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ABSTRACT

This paper presents the development and testinagsehsor payload for use on unmanned helicopférs payload is
designed to be used to detect and geo-positionploged ordnance termed UXOs. This technology mélbeneficial
to explosive ordnance disposal personnel in tlesirtange clearance operations. This payloadshte of gathering
image, attitude, and position information duririgtit, and a suite of software programs was devel@apable of
modeling, classifying, and geo-positioning UXOs.
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1. INTRODUCTION

Bombing range clearance by Explosive Ordnance Biipoersonnel is an ongoing effort by the US Airdeo Typical
range clearance operations consist of an initidhance reconnaissance and then cleanup operagdisrped by EOD
personnel. For the initial ordnance reconnaissgmeesonnel typically walk through a test range sundey ordnance
type and estimate ordnance quantity. This resdatehds to aid EOD personnel in surveying bombiantge areas and
identifying and geo-locating specific types of cadne.

The Center for Intelligent Machines and RoboticthatUniversity of Florida has been performing astmous ground
vehicle research for over 10 years. In that tirmsearch has been conducted in the areas of deisgmr, precision
navigation, precision positioning systems, and atistavoidance. Recently experimentation with ummed aerial
vehicles has been in collaboration with the Tynd&llForce Research lab at Tyndall AFB, Florida.

Tyndall Air Force Research Laboratory has workedatals improving EOD and range clearance operabgnssing
unmanned ground vehicle systems. This researchngncates the abilities of unmanned aerial and nptorehicle
systems to support these operations. The resemioh for the range clearance operations is teigvan autonomous
multi-vehicle system that can perform surveyinginance detection/geo-positioning, and disposalaijwers with
minimal user supervision and effort.

2. DETECTION ALGORITHM

A statistical color model was used to differentigibeels in the image that compose the UXO. Therolodel was
constructed in RGB color space. The feature vegts defined as
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where r, g, and b are the eight bit color valuesafpixel.

Using the K-means Segmentation Algorithm, an imam&aining a UXO was selected and segmented. Aeeted
image is shown in Figure 1.



Fig. 1: Segmentation software

The region containing the UXO pixels was selected @color model was calculated. The mean colotoves
calculated as
n
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where n is the number of pixels in the selecteibreg

The covariance matrix is then calculated as
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The mean and covariance of the UXO pixels are tisexl to develop a classification model. The eqoatsed for a
classification metric is
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The classification metric is similar to the likedibd probability except that it lacks the pre-sagleoefficient required
by Gaussian distributions. This allows for thesslfication metric value to be constrained frono@t The analysis
was performed by selecting a threshold for thesdfi@ation metric in order to classify UXO pixelom the image.
This allowed for images to be screened for UXO ctaia and for the pixel coordinate location of th&Os to be
identified in the image.
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3. LOCALIZATION ALGORITHM

Once the location of the UXOs was determined initeges, it was desirable to determine the locadfdhe UXOs in
the global reference frame. The location of theQ$Xn the global reference frame was determinemgusbie position
(GPS latitude and longitude), attitude (roll, pitgaw), and elevation of the aircraft. In ordeetsily quantify the
results of the experiment, a set of forty imageseveelected that contained the same UXO. Thisskteas used to
determine the variation and error incurred by tealization process.



3.1. Camera model

The cameras were modeled by linearly scaling thizdwotal and vertical projection angle with thenday position of
the pixel respectively as illustrated in Figure 2.
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Fig. 2: Image coordinates to projection angle datin

This allowed for the relative angle of the UXO t® dalculated with respect to a coordinate systeedfin the aircraft.

3.2. Coordinate transformation

A coordinate transformation is performed on eadeated UXO location from image coordinates to glalmrdinates
as shown in Figure 3.

Global ™.

-

Reference
Frame

- e
R
Fig. 3: Diagram of coordinate transformation

The image data provides the relative angle of tKk@®Wvith respect to the aircraft reference frame.oider to find the
position of the UXO, a solution of the intersectfra line and a plane was used. The equatiornptdree that is used
for this problem is

Ax+By+Cz+D =0 (5)

where x, y, and z are the coordinates of a poitténplane.



The equation of a line used in this problem is

p=pt u(ﬁz - ﬁl) (6)

where g and p are points on the line.
Substituting (6) into (5) results in the solution

Ax +By, +Cz +D

u=
A(X1 - Xz) + B(yl - yz) + C(Z1 - 22)
where x1, y1, and z1 are the coordinates of pdinapd x2, y2, and z2 are the coordinates of ga#int
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For this problem the ground plane is defined inglubal reference frame by A=0, B=0, C=1, and Detgd elevation.
The point pl is the focal point of the camera arisl determined in the global reference frame basethe sensed GPS
data. The point p2 is calculated in the globatrmefice frame as equal to the coordinates of plaplust distance along
the UXO projection ray. This is known from the UXi@age angle and the camera’s orientation as meddyr

attitude and heading sensors. In other wordslitieetion of the UXO projection ray in the globaeference frame was
found by transforming the projection vector frore tiircraft to the UXO as measured in the aircraftnke to the global
frame. This entailed using a downward vector madfrcraft frame and rotating about the yaw, pitaig roll axis by

the projection angles and pose angles. The rotat@trices are
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where:
=yaw of the aircraft
=pitch of the aircraft plus projection pitch angle
=roll of the aircraft plus projection pitch angle.

