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Abstract: The paper presents investigations concerning aroitapt problem of mobile
robot control using visual feedback. Two main tepace considered: a collision-free path
planning and posture tracking on the basis of piesuobtained from static monochromatic
camera. A collision-free path is determined ofelimm multiprocessor system using the
artificial potential field method. Parallel algotiitm has been developed and tested in
several experiments. The well known method of #mmegtrical moments and Hough
transform have been used for robot position ancrtation determination. Developed
system is able to track a moving object with vide.

Keywords: Visual feedback, collision-free path planning, écpry stabilizing, real-time,
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1. Introduction

Picture processing plays at present a vital ratd anany robot applications are
connected with visual control. In this paper twpits in the trajectory generation and the
control algorithm are considered: (a) how to getseeeasmooth and feasible collision-free
path using a vision system and (b) how to makes&wibased controller stabilizing the
unicycle mobile robot on the trajectory.

In robot trajectory tracking applications usingsign real-time systems are needed.
Considerable amount of computations related tapgbreprocessing and analysis is one of
the reason of research in parallel computationsnamitiprocessor systems. Due to inherent
parallelism of digital pictures it is possible tave a significant speedup specially at picture
preprocessing stage. A picture analyse consisés @fn instance segmentation [8], analysis
of shape coefficients, position and orientationedmtnation introduces delays which are
dependent on observed scene. For instance, in Hoarggform [13] for each point different



from background we make additional loops respoadi generation of line in workspace
of parameters.

The problems discussed in this paper are relateadl-time vision based control of
mobile laboratory robot. The practical applicatipresented here concerns stabilizing the
miniature mobile robot Khepera [7] on a feasiblgdctory using visual feedback based on
the static monochrome camera. The trajectory iswyd off-line using the artificial
potential field method [6]. Several modificatiorss dlgorithms proposed in [2][12] have
been introduced and parallel realisations have b&drorated. During posture tracking, the
robot recognition as well as position and orieotatidetermination are realized with
frequency 25 Hz. The robot occupies in deterministhdces of time the required positions
and orientations. Image preprocessing and anatysisrformed in multiprocessor real-time
vision system [9].

The organization of the paper is as follows. Fdation of the collision-free path
generation problem and presentation of the feedlacitrol laws suitable for real-time
systems are given in chapter 2. In chapter 3. #rallel algorithm for path planning is
briefly overviewed. Vision-based posture trackisgdiscussed in chapter 4. Chapter 5.
presents the practical experiments. Conclusiorsection 6. end the paper.

2. Problem formulation

The laboratory robot Khepera was chosen as the dfasgperiments. The robot has a
cylindrical shape with the diameter of 55 mm arel lieight of 30 mm. Two wheels driven
by DC motors are used for locomotion. It is equippeith the on board MC 68331
microcontoller of Motorola which communicates wilkternal computer through an RS-
232/IrDA link.

The robot is observed by the static monochrome €&mera placed on heights 85 cm
and viewing a region 55x51cm. Prepared softwareesiglossible the robot recognition and
their position as well as orientation determinaticollision-free path planning, system
calibration and visual feedback based posture itngck

2.1 Collision-free path planning

Having the configuratiorg, , in a robot configuration workspach , as well as the goal
point Ogoal in this workspace, one should determine a gatibeginning at the start point

and ending in the goal point, being a sequencewufiguration ¢ of robot A such thatA
has no contact with obstaclpgi = 1,..,K) that are present in the working workspate

It is assumed that robo is only moving object in environment as well as thbot is
a free object moving on a flat track. The real shap robot reminds a disc and can be
artificially shrinked to a point. Having the abowa regard, the planner should generate a
sequence of pointg setting up a collision-free path between the stad the goal point.

The global path planning requires a complete $ipation of the robot environment. In
this work, the planner works using pictures obtdifrem the CCD camera. Determining of
the robot position is proceeded by Gaussian filtgrihresholding, morphological closing



and segmentation. The method of geometrical momentsed for determination of the
robot position.

After the robot recognition, its figure is remov&dm the processed picture and the
robot workspace is discretized. This operation ased on overlapping on a picture of
dimensions 256x256 a rectangular regular grid ahetisions 128x128. An artificial
increasing of obstacles (and forbidden regionsuabte robot radius with an extra secure
reserve related to maximal calibration error angegeted control errors resulting from
simulation is realized in bitmap obtained in thiarmer.

