja California boarder.  Other studies have used 

remotely sensed images to assess the fuel danger rating based on vegetation cover (Jain et 

al., 1996); evaluate tree mortality (Turner et al., 1994; White et al., 1996); the occurrence 

of lightening (Cummins et al., 1998); National Fire Danger Rating System fuel model 

prediction (Oswald et al., 1999); calculate the percent crown cover or crown diameter 
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(Scott et al., 2002); and fire risk from mapping cheatgrass (Bromus tectorum) cover (Link 

et al., 2006).  

Jackson (1984) and Moran et al. (1997) reported that limitations to satellite data 

include restricted spectral range, coarse spatial resolution, slow turn around time, and 

inadequate repeat coverage.  Satellite-based sensors have fixed spectral bands that may 

not be applicable to remote sensing application and spatial resolutions may be too coarse 

to detect in-field variability. Satellite images vary in spectral, spatial, and temporal 

resolutions and are available from numerous providers.  The spectral and spatial 

resolutions are set regardless of the satellite platform/model, that is, no modifications can 

be made with respect to changing bands or band widths. In comparison to other available 

satellites, AVHRR and MODIS are available at no cost, pass every 1-2 days, and have set 

spectral bands with coarse spatial resolutions ranging from 0.25 km to 1 km.  These data 

sets are useful for monitoring at global, continental, and biome scales as they generate 

continuous seasonal and year-to-year data.  In contrast, high resolution imagery from the 

Quickbird satellite developed and operated by Digital-Globe provides 61-cm 

panchromatic and 2.44-m multi-spectral images at nadir.  A 60 cm pixel resolution, 

orthorectified, 4 band, pan-sharpened, <500 km2 from Eurimage costs $2,700 (Eurimage, 

2007). Finally, the integration of image analysis from satellites requires extensive 

training in image acquisition, analysis, and interpretation.   

The slow turnaround time and possibly sporadic image collection restricts satellite 

data from some applications. Moran (1994) reported numerous disadvantages associated 

with SPOT, HRV, and Landsat TM satellite data for day-to-day irrigation management 
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decisions.  The study made an effort to acquire every possible SPOT and Landsat image 

for an entire growing season.  Only 31% of the forecasted satellite data acquisition 

opportunities were realized.  A majority of failures were due to weather conditions (i.e., 

cloud, cirrus, cumulus, and haze) or technical difficulties (i.e., conflicts at the receiving 

station, the sensor view angle was of opposite sign with a view angle of +12º, 

programming errors, failure to order satellite data, sensor calibration, and atmospheric 

interference).  Advantages of satellite imagery are repeat coverage over the same location 

at the same altitude, time, and orbital inclination.  Another advantage is the availability of 

highly processed images that have been georeferenced to correct for distortions caused by 

the earth’s curvature and rotation, satellite motion, viewing perspective, and relief 

displacement (Aronoff, 1993).   

Airplanes and helicopters have the ability to collect data more frequently, which 

is particularly important during periods when close monitoring of pending stress (i.e., 

infestations and drought) is critical (Thomson et al., 2005) or when disaster strikes (i.e., 

fires and floods).  Although the type of aircraft used depends on the requirement of the 

data collected, fixed-winged aircraft is the usual platform of choice (Falkner and Morgan, 

2002).  Many projects that require large-scale imagery collected over a relatively small 

area can be accomplished in a day with a single-engine aircraft (Falkner and Morgan, 

2002). Historically, the expense of data collection from manned aircraft and/or satellites 

has led to limited implementation, especially for real time decision making for natural 

resources or agricultural management.  Although the cost of satellite imagery is 

declining, the cost of aircraft is still prohibitive for many research projects, particularly 
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those that require repetitive monitoring.  A seamless orthorectified mosaic with a pixel 

resolution of 15 cm of the Madera Fire cost $2,950 from a local aerial surveying 

company. 

A disadvantage of using airplanes is that platform instability affects the exterior 

orientation (i.e., position and angular orientation) of the image (Xo, Yo, and Zo), making 

image rectification difficult (Leica Geosystems, 2005; Laliberte et al., In review).  The 

camera’s angular rotation is expressed as omega (ω), phi (φ), and kappa (κ). This 

describes the relationship between the ground space coordinate system (X, Y, and Z) and 

the image space coordinate system (x, y, and z) (Leica Geosystems, 2005; Laliberte et al., 

In review).  Rotation about the camera axis results in distortions in the image and 

movement of the image coordinates (Lee, 1941; Laliberte et al., In review).  These 

distortions increase from the center of the picture to the perimeter (Leica Geosystems, 

2005; Laliberte et al., In review).  Thus, the orthorectification of multiple aircraft images 

requires an overlap of 60% along the flight line and a 20%-30% sidelap along parallel 

strips or flight lines (Leica Geosystems, 2005).  The required distance between flight 

lines is dependent on the camera view angle and the altitude above ground level.  Flying 

at lower altitudes produces high resolution images but require more flight lines and 

processing when compared to missions flown at higher altitudes and this can be a 

disadvantage (Jensen, 1986).   

An increasingly popular alternative to satellite and manned aircraft are remotely 

piloted vehicles (RPVs).  RPVs offer an effective, low cost alternative to traditional 

platforms for acquiring high-resolution images (15 cm – 30 cm pixel size) at relatively 
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low costs.  Unlike satellite and high altitude photography (4000 m – 6000 m above 

ground level), high spatial resolution imagery from RPVs allows the differentiation of 

vegetation and landscape features necessary to classify, map, and monitor ecosystem 

functions.  RPVs are readily accessible and provide program managers with increased 

flexibility in their remote sensing operations, since they are easily dismantled for 

transport and assembled on-site.  These systems share the same orientation challenge as 

airplanes, usually to a greater degree because they are considerably smaller in size and 

are more susceptible to wind effects.  However, these systems are limited in range and 

carrying capacities. 

Low-cost, high-resolution digital photography from RPVs and unmanned aerial 

vehicles (UAVs) have been used in identifying root-rot fungus (Phellinus weirii) 

infection in Douglas-fir (Pseduotsuga menziessi) (Tomlins and  Lee, 1983); to evaluate 

vineyard health in Napa, California (Johnson et al., 2001); coffee bean ripeness in Kauai, 

Hawaii (Herwitz et al., 2002 and Johnson et al., 2002), estimate the nutrient status of corn 

and crop biomass of corn in Beltsville, Maryland (Hunt Jr., et al., 2003), yield estimation 

in citrus in Gainesville, Florida (MacArthur et al., 2005), and for weed mapping on 

rangeland sites in Utah, Colorado, New Mexico and Texas (Hardin and  Jackson, 2005).  

Table 3 provides a comparison of the various platforms mentioned.   

This study examined the feasibility of acquiring high-resolution aerial imagery 

with an RPV to obtain vertical, low-altitude, high-resolution digital imagery to delineate 

the boundaries of a fire area and compare it with ground based measurements.  This paper 
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describes the platform in detail, image acquisition and processing, results discussion, and 

concludes with lessons learned and recommendations for future research projects. 

 

V. Site Description  

The fire occurred at the Madera Canyon Recreation Area which is located on the 

west slope of the Santa Rita Mountains 72 km south of Tucson, near the Arizona-Mexico 

border.  The canyon is approximately 6.5 km in length, descending to the northwest, and 

varies in elevations from 1,220 m to 2,880 m.  Precipitation averages 300 mm to 500 mm 

in the valley most of which comes with the monsoons in late July through August 

(Moore, 1999).  Seasonal intermittent stream from snow, rain, and natural springs flow 

west to the Santa Cruz River.  Temperatures vary from 0◦ C on the peaks in winter to 

summer temperatures of 43◦ C (Moore, 1999).  

Vegetation is typical of the oak/pinon-juniper transition, including graythorn 

(Ziziphus obtusifolia), ocotillo (Fouquieria splendens), soaptree and Schott’s yuccas (Y. 

Yucca elata and Y. schottii), emery oak (Quercus emoryi), and pinyon (Pinus 

Cembroides) (Moore, 1999).  The riparian vegetation includes Arizona sycamore 

(Platanus wrightii), Fremont cottonwood (Polulus fremontii), Arizona ash (Fraxinus 

velutina), Mexican blue oak (Parkinsonia aculeate), netleaf hackberry (Celtis reticulate), 

Arizona white oak (Quercus arizonica), and alligator juniper (Juniperus deppeana) 

(Moore, 1999).  The cool understory shrubs in riparian areas include skunkbush (Phus 

aromatica), buckthorn (Ceanothus), and currant (Moore, 1999).  Common grasses in the 

study area include Arizona cottontop (Digitaria californica), fluffgrass (Erioneuron 
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pulchellus), big galleta (Pleuraphis (Hilaria) rigida), tobosa (P. (Hilaria) mutica), 

lovegrass (Eragrostis), tanglehead (Heteropogon controtus), dropseed (Piptochaetium 

fimbriatum), sprangletop (Leptochola), ricegrass (Oryzopsis), and grama (Bouteloua spp) 

(Moore, 1999).   

The human-ingited Madera Fire started around 11:30 a.m. on June 22, 2007.  The 

fire moved along the Madera Creek bed, to Madera Canyon Road, crossed the road, and 

then traveled southeast along a mountain ridge and down the steep slopes into the canyon 

(Friends of Madera Canyon website, 2007). The Forest Service implemented full 

suppression efforts with ground crew and fire retardant drops from aircraft.  The fire was 

contained on June 23.  In terms of overstory and herbious plants, approximately 80% of 

the area suffered low to moderate severity with the remaining area experiencing high 

severity (Gordon personal communication, 2007).  Post-fire rehabilitation action is 

unnecessary.   

 

VI.  Materials and methods 

The RPV flown in the study was a custom built airplane powered by a 7.53 cc, 2-

stroke glow fuel (nitro) engine, with a wingspan of 2.85 meters, a chord (distance 

between the leading edge and trailing edge of a wing) of 0.35 m, and a wing area of 1 m2 

(Figure 9) The aircraft design included a V-tail that combines the tasks of the rudder and 

elevator into two hinged surfaces that are set into a V-shaped configuration when viewed 

from the front or the rear.  This reduces the surface area of the tail, producing less drag 

and turbulence.  The V-tail and elevator were mixed electronically, each with its own 
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servo.  The fuselage was 2.37 m long and 0.46 m high with a clearance of 0.13 m.  The 

combined weight of the airplane (3.5 kg) and camera (1 kg) was 4. 5 kg.  The seven 

channel transmitter and receiver operated at a frequency of 7.72 GHz and had a control 

range of 3.23 km.  Given the weight and configuration of the airplane along with the fuel 

capacity and engine horsepower, the RPV was capable of flight speeds of 40 km/h for a 

duration of 30 minutes.  The airplane required approximately 50 hours to construct.  The 

costs for the airplane supplies, camera, and data logger were $550, $300, and $50, 

respectively.   

 

 

Figure 9. The RPV was custom built with a 7.53 cc and a 2-stroke gas engine, a 2.85 

meter wingspan, a 0.35 m chord, and a wing area of 1 m2. 

 

The camera system on the RPV included a GPS unit and a data logger that 

recorded the latitude, longitude, flying altitude, and time for every image taken.  The 
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coordinates were saved in a comma-delimited format and downloaded via a serial port 

(Figure 10).  The camera used was a Sony DSC-P200 seven megapixel digital camera 

with a shutter speed of 1/1000 sec, a maximum pixel resolution of 3072 x 2304, and a 2 

gigabyte memory stick.   

 

 

Figure 10.  The camera system included a battery, GPS unit, and a data logger. 

Four images were were taken one month after the start of the fire were selected 

based on sharpness and near nadir (without camera rotation) acquisition.  These images 

were downloaded and georeferenced independent of each other against a 1 m DOQQ in 

Erdas Imagine 9.0 (Lecia Geosystems, 2005) using the polynomial geometric model.  

Five to seven ground-control points were selected to calculate the transformation matrix 
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for each image and resampled using bilinear interpolation.  These georeferenced images 

were then mosaiced. Histogram breakpoints and automatic cutlines were used to color 

balance the images.  The mosaiced images were imported into ArcMap and used to create 

a polygon of the fire boundary (Figure 11). 

It required approximately three and a half hours to walk and record the boundary 

of the fire using a Trimble GeoXT global positioning system receiver (Figure 11). These 

receivers have a horizontal RMS of 51 cm in open sky (Trimble Navigation Limited, 

2004). The polygon collected by the receiver was differentially corrected using Trimble’s 

Pathfinder Office application software and imported into ArcMap for comparison with 

the fire boundary created from the mosaiced images (Figure 11).   
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Figure 11. Images of the Madera Fire were acquired at 600 m -1200 m above ground-

level.  They were orthorectified and mosaiced using ERDAS Imagine software.  The 

parameter of the burned area was recorded on the ground using a Trimble GeoXT GPS 

receiver with a horizontal accuracy of 500 mm. 

 

VII.  Results and discussion 

The extent of the fire area was initially unknown and difficult to assess from 

ground based observations.  Two flights were required to capture the entire scene.  Four 

hundred ninety six images were collected on the first flight and 649 images on the 

second. A review of the images from the first flight indicated the plane had to be flown 

considerably higher and further to the southeast portion of the fire area.  GPS points for 
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every picture were recorded for the first flight.  The coordinates for the second flight 

were not recorded due to system or operator errors.  Although the lack of coordinates on 

the second flight meant additional time was necessary to locate the images within the 

landscape, it did not adversely affect the quality of the georeferencing process.   

The boundary coordinates, in decimal degrees, of the area of interest are:  -

110.8917 west, -110.8785 east, 31.7457 north, and 31.7553 south.  The RPV acquired 

pictures from 441 m to 1055 m above ground level, resulting in images measuring 596 m 

x 440 m to 1208 m x 1050 m with pixel resolutions ranging from 14.33 cm to 34.32 cm.  

