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ABSTRACT

Une aspect of interest in robotics is planning the optimum path for a mobile robot or the optinium
trejectory for link movements of a stationary robot in order to increase their efficiency. The
objective of this paper is to identify the sequence of steps and processes needed for construction off-
line path planning system using genetic algorithm (as we coined GPPS). In off-line path planning,
the robot is given a map with the location of all obstacles in a given world. The goal is to construct
the shortest possible path between a pre-defined start and goal positions and then follow this path
without running into the obstacles. In addition to the three basic genetic operators, a new operator is
proposed here which is coined as repair operator, Repair operator eliminates infeasible path
segments and removes path points from nearby obstacles. However, the shortest possible path
resulted from applying genetic operators and repair operator may contain overlapping and
redundant segments. Hence, to eliminate these drawbacks, a new operator 1s proposed which is
coined as enhancement operator. Bighty experiments are tested on GPPS with different cases.
ihese cases are taken from different perspectives: number and distribution of obstacles. size of
obstacles. and number of experiments per a workspace. All experiments with these different cases
give, as possible, an acceptable feasible path.
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INTRODUCTION

[n the last twenty years, mobile robots have become a subject of significant interest because they
rise a multitude of challenging problems on one hand and because they are open to a broad range of
possible applications on the other hand. The problem of optimal-path planning for autonomous
mobile agents in two dimensions are concerned with large-scale or "high-level” path planning in
which the swart and goal points are specified, and the size and dimensions of the agent are negligible
in comparison 0 the geometry of the path. And consistent with the term "large-scale", reasonably
assuming complete knowledge of the features of the two-dimensional space including not only the
locations and dimensions of obstacles for traversal, but traversal costs per unit distance for
homogencous regions  within the two-dimension space or "terrain"., The primary intended
application of this research is off-road navigation by autonomous vehicles, that it also applies to
planning military operations and constructing permanent linear features such as pipelines.

Finding an optimal path in two-dimensional workspace with obstacles is a well-known
combinatorial optimization problem. Combinatorial optimization problems have been traditionally
approached using exact techniques. Finding the optimal solution is ensured with these techniques
but, unfortunately, they are seriously limited in their application due to the so—called combinatorial
exploston.

the principle objective of this paper is to identify the sequences of steps and type of processes
necessary to implement a path planning system using genetic algorithm that can generate optimal or
near-optimal path according to a given workspace that does not make any prior assumptions about
feusible knnt points. Genetic algorithm is a class of stochastic search strategy that can be used to
optimize the combinatorial explosion problem of path planning in robot navigation workspace. The
rest of this paper is organized as follows: In the next section, the off-line path planning problem is
siven. Deseribing the design of the genetic-based path planning system (is coined GPPS) including
the chromosome representation, the GA process and repair operator for auto-tuning the generated
puaths are presented in section 3. Finally, some concluding remarks are given in section 4.

OFF-LINE PATH PLANNING PROBLEM

he problem of path planning is to plot a continuous set of points connecting the initial position of
the robot to its desired position. The requirement that the path planning must meet is finding
quickly an optimal path due to some imposed criteria for the solution of the problem
(which are referred to as path metrics). For example, path length, evaluation of clearance between
the robot and obstacles, and others (Podsedkowski 1999)( Mchenry 1998).

Oflen. a path is planned off-line for the robot to follow, which can lead the robot to its destination
assuming that the environment is perfectly known, stationary and the robot can track perfectly
{Konar 2000). The main feature of the off-line approach is that a complete sequence of steps that
solve o problem or reach a goal is determined before taking any action. Recovering from error and
dealing  with  unexpected event is usually left as a subsequent execution stage
;

ilobal planning includes three classical types of problems such as:
- Obstacle avoidance ‘
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2- Path traversal optimization

3- Time waversal optimization. |

ihe © Obstacle avoidance ™ type of problems deals with identification of obstacle free trajectories
between the starting and the goal point. While the * Path traversal optimization ” problem is
concerned with identification of the paths having shortest distance between the starting and the
goal point. Finally, the *“ Time traversal optimization ” problem deals with searching a path
between the starting and the goal point that requires the minimum fime of traversal (Konar 2000).

