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ABSTRACT

The objective of this thesis is to develop algorithm to find the best moving path of a
mobile robot using genetic algorithm. a class of stochastic search algorithm imitated biological
evolution. This thesis combines genctic algorithm with the knowledge from storing released data
for creating additional condition to make this algorithm be suitable for multi-obstacles
environment. By using advantage of information in the knowledge base, we can reduce
nonessential procedurc. Since this thesis chooses 100l that matches the change of the work pattern
and adjusts the value of variables for best searching, we can improve the guality of the solution

and reduce the computation time. Morcover, the solution path is more correct and more reliable.
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ATZUIHAIIAIN
AITUIUMSNIRUENISY | MmAanumunzay | Swaugudld | natmisduw
Fenmitu )18 Taumde Armey Tanndy Taamie
0.1 29.8 171.7 34.56
0.2 29.6 202.6 41.96
0.3 29.78 199.897 39.69
0.4 30.2 162.6 34.70
i. Crossover r 1
0.5 29.8 175.3 38.39
Operator ‘
0.6 30.3 161 35.67
0.7 30 189 42.10
0.8 30 195.7 43.95
0.9 299 174.5 40.04
0.1 29.8 157.6 29.80
02 29.1 143.5 29.15
03 29.6 172.4 3474
0.4 29.8 160.1 33.99
2. Mutation
0.5 29.7 191 41.49
Operator
0.6 30.3 178.5 39.69
0.7 30 215.5 48.70
0.8 30,12 194 45.16
0.9 30.9 171.8 40.15
0.1 29.7 189.5 36.23
0.2 29.8 167 3248
0.3 304 202.7 41.64
0.4 29.8 174.2 37.17
3. Swap
0.5 29.8 206.6 45.25
Operator
0.6 30.2 166.2 37.32
0.7 31.2 184.3 41.96
0.8 30.56 200 45 49
0.9 30.5 235 54.23
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0.1 37 207.67 19.04
0.2 311 207.20 26.15
0.3 299 210.20 32.66
) 0.4 29.4 211.4 38.83
4. Linerepair
0.5 29.8 206.02 43.99.
Operator
0.6 29.3 185 45.37
0.7 30 166.70 45.21
0.8 27.5 166.78 497
0.9 29.8 174.1 57.37
0.1 30.2 207.8 43.98
0.2 30 169.3 36.56
0.3 29.9 201.6 43.5
04 30 193 42.04
5. Delete
0.5 29.9 171.4 36.89
Operator
0.6 29.7 171.9 37.20
0.7 29 : 201 43.80
0.8 30 203 45.60
0.9 30 188 40.20
0.1 30.3 216 42.10
0.2 29.7 2539 50.69
0.3 302 186.1 3845
04 29.7 185.7 38.75
6. Improve
0.5 297 181.6 39.01
Operator
0.6 29.5 214.4 47.761
0.7 293 1724 39.52
0.8 26.9 172.8 40.17
0.9 29.5 160 3934
]

9 = 94 o :!' o cqy
vinuansnaansaz laaa iy Tl la lunisdinszyiuns v ausail
1 ij ul Y o oW
anudlu i 1fvean s crossover Operator (110U 0.4

- ﬂl’lﬂﬂmﬂuvlﬂllﬁﬁil’r)&ﬂﬁﬁ1 Mutation Operator MINY 0.2
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' [~ W o 1w
- manudul1duenisnt Swap Operator 111191 0.2

- amnuiiu 1 1duesn99i1 LincRepair Operator 1 0.5

- annudlull18unan1sth Delete Operator 161 0.5

- il Wvesmsih improve Operator 111/ 0.7
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AANUHUIZ Y Suguild nailinau Tay
UMY 52BN . R .
Taemas Aot lannny i
10 29.7 169.3 106.9
30 29.7 162 106.17
50 294 163.7 89.625
70 29.4 182.7 97.79
90 29.3 168.8 89.45
110 29.5 145.8 77.05
130 29.8 143.7 76.69
150 29.7 151.7 78.48
170 29.8 160 86.05
190 28.7 154.3 81.74
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A Knowledge Based Genetic Algorithm for Path
Planning of a Mobile Robot