A minimum of four to seven ground control points were used to georeference the images.  

The control point errors for these images were 10, 19, 24, and 100% of the pixel size.  

The largest error occurred in the southeast region of the fire where few distinguishing 

land features made rectification more difficult.   

The perimeter of the fire delineated from the mosaic was 0.41 km2, only slightly 

greater than the GPS acquired map of 0.39 km2. The project achieved a 92.4% correlation 

between the aerial assessment of the fire area and the ground truth data (Figure 12).  Part 

of this discrepancy was due to the inaccessibility of this area.  The area along the eastern 

and southeast portions were steeply sloped and with heavy brush, respectively. 
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Figure 12. The study achieved a 92.4% correlation between the aerial assessment of the 

fire area and the ground truth data. 

The gas engine created vibrations in the platform that resulted in image blurring 

and this had the greatest impact on image quality.  The effect of wind was minimized by 

flying early in the morning when differences in temperature gradients are less and wind is 

milder.  There were a number images acquired near nadir and of superior sharpness but 

low spatial coverage.  A majority of the pictures appeared near nadir but geometric 

distortions from the surface and camera angles became apparent upon georeferencing.  

Image distortions increase from the center of the picture and out towards the perimeter.  

Clipping and discarding the outer portions of the images would reduce distortions but 

would impact the image overlap and the final mosaic.   
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VIII.  Conclusions 

RPV systems with commercially available products can provide natural resource 

managers with a safe, innovative, and cost effective method of obtaining high resolution 

aerial photography.  The project achieved a 92.4% correlation between the aerial 

assessment and the ground truth data, demonstrating the feasibility of using RPVs to 

obtain high-resolution, low altitude, vertical digital imagery to map fire boundaries.  The 

cost, accessibility, and the ability to perform multiple missions provide advantages over 

satellites and airplanes. These features are particularly important when wildland 

conditions are rapidly changing and land managers must react accordingly.  

Improvements for future projects include programmable flight lines; autonomous take off 

and landing; greater payload capacity; the integration of thermal infrared and multi-

spectral sensors; tilt, pitch, and yaw; and increased range. 
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Table 6. A comparison of various remote sensing platforms/sensors. 

Platform/sensor QUICKBIRD LandSAT7 AVHRR MODIS ASTER SPOT Manned 
aircraft 

Project 
RPV 

Swath width (km) 16.5   165 2399 2330 60 60-80 0.45 km 0.60 - 
1.2 

Number of Bands 5 7 5 36 14 5 Digital 
color 

Digital 
color  

Spatial resolution (m) 0.60 & 2.4  30  1100  250 - 
1000 

15 – 90  2.5 – 20  0.15 0.15-
0.30 

Repeat cycle (days) 3-7 16 0.5 1-2 16 2-3 One 
flyover 

On 
demand 

Image cost <500 km2 
from $2,700 

Free Free Free Free $249-
1,063 

$2,950 Free 

Platform/sensor cost NA NA NA NA NA NA NA $800 



 

 

75 

APPENDIX B - SELECTING THE BEST REMOTE SENSING PLATFORM FOR 

ENVIRONMENTAL ASSESSMENT USING MULTI-OBJECTIVE ANALYSIS 

 

A. R. Roanhorse1, Ferenc Szidarovszky2, Peter Waller1, and Diaa El Shikha1 

 

1  Department of Agricultural and Biosystems Engineering, University of Arizona, 

Tucson, AZ 85721-0038 

2  Department of Systems and Industrial Engineering, University of Arizona, Tucson, AZ 

85721-0020 

 

Submitted to the International Journal of Remote Sensing 

  

 



 

 

76 

I. Abstract 

Remote sensing has been identified as a cost-effective technology for site-specific 

management.  This technology offers geographically extensive and continuous 

assessment of plants, soil and water resources, and other land surface phenomena.  

Selection of the best available remote sensing technology is determined in most cases by 

platform and sensor attributes.  If these attributes can be quantified, then a multi-

objective analysis may be performed to assess quantitatively the tradeoffs between 

different sensor and platform attributes, identifying the best overall technology. We 

present pioneering work by applying multi-objective analyses to remote sensing 

technology.  We surveyed experts to identify the best overall technology at three different 

pixel sizes: very fine (<5 cm), fine to moderate (0.5 m – 1.0 m), and moderate to coarse 

resolutions (0.1 km – 1.0 km). Platform technologies included hand held sensors, booms, 

remotely piloted vehicles, unmanned aerial vehicles, manned aircraft, Quickbird, 

Landsat, AVHRR, MODIS, ASTER, and SPOT.  We used plurality voting, Borda count, 

Hare system, and pairwise voting to analyze survey responses.  Results suggest hand held 

sensors and manned aircraft platforms were favored for applications requiring very fine 

and fine to moderate spatial resolutions.  AVHRR and MODIS were rated equally as the 

best alternatives for applications requiring moderate to coarse resolution imagery.   

 

II.  Introduction 

Remote sensing imagery allows for quick and continuous assessments on local, 

regional and global scales, and thus, is an effective method of monitoring and assessing 
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vegetation (i.e., discriminating vegetation type, vigor, chlorophyll concentration, and 

biomass), soils and geology (i.e., clay minerals, iron minerals, carbonates, and sulfates), 

snow and ice hydrology, desertification and drought, oceanography and limnology, and 

atmosphere (i.e., ice clouds, water clouds, ozone, methane water vapor, aerosols, smoke, 

oxygen, and carbon dioxide) (Jensen, 1986).  Other advantages of remote sensing 

technologies include the availability of synoptic scenes, varied spatial resolutions, multi-

spectral data, multi-temporal coverage, cost effectiveness, and the ability to monitor 

inaccessible areas (Joshi et al., 2004).  Remote sensing observations have been used to 

evaluate the biotic effects of grazing (Lusby, 1970); estimating gross primary production 

(Hunt Jr., et al., 2005); conduct landscape-level evaluations of plant community 

distribution and patch dynamics (Booth et al., 2003); mapping the actual and predicting 

the potential distribution of invasive species (Joshi et al., 2004); plant and animal 

inventories; and hydrology (i.e., runoff, erosion, and infiltration). 

Jackson (1984) and Moran et al. (1997) reported limitations of satellite data 

include restricted spectral range, coarse spatial resolution, slow turn around time, and 

inadequate repeat coverage.  Satellite-based sensors have fixed spectral bands that are not 

necessarily applicable to project objectives and the spatial resolution too coarse to detect 

in-field variability. Satellite imagery vary in spectral, spatial, and temporal resolutions 

and is available from numerous providers.  Regardless of the satellite platform/model, the 

spectral and spatial resolutions are set (i.e., no modifications can be made with respect to 

changing band or band widths). In comparison to other available satellites, AVHRR and 

MODIS are available at no cost, pass every 1-2 days, and have set spectral bands with 
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coarse spatial resolutions ranging from 0.25 km to 1 km.  These data sets are useful for 

monitoring at global, continental, and biome scales as they generate continuous seasonal 

and year-to-year data.  In contrast, high resolution imagery from the Quickbird satellite 

developed and operated by Digital-Globe provides 61-cm panchromatic and 2.44-m 

multi-spectral images at nadir.  A 60 cm pixel resolution, orthorectified, 4 band, pan-

sharpened, <500 km2 from Eurimage costs $2,700 (Eurimage, 2007). Finally, satellite 

imagery requires extensive training in image acquisition, analysis, and interpretation.   

Moran (1994) reported numerous disadvantages associated with SPOT, HRV, and 

Landsat TM satellite data for day-to-day irrigation management decisions.  The study 

made an effort to acquire every possible SPOT and Landsat image for an entire growing 

season.  Only 31% of the forecasted satellite data acquisition opportunities were realized.  

A majority of failures were due to weather conditions (i.e., cloud, cirrus, cumulus, and 

haze) or technical difficulties (i.e., conflicts at the receiving station, the sensor view angle 

was of opposite sign with a view angle of +12º, programming errors, failure to order 

satellite data, sensor calibration, and atmospheric interference).  Advantages of satellite 

imagery are repeat coverage over the same location at the same altitude, time, and orbital 

inclination.  Another advantage is the availability of highly processed images that have 

been orthorectified to correct distortions resulting from the earth’s curvature and rotation, 

satellite motion, viewing perspective, and relief displacement (Aronoff, 1993).   

Airplanes and helicopters have the ability to collect data more frequently, which 

is particularly important during periods when close monitoring of pending stress (i.e., 

infestations and drought) is critical (Thomson et al., 2005) or when disaster strikes (i.e., 
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fires and floods).  Although the type of aircraft used depends on the requirement of the 

data collected, fixed-winged aircraft is the usual platform of choice (Falkner and Morgan, 

2002).  Many projects that require large-scale imagery over relatively small areas can be 

accomplished in a day with a single-engine aircraft (Falkner and Morgan, 2002). 

Historically, the expense of data collection from manned aircraft and/or satellites has led 

to limited implementation, especially for real time management in natural resources and 

agriculture.  Although the cost of satellite imagery is declining, the cost of aircraft is still 

prohibitive for many research projects, particularly those requiring repetitive monitoring.  

 A disadvantage of using airplanes is that platform instability affects the exterior 

orientation (i.e., position and angular orientation) of the image (Xo, Yo, and Zo), making 

image rectification difficult (Leica Geosystems, 2005; Laliberte et al., In review).  The 

camera’s angular rotation is expressed as omega (ω), phi (φ), and kappa (κ). This 

describes the relationship between the ground space coordinate system (X, Y, and Z) and 

the image space coordinate system (x, y, and z) (Leica Geosystems, 2005; Laliberte et al., 

In review).  Rotation about the camera axis results in distortions in the image and 

movement of the image coordinates (Lee, 1941; Laliberte et al., In review).  These 

distortions increase from the center of the picture to the perimeter (Leica Geosystems, 

2005; Laliberte et al., In review).  Thus, the orthorectification of multiple aircraft images 

requires an overlap of 60% along the flight line and a 20%-30% sidelap along parallel 

strips or flight lines (Leica Geosystems, 2005).  The required distance between flight 

lines is dependent on the camera view angle and the altitude above ground level (Jensen, 

1986).  Flying at lower altitudes produces high resolution images but require more flight 
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lines and processing when compared to missions flown at higher altitudes and this can be 

a disadvantage (Jensen, 1986).   

RPVs and UAVs are an increasing popular alternative to satellite and manned 

aircraft.  Other terms that have been used to describe remotely controlled platforms 

include, Unmanned Vehicle Systems (UVS), Automatically Piloted Vehicles (APV), 

Remotely Operated Aircrafts (ROA), pilotless airplanes, Remote Controlled airplanes 

(RC-airplanes), model airplanes, and drones (Eisenbeiss, 2004). The name UAV covers 

all vehicles capable of programmable flight patterns and operated without human 

intervention (Eisenbeiss, 2004).   

RPVs and UAVs provide an effective, low cost alternative to traditional platforms 

for acquiring high-resolution images (5 cm – 30 cm pixel size) at relatively low costs 

(Rango et al., 2006, Laliberte et al., In review).  Unlike satellite and high altitude 

photography (4,000 m – 6,000 m above ground level), high spatial resolution imagery 

from RPVs and UAVs provide differentiation of vegetation and landscape features 

necessary to classify, map, and monitor ecosystem changes at the local and regional 

levels.  These systems share the same orientation challenge as airplanes, to a greater 

extent, because they are considerably smaller in size and are more susceptible to wind 

effects (Laliberte et al., In review).   

Low-cost, high-resolution digital photography from RPVs and UAVs have been 

used in identifying root-rot fungus (Phellinus weirii) infection in Douglas fir 

(Pseduotsuga menziessi) (Tomlins and  Lee, 1983), to evaluate vineyard health (Johnson 

et al., 2002), coffee bean ripeness (Herwitz et al., 2002; Johnson et al., 2002), nutrient 
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status of corn and crop biomass of corn, alfalfa, and soybeans (Hunt  et al., 2005), yield 

estimation in citrus (MacArthur et al., 2005), and for weed mapping (Hardin and  

Jackson, 2005).   

Hand-held sensors are the easiest type of sensor to deploy. These sensors can be 

held with the hand (Stark and Gitelson 2000) or fixed to a hand-held mast (Price et al. 

1993). Disadvantages of hand-held sensors include time consuming data collection; site 

accessibility limitations (i.e., dense vegetation, lack of roads, and flooded areas) (Rango 

et al., 2006); and disturbances to the study area (Shumand and Ambrose, 2003). 

Over the past four decades, scientists have developed various motorized ground-

based sensor systems and booms (Rundquist et al., 2004). These technologies provide 

very high spatial and taxonomic resolutions on small spatial scales and are commonly 

used to ground truth aerial data (Phinn et al., 1996; Rango et al., 2006).  Booms were 

developed and utilized in several recent studies (Barnes et al., 2000; Peterson et al., 2002; 

Colaizzi et al., 2003a; Colaizzi et al., 2003b; Kostrzewski et al., 2003; Scotford and 

Miller, 2004; Xue et al., 2004; El-Shikha et al., 2007) that measured reflectance at 

specific bands with the sensors carried through the field by tractors and center pivot or 

linear move irrigation systems. Spectral data collection with motorized booms is more 

systematic than hand-held sensors because they maintain constant elevation and sensor 

orientation. (Rundquist et al., 2004).   

