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NFOV CCD,
2’ ditch at 24/,
8:00 am

FLIR,
2’ ditch at 24’,
8:00 am

Figure 10: Sample gative obstacle detection results for CCD and FLIR stereo vision.
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Intensity image Depth map Detected obstacles

NFOV CCD,
rock at 63’,
9:10 am

FLIR,
rock at 55’
6:50 pm

FLIR,
rock at 36’,
8:20 am

Figure 9: Sample obstacle detection results for CCD and FLIR stereo vision on 11" rarioas wdistance
Detection results are siva as white werlays in top and bottom image, graverlay in middle image.
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am, the contrast is muchwer; detection has been what image size (512x512 or 1024x1024), and whether
achieved at 36 feet, with 11 péts on taget. or not high performance panftilt anézg control are

Although these are by no means defimitor e¢chaus- necessary to simultaneously satisfy requirements for
tive results, the still shav detection at ranges equal to angular resolution and field ofgard. A ley issue in
or exceeding the lookahead requirements discussed ithis is to assess the realism of the “Sepiule”.
section 2 for cross-country dimg (60 feet for day dvi We then described a G data collection of CCD ste-
ing at 20 mph, 25 feet for night dimg at 10 mph). reo pairs, InSb FLIR stereo pairs, and LAB that was
With the NFQ/ CCD stereo pair in results not stito  conducted at the Aberdeen ®Pir@y Grounds in Neem-
here, the 11 inch rock has been detected at 87 feet (b@r and December 1997. The collection includes data
pixels high), It not at 114 feet (8 pets high). Similar  sets for rocks from 6.5 to 13 inches high, ditches from 2
tests hae not yet been conducted with the FLIR imag-to 8 feet wide, a flat dirt road for measuriadsé alarm
ery. rates, and a dirt road withvohills for validating perfor-

For ditches, figure 10 sk good detection results for mance on hills. & the rocks in particuladata sets
the 24 inch ditch seen 24 featay for both the nari®@  were collected atarious times before and after dusk
field of view CCD stereo pair and the FLIR stereo pair and before and after @a to allav stereo vision perfor-
The ditch subtends about 15 @ix in the CCD range mance wealuation with thermal imagery withawying
image and 6 pils in the FLIR range image.e3ts with  degrees of contrast.
the CCD-based imagery V& obtained satiattory The stereo imagery has been processed into range
detection at 36 feet, where the ditch subtends &qix data at an angular resolution of about 1 mraeéipiar
but not at 42 feet, where it subtends 5efsx These the NFO/ CCD’s and 2.3 mrad/pet for the FLIRS.
ranges do not satisfy the lookahead requirements fokccording to section 2, this should be adequate to stop
stopping at 20 mph, although thdo meet the require- for positve obstacles of the requisite size and to do
ments for small-angle turns. small-angle turns for mative obstacles. Initial perfor-

To examine &lse alarm rates, the obstacle detectiormance ealuation results for stereo vision sved fairly
algorithms hae been run on 100 images from the flatgood depth mapsxeept that lav contrast FLIR imag-
road data set,arying the size of obstacle the detectorery required increasing the size of the cross-correlation
was tuned far Preliminary results skothat the number window. An 11 inch rock \&s detected at distances up
of false alarms for the NROCCD cameras drops to to 87 feet with CCD imagery and 55 feet with FLIR
zero when the posite obstacle sizexeeeds 6 inches imagery; this gceeds the estimated lookahead distance
and the ngative obstacle size xeeeds 20 inches. requirements for stopping. A 24 inch ditch could not be
Although this is promising, further testing is necessarydetected bgond 36 feet with CCD imagery; this is ade-
particularly on nmpier terrain. quate for a small-angle turn manegvbut not for the