Yanrong Hu and Simon X. Yang
Advanced Robotics and Intelligent Systems (ARIS) Lab
School of Engineering, University of Guelph
Guelph, Onlario, Canada N1G ZW1
Email: syang@uoguelph.ca

Absiract— In this paper, a knowledge based genetic algorithm
(GA) for palh planning of a mobile robot b proposed, which
uscs problem-spectiic pemedlc ngoriithins for robot path planning
instead of the siandard GAs. The proposed knowledge based
genetic algorhihm incorporates the demaln knowledge into iix
specialized operntors, where some also combine a local search
techniguee, The propostd genetle algorilhm also feslures s snigue
and simple path representation and o stmple but effecthe
evalustion method. The knowledge hased genetlc algorithm is
capable of finding an oplimal or near-optimal robot path in
balh complex static and dyoumnic environmentz. The Hfecoveness
and efficiency of e proposed genetic algorithm is demonstrsied
by slmulatfon stodies The irreplaceable robe of ibe spechalired
gen¢tlc operators in the proposed GA for solving robot path.
planning problem b d d by a comp stody.

[.. INTRODUCTION

Pash planning is an important issue in mabile robotics, 1n
an environment with obstacles, path planning is 1w find a
suitable collision-free path for a mobile ubot to move from
a slant [ocation 1o a target location. Very often this path is
highly desirable to be optimal or near-optimal with respect
to time, distance or energy. Distance is a commonly adopled
criterion, Robot path planning has been an eclive research
area, and many methods have been developed 1o tackle this
problem {1], such as globab C-space methods [2], {30, poweniial

- field mesthods [4], [5), and neursl nerworks approaches [6],
{7]. Each method has its own sirength over others in cerain
aspecis. Generally, the main difficullies for robol path-planning
prublem are compulational complexity, local optimum, snd
adaptability. Researchers have always been seeking allernative
and more efficient ways o solve the problem.

There is no doubt thal path planning can be viewed as an
oplimization problem {e.g., shoriest disiance) under cerigin
consirainis (eg., he given environment and cotlision-{ree
candition). Since Lhe appearance of genetic algorithms (GAs)
in 1975 [B), GAs have been used in solving many optimization
problems successfully. GAs are stochastic search techmiques
analogous 10 naturel evalwion based on the principle of
survival of the finesi [?), [10]. Porential solnions of a problem
are encoded as chromasemes, which form a population. Each
individua) of the population is evaluated by a fitness function.
A selection mechanism based on the fitness is applied 1o the
population and the individuals strive for survival, The fier
ones have more chance to-be selecied and to reprodoce off-

spring by means of genetic transformalions such as crossover
and muiation. The process is repealed and lhe papulalion is
evolved peneration by generulion. Alter many generzlions, the
population converges to solutions of peod guality, and the
best jndividual has good chas 1o he Lhe optimal or near-
optimal solulion. The feature af parallel search and Lhe ability
of quickly Ipcating high performance regian [9] contribute 10
the suceess of GAs on many applications.

It is not surprising that researchers applied GAs on path
planning for mobile rbots [11]-[13). However, like most
eacly GA applications, most of those methods adopt classical
GAs than usc fixed-length binary strings and two basic genetic
operalors, and few modifications were made 1o the algorithms.
Sugihera ar al. [11] proposed a generic algonithm for path
planaing with fix-length binary siring chromosomes based an
cell representation of mobile robol environment It binary
encoding is biased and mefficient. Besides, in order lo use
the standard GA, the path planning solutions are restricted
to X -monotone or ¥.-monolone. A simifer approach was also
proposed by Tu et af [14), wher= no obvious improvement is
made in spite of using variable-lengih chromosomes instead
of fix-length chromosomes. [t takes hours 1o evolve & soluion
due 10 it inefficiency.

