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ABSTRACT

Thiswork treats a problem arising in intelligent vehicles
and highway systems (IVHS), specifically in automatic road
following, collisionavoidance, and maneuver control. A mil-
limeter-wave radar is placed on the front of the vehicle and
an image of the radar backscatter of theterrainisacquiredin
polar coordinates. Thisimage containsboth road and offroad

scatter componentswhich must be segmented from each other.

Theradar sensor acquiresthe scenein polar coordinateswhile
constraints on the road edges are naturally formulated in the
cartesian cartographic domain. One novelty of our approach
isto apply theroad constraintsin polar coordinateswhich al-
lows us to estimate the road edge parameters directly from
recorded data. Onother novelty is to construct an estimator
which minimizes acost criterion which islargely insensitive
to the off-road scatter components. Numerical resultsare gi-
ven for real data (L band radar images of a Southeast Michi-
gan roadway) which indicate the accuracy and robustness of
our approach.

1. INTRODUCTION

Therecovery of road edgesfrom front-mounted radar and op-
tical sensorshasbeen of recent interest inintelligent highway
vehicle systems (IVHS) and presents several chalenges. In
particul ar edge detection must have highreliability and bero-
bust to many changing conditionssuch as: westher, visibility,
clutter and noise, road surface variability, presence of cross
streets, exits, crosswalks, etc. Furthermore, any road edge
segmentation algorithm must operate in real time. Thisre-
quiresafairly simple model, a segmentation criterion which
iseasily to optimize, and fast convergence.

Inthispaper we present an algorithmwhich hastheabove
properties. It isbased on estimation of a pair of tightly cou-
pled parabolic curves defined in the cartographic domain and
which are transposed in the polar domain of the raw image
acquisition. Unlikethemethod of [5], which appliesaloosely
constrained hyperbolic road model in cartesian image coor-
dinates, the method proposed here performs curve estimation
directly in the polar domain. Furthermore, robustnessto off-
road clutter is achieved by using a non-linear least squares
estimation criterion which involves only pixels between the

estimated road edges, i.e. estimated road pixels, for which
faithful prior informationisavailable. Thissimplificational-
lows usto perform asimple numerical optimization without
resorting to time consuming Monte Carl o opti mi zation meth-
ods. An issue which is currently under study is the choice
of search space for the parameter optimization. We will il-
lustrate the proposed technique with real images acquired in
Michigan from an L band radar mounted on amilitary trans-
port vehicle on a country road.

2. THE MAIN ASSUMPTIONS

The segmentation procedure will be developed in this paper
under the following assumptions.

(& A road hasaregular profile which can be modeled us-
ingasmoothfunction. Moreover, theroad widthiscon-
stant inside the field of view.

(b) Data=z determineafield of view with azimuth between
—31° and 32° and arange of up to 128 meters.

(¢) Theroad hasconstant curvaturewithinthefield of view.
Given the fact that the field of view is restricted, this
assumptionisredigtic.

(d) Theroad congtitutes a truly homogeneous region. No
assumption can be formulated for the offroad zones.

() Theangular resolution of the radar data decreases lin-
early with distance.

3. PARABOLIC ROAD EDGE MODEL

A birds-eyeview of the road, which we call the cartographic
domain, isrepresented on a cartesian latice with axes (z, y).
The |eft and right edges of the road, A; and ., respectively,
are defined as functions of the vertical axis y. Followingthe
example of [5, 2], these are model ed using parabolic curves:

Xi(y) = ay’ + by + ¢ and X (y) = ay® + by + ¢, 1)

where a, b and ¢;, ¢, are the parameters that we shall seek.
Furthermore, the width of theroad isdenoted d and, sincethe



vehicleis between the | eft edge and theright edge, we have:
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The recorded image z isacquired on arectangul ar lattice
(¢, p) whose axes,

e, >0 and ¢g=c, —d<0

€ [-317/180,327x/180] and p € [1/2,128] (3)
are the transform in polar coordinates of the cartesian coor-
dinates,

xr = psin(p) and y = pcos(p). (4)

However, the model for the road edges is naturally defined
inthe (x, y) domain. Anissueisto transform data z into the
(z,y) domain: such an gpproach has been used in [5] which
hastheadvantage of simplifyingcal culations. Thedrawbacks
are that interpolating data into the cartographi c domain gen-
erates errors which can be amplified during the edge detec-
tion stage and makes it difficult to exploit the advantages of
assumption (€).