lookahead required to stop at 20 mph. Reasonably good
. detection performance is not acked with 5 pixels on
6.0 Summary, Conclusions, and taget, lut is with 10. Preliminary results withalbe
Future Work alarm statistics sho negligible false alarms for these
size obstacles on smooth sgés; of course, the real
This paper has veewed the werall performance test will be on moredmpy surfaces with egetation.
goals for autonomous mobility in the Demo Ill program, In conclusion, initial performancevauation results
which include achiing obstacle widance at 20 mph suggest that the obstacle detection performance needed
for cross-country dving by day and 10 mph by night. for Demo Il speeds can be met with stereo vision sys-
The \ehicle being designed for this programxpected tems with reasonable IROand algorithms similar to
to be able to rgotiate positre obstacles up to 12 inches those already in use, at least on semi-arid terrain. The
high and ngative obstacles 24 inches wide. e\ Wum-  stereo baseline for thesgperiments vas 40 cm. The
marized estimated requirements for lookahead distandeOV of these systems does not fill theemll FOR
at these speeds, which are 60 feet for stopping at 20 mplaquirement, so camera pointing (or multiple camera
and 25 feet for stopping at 10 mph. Correspondingets) seems to be required. This is a significant area for
numbers for obstaclevaidance with small-angle turns future research, particularly as it interacts with path
are 35 feet and 22 feet, respeely. We also gve  planning and local map maintenanceorin the com-
stravman angular resolution requirements for obstacleng year will also do performanceaduation on terrain
detection based on range data from stereo vision, assutlike 2 course at APG. The much mordidifit issue of
ing a detection criterion that requires the obstacle t@bstacle detection sensors, algorithms, and performance
subtend at least 5 mis in the image. These numbers evaluation in egetated terrain will be addresseden
feed into ongoing designokk to hav mary cameras, the net two years.



cally assess the detectability of the obstacle sizes spe&:2.1 Algorithms Applied
fied in section 2 at the lookahead distances estimated in For this paperwe app“ed the column-oriented detec-
section 2. Longer term goals of thisnk include deel-  tion algorithms for both posite and ngative obstacles
oping and wlidating more sophisticated models of that are described in [11]. oF positive obstacles, for
obstacle detectabilityor example that relate probability each piel in the range image, we find a secondepin
of detection anddise alarm to sensor design parametershe same column ae it that vould correspond to the
(angular resolution and stereo baseline), illuminationpp of a minimum-size ertical step, if such a step had
conditions, detector sensitly, and design of the detec- jts base at the first ptk We compute the change in
tion algorithm. height and slope between theseo tpixels; wherger
these quantitiesxeeed a threshold, we label the first
pixel as on an obstacle. This “step detector” is Yodid
by a “blob filtering” stage that uses 4-conndtyi to
extract connected ggons of positre obstacles; ggons
whose width &lls belav a threshold (typically about 4
pixels) are eliminated as Bky false alarms.

The ngative obstacle detection algorithm measures
change in slope as a cue to presence of a ditohenGi

5.1 Quality of Range Data

Prior work on performancevaluation of stereo vision
has shwn good results on wellxposed, CCD stereo
image pairs of outdoor scenes; that is, it hasvahare-
cision of disparity estimates better than 1/10epi¥],
with 87% or more of pigls haing acceptable depth

estimates [2]. A & question for this data set iSW0 iyq) that is a candidate to be at the front edge of a ditch,
well stereo wrks for lov contrast conditions with FLIR we fit one line sgment to all piels in that column

cameras; forxample, near the diurnal thermal cross-poiqy that point and another line graent to piels
Over. ) L . above that point up to the apparent bottom of the ditch.
Some practical and logistical problems Wexee#i- |t {he change in angle between these tagments
enced in this data collection. In particulaome data g, ceeds a threshold, and the width of the apparent ditch
sets hae less than ideal calibration, and sompeei- 554 gceeds a threshold, we declare the candidag pix
enced inadertent, sub-optimal setting of aperture oriy pe gt the leading edge of agative obstacle. Con-
exposure time. Wlagely suppress these details here. octeq components are also formed, in this case with an
The stereo algorithm applied to generate depth mapg connected criterion since the leading edge ofga-ne
was the real-t|me al_g0r|thm described n [11]. Al IMag-tive obstacle is typically a linear feature in the image,
ery was acquired interlaced; hence, it has been progmiher than a compact blob as for pesitiobstacles.

cessed as fields at 256x240 resolution. Again, blobs with width less than a threshold are elimi-
We generally obtainedairly good depth maps, as can \ateqd.

be seen in figures 9 and 10. Our primary olzt@n so

far concerns l@ contrast FLIR imagery; forxample,

the morning imagery sho in the figures. @get good 5.2.2 Detection and False Alarm Results

depth maps for this imagemye hae had to increase the  Parameters were tuned to detect the minimum obsta-

cross-correlation winde size from the 7x7 pels we  cle sizes discussed in section 2 (12 inch pasitbsta-

typically use to 9x9 or 11x11.aR of this may be due to cles and 24 inch gative obstacles). Figure 9 she

less than ideal calibration oixmosure time settings; example results from the rock data set, figure 10 from

however, we anticipate that such adaptation will bethe ditch data set.

