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Abstract

This paper presents the contribution of the Center of Mathematical Morphology to the
design of a French demonstrator vehicle, named Prolab2, in the framework of the European
PROMETHEUS project. Our main task was to set up an image processor able to perform
road/lane segmentation and obstacle detection in real-time. To reach this goal, a multi-
pipeline processor associated with dedicated algorithms have been designed.

Two different image processes have been implemented. The first one, road/lane segmenta-
tion, is used for selecting regions of interest (ROI) to which the second process, obstacle
detection, is applied. The hardware processor must be able to perform these two tasks at the
same time. To allow this double processing, the morphological processor is divided in two
pipeline units working in parallel. Each pipeline is based on PIMMI1, a dedicated morpho-
logical ASICs specially designed to perform binary and greytone morphological
transformations.

The road tracking uses the watershed transformation. To speed up this transformation, an
efficient algorithm, based on anamorphosis, has been used. The main processor, made of 8
pipelined PIMMI1 can perform a watershed transformation in 80ms. The second pipeline
processor is made of 4 PIMMI1 to perform the on-request obstacle detection.

A multi-access image memory board including 32 greytone image frames supplies the two
pipelines with image data.

1. Introduction

Along with other French research laboratories and with the car manufacturers PSA and Renault, the
Center of Mathematical Morphology (CMM) has been involved in the European PROMETHEUS project for
designing a car demonstrator named Prolab2. This demonstrator is equipped with various sensors: two front
view, one rear view and two lateral video cameras, a telemeter coupled with one of the front view cameras
and a pair of linear cameras used for stereovision. Our contribution to the demonstrator is the design of an
on-board real-time image processor, the morphological sub-module (MSM), part of the whole embedded
system. Its task is to analyze the images provided either by the front camera or by the rear one and to provide
a list and position of obstacles in front of or behind the car transmitted to the system supervisor which,
through a man-machine interface, delivers messages and warnings to the driver. Two main tasks are devoted
to the MSM. The first one is the segmentation of the road and of the traffic lanes. This task is a background
task performed continuously by the processor. The second one is the obstacle detection. This task may be
either a background task (information is sent permanently) or a task performed on request by the supervisor.



Firstly, this paper briefly presents the algorithms used for achieving these tasks. A large number of
morphological tools used in this project can be found in [3,6,7,13,14,15]. Special adjustments and
modifications have been performed for increasing the speed of some algorithms without reducing too much
their efficiency and robustness [4]. Secondly, a morphological multi-pipeline processor architecture is
described, specially designed to fulfill the communication requirements with other modules and to perform
obstacle detection and lane segmentation in real time [8,11]. This hardware is based on a pipeline architecture
built with a mathematical morphology ASIC named PIMMI1 [10]. It consists in an intelligent board with two
system buses and equipped with a multi-tasking operating system and two separate image processors. Then,
we describe the morphological pipeline processor board designed to speed up image segmentation.

2. The algorithms
2.1. Road and lane segmentation

Road and lane segmentations are of major importance for the following reasons:

- They provide useful information on the car position with respect to the lane boundaries. Moreover, the
nature of the ground marking can be analyzed, with as a final result, an increase of the driver's safety.

- They allow to compute the coordinates of the regions of interest in the scene and in particular those where
the obstacle detection algorithm is applied. The selection of regions for obstacle detection has many
advantages. The size of the image to be processed is reduced and consequently the computation time.
Moreover, the detected road or lanes can be used as a template for rejecting artifacts or false alarms produced
by the obstacle detection task. Finally when the obstacle detection is performed on request, this process can
be easily focused on a particular lane.

- The detection of the lane boundaries also provides the dynamic parameters allowing the calculation of the
3D real coordinates of objects on the road from their 2D position in the image.

Two lane segmentation algorithms are used. The first one is used during the initialization step and
performs a first extraction of the current traffic lane from scratch. The second one is activated in the steady
state and uses the previous segmentation to fit a computed model of the lane. This model produces a new
segmentation which, in turn, is used to update the road model. Both processes use the same main steps and
the same morphological segmentation tool: the watershed transformation. These main steps are the following:
- A morphological temporal filter [14] is applied over a number of successive images to remove noise and to
close the white discontinuous (if any) ground marking. The number of successive images is determined by the
speed of the car and by the acquisition rate. Although a temporal alternate sequential filter would be
recommended, in order to reduce the computation time, a simple temporal dilation is used in practice.
Moreover, the size of this dilation (that is, the number of successive images) is lower during the steady state
segmentation ( tracking mode) than it is during the initial step (acquisition mode). This variation of size leads
to a better management of the possible changes of lane during the tracking mode. On the other hand, the
acquisition mode needs a larger size of temporal dilation and consequently can only be done when there is no
vehicle in the fore-ground (Figure 1).