Instead, we tranpose the cartographic edge model (1) into
the polar domain. Then, the range of edges R;, R, isex-
pressed as a function of the angular position ¢ using

Risin(p) =
Rrsin(p) =

aR? cos?(p) + bR cos(p) + e (B)
aR? cos?(p) + bR, cos(¢) + ¢, (6)

The analysis of theroots of these equations permitsto deter-
minethe road edges R; () and R (¢):

if acy, <0
—B(y) +sgn(a

(7)

\/[52 ) + 4|acy,r| cos?(¢)
2a cos? ()
where B(p) = bcos(yp) — sin(yp)

Rl,r (30)

if acyy >0

v) £ VB (p)

Rir(p) = 2a cos? ()

a <0 and ¢ < argtan(—2,/ac;, +b)
a>0 and ¢ > argtan(2,/ac;, + b)

(8)
defined for

—4ac; , cos?(¢)

In these equations, subscript [, » means that the relevant pa-

rameter concernsboththeleft and theright edges. Whenac; , >

0, edges R; and R, are multi-valued functions of ¢: they
take two different values for the same ¢ which correspond
to the cases + and — in (8).

4, SEGMENTATION METHOD
The radar image = is given over adiscrete | attice

{(m pn), =M/2+1<m<M/2,1<n<N} (9

(wherewithout lossin generality M issupposed even). After
discretizationof R; and’ R, dongthep-axis, (7-8) isinverted
and the road edges are expressed in the polar domain as a
function of therange, ®;(p,) and ®,(p,) for1 < n < N.
The pixelsbelonging to the road are

<—<<I>

S := {(n,m) suchthat ®;(p,) 180

(pn)} (10)

Road S = S(a, b, ¢, d) isafunction of themodel param-
eters. Estimating its edges amountsto determine the optimal
S(a, E, Cr, c?) . Theleft and right offroad regions are denoted
by 7; and 7x. Thelikelihoodfunctionof theradar image can
be described using alog-normal distribution[1, 5]:
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(1)

where i and o2 arethemean and thevariance, respectively,
of region C'. Thismodel supposes homogeneoussideregions
7z and Tr. Note that the evaluation of any criterion based
directly on (11) involvesall the pixels of z. Henceforth, we
use log-datay, » = log 2, m.

Let us observe that if we are given the road width d, a
simplecriterion, involving only the pixel s of theroad, can be
constructed:

T 2
j(a, boe j’ y) _ Z(n m)es(. )(yn m Ns(.)) (12)
#{S(a,b,c,,d)}
- _ Z(n,m)es(.) Yn,m
HEO T TS ()

where+ standsfor cardinality, S(.) forS(a, b, ¢, c?) andjis
is the empirical mean over the road. Parameters a, b, ¢, are
estimated as

(a,E, ¢r) = arg angigl J(a,b, e ; c?, Y) (13)
The proposed method (12-13) isto search over the recorded
image for the patch of constant width and curvature which
has the minimum variance, i.e. which isthe most homoge-
neous. This congtitutes a meaningful objective which leaves
thesideregions7; and 7x out of consideration, and thusim-
proves robustness to off-road variability (d).

Furthermore, (€) impliesthat the road width can reliably
be estimated only from data corresponding to a few tens of
metersin front of thevehicle. In our method, the road width
d is estimated from a section of the road of about ¢ = 30
meters. Over such a short section, the road edges can be as-
sumed linear, which correspondsto a = 0 in (1). Then,

~

d = argbmilbg(a =0, b,¢r,d) (14)

G(a,b,c,,d) = —log P{[z]§|S(a,b,c,,d)}  (15)



Figure 1: Coarse estimate of road width from thefront parcel
of theroad, using alinear modd for the road edges.

where [z]§ means that a ¢-length section of theimageis con-
sidered. In such asituaion, only parameters (b, ¢, d) are to
be estimated while these are related by asimpler expression:

" Clr
Rir(#) = G0y = beos(e) "

where ﬁlm are the road edges relevant to this linear local
model. Moreover, thelatter equation admits an analytical in-
version which yields

—p4 /(L +02)p? — 7,

)

&)l,r(p) = 2arctan

17
T (17)

which yields a unique result belonging to the admissible set
3.

A finer tuning of d can be obtained by alowinga # 0in
(14) and performing aloca minimization of G inthevicinity
of the already obtai ned width estimate.