required in some i@ contrast conditions gardless of For rocks, we hae been able to detect an 11 inch rock

calibration and xposure. Therefore, algorithms to do at a distance of 63 feet from the camera using thewarro

such adaptation automatically andi@éntly will be an  field of view CCD stereo pairln figure 9, the white

important part of future ark. region overlaid on the CCD image in the rightmost col-
umn shavs where an obstacleas detected; there are no

. . false alarms. In this case, the obstacle subtends about
5.2 Qua“ty of Obstacle Detection 13 pixels for the 256x240 el of resolution at which
We have done initial testing with the rock, ditch, and we processed the imagery

flat road data sets te@uate maximum detection ranges  As seen in figure 9, FLIR imagery of rocks at 5:50 pm

and to generate initial sets o&lde alarm statistics. has high contrast, especially between the rocks and the

Since these results willavy with the obstacle detection seijl. Since the rocks appear white in the image, the

algorithms used, we brieflyview these first. obstacle detectionverlay in the rightmost column is
shawvn in grey; the rock is detected at 55 feet with no
false alarms. Here the rock subtends @lpix At 8:20



Photo of flat road site Photo of 3-course site

WFOQOV CCD, NFO/ CCD, and FLIR imagery from 3-course

Figure 8: Representat images from flat road data set and 3-course data setARAMDagery vas also acquire
at these sites.



WFOV CCD NFOv CCD FLIR

8’ ditch at 24’

8’ ditch at 36’

2’ ditch at 24’

2’ ditch at 36’

FLIR image of ditch with LADAR image of 4’ ditch at 39’
reversed contrast compared
to image in upper right

Figure 7: Representat images from ditch data set. Additional sequences were acquired approaching th
diagonally instead of straight on.
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(a) Photo of rock layout (b) LADAR range image of rocks

(e) FLIR, 08:20

(f) FLIR, 17:00 (g) FLIR, 21:20 (h) WFOV CCD, 06:50 (i) NFOV CCD, 06:50

Figure 5:Rock data sets: (a) Documentation photograph, (bARAIMage, (¢)-(g) FLIR images aakious times
(h) wide angle CCD image at 06:50, (i) navrangle CCD image at 06:50. Notarying contrast of FLIR imager
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Figure 6: Left: surgyed location of ditches. Wths are 2’, 4’, 6, and 8’ for ditches 1 through 4, respebi
lengths wary from 14’ to 21'. Graph units are UTM coordinates. Right: documentation photograph.




Rocks 4.2 Ditches

To provide controlled conditions with good terrain
ground truth, 4 ditches were dug in &rio a flat, grael
area, with widths from 2 to 8 feet and lengths from 14 to
road rock2 21 feet (figure 6).
boundary 1 Data sets were acquired by uing the HMMWV
4368320 SRR A SRR - toward the ditches, both with perpendicular and diago-

3 ‘ nal approaches, sometimes stopping te thie imagery
rock4 and sometimes diing continuously at 5 mph. Data sets
1 included:

4368340 T

Approximate

Northing (m)

4368300 ) o SRR - e Mid-afternoon, with the ehicle stopping \ery 6

5 5 feet from 18 to 60 from the ditch; acquired
sequences for all 4 ditches. Also acquired sequences
for all ditches while driing at 5 mph.

H

rock cluster i

4368280 * Mid-afternoon, 45 dgree diagonal approach at 5
396970 396990 397010 397030 mph. Also, 5 mph perpendicular approach from the
Easting (m) “pack side”.

* Early morning (8:00 am), ditches 1 and 4 onBhi-
Figure 4: Sktch of dirt road layout with sueyec cle stationary only perpendicular approach only
positions of rocks 1 to 4; heights of these rocks wel stopping eery 6 feet.

6.57, 137, and 11", respectely. Graph units are UT . .
coordinates. Figure 7 shars sample imagery from each type of

camera. Note that instances were ob=gin the ther-
mal imagery where the visible side of the hokesvboth
stored on a digital video disk. oF image sequences warmer and cooler than thevéd ground susdce,
grabbed on the nve, a continuous capture loop depending on the direction of the sun.
shapped all three stereo paivery 1/5 of a second.