The method of artificial potential fields has beemsen for path planning, mainly
because it provides efficient and reliable plarfoepractical purposes. The robot is treated
as an object under the influence of an artificieldf The collision-free path planning
algorithm consists of building an artificial fieltking a source of global information about
free workspace and then finding in it a collisioaed path. The artificial potential function is
defined in the free workspace

K K
Cfree:W_UB|={qDW:A(Q)ﬂ[UB|j=O} ()
i=1 i=1
where B; indicates an artificially enhanced obstacle, asuan of artificial potential

independent from configuration of obstacles whialispthe robot toward the goal point and
a repulsive potential coming from obstacles anejehdent from the goal point. In [2][12]
was proposed the method for building the potertinttion with no or few local minima
and not large areas of attraction. In present whekconstruction of navigation function was
limited to two-dimensional case. Parallel versidos NF2 and BFP methods have been
prepared and tested in a multiprocessor system cmigating via message passing.

2.2 Stabilization of therobot on atrajectory
The two driving wheels robot kinematics is expeeisby following equations
X=Uu,Ccosp, Yy =u,sing,p =u, (2)

where the state of the systdm, Yy, @] is the position of the wheel axis cent¢r y and

the robot orientationg with respect to the x-axis. The control variabldgu, are,

respectively, the tangent (driving) and angulae€sng) robot velocities. They are related
to the wheel velocities in the following manner
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where2A denotes distance between wheels, the veloaitiesu, are the tangent velocities
of each driving wheel at its center of rotation amd interpreted as motor velocity times
wheel radius. The reference trajectory is descripedquations
X =u,cosp, y =ysing , 4 =y (4)

and states desired sequencexpfy, ¢ in time. The controlsy , u, are assumed to be



bound and have bounded derivatives airm(ulr(t)% qu(t)Z),to. The tracking problem
to oo
consists of finding of a control law such that
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In [4] the following nonlinear control law has lmeproposed
W=, cosp, +k(u , 4 )( g cog+ g sip) (5)

sing,
e
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where K, is a positive constant ari]([),k,(]) are continuous functions strictly positive on

RxR- (0,0). It has been shown in [4] that the controls (8bally asymptotically stabilize
the origin e(t)=0 and has been suggested that functions of g&iy§, k,;() and
parameterk, should be chosen as

k(w, W)=k(u, y)=20yd+bi=20a k= b (6)

Using the proposed control gains we obtain thegdaf the linearized closed loop
system equal to the root of the characteristic paryial equation

(s+27a)(s? +2¢as+a?)=0.

3. Theparalle algorithm for path planning

The potential function NF2 is constructed on the basfisthe skeleton of the free
workspace. A picture obtained from the CCD camerfiltered using the Gaussian mask,
thresholded and closed. The purpose of picture setation following after them is to
separate disconnected objects and assign unigels lefvgrey. Then the robot is recognized
and its position is determined. An artificial inasing of obstacles about sum of robot
radius and of reserve determined on the basis rofilation investigations with visual
control system is executed after removing a figoire¢he robot from the picture. Similar
operation is accomplished in reference to the edgecture with aim to avoid the contact
of the robot with the barrier restricting area ofwvement. The increasing of obstacles is
realized using two or four processors communicatiieg massage passing. The idea of
artificial increasing of obstacles using two pra®s is shown on figure 1. After realization
of logical sum of both pictures we obtained thenttl picture with preprocessed by one
processor. In algorithm of skeleton determinatisrcéontinued an artificial increasing of

obstacles until filling all free discreet spa€gy,... The skeleton is extracted during the
grey values propagation as a set of points wheey galues coming from particular

obstacles meet. It is also similar to the skeletatnacted using [2][12] or techniques based
on mathematical morphology. The algorithm used, égample, with pictures shown at



Figure 1. Artificial growing of obstacles using tywoocessors,
a) b) processed pictures, c) resulting picture
figure 2. has been almost three times quicker imparison to algorithm presented in
[2][12]. It also makes possible the realizationpafallel computations being characterized
at this with high efficiency of computations. Thead)point is next connected to skeleton by
a path following the furthermost points to obstacle

a)

