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Abstract— This paper prssents the estimstion of the pesilion
of the groumnd plase for navigatbon of of-read o off-roasd
vehicles, in particular for obtacle detection osing stereo
vigsin Geround plane estimalion plavs an importanl ok
in steres vision based obstacle detection tashs, V-disparity
image & widely wsed for groosd plane estimation. However,
it beavily relies on distioct road fealures which may nol exist.
In bere, we miroduce a ghobal correlation method fo extract
the pesition of the ground plane m V-diEparity bnage even
willvout distinet road leatures.

Index Terms— V-diparily image, correlation, stereo vishon

I. INTRODUCTIOMN

Stcreo vision is one of the key components in vision-
bascd robot navigation. Today mobile robdatics rescarchers
focus on developing navigation in unkndean covironments
where a robot roguires to respond to changes in the
cnvironmcnt in real-time. Although laser sensors provide
refined and casy-to-use information about the surrounding
arca, they also prescnt some intrinsic limitations to their
functioning as mentioned in [ 1]

Because a vision sysiem provides a larpe amount of data,
extracting refined information somctimes may be complex.
In obstacle detoction tasks, the purpose is o distinguish
the obstacle pixels from the ground pixcls in the depth
miap. Sc and Brady |2] quote from Gibson's ™ ground theory
hypothesis™(1950): “there is literally no such thing as a
perception of space without the perception of a continuous
background surface™. In this study, we assume that the
ground can be locally represenied by a planc |3).

In built environmenis such as in-door environment, the
position of stecreo g relative to the ground 15 normally
fixed, thus the disparity of ground pixcls in the disparity
miap can be determined during calibration stage |4). How-
ever in outdoor environment, The pitch angle betwcen the
cameras and the road surface will change duc to static and
dynamic factors [5), thus the dispanty of ground pixels is
changing from time to ime. Thercfore, we necd to compuote
the pitch angle and dispanty of ground pixcls dynamically.
In [5], the authors used four sensors mounted between the
chasgis and wheels to compute the pitch angle.

*This work is sspporied in pari by the ARC Cenire of Excellence

programme, funded by the Awnsimlian Bescarch Council (ARC) and the
New Sowh Wales Siaie Governmeni.

1-4244-0602-1/07/$20.00 2007 IEEE.

529

"Planc fitting™ is & traditional mcthod for groond cs-
timation and wsed by differemt rescarchers. In [6] , the
authors used RANSAC Plane Fitting to find the disparity
of ground pixcls. In [7], pixcls {(w, v} with a valid valoc in
the depth map are labeled as belonging to the ground planc
if the following constraint is satisfied: d{w, ) < au+bv 4
e + r{d). In [8)], the authors developed a road detection
algonthm wtilizing road features called plane fitting errorms.

Recently, Y-disparity mmage has become popular for
ground planc cstimation [1][9)10](11]. In this image, the
abacissa axis () plots the offsct for which the correlation
has been computed; the ordinates axis (o) plots the image
row number; the intensity value is scttled proportional to
the measurcd comrelation, or the number of pixels having
the corresponding disparity (1) in a certain row {v). Each
planar surface in the ficld of view is mapped in a scoment
in the V-disparty image |10]. Vertical surfaces in the 30
world arc mapped into vertical line segments, while ground
planc in the 30 world are mapped into slanted line scement.
This line scoment, called ground correlation line in this
study, contains the information about the cameras pitch
angle at the time of acquisition (mixcd with the tocrrain
slope information).

Both planc fitting and v-disparity image rely on distinct
road features such as lane markings. Without these fea-
tures, there would not be sufficient ground pixels in the
sparse disparity map from which the ground planc can be
cxtractcd. In this paper, we hirst analyre the behavior of
ground correlation line in different camera pitch angles in
Y-disparity image. This is introduced in scction 11, Based
on the behavior, in Scction I, we introduce a global
correlation method to extract the ground cormrelation line.
In Section 1Y, we show some experimental results using
image pairs without distinct road features. In Soction 'V,
we draw some conclusions.