4.3 Flat Road and 3 Course

4.1 Rocks Figure 8 shars sample imagery from data setsetak
The rock data set (figure 4) used four rocks spaced an the flat road andver the lav hills on 3 course.
intenvals of about 25 feet along the edge of a dirt roadSequences were taf on the flat road at 10 and 20 mph,
with rocks 1 and 3 inagetation just dfthe road and heading northard at roughly 1:30 pm, with 100 stereo

rocks 2 and 4 on the road; rock heights ranged from 6.pairs per sequence. Sequences werentak 3 course
to 13 inches. A cluster of boulderssvalso visible to at5 and 10 mph, heading soudre shortly after noon.,
the cameras 100 feetymad rock 4. Figure 5 shas a  with 100 to 200 stereo pairs per sequence. 3 couase w
sampling of the imagery acquired. wet, with distinct puddles atwspots.

Data sets were acquired under the foilgy condi-
tions:

: . : 5.0 Initial Resultsfrom Performance
* Late afternoon/earlyvening: (a) ehicle stationary

adwvancing 6 feet per image set through the rock fieIoEVaI uation

and (b) dwving at 5 mph through the rock field. At the time of writing, performancevaluation of ste-

* Pre to post-dan: (a) \ehicle stationary and (b) @i ~ reo matching and obstacle detection with this data set is
ing at 5 mph work in progress; therefore, we report re_sults to daite, b

expect to produce a moratensie report in the future.

The focus in this paper is on results with stereo; we plan

. . . to compare stereo and LAR performance in future
Variations in contrast of the thermal imagery as Qyork P P

function of the time of day arevident in figure 5.

¢ Early afternoon (1:30 pm), dihg at 10 mph.

The short term goals of thisonk are to (a) \ealuate
the quality of the range data, especially for FLIR stereo
through the thermal cross«r period and (b) empiri-



that is, trying to use both nawoand wide F& stereo

pairs at once to pwide a foveal/peripheral capability - /r E; }f‘?‘m ) )
The thermal cameras had a 34x34grde FQ, or J : //’ —_ o L
2.3x2.3 mrad IF@ at the detector resolution of Perryman, ARG 7N O .
256x256 piels. The LADAR available for this gbrt . Smatl map,” | i oL \ /
was the Dornier EBK LABR, which has 128x64 pets . Nov:Dec, 1997 i g
in a 60x30 dgree FQ, or 8.2x8.2 mrad IF; its scan N/ /
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cameras were between 1/60 and 1/125 of a second, wi.
auto-iris lenses. The thermal cameras hadeal faper-
ture and were set up for approximately a 1 npgosure | 7
time. '
Our original intent wvas to collect imagery from all of
these sensors simultaneously onvélmber 11 and 12, -
1997. Havever, technical problems with the LAAR
forced postponement of the LAIR data collection to
December 1 and 2. Site sayg were used to set up the
test course to be as nearly identical as possible for tF -
LADAR data collection as for the stereo collection, and
matching data sets were acquired. = ;
The Perryman area at APGasvselected for data col- \) W

rate is 1 frame/second. Exposure times for the CCL / (™~ A /;// 2

lection. Terrain &ailable at Perryman includesveeal

roadway “courses” dering different conditions and a /’
variety of of-road areas. The roadwy courses are all ,f
gravel or dirt surfices in the follwing conditions: /'//f Vi i ¥
/ - i
* 1 course: a smooth road sagé. ol 2‘4" ‘““‘i\\ \Q\( L; Pl =
N
e 2 course: a moderatelyulmpy road surdce, with ,’/’ /i/f\\\ \\\\t‘ Z{q{ M
bumps and ruts with heights and depths ofesa -/;‘/ Q”,f/ } PR \\
inches. . / v '\i i( \\\i\\\
£t fﬂ§ l§ 1 \i \\
¢ 3 course: a dirt road with a series aoflbills several Figure 3: Map of a portion of Perrymaacflity at
feet high. APG. Data sets described in this paper were acc

e 4 course: a road with multiple parallel, roughly sinu- at locations mard “R” (rocks), “D” (ditches), “F” (fla
soidal, out of phaseaviations at an amplitude and "0ad), and “3" (3-course).
wavelength intended to stretch the suspension of
military vehicles to the limit (ie. order of tvMfeetin  able as a more challenging test afsé alarm perfor-

amplitude). mance than the flat road sequences; we plan to use 2
. . ) course in futurealuations.
Differential GPS coupled with INSas used totag all 1 is \ell knawn that the contrast of thermal imagery

