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Abstract

We use Sarnof’s next-geneation video processarthe
PVT-200, to demonstte real-time algorithms for steeo
processingobstacledetectionandterrain estimationfrom
steleo camerns mountedon a moving vehicle Sarnof’s
stereo processingand obstacledetectioncapabilities are
currently being usedin sereral UnmannedGround Vehi-
cle (UGV)programs,includingM DARS-E andDemo I 11.
Sarnof’s terrain estimationcapabilitiesare foundedon a
“model-baseddirectedsteeo” approadt. We demonstate
ongoingcollaborative reseach betweenSarnof and Uni-
versitat der BundeswehMiinchen, wheee we are studying
vision processingfor autonomousff-road navigation as
part of the AUTONAV program.

1 Introduction

Sarnof has developed a family of video processors,
calledVision FrontEnd (VFE) systemsspecificallyto per
form functionsrequiredof autonomousrehicle mobility.
Theunderlyingstratgy behindthe VFE systendesignis to
performfront-endvision functionsin hardware,thusfree-
ing upgenerapurposegrocessort dotheremaindenof the
videodataanalysisandhigh-level functions.The VFE 200
is the latestof theseembeddeglatformscapableof video
rateprocessing.lt is a modular reconfigurablegxtensible
systemoptimizedfor real-time pyramid-based/ideo pro-
cessingAs suchiit is ideally suitedfor autonomousnobil-
ity imageprocessingasks.

The core image-processingapabilities demonstrated
herearereal-timeregistration andstereoprocessingin ad-
dition, we demonstratéwo examplesof autonomousnobil-
ity taskswhichrely onthesecapabilities:obstacledetection
andterrain estimation

2 Horopter-based stereo

Steregprocessingiseswo imagegakensimultaneously
from a pair of cameraswhose optical axes are parallel.
For eachpixel in the left image,a correspondingpixel is
searchedor in therightimage.Thedisparityin locationof
the pixel in the two imagesis thenusedto triangulatethe
distanceof the underlyingpointin spacefrom the camera
pair[2, 3]. An arrayof disparities,eachvaluecorrespond-
ing to a pixel in the image pair, is known as a disparity

Figure 1. Example disparity map using the tilted
horopterapproachThetopimageshowvs oneof thetwo
stereoimages. The bottomimageshaows the resultant
disparitymap.Thegroundplaneappearsiuniformgray,
regardlessf the distancefrom the camergpair. Obsta-
cleswhich areraisedabove the groundplaneareshavn
with higherdisparity(brighter),while negative obstacles
have lower disparitythanthe groundplane,andwould
appeadarker. Note the easewith which the obstaclan
theforegroundcanbediscriminated.

map For typical sceneencounterediuring ground-based
navigation, a substantiaportion of the disparitymaphasa
regular structure correspondingo the pointswhich lie on
theground.Obstaclesvhich areabove or belav theground
planecausedeviationsin the disparitymapfrom this regu-
lar structure.Hence aneffective approactio both obstacle
detectionandterrainestimationis to (a) find the dominant
regularstructurein thedisparitymap,and(b) searckHor re-
gionswhich deviate from this model. We referto thedom-
inantregularstructureasthe“horopter”. In this demonstra-
tion, we usea horopterwhich correspondso a flat ground
planewhosenormalis tilted with respecto theimageplane
of thestereqair (seeFigurel). Theuseof atilted horopter
hastwo adwantages(1) ThesearcHor matchesanbelim-



ited to a bandaroundthe groundplane. This reducedra-
matically boththe computationatompl«ity andtherange
over which errorsand mismatchesan be made. (2) The
disparityover an entire supportwindow is constantwhich
improvesthesharpnessf thecorrelationfunctions[2, 6].

It canbe shawvn that for a stereopair, the imagetrans-
formationcorrespondingo a flat groundplaneis an affine
transform[2]. Hence, Sarnof’s approachto real-time
horopterbasedstereoconsistsof the following threemajor
steps:(1) Estimatethe parametersf theoptimal (in aleast
squaresensepffine transformatiormappingthe right im-
ageontotheleft; (2) Warptherightimageaccordingo this
affine; and (3) Performmulti-resolutionarea-basedtereo
processindetweertheleft imageandthewarpedrightim-
age.TheVFE 200architectureenablesall threestepsto be
performedat full framerate (30 framesper second). The
stereodemonstratedheresearchegor matchesover a dis-
parity rangeof 32 pixels on 320x240imagepairs. In addi-
tion, disparitiesarecomputedusingmultiple supportregion
sizes.By adaptvely combiningtheresultsinto a singledis-
parity map, the algorithmaccountgor variability in scene
structureandimagetexture.