GENETIC-BASED PATH PLANNING ALGORITHM

Since it was introduced by Holland in 1975, Genetic Algorithm (GA) approach has attracted the
attention of researchers and been used to solve many difficult combinatorial optimization problems.
The GA is an iterative procedure that maintains a number of candidate solutions, called population,
over many simulated generations. Each chromosome is represented by a number of strings and
undergoes genetic operation such as crossover, mutation and selection for improving the quality of
the solution. At each iteration, called generation, each chromosome is evaluated and recombined
with others on basis of its overall quality or fitness value in solving the problem. Recently, to
improve the performance of the GA method, many variations of GA method are developed such as
the concept of parallel GA (Cantu-Paz 1999). '
Fhus paper, presents a genetic-based path planning system (GPPS). The design of the genetic-based
path planning system- GPPS- adopted in this paper is based on off-line path planning. Fig. (1)
Hlustrates the general steps of the GPPS. The detailed description of the GPPS steps are presented
iy what follow.

i Begin i

Get the map of the workspace. ; |
Get start and goal points.

Form chromosomes by random generation of point ;
coordinates until the population is fully filled with '1
individuals. |

For all chromosomes in population, find fitness value.
Repeat

Repeat
Select according to fitness two chromosomes from population.
Apply crossover between selected chromosomes accordingto  the
crossover probability to generate a new offspring.
Apply mutation on each point in the new offspring
according to the mutation probability.
- Repair the new offspring,
For ail chromosomes in population, find fitness value. i
Until new population is generated
Until specified number of generation is fulfilled or convergence
state is reached.
Enhance the resulted shortest path.
‘ End.

Fig. (1) The GPPS algorithm

431



‘ T ) s PLANNING THE OPTIMUM PATH FOR A MOBILE ROBOT
M. ¥ adlidat it USING GENETIC ALGORITHM

|
|
e

REPRESENTATION AND INITIALIZATION

fn the genetic-based path planning, a path for a mobile robot is encoded based on an order of way
points. IZach robot has a starting point and a goal point in the workspace under the assumption that a
rabol passes each peint at most once in a path.

Lo &

It 1s important to define that the genetic algorithm generates a path consists of one or more straight-

line segments (segment is a line between any two successive points), with the starting point, goal
paint, and (possibly) the end points of the segments that connect the starting point with goal point
{(Michalewicz, 1999). Fig. (2) depicts the chromosome representation of a possible path.
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Fig. (2) GA chromosome representation of a path

Izach point in the path chromosome consists of four fields. The first two fields Xiv Y 12i%R

denote the coordinates of that point along the path and the third field b; is a Boolean variable
denotes whether the point is on an obstacle (i.e., whether the given point is feasible or not). If the
point is Teasible, its b; value is set to TRUE, otherwise it is set to FALSE. The final field denotes a
pointer pointing to the next point in the path to be visited (Konar 2000).

The length of the path chromosome. the number of the nodes represented in a path, is variable to
deal with different situations of access to a goal point from a start point by different number of
intermediate points. Intuitively, the length of a path chromosome should not be less than two.
Hence. the length could be ranged from two to maximum value Muaxlengththat is determined
previously at the initial genetic run.