imagery with the ehicle position and attitude at the \5ries gclically over a 24-hour period, due to fdifent
time of image capture. oTsimplify logistics, all data  hermal inertias and moisture contents of materials
sets were collected in the vicinity of a single GPS bas?a 9]. In particularrocks tend to be brighter thasge-
station set up near 3 course; a map of this areavensho (a1ion during the dayand vice ersa at night. Therefore,

in figure 3. Data sets of rocks and ditches were acquirgflere are tw times of the day when a “thermal cross-
on a/allablr_e terrain n;etto3coursr_e. As a “control” case . ar occurs, where temperatures roughly equalize
for eyaluatmg Blse alarm rates, image sequences Werg,roughout the scene and the image contrasiris aw.
obtained on a stretch of flat dirt road adjacent 10 3ype of these crosssers occurs shortly after dusk, the
course. Since hill crests are knoto be a source of dif-  yiher shortly after dan. In an dbrt to capture these
ficulty for algorithms that detect gative obstacles, jtficult conditions, we captured thermal imagery from
image sequences were also acquired on 3 courseeto 1l ghly 5 to 9 pm and 6 to 9 am. The rest of this section
adwantage of its sequencendiills. For this data collec-  gymmarizes the characteristics of each data seteshark

tior_1, lack of time unfortunate_ly pvented the collection figure 3. Note that stereo imagergswligitized and
of imagery on 2 course, whichowld have been alu-



resolution requirement of 5 [@is on taget, the required LADAR in ability to do non-scanning range imaging,
FOR greatly rceeds the F® available from ®en a  which has adantages for afst \ehicle on rough terrain.
1024x1024 camera if we are to stop for a 24 inch ditch Autonomous nagation at night is a e dimension
at 20 mph. This will force the vision system design toto the problem. LAIBR works at night een better than
use multiple cameras or cameras on a pan/tilt, or forcié does during the day; @ver, its actve nature is still a
the overall performance objeets to settle for detecting concern for military applications. Options for doing ste-
larger ditches or to assume that the latextdrt of such  reo vision at night include:
obstacles permits a small-angle turn as aoidance
maneuer, with the attendant shorter lookahead range.
All of this discussion leads to the conclusion that,
even with a simple “pigls on taget” criterion for defin-
ing obstacle detectabilityhe combined IF® and FOR ¢ Use of image intensified CCD camerasyheer, the
requirements for detecting obstacles at high speeds are high noise leel in such images has discouraged their
hard to satisfyespecially for ngative obstacles. This use.
suggests that there will be a need for cameras on a pan/ ] ]
tilt, together with gze control logic to decide where to * Use of thermal infrared cameras (FLIR), with one of
look. It also underscores the importanceqfegimen- the may available thermal imaging technologies.
tally validating estimates for required numbers oz Current efiorts are focusing on the last of these alter-

on taget. Furthermore, itis desirable to dera more natves. The options include cooled detectors in the 3-5
sophisticated detectability model that relates the proba- . P

bility of detection anddlse alarm to the obstacle size and 8-12um bands and uncooled detectors in the 8-12

and distance and to the angular and range resolution ]l’ﬂ band. Among cooled detectors, indium antimonide

. . nSb), sensitie in the 3-5pm band, is attracte
the sensor A very modest start on thisas made in [1]. ; . L .
’ . because of itsxtremely high quantum €iency, avail-
The data collection &frt described belw takes another o .
step by pruoiding a substantial data set foqperimental ability in medium to lage format arrays, and othexck
Py p 9 o : tors. Wwo 256x256 InSb thermal cameras with 34
evaluation of detectability with dérent sensors placed ) :
. . . . _degree FQ¥ optics are ®ailable to us as tmoy from the
side by side and with good ground truth for the terrain .
- . Demo Il program. Uncooled detectors are of interest
We also shw initial performance aluation results that . .
s " because of their potential for muchwier cost and
support a “piels on taget” number between 6 and 10. o : o
. . . smaller size; hwever, their lover sensittity, much
However, more mathematical modeling anxperimen- :
: _ s . longer eposure times (30 ms, as opposed to around 1
tal evaluation of this issue is in necessasry and will be a T
X ms for InSb), and otheraétors mak their utility for
subject for our future research. . . L
robotic \ehicle stereo vision unclear at present. A more
quantitatve comparison of thermal cameras for night

; Sen stereo vision is in progressygn the gailability of the
3.0 Candidate Range Sor's InSb stereo pair and their high performance nedatd