- An edge detector made of a combination of a morphological gradient and of a top-hat transform is then
applied to the previous image [16].

- Finally, a watershed transformation [1] of the gradient image is performed. This watershed transformation is
slightly different depending on its use during the acquisition mode or during the tracking mode. In the former
case, a simple watershed is performed. Provided that the temporal filter is sufficiently efficient, a simple
catchment basin marks the current lane (Figure 2). Its right and left boundaries can then be used to compute a
lane model (a straight lane model is used in practice). In the latter case, the previous lane model is used to
build a marker of the lane which is injected to the watershed transform of the next image. This new watershed
produces a simple catchment basin fitted to the new lane image. Then a new lane model is calculated and the
entire process can be run again on the following image (Figure 3).

2.2. Obstacle detection



The second part of the treatment is the obstacle detection. This process is performed in parallel on the
regions of interest (ROI) emphasized by the road segmentation. Starting from the position of the lane
boundaries, it is easy to compute the coordinates of a window embedding the part of the image corresponding
to a given range of distance where the obstacle detection algorithm can be applied.

Two main characteristics of the vehicles are used for their extraction:

- There always exists a darker region in front of the vehicle corresponding to its shadow, the wheels and the
bumper. This region can be used as a marker in further segmentation algorithms. Another interesting point is
that this region always touches the road.

- The geometry of the vehicles is rather simple. As most of the manufactured objects, vehicles are made of
horizontal and vertical contours and their size is a rather constant parameter (between 1m and 1.5m).

The darker region is detected by means of a morphological transform called h-minima. The available
markers are then filtered and only those which touch the road and whose size correspond to the dimension of
a vehicle are kept (Figure 4). These markers can be used in watershed algorithms applied on directional
gradient images or, more simply, used as such.

More refined obstacle segmentation algorithms can also be designed. They are based on hierarchical
segmentations [2]. Their complexity comes from the fact that they need two successive watershed
transformations.

2.3. Fast watershed algorithm

On non sequential computer hardware, the slowest part of the segmentation is the watershed
transformation. This watershed is performed by means of geodesic skeletons of influence (SKIZ) [1]. The
simplest way to achieve it consists in processing the successive gray levels of the image E. Let us denote Zi(f),
the section of a function f at level i:

Zi)={xeE: f(x)<i}

Given two sets X and Y, with X U Y, the geodesic SKIZ of X inside Y is denoted by SKIZ(X;Y).
This set is made of the zones of influence in Y of the various connected components of X. A zone of influence
of a connected component contains all the points of Y at a lower geodesic distance from that connected
component than from any other component. The watershed transformation WTSy(f) of the function f
controlled by a marker set M [5], can then be obtained by iterating the following formula for all the sections

Zi(f):
Wi () = SKIZ(W;(f); Zis1 () UM)

with:
W () =M
At the end of the procedure, when the highest gray level n is processed, we have:
WTSm(F) = W,(f)
When the watershed is not marker-controlled, the algorithm remains the same with M=m(f), minima
of f.

Despite the fact that the hardware processor designed for this project is equipped with 8 PIMM1
chips, it remains too slow for achieving a real-time watershed. A possible solution for increasing the
computation speed leads in the reduction of the gray levels. This reduction is made by means of an
anamorphosis. An anamorphosis @is a monotonous increasing mapping of f:

£ ¢



vx,y : f(x) <fly) & ¢(f(x)) < $(fy))

However, if we reduce the number of gray levels in an image, chances are, in the discrete case, that
the watershed of @(f) is dramatically different from the watershed of f But, if the watershed is
marker-controlled, the difference between WTSu(f) and WTSu(@(f)) is not very important because, in both
cases, the watershed lines take place on the highest zones separating the markers. Now, the highest zones of f
correspond also to the highest zones of @(f). But, in the case of a simple watershed, the minima m(f) will be
very different from the minima m(@(f)). The solution for getting similar watershed transforms consists in
performing a marker-controlled watershed of @(f) with the minima of f:

Wi (¢(£)) = SKIZ(Wi(§(F); Yie1))
with:
Yin = Zin(g(f)) UM
where M = m(f).
Among the various available anamorphoses, the following one is very efficient on gradient functions:

$(f) =log,(f+1)

This transformation leaves the low values practically unchanged and decreases significantly the high
values. An image defined with 256 gray levels is then reduced to eight gray levels. Thus the computation
speed is multiplied by 32, with a slight degradation of the watershed transform.