Selection of the remote sensing technologies is determined, in most cases, by 

platform and sensor attributes (i.e., cost, efficiency, flexibility, payload capacity, spatial 

coverage, and spatial, spectral, and temporal resolutions).  If these attributes can be 
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quantified, then a multi-objective analysis may be performed to assess quantitatively the 

tradeoffs between different sensor and platform attributes, identifying the best overall 

technology. We present pioneering work by applying multi-objective analyses to remote 

sensing technology selection.  Experts were surveyed to identify the best overall 

technology at three different pixel sizes: very fine (<5 cm), fine to moderate (0.5 m – 1.0 

m), and moderate to coarse resolutions (0.1 km – 1.0 km). Platform/sensor technologies 

(Table 7) included hand held sensors and booms in Group 1; RPVs, UAVs, and manned 

aircraft in Group 2; and Quickbird, Landsat, AVHRR, MODIS, ASTER, and SPOT in 

Group 3.  The platform attributes considered in identifying the best overall technology 

were system and data costs, efficiency, flexibility, payload capacity, spatial coverage, and 

spatial, spectral, and temporal resolutions (Table 8).  The multi-objective analysis 

methods used included plurality voting, Borda count, Hare system, and pairwise voting.  

 

III.  Social Choice Methodology 

This paper implements a multi-objective analysis to quantitatively assess and rank 

eleven remote-sensing technologies on the basis of nine different attributes.  First, 

participants were instructed to weigh the importance of each attribute relative to the 

others.  Second, each participant assigned a numerical rating as to how well each attribute 

is captured or fulfilled by each platform. And third, the “overall best” technology is 

selected. 
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IV.  Weighing each attribute   

The eleven different remote sensing platform alternatives are listed in Table 7, 

where they are organized into three groups.  The survey considered nine attributes, which 

are given in Table 8.  The experts weighed the importance of the attributes with the 

constraint that the sum weights equal 100.  For example, Expert A may consider all nine 

attributes equally important, and would thus assign them all equal importance factors of 

11.11 (sum to 100). At the other extreme, Expert B, may consider system cost the most 

constraining attribute and assign it 100, with all other attribute weights equal to zero 

(again sum to 100). In all likelihood, the importance factors will fall somewhere between 

these two cases, with attributes having differing weights in accordance with the expert 

preferences.  

 

V. Rating different technologies 

The platform/sensor technology must be comparatively assessed within the 

context of the nine attributes.  Each expert, using his or her professional judgment assigns 

a numerical rating from 1 to 10 for each technology attribute, with 1 designating that the 

technology “excels” in performance with respect to the other technologies for a particular 

attribute, and 10 designating the technology performs “poorly” with respect to the other 

technologies for a particular attribute.  For example, an expert may rate AVHRR and 

MODIS system and data costs as 1 because data are available at no cost.  Finally, there is 

no technology that fulfills all attributes to the highest possible level, consequently, no 

technology will provide both high resolution (e.g., 5 cm) and a large footprint (e.g., 1.1 
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km).  The assigned values are used in the multi-objective analysis to determine the “best 

overall technology.” Plurality voting, Borda count, Hare system, and pairwise voting 

were used to analyze survey responses.   

 

VI.  Selecting best overall technology 

All of the methods use a decision matrix. It is assumed that several decision 

makers have to select a commonly acceptable alternative from a finite set of choices.  Let 

m be the number of decision makers and n the number of alternatives to select from.  

Each decision maker gives a ranking of the alternatives with the numbers 1 through n, 

where 1 is given to the most preferred alternative, 2 is given to the second most preferred 

one, etc., n is given to the least preferred alternative. If the data given by all decision 

makers are ordered in a matrix in which the rows correspond to the decision makers and 

the columns to the alternatives, then a m x n matrix is obtained, each row of which is a 

permutation of the numbers 1, 2, …, n.  The (i, j) element of this matrix is denoted by aij 

which shows the ranking of alternative j by decision maker i.  Based on this matrix 

several social choice methods can be used to identify the best commonly acceptable 

alternative. 

A. Plurality Voting  

For each alternative we first compute the number of decision makers that have 

this alternative as their best choice and then determine the alternative that has the largest 

number of such votes.  Mathematically, for each alternative we determine the value of 
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The social choice is alternative j*, if  
 

Aj* = max {A1, A2, . . ., An}.     (3) 
 

B. Borda Count.  

The major drawback of plurality voting is the fact that it considers only the most 

preferred alternatives of the decision makers and does not take less important rankings 

into account.  The Borda count considers all less important rankings by computing the 

sum of the rankings by all decision makers for each alternative: 
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and alternative j* is consider to be the social choice if   
 
  Bj* = min{B1, B2, . . ., Bn}.     (5) 
 

Notice that smaller ranking means higher priority by the decision makers, 

therefore the smallest Bj value shows the highest overall ranking. 

 

C. The Hare System  

This is a sequential method, which iteratively eliminates less overall preferred 

alternatives.  In the first step, we calculate the values A1, A2, . . ., An as in applying 
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plurality voting.  These numbers show how many decision makers select each alternative 

as their best choices.  If there is an alternative that is considered the most preferred by at 

least half of the decision makers (that is when Aj ≥ m/2) this alternative is the social 

choice, and the procedure terminates.  Otherwise the alternative with the smallest Aj value 

is eliminated, and the procedure starts from the very beginning with the original m 

decision makers and the remaining n – 1 alternatives.  If alternative jo is eliminated, then 

the elements (j ≠ jo) of the new decision matrix can be updated as 





−
<

=
.1 otherwisea
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ijijijnew
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o      (6) 

 
In order to keep the original identification (indices) of the alternatives, they have 

to be kept on the top of the decision matrix.  After repeating the above elimination step 

sufficiently many times, at least one alternative will have at least m/2 best preferred 

rankings and then the procedure terminates. 

 

D. Pairwise voting  

There are several variants of this method; each of them is based on the 

comparisons of two given alternatives.  This is done in the following way.  Let j and j ’ be 

two alternatives.  Let N(j, j’) show how many decision makers give a more preferred 

ranking to alternative j than to alternative j’.  Mathematically,  

 

∑=
i

jjN 1)',( .      (7) 

        aij < aij’  
           

  . 



 

 

87 

Alternative j is considered overall more preferred than alternative j’, if N(j,j ’) > 

m/2.  Notice that this is the case if more than half of the decision makers give higher 

preference to alternative j than to alternative j’. 

One variant of pairwise voting is to determine all alternatives j for which there is 

no other alternative j’  that is overall more preferred than alternative j.  These alternatives 

are called non-dominated or Pareto optimal, and all of them are presented to the decision 

makers.  In the case of multiple solutions another method has to be used based on the 

non-dominated alternatives to select only one social choice.  

Another variant of this method is based on an agenda of pairwise comparisons 

that is agreeable to all decision makers.  This agenda gives an order, j1, j2, . . ., jn of the n 

alternatives.  First alternatives j1 and j2 are compared by pairwise voting.  The overall 

more preferred is considered the winner, which is then compared to j3.  The winner is 

compared again to j4 etc.  In the last step the winner of the (n – 2)nd comparison is 

compared to jn, and the winner of this final comparison is considered and accepted as the 

social choice.  If in any earlier step the two compared alternatives are equally preferred 

overall, then the process continues with both of them. 

 
VII.  Results  

The attribute rankings for each decision maker are presented in Table 9 and their 

technology attribute ratings are provided in Table 10.  In Table 9, the rows correspond to 

the experts providing the rankings and the columns correspond to the attributes. Table 10 

has five parts each of them presents the evaluation of the different alternatives with 

respect to the attributes by each of the experts.  To quantitatively assess the various 
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technologies, each attribute was multiplied by the corresponding weight the experts 

provided in part 1 of the survey (Table 11).  Next, the sum of each technology attribute 

was determined (Table 12) which represents the weighted sums of the evaluation 

numbers.  And finally, the rankings of the alternatives were determined based on these 

weighted sums. The rankings are shown in Table 13.  The alternatives were divided into 

three groups, Group 1 consisting of alternatives 1 and 2; Group 2 consisting of 

alternatives 3, 4, and 5; and Group 3 consisting of the last 6 alternatives.  The rankings 

were done independently for the three groups.  The above methods were applied based on 

the expert ratings.  

In applying plurality voting, the most preferred alternative is the one which 

received the highest rankings.  The number after each alternative represents the number 

of top rankings. 

 
Group 1  A1 = 0, A2  = 3 

Group 2 A3 = 1, A4 = 1, A5 = 3 

Group 3 A6 = 1, A7 = 0, A8 = 2, A9 = 1, A10 = 1, and A11 = 0. 

 

Since hand held sensors, manned aircraft, and AVHRR have received the highest 

count of 1’s, they are considered the social choices for Groups 1, 2, and 3, respectively.  

Borda count computes the sum of all rankings (i.e., sum of each row in Table 13).  

The results are given below:   
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Group 1 

A1 = 2 + 2 + 0.5 + 2 + 0.5 = 7 

A2 = 1 + 1 + 0.5 + 1 + 0.5 = 4 

 

Group 2 

A3 = 1 + 3 + 3 + 2 + 3 = 12 

A4 = 2 + 2 + 1 + 3 + 2 = 10 

A5 = 3 + 1 + 2 + 1 + 1 = 8 

 

Group 3 

A6 = 3 + 1 + 5 + 6 + 6 = 21 

A7 = 2 + 5 + 6 + 4 + 4.5 = 21.5 

A8 = 6 + 3 + 2 + 1 + 1 = 13 

A9 = 4 + 2 + 1 + 2 + 2 = 11 

A10 = 1 + 3 + 4 + 3 + 3 = 14 

A11 = 5 + 6 + 3 + 5 + 4.5 = 23.5. 

  

Again, hand held sensors (A2 = 4), manned aircraft (A5 = 8) and MODIS (A9 = 11) 

had the lowest sums of rankings and they were therefore accepted as the best alternatives.   

In applying the Hare system for Groups 1 and 2, the best choices are hand held 

sensors (A2) and manned aircraft (A5) since they received best rankings from at least half 

of the experts.  However, for the third group, none of the alternatives received at least 

three votes and elimination must be used.  Landsat and SPOT received no best rankings, 
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so they are eliminated and the remaining alternatives ranked. The modified table is given 

in Table 14.  Since none of the alternatives got at least 3 best rankings, the alternatives 

with the least number of best rankings are eliminated.  They are Quickbird, MODIS, and 

ASTER.  The only remaining alternative, AVHRR (A8), is the social choice.   

Table 13 was used in the pair-wise computations summarized in Table 15 and 

illustrated in Figure 13.  In Group 1, 3 decision makers preferred hand held sensors (A2) 

and one preferred booms, so hand held sensors is the better choice.  In Group 2, the 

overall best alternative is manned aircraft (A5). In Group 3, MODIS (A9) was the most 

preferred choice, since it was better than all other alternatives, so it is the social choice.   

 

VIII.  Discussion 

Jensen (1996) categorized remote sensing spatial scales into global (AVHRR 1.1 

km), continental (AVHRR, Landsat MSS 1.1 km – 80 m), biome (Landsat MMs, TM, 

Synthetic aperture radars 80m-30m), regional (TM, high altitude aircraft, large format 

camera, SPOT 30 m – 3m+), plot (high and low altitude aircraft 3m-1m), and in-situ 

sample site (i.e., surface measurements and observations). Funding and logistical 

limitations require project managers to implement the most available and efficient 

methods of data collection (Shumand and Ambrose, 2003).  

Ground based methods provide data of the highest resolution and are better suited 

for small scale projects (Shumand and Ambrose, 2003).  Ground based data collection at 

regional scales is cost prohibitive (Shumand and Ambrose, 2003).  Handheld sensors and 

booms are limited by site accessibility, but booms are constrained in three-dimensions 
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(i.e., trees and buildings).  The spatial coverage of booms is affected by their tendency to 

sway. One expert considered this an inconvenience while another expert used it to his 

advantage.  Hand held sensors were consistently identified as the sensor and platform of 

choice for Group 1 (i.e., very high resolution) 

All experts participating in the survey had limited experience using RPVs and 

UAVs.  In evaluating manned aircraft, one of the experts included the AVRIS system.  

AVRIS is flown on four different aircraft platforms at 4 to 20 km above sea level (NASA 

Jet Propulsion Laboratory, 2007) and collects hyperspectral data at 5 to 20 m pixel 

resolution. This high performance system was not considered in the survey design.  

Manned aircraft were consistently identified as the best technology in Group 2 for all 

social choice methods.   

For Group 3 (i.e., moderate to coarse pixel resolution), plurality voting and the 

Hare system identified AVHRR as the best alternative but the identification of a single 

technology was not feasible using Borda count and pairwise voting.  AVHRR, MODIS, 

and ASTER were tied using these methods. 

 

IX.  Conclusion 

This multi-objective analysis addresses the conflicting objectives in remote 

sensing platform selection as related to natural resource management.  The determination 

of the “best overall technology” was based in accordance with expert preferences.  First, 

participants were instructed to weigh the importance of each attribute relative to the 

others.  Second, each participant assigned a numerical rating as to how well each attribute 
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is captured or fulfilled by each platform. The attributes presented included, cost, 

efficiency, flexibility, payload capacity, spatial coverage, and spatial, spectral, and 

temporal resolutions.  The considerations of all of these attributes are not applicable to all 

of the platforms presented. For example, researchers did not acquire the cost of satellite 

systems nor was there control over payload capacities.  Third, a special multi-criteria 

method, social choice was applied for the final selection. 

The computer results consistently identified hand held sensors and manned 

aircraft to be the best overall technology for very fine (<5 cm) and fine to moderate (0.5 

m – 1.0 m) pixel resolutions.  AVHRR and MODIS were tied as best alternatives for 

moderate to coarse (0.1 km – 1.0 km) pixel resolution imagery.  Although there were 

limitations of the methods, they can be expanded in the future to include more experts 

and attributes to provide a more robust analysis. 
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Table 7. List of remote sensing technologies. 