The classical GAs use binary strings and iwo basic genetic
operaors, After encoding solutions 1o a problem, the classical
GAs are mort like “blind" search, and perform well when
very litlle prior knowledge is uvmilable. However, GAs do
not hawe o be “blind™ eearch, when additional knowledge
about prohiem is available, it can be incorporaled into GAs
to improve the efficiency of GAs [10), |£5). Path planning is
such & problem thal requires knowledge incorporation into Lhe
GAs for the groblem. Graph teshnique 36 a traditional way
of representing the environment where a mobile robot moves
around. Shibaia er al, f16}, [17] proposed a genetic algorithm
based on MAKXLINK graph environment representation {18].
En this genetic algonithm, the path is represented by variable-
length chromosomes formed by mid-points of the free-dinks,
which is 2 mare natural way of encoding than binary sirings.
This graph based method needs 10 form a configuration space
before applying Lhe genetic algorithm, which can be very
time consuming, Both Hocaole er af {19] and Xiao ez af
[20)designed specialized genelic operators with some heuristic
knowledge, In [19), & muiri-paths planning algerithm based on

0-7BCI-B232-3/04/517.00 ©2004 |IEEE 4350
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an iterative multi-resolution path representalion was proposed.
A path is represented by a hierarchically ordered set of vectors
thal define path verlices genernled by a modified Gram-
Schmidi onhoganalizelion process (21, {22]. Xiao ef al. [20]
propused an evolulionary planner for both on-line and ofi-line
planning. However, both approaches are relatively complicate
on problem representation. evaluation, ar GA structure.

In this paper, & knowledge based genetic algorithm is
proposed. Tt uses a simple yer effective paih representation that
combines grids and coonlinates represenlations. Unlike other
grid methods, the grids adopted here de nol limit movernent of
the path, but simplify the chromosome stictare and genetic
operation by discrelizing the environment. This approach
makes it possible o have one number for cach gene and ta use
integer munbers insiead of real numbers in chromosomes. The
proposed GA aleo has six knowledpe based peneuc operators.
Problem-specific genetic operators are not oply designed with
domain knowledge, bur also incorporate small-scale local
search hat improves efficiency of the operators. A relatively
simple but effective evalustion method is applied lo bath
feasible and infeasible solwions. The proposed GA is suitable
for both static and dynamic environments. The effectiveness
of the knowledge based GA for mobile rotot path planning is
demonstrated by simulalion studies.

[1. THE PROPOSED KNOWLEDGE BASED GA FOR PATH
PLANNING

The propoted genelic algerithm Featres its simple and
unigue problem presentation, its effective evaluation method
and its knowledge based genetic cperators. The detailed de-
scription of each element is presented below.

A. Probiem Representation

Representation i5 a key issue in the work of GAs. The pro-
posed GA nses a simple yet effective pach representation. The
mobile robot environment is represcnied by orderly numbercd
grids, cach of which represents & location in the environment.
The boundacy of obstecles is formed by their actual boundary
plus minimom safety distance considering the size of the
mobile robot, which makes it possible 10 reat the mobile robot
a point in the environment. As an example, Fig. 1 shows an
environment with 10 x 10 grids applied on. A potential path
is formed by line segments connecting the nodes falling on
the grids with different pambers, Thas a path is encoded as e
sequence of grid numbers starting from the sovrce and ending
at the larget with a various number of inlermediate nodes (Fig.
2). A feasible path is a collision free path, i.e. no nodes fall on
any obslacle, or no any of line segments of a parh intersecis an
obstacle. The length of a chromosame is vanable and between
2 and maximum lengih N, Such a pnd representation is
different from the one that usually uses grids 1o fimit the
movement of & path 1o be one of its eight adjecent cells and
uses reletive directions to represent a path {11). The proposed
path representation is more like 2 coordinate repreacmation,
but differs by discretization and using integer numbers instend
of coordinates (z, ).

target
[ ] " ] e[ 9K | 67 | B8 -4
" nr-ﬂ"‘ [CR T :. =
0 Y t:l ™
L. 5 L -} a V% - se B7 | B8 -]
&1 " :1 B | 57 |58 | 0@
w0 (w1 e i ©®
0 3\‘ k-] o M| mie »
HJF E-
w ,u 1w |
n",'l’):‘ slefsln]z]a]le
start
Fig. 1. Mobile robot emvi and P Solid liac: »
fesible path; dusbed linc: m infeasible pach.
[0-24-36-66-74-84-99 |
start point node target point

Fig. 2. A sample chromosome: 1 path reprecented by nodes falling on grids
with differenr mumbers.