3. The multi-pipeline processor

The multi-pipeline processor is made of two parts. The main pipeline processor includes two boards in
pipeline for speeding up background jobs and the second only one board: obstacle detection need less
computing power. These processors come with a multi-access image memory board. This board enables
data-transfer with the grab/display board, with the intelligent board and also supplies the two pipeline
processors with image data.

3.1. The multi-pipeline architecture

The MSM exchanges data with the outside world via two buses. A VME bus permits to receive
orders from the supervisor and also to transmit the processing results to the supervisor or to others
sub-modules. Image data come from the camera through an acquisition board under Maxbusl] video bus
format. To satisfy the multi-tasking and the real-time requirements we have selected the architecture shown at
Figure 5.

As mentioned above, the VME bus has been chosen for inter-module communication and
data-exchange. On the other hand, programmable image processors working under iterative algorithms need
to be configured very often, that is between each elementary step of the program. As the image size is
256x256 pixels or less during ROI image processing, the configuring phases occur every 3.3 milliseconds or
less. So, not to clutter up the VME bus, inter-module communication and data-exchange on the one hand and
morphological processor programmation on the other hand must be performed through separate buses. This
particularity is an essential requisite in the choice of the intelligent board, a RadstonelJ RS41 board. It has a
VME bus and a parallel sub system bus (VSB) with multiplexed address/data lines. Moreover, the VSB bus
has block transfer capabilities which enable very fast image and bit data transfer to and from the memory
board. The intelligent board manage several simultaneous processes, data-exchange with other sub-modules
and management of the two separate image processing tasks on the two pipeline processors, by means of
WxVorksll, a multi-tasking operating system.



As the road/lane segmentation algorithm is more time consuming than the obstacle detection
algorithm, the power of the processor dedicated to the former function is doubled by pipelining two
morphological processor boards. These two boards constitute the main pipeline processor. The second
pipeline processor includes only one morphological processor board.

Each pipeline processor is supplied with image data by the memory board through two separate
60MB/s very high-speed video buses specially designed for morphological transformations. Moreover the
memory board can exchange data with the acquisition/visualization board through the Maxbus video bus. The
Intelligent board can read intermediate level data - such as a list of coordinates - and transmit them to the
supervisor through the VSB bus.

With this architecture all the pre-cited requirements are satisfied. The MSM communicates with the
outside world through the VME bus. The VSB bus, used for processor configuration, allows not to clutter up
the VME bus. The use of the two pipeline processors and the fact that the VxWorks multi-tasking operating
system runs on the intelligent board allow true multi-tasking image processing capabilities.

3.2. The morphological processor

As mentioned before, the most time consuming morphological transformation used in road/lane
segmentation and obstacle detection algorithms is the watershed transformation. However, it is not the unique
morphological operator used in this application. We can also mention minima detection, greytone and binary
filters, particle reconstruction, greytone and binary geodesic transformations. Moreover, non-morphological
operators such as point to point transformations, thresholds, are also used. These later operators must be
implemented in a very efficient way: the ratio between speed and surface must be very high to obtain
sufficient performances without having a too bulky structure.

Fortunately, to implement all these operators in a highly integrated way there exists a dedicated ASIC
designed by the CMM, PIMM1 [9,10,12]. Figure 6 briefly shows its internal architecture.

PIMMI1 works either on two-dimensional binary or 8-bit greytone images. The morphological
transformations are supported, in binary mode, by eight 3x3 neighborhood processing units which can be
organized either in pipeline or in parallel. In greytone mode, two 3 x 3 neighborhood processors works in
parallel on the same data flow. Besides, some recursive transformations like particle reconstruction and
distance function are directly implemented. Associated with external delay lines, PIMM1 may be considered
as a pipeline: the image-data read sequentially in direct or reverse video scanning from memory go through
PIMMI1 at a 20MHz pixel frequency rate. Euclidean and geodesic transformations can also be implemented.
Some point to point operations like numerical addition and subtraction, threshold and Boolean operators can
be executed in the point processor. The major particularity of this ASIC lies in the possibility to directly
pipeline several chips to adapt the number of connected PIMMI1's to the required power of the image
processor.

A large number of morphological operators can be divided in a series of 3x3 neighborhood operators
and each morphological transformation can be built by iterating 3x3 elementary neighborhood operators. So,
the greater the number of 3x3 neighborhood operators in pipeline is, the faster the morphological
transformations are executed. However, when the number of pipelined 3x3 operators becomes too high, some
problems occur for optimizing the pipeline utilization. Aware of this problem, the morphological processor
board have been designed as shown at Figure 7.