Group 1 Group 2 Group 3 
A1 = automated 
booms  

A3 = RPVs  A6  = Quickbird 

A2 = hand held 
sensors 

A4 = UAVs  A7  = Landsat 

  A5 = manned 
aircraft 

 A8  = AVHRR 

     A9  = MODIS 
    A10 = ASTER 
    A11 = SPOT 

 
 
 

Table 8. Platform attributes and rating scale. 

 Rating 
Attribute Definition 1 10 

System cost – expense to build, launch, and/or maintain 
 

Low High 

Data cost –collection, image registration, 
georectification, and/or dissemination 
 

Low High 

Efficiency – potential of acquiring quality data 
 

High Low 

Flexibility – ease of deployment, change in sensor 
configuration, time of day, and/or flying altitude 
 

High 
 

Low 

Payload capacity – space and weight limitations  
 

High Low 

Spatial coverage 
 

Large Small 

Spatial resolution 
 

High Low 

Temporal resolution 
 

High Low 

Spectral resolution  
 

High Low 
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Table 9. Attribute rankings. 

Ranking 

 
System 

cost 

 
Data 
cost Efficiency 

 
Flexibility 

 
Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Expert 1 15 15 25 15 5 5 5 5 10 

Expert 2 5 15 20 5 5 5 15 15 15 

Expert 3 0 15 15 15 5 10 15 15 10 

Expert 4 12 12 24 5 2 10 5 20 10 

Expert 5 0 10 10 0 0 20 20 20 20 
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 Table 10. Decision matrix of the experts. 

Expert 1 

Platform/sensor 
 System 

cost 
 Data 
cost Efficiency 

 
Flexibility 

 Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 5 2 1 6 8 10 1 1 1 
Hand held 
sensors 2 2 1 1 5 7 1 1 1 
RPVs 4 4 4 4 8 7 5 4 1 
UAVs  7 4 6 4 7 6 5 4 1 
Manned aircraft 9 6 8 6 4 3 8 2 3 
Quickbird 1 10 1 7 1 8 9 4 1 
Landsat 1 5 5 5 1 5 7 3 3 
AVHRR 1 2 10 9 1 1 1 8 10 
MODIS 1 2 6 9 1 1 1 2 7 
ASTER 1 3 4 5 1 5 7 2 3 
SPOT 1 3 7 9 1 1 2 6 9 
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Table 10 - Continued 

 Expert 2 

Platform/Sensor 
 System 

cost 
 Data 
cost Efficiency 

 
Flexibility 

 Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 5 1 2 3 10 10 1 2 1 
Hand held 
sensors 5 1 1 1 10 10 1 2 1 
RPVs 2 2 7 2 10 10 2 10 2 
UAVs  3 2 7 3 8 8 4 8 2 
Manned aircraft 5 5 3 3 2 2 5 4 2 
Quickbird 1 8 5 3 1 8 2 7 1 
Landsat 1 4 9 10 1 5 5 6 5 
AVHRR 1 1 10 10 1 1 1 7 8 
MODIS 1 1 10 10 1 1 1 4 6 
ASTER 1 3 8 10 1 6 5 5 5 
SPOT 1 10 5 10 1 6 4 7 5 
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Table 10 - Continued 

Expert 3 

Platform/Sensor 
 System 

cost 
 Data 
cost Efficiency 

 
Flexibility 

 Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 1 6 8 8 10 10 1 1 1 
Hand held 
sensors 1 6 8 8 10 10 1 1 1 
RPVs 2 6 8 8 9 10 10 3 1 
UAVs  5 6 8 8 8 7 7 3 2 
Manned aircraft 10 8 8 8 7 5 5 7 3 
Quickbird 1 10 1 1 1 10 10 5 1 
Landsat 1 1 10 10 1 5 5 4 5 
AVHRR 1 1 1 10 1 1 1 3 10 
MODIS 1 1 1 10 1 1 1 1 10 
ASTER 1 1 1 10 1 7 7 3 3 
SPOT 1 7 4 3 1 7 1 5 4 
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Table 10 - Continued 

Expert 4 

Platform/Sensor 
 System 

cost 
 Data 
cost Efficiency 

 
Flexibility 

 Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 1 1 3 1 5 10 1 6 1 
Hand held 
sensors 1 1 2 2 5 10 3 6 1 
RPVs 6 1 7 5 10 3 5 10 1 
UAVs  8 1 7 5 10 1 5 10 1 
Manned aircraft 10 1 7 8 1 1 7 1 2 
Quickbird 1 10 8 8 1 8 8 6 3 
Landsat 1 2 6 9 1 5 6 3 6 
AVHRR 1 1 1 9 1 1 1 3 10 
MODIS 1 1 6 9 1 1 3 1 9 
ASTER 1 1 6 9 1 3 6 2 6 
SPOT 1 8 8 8 1 5 8 6 6 
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Table 10 - Continued 

Expert 5 

Platform/Sensor 
 System 

cost 
 Data 
cost Efficiency 

 
Flexibility 

 Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 5 3 1 4 5 10 6 3 3 
Hand held 
sensors 5 3 1 4 5 10 6 3 3 
RPVs 3 3 1 3 5 6 5 5 3 
UAVs  3 3 1 3 4 6 5 5 3 
Manned aircraft 4 3 1 5 3 3 5 3 2 
Quickbird 1 5 10 7 1 5 4 5 2 
Landsat 1 2 10 5 1 3 3 4 4 
AVHRR 1 1 5 2 1 1 1 6 7 
MODIS 1 1 10 1 1 1 1 3 5 
ASTER 1 2 10 5 1 3 4 2 4 
SPOT 1 2 10 5 1 1 1 4 7 
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Table 11. Platform/sensor attribute ratings multiplied by the attribute ranking. 

Expert 1 

Platform/sensor 

 
System 

cost 
 Data 
cost Efficiency 

 
Flexibility 

 
Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 75 30 25 90 40 50 5 5 10 
Hand held 
sensors 30 30 25 15 25 35 5 5 10 
RPVs 60 60 100 60 40 35 25 20 10 
UAVs  105 60 150 60 35 30 25 20 10 
Manned aircraft 135 90 200 90 20 15 40 10 30 
Quickbird 15 150 25 105 5 40 45 20 10 
Landsat 15 75 125 75 5 25 35 15 30 
AVHRR 15 30 250 135 5 5 5 40 100 
MODIS 15 30 150 135 5 5 5 10 70 
ASTER 15 45 100 75 5 25 35 10 30 
SPOT 15 45 175 135 5 5 10 30 90 
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Table 11 - Continued 

Expert 2 

Platform 

 
System 

cost 
 Data 
cost Efficiency 

 
Flexibility 

 
Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 25 15 40 15 50 50 15 30 15 
Hand held 
sensors 25 15 20 5 50 50 15 30 15 
RPVs 10 30 140 10 50 50 30 150 30 
UAVs  15 30 140 15 40 40 60 120 30 
Manned aircraft 25 75 60 15 10 10 75 60 30 
Quickbird 5 120 100 15 5 40 30 105 15 
Landsat 5 60 180 50 5 25 75 90 75 
AVHRR 5 15 200 50 5 5 15 105 120 
MODIS 5 15 200 50 5 5 15 60 90 
ASTER 5 45 160 50 5 30 75 75 75 
SPOT 5 150 100 50 5 30 60 105 75 
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Table 11 - Continued 

Expert 3 

Platform 

 
System 

cost 
 Data 
cost Efficiency 

 
Flexibility 

 
Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 0 90 120 120 50 100 15 15 10 
Hand held 
sensors 0 90 120 120 50 100 15 15 10 
RPVs 0 90 120 120 45 100 150 45 10 
UAVs  0 90 120 120 40 70 105 45 20 
Manned aircraft 0 120 120 120 35 50 75 105 30 
Quickbird 0 150 15 15 25 100 150 75 10 
Landsat 0 15 150 150 5 50 75 60 50 
AVHRR 0 15 15 150 5 10 15 45 100 
MODIS 0 15 15 150 5 10 15 15 100 
ASTER 0 15 15 150 5 70 105 45 30 
SPOT 0 105 60 45 15 70 15 75 40 
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Table 11 - Continued 

Expert 4 

Platform 

 
System 

cost 
 Data 
cost Efficiency 

 
Flexibility 

 
Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 12 12 72 5 10 100 5 120 10 
Hand held 
sensors 12 12 48 10 10 100 15 120 10 
RPVs 72 12 168 25 20 30 25 200 10 
UAVs  96 12 168 25 20 10 25 200 10 
Manned aircraft 120 12 168 40 2 10 35 20 20 
Quickbird 12 120 192 40 2 80 40 120 30 
Landsat 12 24 144 45 2 50 30 60 60 
AVHRR 12 12 24 45 2 10 5 60 100 
MODIS 12 12 144 45 2 10 15 20 90 
ASTER 12 12 144 45 2 30 30 40 60 
SPOT 12 96 192 40 2 50 40 120 60 
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Table 11 - Continued 

Expert 5 

Platform 

 
System 

cost 

 
Data 
cost Efficiency 

 
Flexibility 

 
Payload 
capacity 

 Spatial 
coverage 

 Repeat 
coverage 

 Spectral 
resolution  

Spatial 
resolution 

Booms 60 36 24 20 10 100 30 60 30 
Hand held 
sensors 60 36 24 20 10 100 30 60 30 
RPVs 36 36 24 15 10 60 25 100 30 
UAVs  36 36 24 15 8 60 25 100 30 
Manned aircraft 48 36 24 25 6 30 25 60 20 
Quickbird 12 60 240 35 2 50 20 100 20 
Landsat 12 24 240 25 2 30 15 80 40 
AVHRR 12 12 120 10 2 10 5 120 70 
MODIS 12 12 240 5 2 10 5 60 50 
ASTER 12 24 240 25 2 30 20 40 40 
SPOT 12 24 240 25 2 10 5 80 70 
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Table 12. Sum of weighted alternatives. 

 Platform/Sensor Expert 1 Expert 2  Expert 3 Expert 4 Expert 5 
Booms 330 255 520 346 370 
Hand held sensors 180 225 520 337 370 
RPVs1  410 500 680 562 336 
UAVs1   495 490 610 566 334 
Manned aircraft1 630 360 655 427 274 
Quickbird 415 435 540 636 539 
Landsat 400 565 555 427 468 
AVHRR 585 520 355 270 361 
MODIS 425 445 325 350 396 
ASTER 340 520 435 375 433 
SPOT 510 580 425 612 468 
 



 

 

110 

Table 13. Ranking of alternatives by expert. 

 Platform/Sensor Expert 1 Expert 2  Expert 3 Expert 4 Expert 5 
Booms 2 2 0.5 2 0.5 
Hand held sensors 1 1 0.5 1 0.5 
RPVs1  1 3 3 2 3 
UAVs1   2 2 1 3 2 
Manned aircraft1 3 1 2 1 1 
Quickbird 3 1 5 6 6 
Landsat 2 5 6 4 4.5 
AVHRR 6 3 2 1 1 
MODIS 4 2 1 2 2 
ASTER 1 3 4 3 3 
SPOT 5 6 3 5 4.5 
 

 

Table 14.  Modified table for the Hare system. 

 Platform/Sensor Expert 1 Expert 2  Expert 3 Expert 4 Expert 5 
Quickbird 2 1 4 4 4 
AVHRR 4 3 2 1 1 
MODIS 3 2 1 2 2 
ASTER 1 3 3 3 3 
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Table 15. Calculated results for pairwise voting. 

Group 1 
A1 -A2     
0 – 3  

 
   

Group 2 
A3 - A4 A3 - A5 A4 - A5   
2 – 3 1 - 4 2 – 3 

 
  

Group 3 
A6 - A7 A6 - A8 A6 - A9 A6 - A10 A6 - A11 
2 - 3 2 - 3 2 - 3 1 - 4 2 – 3 

 

 A7 - A8 A7 – A9 A7 - A10 A7 - A11 
 1 - 4 1 - 4 0 - 5 3 – 1 

 

  A8 - A9 A8 - A10 A8 - A11 
  2 - 3 3 - 1 4 – 1 

 

   A9 - A10 A9 - A11 
   4 - 1 5 – 0 

 

    A10 - A11 
    4 - 1 
 

Table 16. Summary of best overall technology. 