B. Evglugtion

A path can be either feasible {collision free) or infeasible
because intermediate nodes can fatl on any of the grids. The
evaluation should be able to distinguish feasible and infeasible
paths and 1ell the difference of path quatities within either
category. The evalvation function 18 presented below:

N
Fra = 3_(di + 5O, 0
=1
where N is the number of line segments of 2 pah, d; is
the Euchdean distance of the two nodes forming the line
segment, C is & constant, ; is the coefficient dencting depih
of collision, and its definition is given as

if the ith line segment is feasible

0
fi= { Z;il a; if the Yine segment intersects obslacle(s) *

{2
where Af is the number of obstacles the line segment in-
tersects. ay ts determined by considering how deep a line
scgment intersects an obstacle j. It is defined as the shortest
moving distance for escaping he intersecied obstacle This
evaluation gives penally 10 infeasible paths, but still keep them
in the population because they might become good feasible
solutions after cerain genetic tansfermations. Besides. this
evaluation allows some overlap between filnesses of feasible
and infeasible sohnions because a very poor feasible pash is
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no! necessarily beuer than a very good near-feasible path in
the sensc of evelving sulutions. 1L is heneficial 10 give more
chance 1o some gnod infeasible solutions that are easily 1o be
evolved 1o good solutions, To save computational time, some
information oblained by the evalvalion needs to be recorded
so that Jater on i1 can be used by some specialized geneic
operators as heuristic knowledge without re-caleulation. The
information includes feasibility (feasible or infeasible. node-
infeasible or line-infeasible), number of infeasible nodes or
line segments, and which obstacle(s) a path inlersects.

C. Geneic Operators

Two classical genatic operators: crossover and matation
are not applicable for the problem here. They have 1o be
taifared for the path planning problem and adopted problem
represeniation, Besides, to make the genetic elgorithm more
effective. four specialized operators are designed to make use
of available problem-specific knowledge including knowledge
of the environmenl. These sin operalors are inroduced as
following and depicicd in Fig. 3.

(b) mutation

(8) crosecwer

(c) repair_nada

(e) deletion (M improve

Fig- 3 Six sperinlized geostic operatars thar incorpeme: problem-specific
Enasdedge

Crossover is the operator that randomly choose a aode fram
Parent 1 and the other node from Parent 2. Exchange the part
after these two nedes, Check the two offspring, and delele
the part between two same nodes if it happens. The choice of
different crossover sites in different parenzs can increase the
varigbility of chromesome length, which benefils eaploration
of the solulion space.

Murarion is thai randomly choose a node and replaee it with
a node that is not included in the path, Muiation is served as

a key rele to diversify the solution population. Therefore, it 15
nal necessary that a solution js betler after it is mulaled.

Node_repair is used 1o move a node falling on an obstacle
oul of the pbsiacle and to a best grid arnund the obsiecle.
To locate the best grid, & smell-scaled focal search in the
neighbors of the obstacle is applied.

Line_repoir is used lo repair an infeasible line segment
by inserting a suitable pode between the two podes of the
segmenl. Agaip, 10 Jocsie 8 best node, simijar focal search
is applied in the all of neighboring grids of the inlersecied
obslacle,

Deletion is applied ¢o both feasible and infeasible path.
Randomly choose one node, check its nwo adjacent nodes,
arxl connected segments, if the deleton of the cbosen node is
beneficial (urn the infeasible 1o the feasible, reduce the cost),
delete the node.

Improvemen: ts designed for leasible solutions. Reandomly
chose one node, de # Jocal search in the neighboring grids of
the node, move to a best grid. This operator is used for fine
tuning of a feasible salution.

These operators are very necessary to evolve feasible and
good quality solulions. The Adng of these operators depends
on 1wo crileria: probabilily end heuristic knowledge (e.g.. if
JSeasiblz then improve). The important mle of these opersars
is discussed later.

D. Quline of the Knowledge Based Generic Algorithm

An oulling of the proposed knowledge based genetic al-
gorithm is given in Fig. 4. Initial sohitions are generated
randomly and are evalualed by the finess function in Egn.
(1), Two parznts are selected according te some seleclion
mechanism. Then ane ar more genetic operators are selecled
and epplied o e parems accurding to some probabilities
and heuristic knowledge. The whole generalion js replaced by
children. The best sotution so far is updated in each generation,
and it will be the final sohrtion when some slop cririon
is satisfied. The stop crilerion can either be that the preset
maximum gencralion is exceeded, or thay the best soluton
remains unchanged for cenain gemerations. The algorithm
is also suitable for dynamic environment. It checks sensing
informaton pertodicatly. If the environment is changed, the
algocithm will re-evaluate the current populatior according
0 the new epvironment and staris Lhe process to et a new
solution, To increase diversity of the population at the moment,
mwulalion with higher probebility is applied 10 the current
populanon.