The downward vectar=(0 0 -1) was transformed using the compound rotation matrix
1p4 122334
R"=R““R°°R j11
The new projection vector was found as
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r'=R"r (12)
where r is the projection ray measure in the ditcederence frame and r’ is the projection rayvasasured in the
global reference frame. Using the solution foumdthie intersection of a line and a plane and usliegircraft position
as a point on the line, the position of the UXQha global reference frame was found. Thus, feheadnance
identified in an image, the coordinates of p1 aBdpe determined in the global reference frame(@pdnd (6) are
then used to calculated the position of the UX@hanglobal reference frame.



3.3. Attitude measurement using visual horizon detection

A forward facing camera was used to capture a gadfithe horizon synchronously with the imagegwaga with the
downward facing camera. Using horizon detectiba,attitude of the aircraft was determined withibiet use of the
attitude sensor used previously. Figure 4 shosanaple image from the forward facing camera.

Fig. 4: Forward facing image

During these experiments the payload was facingtdsithe rear of the aircraft due to exhaust isstli®és had no
affect on the sensor measurements since the seagioad was completely independent from the aitcraf

Using a horizon detection algorithm, the horizaw]iroll and pitch angles were derived from thegesa Figure 5
displays the horizon detection algorithm output.

Fig. 5: Horizon detection algorithm output



4. RESULTS

Aerial images of simulated unexploded ordnance wetected using a sensor payload constructed hyddsity of
Florida researchers. The payload was flown ondmmanned helicopters during testing. The firsiclogiter was a
Miniature Aircraft Gas Xcell RC helicopter. Thecsad helicopter was a Yamaha RMAX unmanned helaropélong
with aerial imagery the sensor payload collected dach as gps coordinates, attitude, and compeashny.

4.1. Attitude measurements
The attitude measurements using the tilt sensottentiorizon detection algorithm are shown in Fégu and 7.

Fig. 6: Roll angle measurements

Fig. 7: Pitch angle measurements



It was found that the attitude measurements usimgdn detection had much less noise when compartite data
from the tilt sensor. This noise would naturalippagate through the UXO position solution. Theuhes show that the
variation for the UXO positions is much smaller fbe UXO positions using the attitude from horiztatection versus
the inertial tilt sensor. The results were based gelected data set of images that were vetifi@dntain the same
UXO. The entire set of images that were collested analyzed using the same process and the résulte Inertial
and Horizon Detection based tests are shown inr€sg8 and 9 respectively.
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Fig. 8: Calculated UXO positions (inertial based)



646895 Calculated UXO Position Using Horizon Detection
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Fig. 9: Calculated UXO positions (horizon based)
The ultimate goal of the experiment was to conducomparison between the precise surveyed locafite UXOs
versus the calculated UXOs’ position using the iesagnd pose data collected using the sensor paykigdre 10
shows the results of the surveyed UXO positionsugthe calculated UXO positions using the dateecild using the

sensor payload.



Fig 10: Surveyed versus calculated UXO positions
The analysis performed for this experiment shovad the detection and localization process andrighgos produced
encouraging results. The detection algorithm slibtiie ability to use a statistical color model xtract the UXO
pixels in the images with few sporadic errors. Tdwlization algorithms showed the ability to cdéte the UXO
position in the global reference frame. The resalso showed the difference between the precddittmee UXO
positions using the attitude measurements frontildrased and Horizon Tracking sensors.

4.2. Bombing range clearance testing

In August 2005, a team from the Air Force Reseaatioratory (AFRL) and University of Florida's (UEenter for
Intelligent Machines and Robotics traveled to Nellir Force Base in Nevada to test the systemliedbombing test
range. Figure 11 shows an image containing seireeabrdnances; collected using the AFRL Yamaha/M
helicopter and the UF sensor payload. The anabfdise collected images is ongoing



Fig. 11: Test range image of live ordnance

5. CONCLUSION

This paper has discussed the research conductiee d@niversity of Florida and the Air Force Resédraboratory for
the detection and localization of unexploded ordeamsing unmanned helicopters. A detection algaribased on an
a priori color model was presented which incorpesahe Maximum Likelihood statistical method. Avsabattitude
measurement method was used for augmenting thedattineasurements collected using inertial attisedesors. A
geo-positioning method was presented which perfahmdransformation from UXO positions in image atinates to
global coordinates.

Simulated test range experiments were conductdgegkir Force Research Laboratory at Tyndall AFByida. Live

test range experiments were conducted at the MélliSorce Base in Nevada. Future research willfoon an
analysis of live test range data and algorithm striness.

ADD references and mention blurb in introduction.