To increase the computational power on the morphological processor, 4 PIMMI's have been
pipelined. So we have either 64 binary neighborhood processors or 4 greytone neighborhood processors or
any possible combination: a greytone transformation can be programmed on the first PIMM1 and a threshold
plus some binary transformations on the last PIMMI1 in the same scanning. In addition, an in-depth analysis of
the application software allows to optimize the use of the various stages of the pipeline and to decrease the
number of processing steps needed for achieving image treatment.

A look-up table (LUT) has been added to the input of the first PIMMI1 for implementing the
anamorphosis. This LUT acts on the main image flow. A second image flow is also sent to the pipeline. This
second flow allows to execute binary geodesic operations [1,16].



Numerical geodesic transformations are not directly implemented, but it is possible to perform the
elementary step of a geodesic dilation (erosion) in PIMMI1. So, some delay lines have been added to
re-synchronize a geodesic image flow with the main processed image flow. Four steps of geodesic greytone
dilation (erosion) can then be executed in one cycle. These transformations are largely used in minima
detection algorithms and in some greytone filters.

3.3. The image memory board

The image memory board has to manage numerous accesses. So it has been carefully designed to
avoid dramatic decreasing of the performances of the MSM.

As acquisition, display and host transfer requests can occur at any time and in particular during a
processing phase, some image memory buffers are allocated for each possible access (see Figure 8).

The memory board contains two identical processor image memories, each one dedicated to a pipeline
processor. Each memory contains 16 256x256 9-bit image buffers which can be organized either in greytone
images or in binary images. Each bank sends via the morphobus the image flows: the main one and a possible
second one for geodesic and point to point transformations. The resulting data coming from the pipeline
processor may be rewritten in any of the memory banks; this allows to exchange image data from one bank to
the other. This functionality is very useful. Indeed, obstacle detection is performed on the ROI emphasized by
the road segmentation algorithm. As the first and the second treatments are performed by different pipeline
processors, the possibility to rewrite result flows in any processor image memory allows to transmit data from
one processor to the other. Moreover, the results flows may be rewritten into the visualization and/or into the
host interface memories.

The display buffer has two banks; this allows to send an image to the acquisition/display board and to
write the next result to be displayed into the display buffer simultaneously. The same structure has been
adopted for the acquisition frame buffer and for the host interface memory. In addition, the image data
coming from the outside world by the maxbus and/or the VSB bus may be directly processed by one of the
two pipeline processors.

Finally, the image memory board advises, through interrupt lines, the intelligent board that the
processing and/or the acquisition jobs are ended. Thus, the VSB master knows when it can program the
memory and the processor boards to begin a new processing step.

Such an architecture allows to perform simultaneously two processor image memory accesses, one
acquisition frame memory writing and one visualization buffer writing. Therefore it exactly fits the pre-cited
flexibility requirements.

4. Implementation of the watershed transformation and performances

The MSM was designed to speed up the lane/road segmentation and obstacle detection algorithms. In
particular, the pipeline architecture of the morphological processor decreases the processing time of the
watershed transformation.

The SKIZ used in computing the watershed transform may be implemented by applying a series of
elementary binary thickening transformations. Each binary processor of PIMM1 was designed to directly
support 3 x 3 thickening operations. In PIMMI, eight binary neighborhood processors can be pipelined: the
thickening transformation by the 8 rotations of the structuring element may therefore be performed in one
PIMMI1. So with eight PIMM1's in pipeline, 64 rotations of the structuring element may be performed in one
scanning. The processing time is theoretically divided by 8. As mentioned above, a log, anamorphosis reduce
the 256 grey levels of an image to 8. The result is slightly deteriorated but is not damaging for our
application. The gain in speed is considerable, such a watershed runs in less than 80 milliseconds.



5. Conclusion

We have developed a MSM to implement the algorithms dedicated to road/lane segmentation and
obstacle detection. To satisfy the requirements of real-time and multi-tasking image processing, we have
designed two separate pipeline processors built around the powerful ASIC PIMMI1. This pipeline architecture
coupled with a fast watershed algorithm based on anamorphosis leads to robust, efficient and fast
segmentation procedures. The multi-pipeline multi-tasking morphological sub-module is able to compute road
segmentation and obstacle detection in less than 200 milliseconds. The Prolab2 demonstrator vehicle has been
achieved in October 1994. Manu tests and public exhibits have already been performed. Regarding the MSM,
experience has proved that its speed is compatible with real-time driving assistance.
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Figure 1 - Connection of the ground marking by a temporal filter: Original image (left), filtered image
(right).

Figure 2 - Watershed of the gradient modulus of the filtered image.

Figure 3 - Segmentation in tracking mode, using a road model (rear view).



Figure 4 - Detection of the dark zones in front of vehicles (left) and corresponding bounding boxes (right).
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