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Abstract. The construction of highways and federal road-
ways is subject to many restrictions and designing rules.
The focus is on safety, comfort and smooth driving. Un-
fortunately, the planning information for roadways and their
real constitution, course and their number of lanes and lan
widths is often unsure or not available. Due to digital map
databases of roads raised much interest during the last yearg
and became one major cornerstone of innovative Advanced
Driving Assistance Systems (ADASSs), the demand for ac-
curate and detailed road information increases considerabl
Within this project a measurement system for collecting
high accurate road data was developed. This paper gives a
overview about the sensor configuration within the measure-
ment vehicle, introduces the implemented algorithms and
shows some applications implemented in the post processing
platform. The aim is to recover the origin parametric descrip-Fig. 1. The measurement vehicle is based on a Volkswagen Mul-
tion of the roadway and the performance of the measuremenrtvan witch was prepared to incorporate all sensors (5 cameras in
system is being evaluated against several original road corfront, lane mark detection system, high accurate positioning mod-
struction information. ule with inertial measurement unit and a laserscanner).

evaluated — Unscented Kalman Filter, Hough Transformation
1 Introduction and (RANdom SAmple consensus) RANSAC. For several

roads original planning information was available as ground
The structure of federal roads and highways is subject taryth that leads to an absolute performance evaluation of all
many construction rules that ensure safe and comfortabl@pproaches. The concept and all technical details about the
driving even at high velocities. To verify and monitor the measurement system are introduce@freiter et al(2012).
state and the course of roads the highway research institutgpis paper is focused on the software algorithms that were
commissioned a multisensory equipped measurement vehimplemented in order to recover the original parameters that

cle including Cameras, lane mark detection system, lasegan describe the characteristics of the road parametrically.
scanner and high precision positioning components with in-

ertial measurement unit in order to observe the state of roads.

The aim of that work is to give an overview and a perfor- 2 Measurement system

mance evaluation of the implemented algorithms that recover

the parameters of the roads from the raw data collected by th&he whole system is divided into two separate units. There is
measurement system. Several segmentation approaches wehe actual measurement vehicle equipped with a multisensor
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platform where all data is recorded and there is a postprocessigning rules these two elements are connected by clothoids
ing unit where all data is visualized and mapped to existingwith a givencg = const and de= const. That means, that the
road meta-information. That platform offers many opportu- whole path can be described through a set of consecutive
nities to evaluate different data fusion algorithms. Within that clothoids. The task is, to consecutively put the position mea-
work the road segmentation algorithms are introduced. Thesurements to the filter and let it decide weather to set up a
course of a road will be estimated by a parametrical descriphew clothoid or to assign it to the current one.
tion of its road elements. To ensure a continuous curvature
profile of a roadway, prescribed road elements are used foB.1.1 Measurement model
the planning and dimensioning of a road. Here, the elements
straight line, clothoid and circular arc are used for design-The measurement model input are position measurements
ing federal roads and highways. These elements are joined im, in Universal Transverse Mercator (UTM) coordinate sys-
that order with the function of the clothoid to fit the curva- tem" xmeas ymeas In order to transform the position measure-
ture of the circular arc to the straight line with respect to thements of the positioning module into parameters, the follow-
curvature continuity. ing measurement model is used. The state veXtopnsists
of the clothoid parametegg), co and dc. The task of the mea-
surement model is to transform the measurements into the
3 Segmentation algorithms model, which parameters should be determined. As shown in
Fig. 3 the corresponding pointon the clothoid to the point

There are several profiles of the road which parameters caf» Must be calculated. The given clothoid in the image is
be determined along the runlength of a given segment. Th@enerated from the UKF which proposes several values for

descripting parameters for each profile of a road segment ar& - The distance between, ands is a measure for the fit-
shown in Tablel. tnes of the proposed clothoid. That approach leads to promis-

Most Cha”enging task is to determine the transition pointsing reSUItS, but the curvature transition between the estimated

between the segments. In order to do this, several approachgpthoids is not continuous and the real transition points are
were implemented. On the one hand there are consecutivBot being recognized correctly.