Social Choice 
Method Plurality voting Borda count  Hare system Pair-wise 

Group 1 Hand held 
sensors 

Hand held 
sensors 

Hand held 
sensors 

Hand held 
sensors 

Group 2 Manned aircraft Manned aircraft Manned aircraft Manned aircraft 
Group 3 AVHRR MODIS AVHRR MODIS 
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Figure 13. Graphs showing pairwise comparisons. 
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I. Abstract 

This paper evaluates the positional accuracy of a relatively low cost unmanned 

aerial vehicle (UAV) constructed from commercial components designed for small scale 

remote sensing of rangelands and agricultural fields.  The UAV is intended to collect 

visible, NIR, and infrared sensor data and digital photography along preprogrammed 

flight routes.  In order to utilize the UAV for remote sensing, it is necessary to validate 

the positional accuracy of the UAV flight line and sensor readings. This study evaluated 

the accuracy of the UAV flight line with respect to the programmed flight transects and 

the uncertainty of the UAV’s GPS  position. In addition, this research evaluated the 

potential displacement of sensor data based on (1) GPS measurements on board the 

aircraft and (2) the autopilot’s circuit board with 3-axis gyros and accelerometers that 

measure roll, pitch, and yaw.  These were estimated based on a 95% confidence interval 

or similar methods.  The autopilot system was manufactured by MicroPilot®.  The 

camera and data logger were georeferenced with a Garmin GPS 18 (GPS18).  The UAV 

flight path was also recorded by an eTrex receiver.  The accuracy and precision of the 

MicroPilot®, GPS18, and eTrex were determined by comparing their measurements to a 

differentially corrected Trimble GeoXT in an 8-hour stationary test; the dynamic 

accuracy was evaluated by placing the GPS sensors in a  truck and comparing the 

MicroPilot®, GPS18, and eTrex GPS receiver measurements against data points recorded 

by the GeoXT. The evaluation of the autopilot system was conducted in flight with data 

collected from the MicroPilot®, GPS18, and eTrex receivers. 
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II.  Introduction 

Remotely piloted vehicles (RPVs) and unmanned aerial vehicles (UAVs) are an 

increasingly popular remote sensing alternative to satellite and manned aircraft.  An RPV 

is under manual control and not capable of autonomous flight.  The name UAV covers all 

vehicles capable of programmable flight patterns operated without human intervention 

(Eisenbeiss, 2004). These platforms provide an effective, low cost alternative to 

traditional technologies for conducting high temporal and spatial resolution remote 

sensing at relatively low costs (Rango et al., 2006, Laliberte et al., In review).  High 

spatial resolution imagery from RPVs and UAVs allow the identification of canopy and 

soil variability in smaller management units and at more frequent intervals than satellite 

and high altitude photography.  In comparison to traditional ground based scouting, RPVs 

and UAVs will allow farm managers to gather spatially referenced crop stress and pest 

information from their fields more efficiently. The cost of UAVs ranges from  several 

thousand to millions of dollars. A low cost alternative is needed for farmers and natural 

resource managers.  

Increasing water scarcity and operation costs are driving innovations in precision 

crop management (PCM). Moran et al. (1997) defines PCM as an agricultural 

management system designed to target crop and soil inputs according to field 

requirements to optimize profitability and protect the environment.  Remote sensing has 

been identified as a cost-effective technology for PCM by providing spatial and temporal 

information to develop maps of water stress, nitrogen status, soil conditions, and canopy 

density (Barnes et al., 2000; Pinter Jr. et al., 2003; Hunsaker et al., 2005).  Remote 
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sensing of vegetation indices and crop coefficients (Barnes et al., 2000; Hunsaker et al., 

2005; El-Shikha et al., 2007; Hunsaker et al., 2007a; Hunsaker et al., 2007b) and crop 

water stress (Colaizzi et al., 2003a; Colaizzi et al., 2003b) can be used to schedule 

irrigations events. 

Historically, the bulk of RS research has been conducted via satellites and 

manned aircraft. These platforms have limitations, particularly with regard to cost and 

spatial and temporal resolution (Rango et al., 2006). However, low-cost, high-resolution 

digital photography from RPVs and UAVs have been used to identify root-rot fungus 

(Phellinus weirii) infection in Douglas-fir (Pseduotsuga menziessi) (Tomlins and  Lee, 

1983); to evaluate vineyard health in Napa, California (Johnson et al., 2001); coffee bean 

ripeness in Kauai, Hawaii (Herwitz et al., 2002 and Johnson et al., 2002), to estimate the 

nutrient status and crop biomass of corn in Beltsville, Maryland (Hunt Jr., et al., 2003), 

yield estimation of citrus in Gainesville, Florida (MacArthur et al., 2005), and for weed 

mapping on rangeland sites in Utah, Colorado, New Mexico and Texas (Hardin and  

Jackson, 2005).  Fukagawa (2003) developed an RC helicopter based crop growth 

monitoring system using a multispectral image sensor. Sugiura (2004) integrated UAV 

image data and topographical data to produce three-dimensional geographical 

information system (GIS) maps.   

Brewster et al. (2002) and Nagchaudhuri et al. (2005) deployed UAVs for 

precision integrated pest management (PIPM) applications.  Integration of UAVs in 

agricultural best management practices (BMPs) will assist managers in addressing 
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challenges posed by PIPM; this includes mapping the dynamic nature of insect 

populations and their distribution (Brewster, 2002).  

Simpson et al. (2003) designed an RPV for precision agriculture applications for a 

total cost of less than $1,000, excluding the camera.  Live video from a single board 

camera was transmitted from the plane to a ground station and was recorded on VHS 

video.   

Sugiura et al. (2005) engineered a UAV helicopter with real-time kinematic 

(RTK) GPS, inertial and geomagnetic directional sensors; RTK GPS has a confidence 

interval of approximately 1 cm. The imaging sensor included a camera with three charge-

coupled devices.  The installed green, red, and near infrared filters were used to measure 

leaf area index and normalized difference vegetation index (NDVI). The spatial accuracy 

of the UAV was evaluated by placing 25 markers on the ground on a 5 m grid.  The 

associated spatial and transformational errors were 1.26 to 2.38 m and 0.18-0.29 m, 

respectively. The study concluded the accuracy of the platform was adequate for GIS 

map generation (Serr et al., 2006).   

GPS technologies have a certain amount of error associated with them.  The 

factors that contribute to precision and accuracy errors include satellite clock drift, 

atmospheric conditions, measurement noise, interference from trees, and multi-path error 

resulting from signal reflections off of buildings and other large objects in the landscape 

(Clegg et al., 2006).  Precision is the repeatability of measurement results, whereas 

accuracy is the “correctness” of a measurement compared to the actual value.  

Measurements can be precise but not accurate, accurate but not precise, neither, or both.  
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The accuracy or error in a GPS position can be estimated by comparing it to a surveyed 

location while precision is measured by recording repeated measurements at the same 

location over a given length of time (Clegg et al., 2006 and McCaffrey et al., 2005).   

Pitch, roll, and yaw change the position and angular orientation of the image (Xo, 

Yo, and Zo), making image rectification difficult (Leica Geosystems, 2005; Laliberte et 

al., In review).  The camera’s angular rotation is expressed as omega (ω), phi (φ), and 

kappa (κ). This describes the relationship between the ground-space coordinate system 

(X, Y, and Z) and the image-space coordinate system (x, y, and z) (Leica Geosystems, 

2005; Laliberte et al., In review).  Rotation about the camera axis results in distortions in 

the image and movement of the image coordinates (Lee, 1941; Laliberte et al., In review).  

These distortions increase from the center of the picture to the perimeter (Leica 

Geosystems, 2005; Laliberte et al., In review).  If the purpose of the image collection is to 

composite a complete image of a land surface area, then the required distance between 

flight lines is dependent on the camera view angle (pitch, roll, and yaw of plane) and the 

altitude above ground level.   

This research is part of a larger project that focuses on acquisition of high 

resolution aerial imagery and sensor data from a UAV constructed from commercially 

available products for a cost of less than $4,000 (i.e., parts and labor). The goal was to 

use relatively low cost GPS receivers, sensors, and guidance system so that in the event 

of a plane crash, the monetary impact is relatively low.  Two GPS receivers and one 

guidance system were evaluated. 

This research had three primary objectives.  
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1. To determine the precision and accuracy of the receivers and guidance 

system in a stationary test  

2. To determine the dynamic accuracy of the receivers and guidance system 

in a land vehicle. 

3. To determine the relative accuracy of the UAV guidance system and 

receivers in flight tests.  

Based on these measurements, this research seeks to quantify the 95% confidence 

interval of the plane position and sensor readings. This information will be used to plan 

remotely sensed data collection schemes over agricultural fields. 

 

III.  Materials and Methods 

Advances in aerospace and electrical engineering have resulted in increased 

availability of UAV guidance systems ranging from a few hundred dollars up to ten 

thousand dollars and more depending on the system requirements and available funding.   

 

IV.  UAV system components  

A. Motor and airframe 

The initial test flights were powered by an O.S. model .91 FX (O.S. Engines 

MFG. Co Ltd, Osaka, Japan) a 2-stroke glow fuel (nitro) engine with a 0.32 L fuel tank, 

and a 33 cm x 20 cm propeller that was capable of flight speeds of 40 km/h for a duration 

of 30 minutes.  Subsequently, the project later installed an electric motor because motor 

vibrations and fuel exhaust from nitro engines wore out and covered the sensors, 
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respectively.  The electric UAV was powered by an e-Flite (Power 90 Outrunner) motor, 

a Castle Phoenix 110 amp speed controller (Castle Creations, Inc., Olathe, Kansas, USA), 

a 41cm x 20 cm propeller, and two 15C 8000mAh 11.1-volt batteries. Given the weight 

and configuration of the airplane along with the battery capacity and engine horsepower, 

the UAV was capable of flight speeds of 80 km/h for 15 minutes.  The combined weight 

of the electric airplane (3.5 kg) and camera (1 kg) was 4. 5 kg.   

The UAV airframe was a Kadet Senior (Sig Manufacturing Company, 

Montezuma, IA) (Figure 14) equipped with Spektrum receiver (AR7000), transmitter 

(DX7), and servos (DS821).  The seven channel transmitter and receiver operated at a 

frequency of 7.72 GHz.  The airframe wingspan was 2.03 m, and the fuselage was 1.64 m 

long and 0.12 m wide.  The control servos were installed outside of the normal mounting 

location of the fuselage to accommodate the autopilot.  The rudder and elevator servos 

were installed on the horizontal and vertical stabilizers, respectively (i.e., at the rear of 

the fuselage).  
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Figure 14. Kadet Senior unmanned aerial vehicle. 

 

B. Flight Controller 

The MicroPilot® guidance system (Figure 15) was selected based on the criteria 

of reasonable performance (i.e., consistent flight patterns) and a  reasonable price 

($2,000). The MicroPilot® MP2028g autopilot system (MicroPilot® Inc., Stony 

Mountain, Manitoba, Canada) is 10 x 4 cm in size and was powered by two 4.8 volt 

batteries.  The autopilot was a fabricated circuit board with 3-axis gyros and 

accelerometers that provide inertial measurements to control the roll, pitch, and yaw.  

Airspeed was measured with a pitot tube pressure sensor installed midway along the 

wing.  The autopilot included an integrated GPS receiver and an external MK-4 GPS 

antenna (San Jose Navigation, Inc, Pan-Chiao City, Taipei, Taiwan) that was directly 

connected to the autopilot.  The GPS antenna was grounded with a copper sheet and 

mounted on top of the fuselage behind the wing.  Flight telemetry data was recorded upon 

triggering the MicroPilot® at a rate of 5 records per second.  The standard telemetry file 



 

 

122 

was saved as a tab delimited text file and downloaded via a serial port.  The MicroPilot® 

log file included longitude, latitude, pitch, roll, airspeed, GPS speed, altitude, rate of 

altitude change, heading, MicroPilot® and servo battery voltage, and throttle position, 

but does not report time. Time was later inserted as a time field using a program written 

in Visual Basic based on the MicroPilot® frequency of five readings per second.   

 

Figure 15. The autopilot and radio receiver were installed in the fuselage. 

 

C. Autopilot Calibration 

The autopilot is programmed with HORIZONmp  software, which includes a 

proportional integral differential (PID) controller.  The PID controller is a control loop 

mechanism that continuously corrects errors between the measured flight variables and 

the desired setpoints by calculating and then outputting corrective actions to adjust the 

direction and heading of the UAV in flight.  The flight control calibrates the autopilot’s 
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speed (i.e., rotation, cruise, and climb), throttle (i.e., cruise, climb, and descent), and 

preferred methods of maintaining level flight.  The servo throws, directions, and zeros 

were mechanically adjusted independent of each other without engaging the autopilot and 

were then adjusted using  HORIZONmp Ground Control Software, which allowed the 

operator to monitor the autopilot, change waypoints, upload new flight plans, initiate 

holding patterns and adjust feedback loop gains.  The recommended adjusted feedback 

gains included 1) elevator from pitch, 2) rudder from Y accelerometer, 3) ailerons from 

roll, 4) pitch from airspeed, 5) roll from heading, 6) pitch from altitude 7) throttle from 

altitude, 8) throttle from airspeed, 9) rudder from heading, and, 10) pitch from ultrasonic 

altitude.  To maintain level flight and constant airspeed the elevator was used to control 

altitude and throttle was used to control airspeed.  

 

D. In-flight GPS units 

A Garmin GPS18 that was WAAS enabled with a manufacturer stated horizontal 

accuracy of <3 m was connected to a data logger that recorded time in Coordinated 

Universal Time (UTC), latitude, longitude, and flying altitude from the GPS18.  The GPS 

data were saved in a comma delimited format and downloaded via a serial port at the 

conclusion of the flight.  The GPS18 receiver was connected to a camera or a sensor 

package. 

In addition, the flight route was recorded using a Garmin eTrex that was WAAS 

enabled with an advertised positional accuracy of 3 m.  The route was downloaded via a 

serial cable at the conclusion of the flight.  The combined weight of the airplane (3.5 kg), 
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camera system (0.5 kg), MicroPilot® (28 g), and eTrex (0.15 kg), and other equipment 

was 6.0 kg. 

 

V. Stationary test 

GPS receivers have a certain amount of error associated with them.  The accuracy 

and precision of the MicroPilot®, GPS18, and eTrex were determined by comparing their 

measurements to a differentially corrected Trimble GeoXT.  The reported autonomous 

and post-processed accuracies for the GeoXT are <1 m and 10-20 cm, respectively 

(Clegg et al., 2006 and Trimble, 2004).  The project ran all four GPS units 

simultaneously for 8 hours at the same location.  The precision of the GPS units was 

calculated based on the standard deviation of all samples taken over the 8 hour period.  

The accuracy of the three receivers was determined by comparing their measurements to 

the true location as determined by the differentially corrected 8-hour average of the 

GeoXT data points.   