For autonomous mégation in daylight LADAR and ~ other options, the fdrt described bels focused on
stereo vision hae been used for obstacle detection sincelight stereo vision with InSb thermal stereo cameras.
the 19708 [4,5]. Radar and sonarveabeen pursued
less for cross-country m@ation because of their sig- N
nificantly lowver angula?r/ re?olution and other Iimitatiogs. 4.0 Data Set Descri ptlon
In the 19805, LADAR progressed rapidly and as
prominent in cross-country mobile robot projects [6], in
part because stereo visiomswery slav in comparison.
Since 1990, hoever, stereo algorithms ka been waail-
able that present a viable altermatto LADAR at mod-
est working ranges (order 100 feet) [7]. Currently

engineering considerations do not radither sensor a 512x480 piels; this vas set up to reasonably match the

stand-out winner for cross-country vigation, so the . . L .
o ntry . angular resolution requirements aed at in section 2.0.
non-emissie nature of stereo vision has made it attrac-

tive to military projects wherewosignature is desirable The second CCD stereo pair had a wideVFO
At present, stereo alsofafds a smaller sensor head ('WFOV?) of 85x64 darees, or 2.9x2.3 mrad IRO

than LADAR, which is attractie if panfilts are this matched the angular resolution in Demo II, which

required; in addition, stereo still has the leagkro allows a useful comparison to pr?us pe_rformange and
lets us galuate the concept of “dual field of wie --

¢ Active illumination, possibly in wisible (near infra-
red) wavelengths; this is unattraeé for signature
reasons.

To compare arious day and night range sensing alter-
natives, we equipped a HMMWYV with twstereo pairs
of CCD cameras, the stereo pair of InSb thermal cam-
eras, and a LABR. One CCD stereo pair had a narro
FOV (“NFOV”) of 20x15 derees, giing a 0.68x0.5
mrad IFQ/ (HxV) at full digitizer resolution of



while the \ehicle turns toid the obstacle. df very
wide obstacles, this is the distance requireckezete a
90 daree turn at the gen \ehicle \elocity [2]; this dis-
tance can be quite . For very narrov obstacles that
can be woided by small-angle turns, it can be who
that at high speed it is possible to steer around the obst
cle in much less distance than ibwld tale to stop for

it; therefore, this is an important maneuvat high
speed. Note that the maneuwdistance for turning also
depends on theehicle \elocity, because the minimum
possible turning radius is limited by requiring that the
vehicle does’slide or tip @er in high-speed turns [2];
therefore, ehicle width and center of grdy location
also factor into the lookahead distance for turning
maneuers [3].

For the Demo Il program, gen currently assumed
parameter &lues of 0.65 to 0.85 for the friction ctef
cient, 0.5 seconds for the combined reaction times,
grades from 7% (on-road) to 30% ftobad), and a is the angle subtended by one gdjxor the “instanta-
buffer distance of 8 feet, the lookahead distance foneous field of vie’ (IFOV). For nejative obstacles
stopping is takn to be about 110 feet at 40 mph, 60 fee{ditches), foreshortening of the projected width of the
at 20 mph, and 25 feet at 10 mphor Bteering around ditch on the image leads to a resolution requirement of
obstacles less than 3 feet wide, the lookahead require-
ment is 65 feet at 40 mph, 35 feet at 20 mph, and 22 feet
at 10 mph. These are minimuralwes that prnade a
single “look” at the obstacle before a decisionvoidit  whereC is the height of the camera aeothe ground
must be made. andW is the width of the ditch.

Given obstacle size and lookahead distance, we canTaking the obstacle size and lookahead distance num-
estimate the required resolution of the range sensorbers from abee and assuming detectability with 5 pix-
Ideally, these estimates should be based on a perfoels on taget, we find that stopping for a 12 inch pasiti
mance model that relates the size of the obstacle and tbbstacle at 20 mph (60 foot lookahead) requires an
lookahead distance to theykdesign parameters of the angular resolution of about 3.3 mradAlixwhereas
sensor For stereo vision, these parameters are the angstopping for the same obstacle at 40 mph (110 foot loo-
lar resolution of the camera and the length of the sterekahead) requires 1.8 mrad/pix For a 512x512 camera,
baseline; for a LABR, these are its angular resolution this implies a field of vie (FOV) of around 97 dgrees

Figure 2: Dtal field of rgard required for “stoppir
turns” that bring ghicle to a halt along minimum rad
turns in either direction.