3 Obstacle detection

Obstacledetectionis commonly performed as post-
processingf a disparity map generatedy stereomatch-
ing [4, 5]. Horopterbasedstereoprocessingyreatlyfacili-
tatesthis obstacladetectiorsincethedisparitymapconsists
of residualparallaxrelative to a flat groundplanein front
of the vehicle, ratherthanabsoluteparallaxrelative to the
imageplane. Objectslying abave the groundcorrespond
to pixels with positive disparity while depressiongener
ate negative disparities. The obstacledetectionalgorithm
demonstratedhereconsistsof clusteringpixelsin the dis-
parity mapwith similar non-zerodisparityvalues. The al-
gorithmrunsat 30 framespersecondandprovidesauxiliary
informationaboutobstaclessuchasfootprintsize,average
height,orientationandroughnessf obstaclesurface.

4 Terrain estimation

A second essentialimage processingtask for au-
tonomousmobility is the estimationof the terrain shape.
Thisinformationis usedto adaptvehiclevelocity according
to terrainroughnessandto feedterrainnavigability infor-
mationto a path-planner

Sarnof’s researchin terrainestimationis performedas
part an ongoing collaboratve effort betweenSarnof and
Universitat der BundeswehiMiinchen(UBM). This work
focuseson vision processindor autonomou®ff-road nav-
igation. UBM'’s approachto vehicle control relies on a
model of the real world in space(3D) andtime (1D), re-
ferredto asthe “4D approach’]1]. The modelis continu-
ously refinedand updatedusingrecursve estimationtech-
niguesthatusevisualandothersensomeasurementssthe
input. Figure?2 illustratesthis dynamiccontrolloop.

Sarnof andUBM arecurrentlyworking on a combina-
tion of “saccadicvision” and “time-integratedstereopro-
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Figure 2: Dynamiccontrolloop for the“4D” approach.
The input from the auxiliary sensords combinedwith
the modelto predictareasof particularinterestin the
sterecimages. The stereoprocesss thendirectedto-
wardstheseareas anddisparitiesare measured.These
disparitiesarethencorvertedbackinto 3D world coor
dinatesand usedto updatethe model. In this way, the
model corvergestowardsan estimateof the terrainin
front of thevehicle.
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cessing”. In this work, auxiliary informationfrom odom-
etry andinertial sensorss usedasinput to a control loop

which keepsthe stereopair fixated on regions of interest
in the scenesuchaspotentialobstacles.This affords mul-

tiple stereoviews of the sameobjectasthe vehiclemoves
forward. Theresultantsequencef disparitymapsis then
integrated over time. This “model-baseddirectedtime-

integratedstereo”constituteghe next generationn stereo
processindor groundvehicles.

References
[1] S.Baten,R. MandelbaumM. Lutzeler P. Burt, andE. D.
Dickmanns. Area-basedtereoimageprocessingvithin the

4D architecturefor autonomouff-road navigation. 1EEE
Expert 1998. (to be published).

[2] P Burt, L. Wixson, andG. Salgian. Electronicallydirected
‘focal’ stereo.Proceeding®f the Fifth InternationalConfer
enceon Computenision, pages94-101,Junel995.

[3] U.R.DhondandJ.K. Aggarwal. Structurefrom stereo— a
review. IEEE Transaction®n Systemdylan,andCybernetics
19(16),November/Decembeir989.

[4] D. Gennery Objectdetectionand measuremenisingstereo
vision. In Proceedingsof the 1980 Image Understanding
Workshop pagesl61-167 April 1980.

[5] H. Moravec. Towardsautomaticvisual obstacleavoidance.
Proceeding®f the 5th InternationalJoint Confeenceon Ar-
tificial Intelligence page584,1977.

[6] T. Williamson andC. Thorpe. A specializedmultibaseline
stereotechniquefor obstacledetection. In Proceedingsof
ComputerVision and Pattern Recanition (CVPR)’98, June
1998.