The GeoXT recorded one point per second and the data was post-processed using 

Pathfinder OfficeTM software.  The eTrex and GPS18 collected one point every 2 

seconds.  The MicroPilot® reported GPS locations at a rate of one record per second but 

reported other flight parameters (i.e., roll, pitch, yaw, and velocity) at a rate of 5 records 

per second.   
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VI.  Dynamic ground-based test 

Stationary GPS tests the error associated with GPS units but may overestimate or 

underestimate the UAV’s actual error because the data is collected while the platform is 

in motion (Johansen et al., 2001); thus, the project measured the dynamic accuracy of the 

three GPS units by placing all receivers in a truck bed, along with the GeoXT, and they 

were driven though urban areas in Tucson, AZ with clear view of the sky.  These 

measurements were later compared against the control as determined by the post-

processed GeoXT measurements.  

 

VII.  UAV guidance system test 

The GeoXT was not placed on board the UAV because of its bulk, weight and 

associated risks (i.e., crashing and cost of replacement).  The performance of the 

MicroPilot® was tested in flights over an undeveloped area in Marana, AZ used for 

grazing and agriculture with an elevation of 608 m.  The UAV was under pilot control for 

take-off and landing. The programmed flight route consisted of three parallel flight lines 

determined by six waypoints (WP) that were 1400 m long and 410 m apart (Figure 16).  

The UAV flew the waypoints in order from 1-6. The UAV was manually launched and 

flown to an altitude of 122 m above ground level (elevation of 730 m) before the 

MicroPilot® auto navigation system was triggered along flight path A (FP-A).  Upon 

completion of the transects, the UAV flew to waypoint 7, and the plane was taken over 

by operator control and landed. The UAV required minimum leads of 330 m to lock onto 

a flight line when there was a change in heading.  Therefore, the central sections of the 
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distances between waypoints (T-1, T-2, and T-3), and the last half of the distances 

between waypoints were considered in the performance evaluation of the MicroPilot® 

guidance system.  The project flew a total of eleven test flights.  

Recorded temperatures and wind speeds from the nearest ground-based Arizona 

Meteorological Network (AZMET) weather station in Marana, AZ at 2 m elevation are 

summarized in Table 17.  Wind conditions at 110 m elevation above ground level in the 

UAV flight path could not be determined.  The flights were conducted on days with mild 

to moderate wind conditions in July, September, and December 2008 and January 2009.  

Flight performance was also affected by the time of day and programmed flight velocities 

which are also provided (Table 17).  The study provides a brief summary of the eleven 

flights based on these parameters.  This discussion is followed by a detailed evaluation of 

flight accuracy as determined by the eTrex, GPS18 and MicroPilot® receivers for fights 

1, 2, 10 and 11.  

 

Table 17. Fight conditions for UAV guidance system tests. 

Flight 
Wind Speed 

(km h-1) Temp (C) 
Time of Day  
(HH:MM) 

Programmed 
Velocity (km h-1) 

Flight 1 (July) 10 37 17:35 50 

Flight 2 (Sept) 10 37 16:39 55 

Flight 3-4 (Dec 4) 10 15-18 11:56-12:52 65 

Flight 5 (Dec 5) 13 13 10:00 65 
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Table 17 - Continued 

Flight 
Wind Speed 

(km h-1) Temp (C) 
Time of Day  
(HH:MM) 

Programmed 
Velocity (km h-1) 

Flgiht 6 (Dec 11) 3 19 12:06 65 

Flight 7-9 (Dec 15) 2 12-13 11:20-13:23 65 

Flight 10-11 (Jan 27) 2-7 6-10 08:49 - 09:25 65 

 

 

Figure 16. Waypoints, flight paths, and transects for the UAV guidance system tests. 

 



 

 

128 

I. Results and Discussion 

This section discusses the results of the stationary measurements, truck 

measurements, and the air flight measurements.  

 

A. Stationary measurements 

i. Horizontal GPS receiver measurements 

Over an eight hour period, the eTrex, GPS18, MicroPilot®, and GeoXT receivers 

recorded 14,922, 15,331, 49,786, and 25,350 points, respectively.  The MicroPilot® 

collects one xy coordinate pair per second but at a rate of five records per second.  The 

MicroPilot® filled its memory within three hours; thus, there are only 50,000 points 

rather than the 144,000 GPS positions that would be recorded at a rate of 5 readings per 

second over eight hours.   

Figure 17 presents the scatter plots for every position measurement recorded. All 

clusters are plotted at the same scale with the origin determined by the geometric mean of 

the differentially corrected GeoXT data set.  The geometric centroids for the GPS 

receivers are also shown and are a short distance from the GeoXT centroids.  None of the 

receivers shared the same drift pattern.  A striking feature of these data clusters was that 

they varied considerably in time, direction, and magnitude.  As expected, the precision of 

the GeoXT DGPS was superior to all of the GPS receivers in the study.  Figure 18 shows 

that the eTrex had the highest precision and accuracy of the other receivers, followed by 

the MicroPilot®, which had high precision but lower accuracy.  The GPS18 showed the 

greatest potential error with points recorded as far as 163 m from the control point.  
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Figure 17. Scatter plots for every recorded GPS measurement. 

 

ii.  Horizontal GPS receiver precision for stationary test 

An evaluation of GPS receiver precision (i.e., repeatability of measurements) in 

the horizontal direction measures the proximity of each GPS data point to the respective 

geometric centroid.  A statistical summary of horizontal GPS receiver precision is 

provided in Table 18.  The average distance for the GPS data clusters with respect to their 

respective centroids for the eTrex, GPS18, MicroPilot®, and GeoXT were 4.41, 3.57, 

3.18, and 1.43 m, respectively.  There was less variation in the corresponding median 

distances from the eTrex, GPS18, MicroPilot®, and GeoXT data clusters to their 

geometric centroids at 3.59, 1.53, 2.29, and 1.09 m, respectively.  The maximum 
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distances reported for the eTrex, GPS18, and MicroPilot® were 29.1, 163, and 93.8 m, 

respectively.  Thus, the maximum distances of the MicroPilot® and GPS18 data clusters 

were 3 and 6 times greater, respectively, than the recorded maximum eTrex distance.  

In order to quantify the error associated with each GPS receiver, distances from 

the each GPS data cluster to their respective GPS centroids were plotted against the 

percent of data points that fell within these distances, this being the cumulative 

proportion.  The cumulative proportion plots the frequency of occurrence of points as a 

function of distance from the centroid (Figure 18).  At all points on the curve, the 

precision of GeoXT surpassed all of the other GPS units tested.  As expected, the 

precision of the GeoXT, 3.5 m at the 95th percentile, far exceeded the performance of the 

consumer grade receivers.   

The consumer grade receivers all had similar precision at the 95th percentile. 

Ninety-five percent of the data points for the MicroPilot®, GPS18, and eTrex fell within 

9.51, and 10.6 m, and 10.7 m, respectively, of their respective centroids.  Thus, a rule of 

thumb could be that all of the consumer grade receivers can be expected to have an 

accuracy of +/- 10 m. In addition, averaging of points should be evaluated in future 

research to obtain higher accuracy. The next section on receiver accuracy can also be 

used as a guide for planning these evaluations. 
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Table 18. A statistical summary of horizontal GPS receiver precision as determined in the 

eight hour stationary test. 

Confidence 
Interval 

GPS receiver Count 
Minimum 

(m) 
Maximum 

(m) 

Mean 
distance 

(m) StdDev 50% 95% 

eTrex 14922 0 29.1 4.41 3.34 3.59 10.7 

GPS18 15331 0.07 1631 3.57 10.81 1.53 10.6 

MicroPilot® 49786 0.04 93.81 3.18 3.44 2.29 9.51 

GeoXT 25350 0.01 17.4 1.43 1.45 1.09 3.5 

 

Figure 18. Cumulative proportion of horizontal GPS receiver precision as determined in 

the eight hour stationary test. 
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a. Horizontal GPS receiver accuracies for stationary test 

The accuracy of the GPS18, eTrex, and MicroPilot® receivers were evaluated by 

comparing the distances of the receiver data clusters to the “true location” as determined 

by the GeoXT geometric centroid and by comparing each of their centroids to the GeoXT 

geometric centroid (Figure 19).  These distributions were similar to the distributions 

shown in Figure 18 since the centroids of each receiver were close to the GeoXT centroid 

(Table 19).  The average distances from the GeoXT centroid to the eTrex, GPS18, 

MicroPilot® data clusters were 4.67, 5.47, and 4.17 m, respectively, with the median 

distances of 3.99, 3.57, and 3.69, respectively.  The distances from the geometric 

centroids of the eTrex, GPS18, and MicroPilot® to the GeoXT geometric centroid were 

1.58, 3.02, and 2.59 m respectively.   

The cumulative proportion curves of all four GPS units converge at the 40th 

percentile at a distance of 3.5 m from the GeoXT centroid (Figure 19).  As previously 

stated, the GPS18 recorded data points as far as 161 m from the control point.  Despite 

this, the overall accuracy of the GPS18 was greater than the other commercial GPS 

receivers with 86% of the data points falling within 3.5-5.5 m.  Beyond the 86th 

percentile, the performance of the GPS18 deteriorated in comparison to the performance 

of the eTrex and MicroPilot® receivers. The eTrex performed the poorest between the 

50-95th percentile with distances ranging from 4.0-10.7 m despite having the tightest data 

cluster.  Finally, Figure 19 shows that 95% of the GPS18 and MicroPilot® data points 

fell within 11.1 m and 9.19, respectively, from the GeoXT geometric centroid. As with 
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the analysis of precision, the 95% accuracy of the three receivers was approximately +/- 

10 m.   

 

Table 19. A statistical summary of horizontal GPS receiver accuracy as determined by 

the GeoXT centroid in the eight hour  stationary test. 

Confidence 
Interval 

GPS 
receiver Count 

Minimum 
(m) 

Maximum 
(m) 

Mean 
distance (m) StdDev 50% 95% 

eTrex 14922 0.1 28.91 4.67 3.36 3.99 10.7 

GPS18 15331 0.28 161 5.47 10.5 3.56 11.1 

MicroPilot® 49786 0.02 95.6 4.17 3.37 3.69 9.19 
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Figure 19. Cumulative proportion curves for horizontal GPS receiver accuracies for the 

stationary test. 

 

iii.  Vertical GPS receiver measurements for stationary test 

A statistical summary of the vertical elevations as measured in the stationary test is 

provided in  

Table 20 and elevation vs. time is provided in Figure 20.  The “true elevation” for 

the stationary test as determined by averaging the post-processed GeoXT data was 721 m.  

As expected the GeoXT exhibited the least variation in elevation changes; followed by 

the eTrex, MicroPilot®, and GPS18. 
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Figure 20. Fluctuations in elevation with time for the 8-hour stationary test. 

 

Table 20. A statistical summary for the elevation data for the 8-hour stationary test. 

Confidence Interval 

GPS receiver 
Minimum 

(m) 
Maximum 

(m) 
Mean 
(m) StdDev 50% 95% 

eTrex 691 750 719 7.25 719 732 

GPS18 4 785 711 81.6 711 735 

MicroPilot® 666 780 718 6.96 718 730 

GeoXT 704 760 722 4.27 722 728 
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a. Vertical GPS receiver precision for stationary test 

An evaluation of GPS receiver precision in the vertical direction measures the 

difference in elevation for each GPS record to the average elevation of the respective 

GPS receiver data set. A statistical summary of the GPS receiver precision in the vertical 

direction is provided in Table 21.  The mean elevations of the eTrex, GPS18, 

MicroPilot®, and GeoXT data sets were, 719, 711, 718, and 722 m, respectively.  The 

vertical errors associated with the GeoXT, eTrex, and MicroPilot® were nearly 3 times 

the associated horizontal errors.  However, the average vertical error associated with the 

GPS18 was 7 times the horizontal error.  The GeoXT reported maximum elevation 

differences from the mean GeoXT elevation up to 38.1 m, respectively, with mean, 

median, and standard deviation distances of 2.5, 1.5 m, and 3.5, respectively.  The eTrex 

recorded differences from the average eTrex elevation up to 31.24 m and mean, median, 

and standard deviation distances of 5.5, 4.3, and 4.7 m, respectively.  The maximum, 

mean, median, and standard deviation distances for the MicroPilot® were 61.2, 4.8, 3.4 

m, and 5.0 m, respectively.  The GPS18 reported the lowest elevations with nearly 2% of 

the data below 55 m above sea level, a difference of over 700 m from the mean elevation. 

These deviations resulted in the greatest mean, median, and standard deviations of 20.9, 

10.5, and 78.9 m from the average GPS18 elevation.   

The level of precision in the vertical direction of each receiver is evident from the 

cumulative proportion curves presented in Figure 21. The GeoXT performed the best, 

followed by the MicroPilot®, eTrex, and  GPS18.  Fifty percent of the elevation data for 

the GeoXT, MicroPilot®, eTrex, and GPS18 were within 1.54, 3.42, 4.39, and 10.5 m, 
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respectively, from their own elevation averages.  At the 95th percentile, the differences in 

elevation from the GPS receiver average elevation for the GeoXT, MicroPilot®, eTrex, 

and GPS18 were within 7.9, 13.5, 14.6, and 30.2 m, respectively.  Since the vertical 

accuracy of the GPS 18 is low it may be preferable to interpolate elevation from the 

MicroPilot® data.  

 

Table 21. Difference between the geometric centroids for each receiver and the individual 

readings for each receiver. 

Confidence 
Interval 

GPS Receiver 
Mean 

elevation (m) 
Minimum 

difference (m) 
Maximum 

difference (m) 
Std 
Dev 50% 95% 

eTrex 718 0.04 31.2 4.73 4.34 14.6 

GPS18 710 0.5 706 78.9 10.5 30.2 

MicroPilot® 718 0.06 61.2 5.03 3.42 13.5 

GeoXT 721 0 38.1 3.47 1.54 7.9 
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Figure 21. Cumulative proportion curves for vertical GPS receiver precision as 

determined in the eight hour stationary test. 