An initial population of pop size variable-length chromosomes is to be generated randomly. For
each point of such a chromosome. the coordinates x and y are generated randomly (of course, the
values of coordinates are restricted to be within the confine of the environment),

The value of the Boolean variable b; . which represents the feasibility of its point, is determined. If
the point is feasible, its b; value is set to TRUE, otherwise it is set to FALSE. The method for

checking the feasibility of a point is based on searching the dynamic array that contains the
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obstacles locations then check if the point does not fall on any of them. In this way, we will
consider a discretized subset of all possible paths (with or without collision).
FITNESS EVALUATION 3
I'or each path chromosome in the current population, the fitness is computed. Because the problem
deals with finding the shortest distance, it deals with paths that have minimum value. Calculation of
the fimess involves finding the sum of the straight-line distance between any two successive points
in the path chromosome. Before computing the fitness of a path, feasibility operation is checked. If
the path points fall on obstacles. then the fitness value is divided by a farge factor in order to give
that infeasible path poor chance for selection in the next generation. The factor is selected
proportionally to the size of the robot environment.
The Tormula of fitness function is:
5 1 '
Jitness = — ()
(Zj(,lels*ance(poin’tj,pointf%1 N* pen
i=(}
Where n is the total number of path’s points, while / is an index of the point in the path. The

function disrence returns the Euclidian distance between point ;and. point,, . Finally, the penalty
varniable pen is one for all feasible solutions and ten for violator solutions (i.e. inteasible paths).

The high penalty on violators (i.e. ten) increases the probability that violators will procreate. In
GPPS. infeasible paths can be utilized as feasible paths using a new operator described next.

CHEKING THE FEASIBILITY OF A PATH

‘The process of checking the feasibility of a path done by evaluating the feasibility of each segment
(o line between any two successive points) that constitutes the path. This requires an algorithm that
takes the path points from starting point to its end point pixel by pixel. Digital Differential Analyzer
(DDA) (Salmon and Slater, 1987) algorithm can be modified to check the path pounts if there is a
pulnt lies on an obstacle or not. We modify DDA algorithm so that instead of drawing a pixel. it
wiil check the feasibility of that pixel.

GENETIC ALGORITHM PARAMETERS

To create a sequence of populations that hopelully will contain miore and more good paths 1o our
path planning as time goes on, the main genetic operators (selection, crossover, and mutation) are
applicd iteratively on each generated population. The following paragraphs discuss the main genetic
operators that are used by GPPS.

As a reproduction, a binary tournament selection and elitist strategy are used. In binary tournament
selection, two path individuals with their respective fitness values are paired randomly from old
population «© partake in a competition. The competition is held in a way so that diploid individual
with higher fitness value wins the competition and advance a copy of it into the mating pocl while
the lesser fitness diploid individual is killed.

The clitist strategy is used bv GPPS so that the best path in the current generation will bhe
automatically survived 10 the next generation (Goldberg, 1989). Elitism makes the GA retain the
best path at cach generation. The best path can be lost if it is not sclected to produce or if it is
destroyed by crossover or mutation.

The crossover operator employs one-point and two-point crossovers, which are similar to the
classical crossover widely used in genetic algorithms with crossover rate P.. One point crossover
used in the early generations of the genetic run to supply the population with more disruption paths.
[t recombines “‘good™ parts of the paths present in both parents to produce hopefully better paths
represented by the offspring (Michalewicz, 1999)(Gallardo, et al. 1998). Two selected path
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chromosomes are cut in random positions and glued together: the first part of the first path with the
second part of the second path, and the first part of the second path chromosome with the second

part of the first path chromosome.

Fig. (3) and (4) show respectively examples of one point and two point crossovers applied on two
selected path chromosomes. The crossover point(s) randomly occur at the third node in case of one-

point crossover and at the second and the fourth nodes in case of two-point crossover.
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Fig. (3) Example of one point crossover
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Fig. (4) Example of two point crossover

434



Number 2 Volume 11 June 2005 Journal of Engineering

Next, mutation operation is applied with small probability p,,. The mutation is used to alter path

pomls such that a conslant value (d), generated at random, is added to or subtracted from the
seiected path’s point. Fig. (5) shows how mutation operator is applied to a path example. In this
figure, the mutated node is the third node and the value of d is four. The x coordinate value of the
third node is replaced with x +d value and the y coordinate value is replaced with y-d.