Figure 2. lllustration of skeleton extracting, ajfeially enhanced obstacles, b) skeleton
The determination of potential function NF2 isrtheontinued with putting a potential
on skeleton. The points belonging to skeleton teos dependent from their distances to
obstacles are remembered in ordered list. In frsfer, the unique values of potentials
become the points situated at the farthest frontaghkes. In algorithm used in present work,
instead of ordered list, the unordered two-way Vsth guard is used [15]. The list
constructed in such a way with remembered skelatmhpotential values is then applied to
complete the potential in the remaining part of filee workspace. The construction of the
potential function has been realized by one prawess
The path has been generated using suggested [IiR2][3est-first algorithm BFP. In
best-first strategy, the most important operatidifferentiating it from the classical
algorithms depth-first [15], is an introduced IGPEN, ordered according to values of
heuristic function. In the discussed problem ofahpsearch it is used the list ordered
according to key of potential valud in order not growing. An extension of the list is
realized by expansion on neighbouring nodgsC In the applied algorithm BFP the

dfree”
heap sort algorithm is used [15]. The considerablertening execution time has been
obtained thanks to introduced modification. Theafial algorithm is based on adding of
elements to the heap containing actually smallerber of elements.

Taking under attention computation time from motnehscene photographing until
path generation ending, one reached in two-processdiguration the speedup about 30%.
In four-processor configuration one reached almwiste shortening of execution time. The

necessary time for robot position determinationupied about 30% of given values



4. Realization of the visual feedback

Based on the Kalman filter predicted pose of theotaat the next sample time, the
computations are realized in predicted image windoeation where the robot shape is
expected to be found [5].

The measurement and steering, thanks to real$iystem, are executed in discreet

moments of timet, =t, +KT , whereT is sampling period, anlt accepts natural values
k=01 2,...
The following approximate model of movement andeylation has been used
$ = Ay T Wiy )
e =Cé +Vy

where vectoré, = [Xk,)'(k,\(k\(k]T determines system spagg, =[X,.Y,]" denotes vector
of measures, whereas, andy, represent robot center coordina(e$y) transformed to
picture coordinates,x ,, Y, denote velocity. MatricesV, and V, are disturbance noises

assumed to be described by zero mean, Gaussiamalipyuindependent noises with
covariance®) andR, respectively.

Matrixes of state and of measurements in the aedepodel have a form resulting from
assumed constant speed in sampling period.
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The recursive equation for the prediction of thadaw centre is the following
Sirkr = Ay 9)
where the estimaté’k,k is defined by the Kalman filter algorithm
S :cftk/k—l+K((,7k_CE|4 k—l) (10)

The Kalman gairKi is computed off-line.

EstimatesX,,_, and y,,_, are determined frong, ., on the basis of the camera model
[14] with parameters identified using calibratio@edure described in [9][11].

The predictiong,,,_, of robot orientationg, is computed on the basis of inclination
angle &, of the line described by assumed analytical equoati
P, = Xcosd,_, + ysing,_, and detected by Hough transform. The mentionedeapg ,
was determined on the base of measuremgni and of rotation matrix used in the
accepted camera model. The following Kalman fi#guation has been used



Berr = v +TUyy (11)
P =P + K¢( k _¢k/k—l)

The computed prediction of robot azimut, ., as well as position predictions

R k-1 Vs NAvVe been used in control rule.

5. Practical experiments

The structure of the considered visual controlesystvas shown in [9][10]. The system
was simulated using SIMULINK software [16] having@apowerful animation possibilities.
Tuning of the controller (parametegs andb in (6)) and of the Kalman filters (filter gains

K, in (10) andK¢ in (11)) has been performed by simulation.

The parameters obtained by simulation are usddeinT9000 transputer based control
system. Appropriate task distribution among thegpaters enables realization of the vision
based control in real-time with the sampling perd@dms (the full rate of 25 frames/s) [9].
The size of the moving window was set to 64x64. @anmesults of experiments are
presented in the figure 3. Trajectories obtainedsimyulation look similarly to the ones
obtained in the real system.
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Figure 3. Trajectory stabilization using visualdback a) sample collision-free path
b) desired and real trajectory c) orientation @f tbbot obtained by the Hough transform

To determine the orientation a black cover withhite bar was attached on the top of
the robot. Thanks to determined in first order toposition, the bar extraction as well as
Hough transform were realized in window 32x32. Ta& version of the Hough transform
with two look-up-tables and filtering with butterflfilter have been applied [13]. The
parallelization with parallel accumulator has besad [9].

Many other tests showed correct work of the systdaximal velocity of the robot was
0.5 m/s. The collision-free path can be determsegeral times per second.

6. Conclusions

The vision based system for path planning anddal-time control has been designed.
The static monochromatic CCD camera has been apjolieposture tracking and collision-
free path generation. Future research includesnoiodtt tracking and control.
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