 

iv. Vertical GPS receiver accuracy for stationary test 

The evaluation of vertical accuracy compares the elevation records of each GPS 

receiver to the average elevation of the GeoXT receiver.  A statistical summary of the 

GPS receiver precision in the vertical direction for the eTrex, GPS18, and MicroPilot® is 

provided in Table 22.  The mean and median distances from the GeoXT average 

elevation for the eTrex, GPS18, and MicroPilot® were 6.33, 17.3 and 5.95, and 5.36, and 

6.24 and 5.18 m, respectively.  The eTrex elevation data set reported the lowest drift from 

the average GeoXT elevation with minimum and maximum distances of 0.04 and 31.2m, 

respectively.  The minimum and maximum distances from the GeoXT for the GPS18 and 
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MicroPilot® data sets were 0.24 and 718 and 0 and 57.9 m, respectively.  The standard 

deviations for the eTrex, GPS18, and MicroPilot® were 4.77, 80.5, and 4.88 m, 

respectively.  

The cumulative proportion curves for vertical accuracy of each GPS receiver is 

presented in Figure 22.  In contrast to the precision analysis in the vertical direction, the 

cumulative proportion curves for the vertical accuracy of commercial grade GPS 

receivers were similar up to the 25th percentile with the deviations measuring 2.6 m from 

the GeoXT mean elevation.  The eTrex and MicroPilot® continued to perform similarly 

up to the 55th percentile with differences from the GeoXT average elevation of 5.9 m.  

The distances from the GeoXT average elevation at the 95th percentile for the eTrex and 

MicroPilot® were 13.8 and 15.6 m, respectively. Finally, the GPS18’s vertical accuracy 

at the 50th and 95th percentiles in comparison with the GeoXT average elevations 

measured 6.24 and 20.0 m.   

 

Table 22. Vertical GPS receiver accuracy as determined by the GeoXT centroid for the 

stationary test. 

Confidence 
Interval 

GPS Receiver 
Minimum 

(m) 
Maximum 

(m) 
Mean 
(m) StdDev 50% 95% 

eTrex 0.04 31.2 6.33 4.77 5.36  

GPS18 0.24 717 17.34 80.5 6.24  

MicroPilot® 0 57.9 5.95 4.88 5.18  
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Figure 22. Cumulative proportion curves for difference between GPS receiver elevation 

and the average GeoXT elevation. 

 

II.   Dynamic ground-based measurements  

Only accuracy was analyzed for the dynamic ground-based measurements. 

Precision analysis does not apply to the dynamic test because multiple measurements at 

the same location were not recorded. To evaluate the dynamic accuracy of the eTrex, 

GPS18, and MicroPilot® GPS receivers, the project placed all of these receivers in a 

truckbed and compared their measurements against the data points recorded by the 

GeoXT.  The test lasted for approximately one hour.  The GPS receiver accuracies in the 

horizontal direction are summarized in Table 23.  The maximum, mean, median and 

standard deviations for the eTrex were 10.3, 1.71, 1.25, and 1.69 m, respectively; 41.5, 
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2.46, 1.84, and 2.96 m, respectively, for the GPS18; and 12.4, 1.54, 1.12, and 1.62 m, 

respectively, for the MicroPilot® receiver.   

 

A. Horizontal accuracy of dynamic test  

A graph demonstrating the differences in horizontal position for each GPS 

receiver from the GeoXT is presented in Figure 23.  As previously stated, the 

MicroPilot® log file does not include a time measurement.  The time component for the 

MicroPilot® log file had to be correlated with overlapping points from the other GPS 

receivers and were timed based on the 0.2 second interval between MicroPilot® readings. 

Figure 24 shows that all of the eTrex measurements were within 5 m of the GeoXT, 

moderate deviations in the MicroPilot® measurements and considerable deviations from 

the GeoXT for the GPS18 data set.   

The cumulative proportion curves are for the dynamic test provided in Figure 24.  

The cumulative proportion curves demonstrate that the MicroPilot® had the overall best 

dynamic performance followed by the eTrex and the GPS18. Fifty percent of the 

measurements for the eTrex, GPS18, and MicroPilot® fell within 1.12-1.85 m from the 

GeoXT data set, while 95% of the measurements fell between 4.50-6.80 m for the three 

receivers. 
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Table 23. GPS receiver accuracy for the dynamic test as determined by the GeoXT data 

set. 

Confidence 
Interval 

GPS 
Receiver Count 

Minimum 
(m) 

Maximum 
(m) 

Mean  
(m) StdDev 50% 95% 

eTrex 197 0.01 10.3 1.71 1.69 1.25 4.50 

GPS18 1280 0 41.5 2.46 2.96 1.84 6.80 

MicroPilot® 12635 0 12.4 1.54 1.62 1.12 5.40 

 

  

 

Figure 23. Absolute magnitude of GPS receiver distances measured from the GeoXT for 

the dynamic test. 
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Figure 24. GPS receiver accuracy as determined by the GeoXT geometric center for the 

dynamic test. 

 

B. Vertical accuracy of dynamic test 

Changes in altitude during the truck route are presented in Figure 25.  The 

MicroPilot® recorded considerable elevation fluctuations even when the truck was 

stationary (i.e., stoplights) this was especially evident at the end of the test where there 

were fluctuations in elevation greater than 10 m.  However, there was a close correlation 

between the recorded MicroPilot® and the GeoXT elevations for a majority of the test.  

During the first half of, the test, the GPS18 and eTrex elevation were close to the GeoXT 

elevations, but deviated from the GeoXT for sections of the latter half of the test. As with 
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stationary tests, the elevation measurements with the MicroPilot® were more reliable 

than the GPS18.   

  

 

Figure 25. Changes in altitude recorded by the eTrex, GPS18, MicroPilot®, and GeoXT 

receivers for the truckbed route. 

 

C. UAV guidance system evaluation 

The project conducted eleven test flights to evaluate the UAV’s auto navigation 

system’s performance as recorded by the MicroPilot® receiver. To maintain the UAV 

position within site, the study area was limited to 1 km2.  The mean and standard 

deviation of the UAV’s distance from the flight line was evaluated over the entire length 

(1400 m) and the mid-length transects (Figure 16).  The individual flight patterns and an 



 

 

145 

average of the eleven flights are provided in Figure 26a and Figure 26b, respectively.  

The UAV flight paths were consistent but not always over the transects.  It is not a 

surprise that the greatest deviations occurred when there were changes in direction: an 

average distance of 560 m was required to return to the transect.  An average maximum 

distance of 172 m from the flight line occurred upon return from the first waypoint as a 

result a change in direction of 180 degrees (Figure 26b and Table 24).  In some instances, 

the UAV flew through the first waypoint upon approach.  Figure 26c substitutes the 

approach (i.e., FP-A in Figure 16) instead of the return flight (i.e., FP-B in Figure 16) 

from the first waypoint and the maximum distance from the flight line was reduced to 97 

m (Figure 26d and Table 24).   

 

Table 24. UAV position from flight line for all eleven test flights and line of best fit. 

Confidence 
Interval 

1 & 3 Minimum Maximum 
Mean 

distance StdDev 50% 95% 

All Points 0.07 172 41.2 46.6 20.6 117 

Best Fit  0.07 97.2 28.0 32.3 11.8 93.4 
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Figure 26. Flights 1-11 full flight line and flight line of best fit. 

 

i. Horizontal GPS receiver accuracies for UAV flights 1, 2, 10, and 11 

The flight routes for flights 1, 2, 10, and 11 were evaluated with the eTrex, 

GPS18 and MicroPilot® (Figure 27).  The minimum, maximum, and average distances 

from the flight line for these flights are provided in Table 25.  The standard deviation and 

mean distance from the flight line was greater in flights 10 and 11 than in flights 1 and 2.  

Flights 1 and 2 were performed under higher temperatures and higher wind conditions, 

and at lower programmed velocities (Table 17).  In contrast, flights 10 and 11 were 
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performed under milder temperatures and wind conditions but at higher velocities (Table 

17).  The slower velocities of flights 1 and 2 allowed for tighter turns and the average 

distances to the transects (15-18 m) were almost half the distances of the flights 

conducted at higher velocity (27-29 m).  The three receivers showed the same general 

trend in distance from the flight line over time (Figure 28).  The standard deviations of all 

receivers were higher during flights 10 and 11.  Finally, the cumulative proportion curves 

(Figure 29) indicate that the difference between the MicroPilot® and the other receivers 

during flight 1, 2, and 11 were in close agreement in contrast to flight 10 where the 

GPS18 and eTrex deviate 10 m and 35 m, respectively, from the MicroPilot® receiver.  

  

 

Figure 27. Flight 1, 2, 10, and 11 were recorded with the eTrex, GPS18, and MicroPilot® 

GPS receivers. 
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Table 25. Distance measured from the transect for flights 1, 2, 10, and 11 the eTrex, 

GPS18, and MicroPilot® GPS receivers. 

Confidence 
Interval 

Flight 1 
Minimum 

(m) 
Maximum 

(m) 
Mean distance 

(m) StdDev 50% 95% 

eTrex 0.25 65.3 17.1 19.2 7.13 54.9 

GPS18 0.09 56.1 13.3 14.81 6.19 49.8 

MicroPilot® 0.02 57.9 15.0 15.3 7.39 52.1 

Confidence 
Interval 

Flight 2 
Minimum 

(m) 
Maximum 

(m) 
Mean distance 

(m) StdDev 50% 95% 

eTrex 1.17 73. 6 19.0 18.0 16.1 51.3 

GPS18 0.08 70.9 18.8 17.3 14.5 46.3 

MicroPilot® 0.13 69.6 16.2 15.3 10.3 45.9 

Confidence 
Interval 

Flight 10 
Minimum 

(m) 
Maximum 

(m) 
Mean distance 

(m) StdDev 50% 95% 

eTrex 0.89 149 37.5 41.4 15.7 103 

GPS18 0.04 220 29.8 40.6 11.1 111 

MicroPilot® 0.06 127 18.7 25.3 6.61 68.2 
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Table 25 - Continued 

Confidence 
Interval 

Flight 11 
Minimum 

(m) 
Maximum 

(m) 
Mean distance 

(m) StdDev 50% 95% 

eTrex 0.11 171 28.74 41.6 10.9 112 

GPS18 0.16 136 26.39 33.2 10.5 106 

MicroPilot® 0.06 140 25.75 32.8 10.8 103 

  

 

Figure 28. Recorded distances from flight line for the eTrex, GPS18, and MicroPilot® 

GPS receivers. 
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Figure 29. Cumulative proportion curves for flights 1, 2, 10, and 11. 

Figure 30 and Figure 31 demonstrate the UAV maintained the programmed 

course midway through the flight line and flew through waypoints 2, 4, and 6 (Figure 15).  

Figure 33 and Table 26 show the distances from the flight line improve dramatically 

when considering only the later halves of the flight lines.  The median distances from the 

flight line for flights 1, 2, 10, and 11 range from 3.5 m – 7.26 m.  Table 27 averages 

every 5 records as recorded by the MicroPilot® GPS receiver in an effort to identify 

possible errors or outliers.  The average distances were reduced by 2% to 13% while the 

percent change in the median distances varied from -3% to 25% for all four flights, 

indicating a robust data set.   
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Figure 30. Distances from midway to the end of the flight lines 1, 2, and 3. 

 

Figure 31. Cumulative proportion curves for distances from flight line for the later half of 

the flight line. 
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Table 26. Average distance from the flight lines for GPS18 and MicroPilot® GPS 

receivers. 

Confidence 
interval 

Flight 1 Minimum Maximum Average 50% 95% 

MicroPilot® all 0.01 31.3 6.40 5.22 17.00 

GPS18 0.09 27.0 5.03 3.60 14.34 

 

Confidence 
interval 

Flight 2 Minimum Maximum Average 50% 95% 

MicroPilot® all 0.13 22.8 6.96 4.93 20.0 

GPS18 0.08 22.3 6.85 4.96 19.0 

      

Confidence 
interval 

Flight 10 Minimum Maximum Average 50% 95% 

MicroPilot® all 0.06 17.14 4.55 3.55 14.2 

GPS18 0.08 54.63 7.70 7.26 16.7 
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Table 26 - Continued 

Confidence 
interval 

Flight 11 Minimum Maximum Average 50% 95% 

MicroPilot® all 0.06 20.8 6.13 4.86 15.8 

GPS18 0.07 37.5 6.07 4.65 15.8 

 

 

Figure 32. Map detail of all MicroPilot® data points and average of five data points for 

test flight 1. 
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Table 27. Average of  MicroPilot® GPS coordinates for every 5 records. 

Confidence 
interval 

Flight 1 Minimum Maximum Average 50% 95% 

Micro 5 pt average 0.06 27.23 6.26 5.39 14.07 

% Change -500.00% 13.03% 2.19% -3.26% 17.24% 

 

Confidence 
interval 

Flight 2 Minimum Maximum Average 50% 95% 

Micro 5 pt average 0.35 20.48 6.03 3.68 17.02 

% Change -169.23% 10.25% 13.36% 25.35% 14.77% 

      

Confidence 
interval 

Flight 10 Minimum Maximum Average 50% 95% 

Micro 5 pt average 0.03 15.56 4.38 3.56 12.2 

% Change 50.00% 9.22% 3.74% -0.28% 14.33% 

      

Confidence 
interval 

Flight 11 Minimum Maximum Average 50% 95% 

Micro 5 pt average 0.62 19.1 5.51 4.19 13.46 

% Change -933.33% 8.35% 10.11% 13.79% 14.81% 
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ii.  Vertical accuracy of UAV guidance system   

The programmed flight elevation was maintained by an integrated pressure 

sensor, not by MicroPilot®’s external GPS receiver.  The programmed cruise altitude for 

these flights was 122 m above ground level (730 m elevation). The altitude was 

maintained with the elevator while the throttle was used to control elevation.  Elevation 

versus time data for all three GPS receivers are presented in  

Figure 33 and a statistical summary of the altitude fluctuations is provided in 

Table 28.  The GPS18 and MicroPilot® elevations were generally within 5 m of each 

other and the programmed flight elevation.  In contrast, half of the recorded eTrex 

elevations deviated 10-15 m from the MicroPilot® and GPS18 elevations.  

