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Abstract— In this article, we present a system for robust lane
detection and tracking. The proposed algorithm has two main
parts. The first one is for lane detection using the Sobel operator
with an adaptive threshold and the Hough transform, and the
second part deals with lane tracking using the Kalman filter. To
meet real time requirements, we use gradient directions of edge
stage to simplify CORDIC algorithm. The obtained results show
that the proposed algorithm can reliably detect and track lanes in
different illumination condition.
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I INTRODUCTION

Active driver assistance system (ADAS) is presented today
as an efficient way to increase the road safety. Recent trend
and developments in several technologies (micro-sensor,
embedded electronics...) and computer vision plays an
important role in the development of these systems to allow
big ability to perform embedded intensive calculations with
low power, more intelligence and low cost. Several examples
in the literature [1] [2] report applications such lane departure
prevention, detection and recognition of road signs, pedestrian
detection, parking-aid, automatic cruise control, automatic
switching on/off beams, collision risk warning, etc.

One main problem of the road scene is the visibility and
the dependence to the illumination environment conditions:
sunny, foggy, rainy, cloudy, etc. In such condition camera
could give noisy frames which may generate false alarm to the
driver or misinterpret a dangerous situation.

At a first approach, ADA system has to satisfy at least to
the three following conditions:

1/ Real-time: it is the most important constraint, for an
embedded functions, since ADAS are going to be integrated
into more complex intelligent vehicles systems which
consume a lot of computing resources.

2/ Results have to be accurate, especially for segmentation
function which is the first processing bloc. Any false detection
will affect and erroneous the final result. Segmentation have to
be done independently of the illumination road scene [3].

3/ The algorithm has to be able to manage with different
illumination scenarios such as: sunny, cloudy, rainy...
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In this article, we present a robust real-time system able to
detect and track reliably lanes under different illumination
conditions. The conditions cited before are implemented
through a modified version of Sobel detector and by
combining Hough transform (HT) with the Kalman filter (KF).
The paper is organized as follows: Sections II presents the
conventional SHT. The proposed method is described in
section III. The Results are reported in the section IV.

II. STANDARD HOUGH TRANSFORM

Standard Hough transformation (SHT) is widely used in
the literature as a way to find different sharps in the image, it
is as a better choice for lane detection where parameters
number is minimal. The advantage of Hough transform is that
the pixel lying on one line need not all be contiguous.
Therefore, it is very useful for detecting lines with short breaks
in them due to noise or partially occluded by objects.
Following steps are used for standard detecting lines with SHT:

The operation of the SHT is based on the use of a
parametric space, called Hough space of two dimensions (p,
0). The SHT is implemented from the equation (1):

p© = x.cos(6) + y.sin(0) €))

0 is the orientation of the normal vector, p is the distance
from the origin.

The following steps are used to implement a detecting line
with SHT:

1) Obtaining the binary image by using an edge detector.

2) Mapping of edge points to the Hough space and storage
in an accumulator.

3) Interpretation of an accumulator to obtain infinite length
lines. The interpretation is done by thresholding and possibly
other constraints.

4) Conversion of infinite lines to finite lines.

Therefore, SHT is not only computation demanding but
also memory-demanding. For a given point-fully sequential
algorithm implementation has complexity O(N?x0max) where
Omax 1 the number of quatizations in 0 space and represents the
accuracy desired for a NxN image. For example, if the
minimal step of 0 is 1°, there are 360 times of the
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multiplication operation and 180 times of the addition
operation, just for one edge point.

In the next sections we present an adaptation of edge and
HT operators. The overall goal is to reduce calculus and FPGA
complexity.

III. PROPOSED ALGORITHM

Fig. 1 presents the adopted approach. Edge detection is
adapted to meet the required constraint: Robust detection even
if changing lighting conditions in the image with optimal
FPGA resource. HT is implemented by CORDIC algorithm to
meet hard constrains real time.

Hough
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Fig. 1: Proposed Lane Detection and Tracking Chain

A. Proposed Edge Detection

To deal with the constraints reported above, the following
algorithm was implemented:

1. Convolution with Sobel vertical and horizontal
kernels [4]
2. Gradient calculation at each pixel G

3. Convolution to generate Mean gradient Gmean
4. Thresholding the difference image G - Gmean
EM = 1 l‘.f G > Gmean
@
EM =0 else

Applying the some approach of dynamic threshold to
Canny detector require implementation of complex task of
fine tuning of two thresholds. The proposed Sobel detector
with adaptive thresholding can be an alternative to Canny
detector especially where the available resources are limited.

To enhance speed processing, horizontal and vertical
gradients are calculated in parallel, and the total gradient is
obtained as the sum of the two gradients absolute values.
FPGA implementation of multiplication by 2 is replaced by a
right shift operation. The absolute value operator is
implemented using comparators to compare the two gradient
directions and to decide the range of gradient phase (4).
Gradient and phase range are inputs of the next HT stages.
Phase range is used in the next stage to reduce the rotation
number of HT. (see Fig. 2).
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Fig. 2: Gradient and Phase Calculus

B. Lane Detection using Hough Transform

The generation sinus and cosines of trigonometric
functions is one of the main barriers to implementation of the
SHT in hardware [4]. One technique is to employ LUTs [5]
[6], but on the FPGA implementation intended herein, LUTs
would have a severe impact on on-chip memory usage, given
that memory is also required for vote arrays. Another
possibility is distributed arithmetic. The Coordinate Rotation
Digital Computer offers an elegant way of trigonometric
calculus  implementation. Thanks to the iterative
approximation of an angle by a rotation, the algorithm use
only a number of addition, shift and comparison operations,
making CORDIC-based algorithm remains attractive for
application where real time hard constrains are critical.