I, GROUND CORRELATION LINE IN
V-DISPARITY IMAGE WHEN CHANGING TILT
ANGLE

A Camera placement and peometry

To obtain a real world representation from an image pair,
it 18 necessary to know the cameras placement at the time
of acquisition. Consider cameras on an antonomaous vehicle
that arc tiltcd down an angle @, a5 shown in Fiz. 1. In this
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Fig. 1. Camera placemend
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Fg. 2. Conditions for the ground comelation fines 1o be parallel: a is
fixed, 2l ground planes pass thmugh point (7

fipure, a camera centercd coordinate system, ryz, dehines
the positions of points in the physical waorld in front of
the cameras. If the camcras are at a distance i above the
ground, the ground planc can be represented as
ha s i

*=dnd Yeno .
An image coordinatc system, wene, defines the spatial
positions of data points on the image plane(xy) and the
rclative dispanty of corrcsponding points between the keft
and right images{w). We adopt the pin-hole camera model,
then the relation between the world coordinates of a point
Pz, 4, z) and the coordinates on the image planc (w, v) in
the camcra is

11.=.T£,1.I=_1:|I£,'H:'=b£ {2)
z z z
where f is the focal distance of the lens and the sterco
haseline is .
From Eq. 1 and 2, we can get that in image planc
e

== i oos

— ftand (3)
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Fig. 3. Piich variation
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Fig. 4. Slope of grownd comrelation Fine during pilich vamation. The solid
slanied limes represent ground correlation limes. The dashed lines represent
the nexi distingwishable gradient near .

In this cquation, b and f arc constants dependent on
the camera geometry and spacing between cameras. In this
study, we also assumc that the camera height & 15 also
fixcd, that is, there only cxists pitch oscillation. Thus o
15 & function of w and &. At the time of acquisition, & is
also fixed, then the slope g of ground plane in VY-disparity
image, can be represented as

it h

9= Pw ~ beosd e

Eg. 4 shows that the slopc g becomes greater when O
bocomes greater. Thus the ground comrelation lines oor-
responding to different pitch angles would be like those
shown in Fag ..

Actually, for the ground comrelation lines to be exactly
parallel to cach other, it should satisfy the conditions
showmn in Fig. 2. In this hgure, the » axis intcrsects the
ground planc through the point (7, the distance{a) between
camera and (s is hxed, and all different ground plancs pass
through poant (7. In this situation, the ground planc can be

represcnted as & :

tanf  tan®
tgether with Eq. 2, we can get

tr=§u.'—_ft.an{||

=z =

thus g = fw/ihe = afb which is a constant. This has been
investigated in [12].

At different pitch angles shown in Fig. 3, the slope
of ground planc in V-dispanty image will be different.
supposc g, is the slope of {, using static calibration data
when & = 0y, gruue 15 the slope of Ly when @ = e,
and Gunin 15 the slope of L6 when 8 = #h, 38 shown in
Fig. 4. The changing ratio of g

dg  h

® socOtand
R

approaches O when & is small, and

il I
ﬂ.g:ﬁﬂﬂ: Emﬂtanﬁ'.-‘l'.ﬂ (3)

Buhoresd lesresd uss Imied b EEE Sphye Dewnlosded on Mench 18, JU000 &l 15049 e IEEE Kpdorw. Pl el apply.