 

  

Figure 33. Changes in UAV altitudes for the eTrex, GPS18, and MicroPilot® GPS 

receivers. 
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Table 28. Statistical summary of fluctuations in elevation for the eTrex, GPS18, and 

MicroPilot® GPS receivers. 

Confidence 
interval 

Flight 1 
Minimum 

(m) 
Maximum 

(m) 
Mean 

elevation (m) StdDev 50% 95% 

eTrex 723 740 732. 4 733 738 

GPS18 717 731 726 2.95 727 730 

MicroPilot® 722 739 732 2.78 731 737. 

Confidence 
interval 

Flight 2 
Minimum 

(m) 
Maximum 

(m) 
Mean 

elevation (m) StdDev 50% 95% 

eTrex 733 751 741 4.4 741 749 

GPS18 726 730 728 0.97 728 730 

MicroPilot® 722 739 730 3.96 729 738 

Confidence 
interval 

Flight 10 
Minimum 

(m) 
Maximum 

(m) 
Mean 

elevation (m) StdDev 50% 95% 

eTrex 730 742 736 3.97 736 742 

GPS18 723 733 728 2.65 728 732 

MicroPilot® 726 735 730 2.12 731 733 
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Table 28 - Continued 

Confidence 
interval 

Flight 11 
Minimum 

(m) 
Maximum 

(m) 
Mean elevation 

(m) StdDev 50% 95% 

eTrex 725 737 732 3.12 732 737 

GPS18 726 740 734 2.69 735 738 

MicroPilot® 726 743 732 4.11 732 740 

 

iii.  Evaluation of UAV velocity  

The UAV’s airspeed is determined by an onboard airspeed transducer that is 

connected to an external pitot tube that measures dynamic air pressure. The programmed 

target speeds for flights 1 and 2 were 50 km h-1 and 55 km h-1, respectively, and 65 km 

h-1 for flights 10 and 11 (Table 17). The ground wind conditions were generally from the 

northwest and varied from 2-13 km h-1.  Thus, flight transects 1 and 3 had tailwinds and 

transect 2 had a headwind so the plane generally flew slower along transect 2 than 

transects 1 and 3.  A statistical summary of the flight velocities based on GPS locations 

under tail and head wind conditions is provided in Table 29 and the change in flight 

velocities with time over each transect is presented in Figure 34.  Table 29 shows there 

were velocity reductions of 15-30 km h-1 under headwind conditions and Figure 45 

illustrates the dramatic differences in velocity between headwind and tailwind transects.  

Flight 10 displays the least fluctuation in velocity. This flight was conducted earlier in the 

morning when there was less air turbulence and wind speed. The relatively constant flight 
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2 transect velocities are also reflected by the narrow probability density function in 

Figure 35. 

  

Table 29. Statistical summary for flight velocities. 

Velocities for Tail wind Conditions (km h-1)    

Confidence interval 

eTrex Minimum Maximum Mean StdDev 50% 95% 

Flight 1 37.3 67.9 47.2 8.10 44.5 62.5 

Flight 2 63.6 79.2 70.8 4.77 70.3 76.7 

Flight 3 58.1 76.6 65.2 5.28 64.1 75.7 

Flight 4 61.3 76.4 66.3 4.20 66.3 73.2 

Velocities for Head Wind Conditions     

Confidence interval 

eTrex Minimum Maximum Mean StdDev 50% 95% 

Flight 1 37.2 48.5 43.5 2.91 44.2 47.8 

Flight 2 42.8 50.5 46.8 2.86 46.7 50.6 

Flight 3 42.9 45.4 44.4 1.35 43.1 45.2 

Flight 4 35.6 53.2 43.7 5.58 43.0 52.8 
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Table 29 - Continued 

Velocities for Tail Wind Conditions    

Confidence interval 

MicroPilot® Minimum Maximum Mean StdDev 50% 95% 

Flight 1 50.1 69.0 58.4 3.93 58.4 64.4 

Flight 2 58.5 80.4 69.6 5.57 69.8 79.7 

Flight 3 55.7 68.8 62.2 4.21 63.3 68.9 

Flight 4 54.4 77.4 66.3 4.98 66.4 76.2 

 

Velocities for Head Wind Conditions     

Confidence interval 

MicroPilot® Minimum Maximum Mean StdDev 50% 95% 

Flight 1 37.5 49.3 42.2 2.91 43.2 47.2 

Flight 2 38.7 50.7 45.7 2.91 45.5 48.3 

Flight 3 40.9 44.4 42.2 1.01 43.1 44.1 

Flight 4 34.1 53.4 43.3 4.99 42.2 52.2 
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Figure 34. UAV flight velocities for flights 1, 2, 10, and 11 over time. 

 

Figure 35. Flight velocity frequencies for flights 1, 2, 10, and 11 as recorded by the 

MicroPilot® GPS receiver. 
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iv. Evaluation of UAV roll,  pitch, and yaw 

Roll, pitch and yaw represent rotation around the X, Y, and Z axes, respectively.  

The positive X axis points towards the nose; the positive Y axis is directed to the right 

wing; and the positive Z axis is directed downward.  The change in roll, pitch, and yaw 

for flights 1, 2, 10 and 11 are presented in Figure 36, Figure 37, and Figure 38.  The UAV 

roll is generally maintained within 5 degrees from trim (0 degrees). Similarly, the pitch 

generally remains within 5 degrees of level flight (angle of nose). If there is a correlation 

between pitch in Figure 37 and elevation in  

Figure 31, it is not readily apparent.  However, the yaw graphs show a dramatic 

change in angular orientation of the plane with the transect depending on heading. The 

fact that the plane stays level regardless of wind direction while maintaining its course in 

spite of wind conditions indicates this platform is very suitable for remote sensing 

applications since a nadir view is desired regardless of the plane’s horizontal orientation.   

The roll, pitch and yaw diagrams for Flight 10 stand out from all the other flights 

in that there is less variation and fluctuation in these parameters than the other flights.  

This was an early morning flight under mild temperature (6 C) and calm winds (2 km h-

1).  Flight 11 was conducted one hour after flight 10, and the effect of increasing 

temperature and wind conditions on flight performance can be noted by the increased 

fluctuation in roll, pitch and yaw data for flight 11.  Flights 1 and 2 were performed in the 

early evening under high temperature (37 C) and relatively high wind speeds (10 km h-1) 

and had particularly higher fluctuations in pitch than flights 10 and 11.   
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Figure 36. UAV changes in roll for test flights 1, 2, 10, and 11 

 

Figure 37. UAV changes in pitch for test flights 1, 2, 10, and 11. 
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Figure 38. UAV changes in yaw for test flights 1, 2, 10, and 11. 

 

III.  Image analysis and geocorrection 

Images were acquired over the flight transects (Figure 16) in April 2008 under 

mild wind (1.1 km h-1) and moderate temperature (28.8 C) conditions.  The programmed 

flight elevation was 220 m above ground level.  Fluctuations in elevation resulted in 

images measuring 460 m x 700 m to 741 m x 975 m with pixel resolutions ranging from 

21 cm to 33 cm.  The camera was wrapped in foam to secure it in the front portion of the 

fuselage and to aid in minimizing image distortions resulting from engine vibrations for 

the nitro engine-powered UAV. The camera was triggered after the UAV had reached the 

first waypoint, and a total of 178 images were collected.  These images were downloaded 

and georeferenced independent of each other against USGS 1 m DOQQs in Erdas 
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Imagine 9.0 (Lecia Geosystems, 2005) using the polynomial geometric model.  An 

average of four ground control points were selected to calculate the transformation matrix 

for each image and resampled using bilinear interpolation.  These georeferenced images 

were then mosaiced.  Histogram breakpoints and automatic cutlines were used to color 

balance the images (Figure 39).  The RMS varied from 0.46 to 23.84 cm with a median of 

6.31 cm. The control point errors for these images were 10% to 100% of the pixel size.   

There were segments along the first and second flight lines that lacked 

distinguishing landmarks so image rectification was not feasible for these areas.  A 

majority of the pictures appeared near nadir but geometric distortions from the surface 

and camera angles became apparent during georeferencing.  Image distortions increase 

from the center of the picture and out towards the perimeter.  Clipping and discarding the 

outer portions of the images would reduce distortions but would impact the image 

overlap and the final mosaic. Figure 39 illustrates that the images were generally under 

the UAV over the entire transect although the image locations do not necessarily reflect 

the angular orientation of the UAV. 
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Figure 39. The images were georectified in Erdas Imagine. 

  

Figure 33 and Figure 36 through Figure 38 demonstrate flight performances as the 

distance measured from the flight line and the roll, pitch, and yaw, respectively, are 

dependent on atmospheric conditions.  Flight 11 was executed under calm conditions 

resulting in a one degree roll and pitch and a horizontal error of 14 m.  In contrast, flight 

performed under windy conditions resulting in roll and pitch of seven degrees and a 

horizontal error of 20 m.   

Table 30 summarizes the maximum horizontal error with change in elevation for 

calm and windy conditions.  The horizontal error for calm conditions is approximately 

one half the distance of the horizontal error of windy conditions.  Table 31 summarizes 
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the potential error from the programmed flight line at the 95% confidence level for a 

sensor or camera field of view of fifteen degrees with change in elevation. Table 31 

demonstrates that the percent change in footprint size slightly decreases as the flying 

elevation increases.   

  

Table 30. Horizontal error from transect at the 95% confidence level under calm and 

windy conditions. 

 Calm conditions Windy conditions 

Roll and pitch (degrees) 1 7 

Horizontal error (m) 14 20 

   

Elevation (m) 
Maximum  

horizontal error Maximum  horizontal error 

75 15.3 29.2 

100 15.7 32.3 

125 16.2 35.3 

150 16.6 38.4 

175 17.1 41.5 

200 17.5 44.5 
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Table 31. Potential error of from programmed transect at 95% confidence level for a 

footprint from a fifteen degree field of view. 

Elevation (m) 
Footprint 15 degree 

angle (m) 
Footprint 15 degree 

angle (m) % change in footprint 

75 3.93 27.6  

100 5.23 36.8 15.0% 

125 6.54 46.0 12.0% 

150 7.85 55.2 10.0% 

175 9.16 64.4 8.6% 

200 10.5 73.6 7.5% 

 

IV.  Conclusion 

The stationary horizontal precision of the eTrex, GPS18, MicroPilot®, and 

GeoXT GPS receivers at the 95% confidence level were 10.7 m, 10.6 m, 9.51 m, and 

3.50 m, respectively.  The accuracy of the commercial grade receivers for the stationary 

test when measured against the GeoXT was between 9.19 m and 11.11 m.  At the 95th 

percentile, the differences in elevation from the GPS receiver average elevation for the 

eTrex, GPS18, MicroPilot®, and GeoXT were within 14.6, 30.2 m, 13.5, and 7.90 m, 

respectively.  The distances from the GeoXT average elevation at the 95th percentile for 

the eTrex, GPS18, and MicroPilot® were 13.8 m, 20.0 m, and 15.6 m.  The horizontal 

dynamic accuracies at the 95th percentile for the eTrex, GPS18, and MicroPilot® in the 

dynamic test were approximately half the accuracies of the stationary test at 4.50 m, 6.80 

m, and 5.40 m.   
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The MicroPilot® receiver reported minimum and maximum distances from the 

flight line of 0.07 m and 172 m for the eleven test flights.  Extending the programmed 

waypoints when there is a change in direction (i.e., 90 degree – 180 degree turns) will 

reduce the measured distance from the transect.  The measured distance to the flight line 

decreased dramatically to 19 m at the 95% confidence level when considering only the 

later half of the flight line.   

For flights 1, 2, 10, and 11, the eTrex data was inconsistent with the data reported 

from the GPS18 and MicroPilot® receivers.  The GPS distances from the transect at the 

95th percentile varied between 9.29%, 10.5%, 33.8%, and 8.03% for flight 1, 2, 10, and 

11, respectively.  In general, the autopilot maintained operation at or above the 

programmed flying elevation.  The roll and pitch under calm wind conditions was only 

one degree in contrast to the seven degree roll and pitch resulting from windy conditions.  

The horizontal errors under calm and windy conditions were 14 m and 20 m, 

respectively, which is of no consequence when investigating vast areas (i.e., commercial 

farming operations, rangelands, and fire mapping).  Decreasing flight velocities and 

operating the UAV in the early morning when wind conditions more favorable will 

reduce deviations from the flight transects and improve stability of the platform.   

The study determined the accuracy of the existing UAV design is suitable for 

collecting collect visible, NIR, and infrared sensor data and digital photography along 

preprogrammed flight routes where there is an acceptable displacement error of 20 m.  

Fluctuations in elevation prohibit programmed flight altitudes that are less than 100 m 

above ground level (i.e., invasive species and fire area mapping).  Give some examples 
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This platform is not suitable for applications that require higher spatial resolutions and 

positional accuracies (i.e., small plot controlled experiments).   
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