algorithms, where the position measurements are given con- T0 meet the continuous curvature condition the curvature
secutively. An Unscented Kalman Filter was used here to esat the end of the last clothoid must be equal to the curvature
timate the parameters of a road segment, including all mea0f the beginning of the new clothoid. One approach is to ex-
surements arrived up to the last time step. When the gene,tend the measurement model to a set of two clothoids with
ated segment violates a given error threshold, all arrived mea@ State vector containing the parameters of both clothoids.
surements are discarded and the last estimated segment is ddiere are many approaches like $thwartz(2003 that
cepted. All following measurements are assigned to the nevptated, data fusion algorithms are not able to estimate a set
segment. These approaches have the disadvantage that avalf-parameters fitting the clothoid. It was shown that, due to
able knowledge about the future is ignored and the transmisthe strong nonlinearity of the filtering problem the UKF is
sion points are recognized too late. That makes the algorithniot able to converge, too. Therefore, the condition is imple-
find more small segments in a given sequence than it is acented as shown iGackstatter et a(2010. The idea is to
tually containing. The currently used algorithm will process estimate two consecutive clothoids and then to fit the transi-
all position measurements from the whole sequence. Numbelion curvatures as proposed. That approach has the advantage
and describing parameters of the containing segments are e estimate clothoid elements, that are fitting well the given
timated by a RANSACXu und Lu (2012 approach that — path. The disadvantage is, that it cannot detect the transition
thanks to the given future knowledge is able to optimize thePoints between the original elements, correctly. That means
transmission points in both directions. Due to the algorithm@ given path of several known consecutive elements is esti-
is implemented in a post processing application there is ndnated to have more short elements than less long elements

need for an online solution. because they are fitting the given trajectory much better, due
to more degrees of freedom. In order to find the correct num-
3.1 Unscented Kalman filtering ber of elements requires an algorithm that gets all position

measurements at once. The most common approach is to op-
The main condition for estimating the curvature profile of a timize the required parameters for a set of given measure-
road segment is the continuous curvature along the wholégnents with the help of an optimizer (i.e. nelder-mead). Un-
path. That requirement is satisfied by matching the pathfortunately, due to the unknown number of elements these
trough a set of clothoids. A fundamental introduction into approaches do also not deliver sufficient results. The ap-
clothoid mathematics is given Wilde (2009 andShimizu  proach introduced in the next section however, can handle
et al.(2006. The special cases straight line and arc are alsall the requirements.
special cases of clothoids witly = 0 and dc= 0 for straight
lines andcg = const and de= 0 for circle arcs. In road de- 1Global coordinate system with plane cartesian projection.
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Fig. 2. A cornerstone of the measurement system is the postprocessing application, where the road profiles are calculated. The image
shows a screenshot of the camera images, where the laserscans are transformed to. A well-known RANdom SAmple consensus (RANSAC
implementation delivers the slope of the road from every laserscan. All slope measurements of a given road segment together are the inpu
for the estimation algorithm which delivers a parametric description of the entire course of the segment.

Table 1. Profiles of the road, which parameters are estimated along the runlength of the given set of measurements (segment).

profile description

curvature  The curvature profile contains the elements straight line, circle arcs and clothoids, the curvature values are calculated
from the positioning module and are plotted over the length of the segment

height Contains the elements straight line and circle arcs, the height values are derived from the height information of the
positioning module and are plotted over the length of the segment

width The width profile contains straight lines, the width values are calculated from the lane mark detection system and are
plotted over the length of the segment

slope The slope profile contains straight lines, the slope values are calculated from the laserscans and are plotted over the