8, = CW/(NR?)

and its range resolution. Unfortunatedyich models for
obstacle detectability are not yet wellvdmped, let
alone \alidated gperimentally For expedience, some
prior robotic \ehicle programs ¢ Demo Il) used sim-

pler design criteria based on empirically determineddegrees.

in the first case and 53 glees in the second case (ie.
512 x IFQV). Stopping for a 24 inch gative obstacle,
on the other hand, requires an NFOf 0.33 mrad/piel

at 20 mph, which translates into an\FOf only 9.7

If we canxecute a small-angle turn around

rules for the number of pets that must be subtended by the same obstacle (35 foot lookahead), the VIFO
an obstacle for it to be reliably detectable. Thus, for aequired is about 1.0 mrad/jgitx which permits roughly
rule of thumb that required an obstacle to be at least & 30 dgree FQ.

pixels tall, the obstacle size and lookahead distance To understand the significance of these numbers, we
could be used to determine a required angular resolutiomust relate the F@Os implied by the angular resolution

of the camera.

Using this simple “pirls on taget” criterion, it can be
shavn [2] that detecting a posig obstacle requires an
angular resolution of

8, = H/(NR)

whereH is the height of the obstacl,is the number of
pixels it subtendsR is the range to the obstacle, dhd

requirement to the total “field of gard” (FOR) neces-
sary to see all of the terrain that thehicle could steer
into before it came to a stop for an obstacle (figure 2).
That is, the FOR must include all terrainveced by
minimum radius turns in both directions, out as &s
the stopping distance along those turns. It can bersho
[2,3] that, at 20 mph, the total field ofgexd required

for such “stopping turns” is roughly 75 ghees for the
reaction time assumed here. Henceggian angular



data set is currently being used tealeate isting
obstacle detection algorithmsaagst such ariables as
obstacle size and distanceshicle drving speed, and
day or night imaging conditions.
The balance of this paperviews the performance &
requirements of obstacle detection sensors for Demo |IB&E
as currently understood (section 2), describes the rang
sensors being considered (section 3), describes the dfii
set collected at APG (section 4), and summarizes prd&
liminary obstacle detection results obtained to date (se¢§
tion 5). The results skho promise for meeting the
performance requirementsutbmuch verk remains,
both in completing a characterization of the sensors wit
this data set and in refining the detection algorithms to ] ] ]
improve performance. Section 6 summarizes the results  Figure 1: Nominal ghicle for Demo Il program
to date and comments on directions the future.
Lookahead distance requirements are determined by
the wehicle \elocity and reaction time, the ciefent of
2.0 Obstacle Detection Sensor friction between the tires and the ground, the type of
Requirements avoidance manewr being gecuted (stopping or steer-
ing around), and relatectkicle dimensions. The looka-
Currently the most robst approach to obstacle detec- head distanced() is composed of a constantffer
tion for off-road naigation is geometric analysis of distanced,,, a reaction distanad , and a maner dis-
range imagery Other methods are coneable that use tanced,, that depends on the type afoiance maneu-

mtgnsny texture, or motion cues from monqcula_r 'Mag- e The tffer distance accounts for the distance from
ery; havever, for now these methods are primarily heu- the cameras to the nose of thehicle, plus ay desired

ristics that could suggest the potential presence of aQafety magin in the stopping distance. The reaction dis-

obstacle without bemg_able to ek Qeflnltwe_Judge— tance is the distance thehicle mwes before the obsta-
ment. Therefore, our interest here is in estimating th%le aoidance maneter is initiated: this is the initial

resolution required of imaging range sensors to dete?}elocityv times the sum of the computing timeand
obstacles of a gen size at the lookahead distances nec-

essary for the dring speeds desired by the Demo |1l &7 Mechanical actuation latendime t, involved in
program. These resolution requirements will determin€n@®ging the bra& or changing the steering angle.
the feasible fields of we for the camera systemsygn ~ Nominal \alues fort; andt, are between 0.1 and 0.25
the averall angular field that must be obsasle (the seconds each. Since thehicle must actually see past
“field of regard”), the combination of feasible field of an obstacle in order to v&enough room to stop for it,
view and required field of gard will determine whether the computing latenctime is usually doubled in esti-
or not we need one stereo pair on adixounting plat- mating the lookahead distance [1]; greater multipliers
form, versus multiple stereo pairs or a pantilt. Clearly may also be applied to allotime for multiple “looks”
these alternates hae \ery significant impacts on the to suppressalse alarms. & a stopping maneey, the
design of the entire vision and control system. maneuter distance is the distance required to come to a
A process for deving such requirements ag  Stop once the brakis engged. On flat ground, this is
described in [1] andeended in [2] and [3]. Resolution v?/2ug, wherev is the initial \elocity, 1 is the codfcient
requirements are determined by the size of an obstaci friction, andg is the graitational acceleration; on
and the lookahead distance at which it must be detectefills, the pu term is reduced by a function of the slope
The minimum terrain feature size that is considered aangle [3]. r dry surces, gperimental testing yields
obstacle is determined by thehicle size andalocity. values ofu between 0.65 and 0.85 [3]. Theeaall loo-
The nominal ehicle chassis to be used in the programkahead distance for a stopping marezumn flat ground
shavn in figure 1, will hae 29 inch tires and a ground js:
clearance of 12 inches; ignoring speed-relatadav

