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Abstract
We useSarnoff ’s next-generation video processor, the

PVT-200, to demonstrate real-time algorithms for stereo
processing, obstacledetection,andterrain estimationfrom
stereo cameras mountedon a moving vehicle. Sarnoff ’s
stereo processingand obstacledetectioncapabilitiesare
currently being usedin several UnmannedGround Vehi-
cle(UGV)programs,includingMDARS-E andDEMO I I I.
Sarnoff ’s terrain estimationcapabilitiesare foundedon a
“model-baseddirectedstereo” approach. We demonstrate
ongoingcollaborative research betweenSarnoff and Uni-
versität der BundeswehrMünchen,where we are studying
vision processingfor autonomousoff-road navigationas
part of theAUTONAV program.

1 Introduction
Sarnoff has developed a family of video processors,

calledVision FrontEnd(VFE) systems,specificallyto per-
form functions requiredof autonomousvehicle mobility.
Theunderlyingstrategy behindtheVFE systemdesignis to
performfront-endvision functionsin hardware,thusfree-
ingupgeneralpurposeprocessorstodotheremainderof the
videodataanalysisandhigh-level functions.TheVFE 200
is the latestof theseembeddedplatformscapableof video
rateprocessing.It is a modular, reconfigurable,extensible
systemoptimizedfor real-timepyramid-basedvideo pro-
cessing.As such,it is ideallysuitedfor autonomousmobil-
ity imageprocessingtasks.

The core image-processingcapabilities demonstrated
herearereal-timeregistrationandstereoprocessing. In ad-
dition,wedemonstratetwoexamplesof autonomousmobil-
ity taskswhichrely onthesecapabilities:obstacledetection
andterrain estimation.

2 Horopter-based stereo
Stereoprocessingusestwo imagestakensimultaneously

from a pair of cameraswhoseoptical axes are parallel.
For eachpixel in the left image,a correspondingpixel is
searchedfor in theright image.Thedisparityin locationof
the pixel in the two imagesis thenusedto triangulatethe
distanceof the underlyingpoint in spacefrom the camera
pair [2, 3]. An arrayof disparities,eachvaluecorrespond-
ing to a pixel in the imagepair, is known as a disparity

Figure 1: Example disparity map using the tilted
horopterapproach.Thetop imageshowsoneof thetwo
stereoimages. The bottom imageshows the resultant
disparitymap.Thegroundplaneappearsauniformgray,
regardlessof thedistancefrom thecamerapair. Obsta-
cleswhich areraisedabove thegroundplaneareshown
with higherdisparity(brighter),while negativeobstacles
have lower disparitythanthe groundplane,andwould
appeardarker. Notetheeasewith which theobstaclein
theforegroundcanbediscriminated.

map. For typical scenesencounteredduringground-based
navigation,a substantialportionof thedisparitymaphasa
regular structure,correspondingto the pointswhich lie on
theground.Obstacleswhichareaboveor below theground
planecausedeviationsin thedisparitymapfrom this regu-
lar structure.Hence,aneffective approachto bothobstacle
detectionandterrainestimationis to (a) find thedominant
regularstructurein thedisparitymap,and(b) searchfor re-
gionswhich deviatefrom this model.We referto thedom-
inantregularstructureasthe“horopter”. In thisdemonstra-
tion, we usea horopterwhich correspondsto a flat ground
planewhosenormalis tilted with respectto theimageplane
of thestereopair (seeFigure1). Theuseof atilted horopter
hastwo advantages:(1) Thesearchfor matchescanbelim-



ited to a bandaroundthe groundplane. This reducesdra-
maticallyboththecomputationalcomplexity andtherange
over which errorsand mismatchescanbe made. (2) The
disparityover anentiresupportwindow is constant,which
improvesthesharpnessof thecorrelationfunctions[2, 6].

It canbe shown that for a stereopair, the imagetrans-
formationcorrespondingto a flat groundplaneis anaffine
transform [2]. Hence, Sarnoff ’s approachto real-time
horopter-basedstereoconsistsof thefollowing threemajor
steps:(1) Estimatetheparametersof theoptimal(in a least
squaressense)affine transformationmappingtheright im-
ageontotheleft; (2) Warptheright imageaccordingto this
affine; and (3) Performmulti-resolutionarea-basedstereo
processingbetweentheleft imageandthewarpedright im-
age.TheVFE 200architectureenablesall threestepsto be
performedat full framerate(30 framesper second).The
stereodemonstratedheresearchesfor matchesover a dis-
parity rangeof 32 pixelson 320x240imagepairs. In addi-
tion,disparitiesarecomputedusingmultiplesupportregion
sizes.By adaptively combiningtheresultsinto asingledis-
parity map,the algorithmaccountsfor variability in scene
structureandimagetexture.

3 Obstacle detection
Obstacledetection is commonly performed as post-

processingof a disparitymapgeneratedby stereomatch-
ing [4, 5]. Horopter-basedstereoprocessinggreatlyfacili-
tatesthisobstacledetectionsincethedisparitymapconsists
of residualparallaxrelative to a flat groundplanein front
of the vehicle,ratherthanabsoluteparallaxrelative to the
imageplane. Objectslying above the groundcorrespond
to pixels with positive disparity, while depressionsgener-
atenegative disparities. The obstacledetectionalgorithm
demonstratedhereconsistsof clusteringpixels in the dis-
parity mapwith similar non-zerodisparityvalues.Theal-
gorithmrunsat30framespersecondandprovidesauxiliary
informationaboutobstacles,suchasfootprint size,average
height,orientation,androughnessof obstaclesurface.

4 Terrain estimation
A second essential image processingtask for au-

tonomousmobility is the estimationof the terrain shape.
This informationis usedto adaptvehiclevelocityaccording
to terrainroughness,andto feedterrainnavigability infor-
mationto apath-planner.

Sarnoff ’s researchin terrainestimationis performedas
part an ongoingcollaborative effort betweenSarnoff and
Universiẗat der BundeswehrMünchen(UBM). This work
focuseson vision processingfor autonomousoff-roadnav-
igation. UBM’s approachto vehicle control relies on a
modelof the real world in space(3D) and time (1D), re-
ferredto asthe “4D approach”[1]. Themodelis continu-
ously refinedandupdatedusingrecursive estimationtech-
niquesthatusevisualandothersensormeasurementsasthe
input. Figure2 illustratesthisdynamiccontrolloop.

Sarnoff andUBM arecurrentlyworking on a combina-
tion of “saccadicvision” and “time-integratedstereopro-

Figure 2: Dynamiccontrolloop for the“4D” approach.
The input from the auxiliary sensorsis combinedwith
the model to predict areasof particularinterestin the
stereoimages. The stereoprocessis thendirectedto-
wardstheseareas,anddisparitiesaremeasured.These
disparitiesarethenconvertedbackinto 3D world coor-
dinatesandusedto updatethe model. In this way, the
model convergestowardsan estimateof the terrain in
front of thevehicle.

cessing”. In this work, auxiliary informationfrom odom-
etry andinertial sensorsis usedas input to a control loop
which keepsthe stereopair fixated on regions of interest
in thescenesuchaspotentialobstacles.This affordsmul-
tiple stereoviews of the sameobjectasthe vehiclemoves
forward. The resultantsequenceof disparitymapsis then
integratedover time. This “model-baseddirectedtime-
integratedstereo”constitutesthe next generationin stereo
processingfor groundvehicles.
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