In spite of its quadratic form, criterion 7 is multimodal
with respect to parameters a, b, ¢,.. Criterion G ismultimodal
aswell. In asimilar context, EM minimization of the rele-
vant criteria has been proposed in [4]. However, our edge
model depends on a very restricted number of parameters,
while both criteria 7 and G concern only on a small parcel
of theimage: these two facts permit an optimization by “ex-
haustive” search.

5. EXPERIMENTAL RESULTS

In this section road segmentations are shown in the domain
of thedata, i.e. inthepolar domain (¢, p). Next to these seg-
mentationsis plotted the corresponding birds-eyeview of the
road in the (z, y)-domain, and the radar sensor field of view
is plotted with a dotted line and has a V-shaped boundary.

Fig. 1 shows a coarse estimate of road width using the
linear model for thf: road edges, as given in (14-15). This
yiddsan estimated = 10 m.

Figure 2: Refined estimate of road width from the same par-
cel of theroad using a parabolic model for the road edges.

A refined parabolic estimate of road widthis obtained by
finding the least squares fit for arbitrary ¢ # 0 in (15). The
resultisgivenin Fig. 2 confirming that d=10m.

The segmentation presented in Fig. 3 correspondstoa =
0.002,5 = 0.1476 and ¢, = 2.25 and has been calculated
using (12-13). The edges of the road are correctly retrieved
and it is seen that the road has a gentleright turn.

The global minimizationof criteria.7 and G hasbeen per-
formed using an “exhaustive” search over a discrete set of
sampled parameters. The numerical efficiency of suchame-
thod critically depends on the number and the distribution of
samples of the parameters used for the search. Wereducethe
number of samples by restricting thesearch domain. First we
sampleonly over thea priori known feasibility domain. Sec-
ond, we use a simpl e coarse estimation procedure to obtain a
reduced region of interest (ROI) which containstheroad with
high likelihood.

The a priori feasibility domain contains all the parame-
tersyielding a pair of road edges which remains in the field
of view for at least £ meters:

lav? 4 bv| < vF for 0<v<( (18)

where F = %(tan ?1)2?75 + tan _1%10”). Notethat —vF and v F’
are the boundaries of the field of view. Parameter ¢, isthe
distance between theradar (thecar) and theright edge, which
determiens its order of magnitude. The same holds for the
road width d.

A tight region of interest (ROI) containing theroad, at a
low numerical cost is obtained by the following steps. First
theimage ispartitioned into several sections (4, for instance)
and in each of them the road edges are model ed by linear seg-
ments, similarly to (16-17), while ensuring the continuity of
theroad. More precisaly, aterm of the form (12) is defined
over each segment, starting from the second segment (since
the first one has been estimated by (14)). It isimportant to
note that each road segment is described using one parame-
ter b, since a = 0 whereas ¢, are fixed by road continuity
constraints. The criterion used to generate a piecewise linear
segmentation of the road edges is given as the sum of these
terms.
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Figure3: Thefina segmentation obtai ned using the proposed
algorithm faithfully retrievesthe locations of the road edges.

Figure 4: Coarse and rapid segmentation of the road using a
locally linear model for its edges. It providesafaithful ROI
for afurther estimation of the location of the road.

Althoughthisproduces estimates of road edges which may
exhibit sharp corners, it providesafaithful approximation of
the road shape. Note that such alocally linear mode is not
very sensitive to the fineness of the sampling of the parame-
ters. This coarse estimate is rapidly computed and it is used
to restrict the search space for the parabolic modd.

It can be seen from Fig. 4 that our ROI surrounds the
above estimate: more closely just infront of the car and more
loosely with the increase of the distance from the car. This
ROI yields an additiona set of strong but meaningful con-
straintsfor the parameters of the parabolic model.

6. CONCLUDING REMARKS

We have presented anovel techniquefor estimating road edges
from polar scan images acquired from vehicle-mounted radar
sensors. Thetechnique proposedisaccurate, robust and sim-
ple to implement. Some issues which remain to be studied
are the following. Iterative methods may be useful for re-
ducing the computation time. Further performance improve-
ments may be obtained by: 1) modeling the on or off-road
regions with a Gauss Markov field; 2) incorporating a more
accurate model for thebackscatter probability distribution; 3)
adding another sensor modality, e.g. optical or multipleradar
sensors; 4) using information from previousimagesin the se-
guence to track the road boundaries vialocal updating.
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