length of the segment

transform. An illustrating application of the Hough transform
A vim] is shown inFardi und Wanielik(2004 where it is used for
road border detection in infrared images. The idea behind
the Hough transform was, to not directly estimate the param-
eters of the clothoids but to calculate the curvature in every
point of the measurement set and then estimate the transition
points from the resulting curvature graph. For that approach
the Hough transform is implemented as edge-detection inim-
ages. Figured and5 show the results of the Hough imple-
mentation. The upper images show the transformed curva-
ture measurements of a segment from the A72 and the L288.
> These images are the basis for the Hough Transformation.
X[m] The lower images show the Hough image. Every segment in
the Hough image can now be parametrically described as part
Fig. 3. The image depicts the measurement model of the Unscente®f @ linear function (How the clothoids are obtained from the
Kalman Filter. The pointmeas ymeasiS the position of the mea- linear segments is described in S&8.
surement in local clothoid coordinatesis the corresponding base Due to the resulting elements in the Hough image are am-
point of the measurement on the clothoid &nib the gradient of  biguous that approach is also not suitable for a fully auto-
the clothoid ins. mated evaluation of several road sections.

clothoid

3.3 RANSAC implementation
3.2 Hough transform

In RANSAC, the goal is to determine a set of inliers from an
The Hough transform is a feature extraction technique usednput data set of points. Inliers are data points consistent with
in image analysis, computer vision, and digital image pro-the best model. Inliers and their corresponding model can
cessing. The purpose of the technique is to find imperfecbe estimated optimally by repeatedly drawing samples from
instances of objects within a certain class of shapes by a votthe input data set. A fundamental introduction was given in
ing procedure. This voting procedure is carried out in a pa-Fischler und Bolleg1981) and some common examples are
rameter space, from which object candidates are obtained gzroposed irXu und Lu(2012). In order to find the dedicated
local maxima in a so-called accumulator space that is explicsegments in the given data sets of different road profiles, dif-
itly constructed by the algorithm for computing the Hough ferent models were implemented, that fit the data points. In
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Fig. 4. The upper image shows the transformed curvature measurements of a segment from the A72. That image is the basis for the Hough
Transformation. The lower image shows the image after the Hough Transformation. Every part of the image can now be parametrically
described as part of a linear function.

Fig. 5. The upper image shows the transformed curvature measurements of a segment from the L288. That image is the basis for the Hougt
Transformation. The lower image shows the image after the Hough Transformation. Every part of the image can now be parametrically
described as part of a linear function.

the case of the curvature profile it is a quadratic fit model. In
the case of the height profile it is a circle fit model and in the
case of the slope and width profile a simple linear fit model is
implemented. The following lines show the application of the
RANSAC implementation on the curvature profile. Due to
the strong nonlinearity of the operation= % in every point
the calculation of the curvature of a given set of position mea-
surements will always cause a very noisy plot of the curva-
ture along the run length of the segment. This transformation > .
is shown in the upper plot of Figl. Obviously, that result

makes it hard for any segmentation algorithm to determineFig. 6. The diagram shows the heading measurements of the posi-
the containing elements. Due to the noisy graph of the caltioning module. In contrast to the calculated curvature profiles, the
culated curvature prof”e, the alternate approach is to Obtairﬁ'leading information is a direct output of the pOSitioning module and
the curvature profile from the heading information of the po- "as & high quality of accuracy.

sitioning module. An example of the heading measurements
is shown in Fig.6. It is composed of different polynomials
of 2nd order where the the curvature information can be de-
rived from. The implemented RANSAC algorithm is able to
find these polynomials in the following manner. Randomly
heading measurements are drawn from the whole set of meag - A
surements until the best fitting polynomial (it is always the & /_ ;
largest element in the group) is found. All measurements be- / \ 4
longing to the element are deleted from the measurement list :
and the algorithm starts from the beginning until all measure-
ments are erased. Figufehows an overlay of Fig with the 5
result of the RANSAC algorithm, where the 2nd order poly- e

nomialsh, (x) = A,x2+ B,x +C, are plotted. The derivates Fig. 7. The overlay to Fig6 shows the 2nd order polynomials as a
of these polynomials are linear functions(x) where each  result of the RANSAC algorithm.

is representing a clothoid with the following parametets.

is the function value ot (s) wheres is the length on the

segment in the beginning of the current element and dc is the
gradient ofc,, (x). Figure8 showsco(x) to cpg(x) of the given
example.
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