tions, the nominal minimal obstacle sizes for theiiv dy = dy+ V(2 +t,) +v2/(219)
cle are 12 inches high for “posi#” obstacles (@
rocks) and 24 inches wide for ‘gegive” obstacles @ For turning maneuwers, the manewv distance term is

ditches) [3]. replaced with a term that models the distanceetted
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Abstract missions will require semi-autonomousvigation with

The net phase of unmanned groundhicle (UGY)  ©bstacle eoidance both on andfefoad.

development sponsored by OSD (the Experimental A k& goal of the Demo Il program is to ahce the
Unmanned ¥hicle, or “Demo III’ Program) aims to technology of autonomous mobility to enable autono-

enable round-the-clock operation with autonomousMOUS diving by the end of the program at speeds up to

cross-country ndgation at speeds up to 40 mph on 40 Mph on-road, 20 mphfabad in daylight, dry condi-

roads, 20 mph by dayfafoad, and 10 mph by nightfof tions, and 1Q .rr_1ph bfoad at night or in wet weather
road. This paper views the obstacle sizes that must be I hese capabilities are to beveoped and demonstrated

detected and lookahead distances that are required o three stages: first, mgation in semi-arid terrain at

support such dving speeds, then describes data collecSPE€dS up to 10 mph cross-country (Demo Alpha, sum-

tion and performancevaluation eforts with three dif- M€' of 1999), then negation in \egetated terrain at
ferent range imaging systems: (1) stereo vision wittpPeeds up to 20 mp.h cross-pountry (Der_ncv&raum-
CCD cameras, (2) stereo vision with InSb FLIR camera&er of 2000), and finally nagation coering the full
operating in the 3-pm band, and (3) the Dornier EBK goal of the program (Demo I“_’ summer of 2001,)_' .
LADAR,. The LADAR and the FLIR stereo are appli- Sensors for obstacle detection in these conditions will

cable to day and night operation; the CCD stereo to da?eed_ to percee the geometry and material type of the
operation only An extensie data set for this perfor- (€rain and anground ceer during the day or night and

mance ealuation vas collected at Aberdeen Riug in limited gd\erse weather (ie.. in rgin). Imaging range
Ground in Neember and December 1997. This paperS€nsors will be used to pereeiterrain geometry; multi-
describes the data set and preliminary obstacle detectiGRectral imagery image t&ture analysis, and other

results obtained with it. Ongoing performaneelea-  t€chniques are beingxglored for material typing.
tion with this data set will guide obstacle detection senk@nge sensors currently undevaleation include
sor selection and delopment for the Demo IIi LADAR, stereo vision Wlth.CCD cameras for dayhght
Program. operation, stereo vision with FLIR cameras for night
operation, and radar for conditions with poor visibility
Previous programs hee demonstrated semi-autono-
1.0 Introduction mous naigation with these sensorsjtbat much laver
speeds, for lgrer obstacles and with shorter detection
The Experimental UnmannedtNicle Program, infor- ranges than are required for this program. Therefore, a
mally knovn as the Demo IIl Program, iswadoping  systematic ¢brt must be undertan to @aluate the per-
unmanned groundehicle technology to enable semi- formance of candidate sensoraimgt the defined goals
autonomous ehicles to perform aariety of missions. of the program. The first step in such aaleation vas
Particular emphasis is being placed on reconnaissandaken in November and December of 1997 in atea-
missions for ehicles attached to scout platoons. Suclsive collection of LADAR and stereo pair imagery at the
U.S. Army Aberdeen Pxing Grounds (APG). This

1. This work was sponsored by the Joint Robotics Program of tfieeQff the Under Secretary of Defense for Acquisition eechmology (JRP
OUSD(A&T)) and monitored by the U.S. Army Research Laboratory