i i i ki ST

Original path :

110 ﬂ—» §7 41| F — 3360|F

Tertrrertoer DAt

1T~ 8441 F B 39 56| F

b v,

Fig. (5) Mutation operation

REPAIR OPERATOR

In addition to the previous operators, we proposed a new operator, which is coined as repair
operator. This operator performs two operations: discard and clear. First discard operation
f‘!imma' ¢s cach infeasible segment found in the chromosome path. Discarding infeasible segment is
cecomplished via moving end points of such segment outside the obstacle boundaries. Fig. (6)
depicts an exampte,

Before After

Fig. (6) Example of discard operation

ey

inere must be sufficient clearance between the obstacles for the easy movement of the robot
through the path. Hence, the clear operation checks the clearance of a path points from nearby

oostacles. The clear process is shown below. Consider Fig. (7) where the second path segment is
near an ohstacle.
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I'ig. (7) Clear operation

ENBANCEMENT OF THE RESULTED SHORTEST PATH

The path generated from the traditional crossover operators (one-point and two-point) and mutation
may contain overlapping and redundant segments, Hence, we propose an enhancement operator that
chinunates any overlapping and redundant segments. This operation is accomplished by checking
euch two adjacent path segments. If the segment that connect the start point of the first path segment
willi the end point of the second path scgment is found to be a feasible one, then eliminate these two
adjacent segments and replace this new segment instead of them. Fig. (8) gives an example of
enihancement operation.

; Before ' After

Fig. (8) The enhancement of a resulted path

TERMINATION CRITERIA

In most gerletic-based path planning system the algorithm, terminate either when a feasible path 1s
found or some fixed number of generations have elapsed. The convergence criteria and pre-
specified number of generations are used in GPPS as termination criterion.
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i’ﬁ;fei TS AND C()NCL USIONS

GPTE was run on different cases. These cases are taken from different perspectives: number and
J istribulion of obstacles. size of obstacles, and number of experiments per a workspace. All
experiments with these different cases give, as possible, an acceptable feasible path. Tightv
cxperiments are tested on GPPS. As a sample, Figs. (9, 10), and (11) give three different cases of
these experiments with start point at (20,20) and the goal point at {580,420). Table (1) illustrates
the parameter setting used by GPPS. For more results see (Abdullah 2004).

Table (1) parameter setting of GPPS

Parameter Value
pop size 31
Maxlengih 9

oumament size 2
0.9

1.0

Ei]

{ _ " Enhanced Final Path

j Fig. (9) Casel: eight obstacles with different sizes
| — distributed randomly along the workspace a
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Enhanced Final Path

Fig. (10) Case2: eleven obstacles with different sizes l
; distributed randomly along the workspace

Enhanced Final Path

Fig. (11) Case3: two obstacles with bigsizes
distributed randomly along the workspace
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From the privious results we can conclude the following:

i~ GPPS operates in the entire free space and does not make any prior assumptions about feasible
knot points of a path. F

2- GPPS introduces adaptive frequencies of the genetic crossover operator, as opposed to the
constant genetic crossover used by the currently genetic path planning system. GPPS considers
two forms of crossover. one-point and two-point. Although these two forms are very commonly
used. they represent extremes. One-point crossover is the most disruptive of population, while
two-point is the least disruptive.

3= The proposed repair operator aids the GPPS by providing paths that are clear and feasible.

4~ The enhancement operation is applied for each resulted path from each run to improve the
quality ot the resulted path.

- T GPPS. the resulted path from past run can be added to the initial population of the next run to
lake the advantage of the past experiences on that workspace.

6- The navigation process in GPPS terminates after a pre-specified number of generations or afier
stagnate state 1s reached. In these two cases, the GPPS find a feasible path within certain time
period (i.e.. within specified number of generations of the GPPS).
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