From Eq. 5 we can get

f
Gunax — g = £og = 7 secl, tan 0 (fnux — 8.)  {6)

In V-dispanty imagce the resolution of abscissa axis{w) is
onc pixcl. Let g = (h/b)secll, = Hoffar as shown in
Fig. 4. If Awv is fixed, from this figure we can sce that the
ncxt distinguishable gradient bigger than g, is Ao {Oae —
1). Thus for {, to be parallel with L., in the V-disparity
image, it should satisfy

= Han — 1 M
then we should have
Fat) AN T At T
Aw—1 Aw  Aw
from which wc can get
1
tan @ (e — 0s) i

similarly we can get

W
g
:

—d,)  (H)

Han < 1, &, #0D ()

1

Dy < -1, & Ll 11
WS ity 7 (1)
Combining Eq. 9 and 10, we pet,
1 1

+1

hu.'{miﬂ{mﬂ T N

o, #£0 (11)

For the ground correlation lines to be parallel with cach
other at different pitch angles, it only need to satisfy Eg. 11.
Thus for a given Sar and certain pitch oscillation, we need
to reduce @,. In [10)], the tilt angle is .5 In [1], the Glt
angle is 7.7.3".

Clandio ot al [1] have cxpenmentally found oot thai
the behavior of the ground correlation line during a pitch
variation 15 o oscillate, paralle]l to itself hike in Fig. 5. In
hiere, we investigate this characteristic mathematically and
give the condition for this characteristic o be valid.

i, GLOBAL CORRELATION METHOD

Originally, Laybarade |[10)] uwscd Howugh transform to
cxtract the ground comelation line from the V-disparity
image. It works well for on-road vehicles when there exist
distinct road features on the ground. However, when there
arc no distinct features on the ground, Hough transform is
pronc o cmors. In the previous section, we found that if
the tilt angle s small enough, the ground correlation line
during a pitch variation is 0 oscillate, parallel to itsclf.
The slope and position of the ground comrelation line under
stable condition can be obtained off-line during calibration
stage. Then under driving conditions the ground correlation
line must be one of those parallel o the ground correlation
line under stable conditions and within a cortain disparity
rangc &5 shown in Fig. 5.
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Fig. 5. Ground comelation Bnes in Vedispanty image. The solid slanied
fine corresponds o the ground cormmelation fine obiaimed using the stafic
calibration data, while the dashed slamied lines are the ones expected
varying the pitch value. The solid vertical line indicates the O dispanty
valoe, the dashed vertical Bne indicabes the disparity value of points
al imfimile distance; they do nol overlap due 0 a slight convergence off
cameras oplical axes.

Clandio [1] cstimatc the ground comrelation line by
accumulating the V-disparity imapge values along cach of
the candidate lines and choosing the line that acewmulated
the greaicst V-disparity value. This method can reduce the
computational load by computing the corrclation image
valucs only in correspondence o pixels belonging o the
candidate lincs. However, it still requests road featurcs. In
off-road situations, they use a semi-glohal method becausc
the weak cdges produced by ground texture takes up the
largest pant of the imagc, comrelation is done by ignoring the
absoluic value of cdpges and considering only their phasc.

It i5 well knivan that, correlation based sterco matching
is prong to ormors in a uniform grey kevel arca such as
that of a road without distinct features because there s not
a clear optimum cormmespondence. A bigoer window sizc
can reduce this crror. However, correlation assumes that
the depth is equal for all pixels of a comrelation window.
This assumption 5 vielated at depth discontinuitics. We
assume the ground near the vehicle is clear of obstacles.
Then we can stretch the correlation window  horzontally
like that shown in Fiz. & im which cach scan line can
contain only onc such window. We then calculate matching
cost associated with different dispanty for ik In V-disparity
image, the dispanty of ground is changing according to
the ground correlation line, and the slope is determined by
the sicreo nig gcometry and placement, it 15 also knowmn
that during a pitch vanation the ground comrclation line
is to oscillate, parallel o itself. Thus we accumulate the
maiching cost of the very wide correlation window along
cach of the candidate lincs and choose the one with least
accumulaicd matching cost as ground cormelation line. This
i5 like calculating the maiching cost for a very wide
window. In this window, the dispanty 15 kept constant
horizontally, but vertically it is changing according to the
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