X = K[x - yd,2"]

~ 3
Yin = Kily, —x,d;27]

arctan(2™')is approximated by 27, K, = cos(arctan(2™)) ,
and d;, ==£1.

The CORDIC algorithm works in two modes, rotation and
vector mode. In the vector mode, we initialize the Cartesian
coordinates x and y of the vector to calculate the module and
the phase of the vector. In the rotation mode, we start by
initializing the rotational angle to calculate simultaneously the
corresponding sinus and the cosine values.

The pipeline implementation of the edge operator and HT
is shown in Fig. 3. We start from a resulting binary image
from a proposed Sobel edge detector. 0 is obtained through a
CORDIC vector mode, sine and cosines are obtained through
a rotation CORDIC mode. In order to reduce the number of
iterations, we restrict the range of each set of rotations

according to the absolute values of Gx and Gy and the

resulting sign of their comparison as reported in (4) which
improve the accuracy of 0, without gain-rotations number
trade-off. We note that this simplification of HT optimizes
latency and power consumption since the number of
elementary operation is reduced.
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Fig. 3: CORDIC HT principle

Fig. 4 shows the circuit of the HT using CORDIC bloc.
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Fig. 4: CORDIC Pipeline Architecture

C. Lane Tracking using Kalman Filter

The Kalman filter is a very powerful method of estimation
based on a set of mathematical equations. It is able to estimate
and correct the state of a system, and it is applied to track
previously detected lanes. The Kalman filter operates in four
stages:

1/ Process Equation:
x, =A.Xx_ +B.u +w,_,
Ak: is the transition matrix between X, and X, . Bk is the

control input model which is applied to the control vector u, .

W, _, is the Gaussian process noise.

2/ Measurement Equation:

L, =H,.x +v,

7, : is the measurement observed at a time K andk+1. H, :

is the measurement matrix. Vv, is the Gaussian measurement
noise.

3/ Time Update Equation (Prediction):
x, =A .Xx_ +B. u,
- T
b =A b A +0,

X, : is the prior estimate. P, : is the prior error

covariance.

4/ Measurement Update Equation:
K, =P H R
K, =P H .(H.P .H+R)"
% =% +K.(z —H.X)
B =(-K.H)E
K, : is the Kalman Gain.
R, : is the measurement noise covariance matrix.

P.: is the estimation matrix of a posterior error

covariance.
X, : is the prerequisite state estimation

I : is the identity matrix with appropriate dimensions.

i/ Compute the Kalman Gain

1/ Project the state ahead

Ke = Po He". (Hy. Pe . Hy" + Ry
B = A By + By . . K
£ : i/ Update the estimate via z;
11/ Project the error covariance ahead b -
’ X = X + Ky (2 — H %)
Pe =Ap Py Ay + "

K P14+ Q i/ Update the error covariance

Py = (I = Ki. ). P

1 1

Fig. 5: Descripton of Kalman filter’s update as a predictor-correct

IV. IMPLEMENTATION AND RESULTS

The set-up test of our algorithm is shown in Fig.6. The
video input feed required by our project is generated by a real
time digital camera in standard NTSC video format with a
digital camera Nikon COOLPIX P510 connected to the
ALTERA DE2 Board via the NTSC connector. The board is
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connected to a PC via rs232 interface for test and comparison
purpose. Sample videos were used to test the reliability of our
algorithm. Each image recorded by the camera is sent to the
FPGA is stored in SRAM memory. The module is designed
around a dedicated FSM. For the proper functioning of our
design, and in order to avoid problems of synchronization, we
use two clocks 27 MHz and 50 MHz. Table. 1 shows the
operating frequencies of individual design modules. The main
clock source of the system is the external 27 MHz crystal
oscillator. The 50 MHz and 200 MHz clocks are generated
internally by a phase locked loop (PLL) from the input clock.
The signal transmission between two clock domains is
processed using the double clock FIFO buffers and
synchronization steps to avoid synchronization problems.
Implementation occupies 45% of the Cyclone II
EP2C35F672C resources. In terms of latency, timing analysis
shows that Software the maximum operating frequency
(Fmax) was 115 MHz. The standard analog encoding of
NTSC video requires a processing speed of 25 frames per
second, which proves that the real time constraint for this

standard is given.

Cyclone || EP2C35F672C
FPGA

Fig. 6: Test setup setting

TABLE L FPGA RESOURCES UTILIZATION

Logic Utilization Used Available Utilization
Total logic elements 14,945 33,216 45%
TotaI. combinational 14,945 33216 45%
functions
Total memory bits
(Kbit) 1,555 3,888 40%
Emb.ed(.ied 18 x 18 15 266 6%
multipliers
Total PLLs 2 4 50%

Table. 2 shows the proposed system results on multiple
images. One can see that the proposed algorithm can reliably
detect and track lane.

TABLE IL. SHOWS THE TRACKING RESULTS

Original Image Processed Image

V. CONCLUSION

In this article, we have implemented a robust algorithm to
detect and track lane, whatever are the conditions of visibility.
It is a system based on the Hough Transform combined with
the Kalman Filter. Segmentation is based on the Sobel edge
detector with an adaptive threshold. It is implemented using
the CORDIC algorithm to improve the performance and thus
the detection efficiency. The detected lines are used to predict
the next model. This model is followed by using the Kalman
Filter.
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