IIT. SIMULATIONS

The effectiveness of the proposed genetic elgorithm is
demonstrated by simulations, [t the following simulations,
parameter sedting for the genetic algorithm is: population
size = 50, probability fur mulation per chromosome is 0.2,
and 0.9 for ajl the rest operatars. Toumament selechion and
elilism ane applied. For simplicity, 16 x 16 grids is epplied
10 the environments. All the simulations are conducted on a &
Pentium L1 PC (933MHz).
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gerention =

[ imitinlize population P randamly
i
evaluate P
bewt_anfar = the best solution from P

cnvironment changsd 7 >
Yes

re-gvahate P
ppiy mutation a1 high mie

1 2 Children = apply opemawa
' to 1he 2 Pareots

1
sckect the best edividual from P and replace
the warst individral i the children

repalce P with all the children

update best_gofar
Ul

sion criteria met
.. pENEration >= max generation
or sotution unchanged for cortsin
generations

Fig. 4. Cudline of the knowiedge bused genetic slgocithm far path plamning
af a mobile raboc

A. Patk Planning in an Ervironmenr with @ U-shape Qbstacie

‘The proposed genelic algomthm can casily denl with U-
shape obstacles. Fig. 5 shows an exampie. The best sofution
in the initial poputation in Fig. 5(a) is far [rom feasible. Fig.

()

largel
LTIW‘L.IIIiT-

] N
1T 1 TET

Fig, 5. One typical run of peth planning io a U-shape ghetack emviromen.
{a} The besi initial path (cost: 80.59); (b) The text salution in generstion 3
{cost 42.02); () The best solulion in geoerwion 22 {cose 33.98) {d) The
optimal path {cost: 29.10) chrelned in genermion 30,

layouts. Fig.s 6 and 7 shaw that the GA is capable of obtaining
an optimalinesr-optimal collision free path from randomly
generaied paths. For the environment in Fig. 6, for 20 runs,
the average cost is JU.B5 with 0.67 Standard Deviation, and
the average generation number for obtaining the results in Lhe
20 rans is 257 with 123 Standard Deviation. Fig. 7 shows
the result of the GA on & more challenging mobile robot
environmsnt.

o) urget targon

Y|

5(h) shows the best selution after eight gencration’s evolulioa,
which ig feasibfe but not opumal. The genetic algorithm
conlinues 1o evolve belter soluions (Fig. 5(c)) vniil the oprimal
solution (Fig. 5(d)) is found in generation 30.

B. Path Planning in Complex Emyirpaments

In this simulation, the proposed genesie slgorithm is applied
to vifferent mobife robel emdronmencs with different obscacle

Fig. 6. Puh planning In & complex envinoamenl, {3} Throe randomly
gemeTaled ivitial palhs; (b) The paih obeained by e GA in one typice] ron

€. Path Planning in @ Dynamic Ervironmen:

The proposed genetic elgorithm can not only deal with
vomnplex static environment, but also be suitable for dynamic
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=T

start

Fig. 7. Puh planning in another compler envirooment. (x) The path obieined
by the GA in one bypical rin: (b) Thee allamative paths cbibined by the GA
fzom different s

environment. When the environment changes, informalion of
the obsiacles is updated. The algorithm re-cvelvales the current
population according 10 the new infarmation. Therefore, te
costs of the solutions jn the cument population are updaied.
The quality end (easibility of a path is determined according
o Ihe new environment. The criginal best individual and the
better ones may become sohuions having bad quality. The
GA slans o evolve the popululion until a new best solution
is obiained acconding 10 the new environment

A simulation is presented below o shuw the adaplability
of the proposed penetic algorithm to changing emvironment.
Fig. 8 shows the resuft of ope typical ron. In Fig. 8(a), the
GA finds a best solution (with cost 28 30) at generation 125
in the emvironimeil. Then a new obstacle appears {Fig. 8(h)),
and] the original solution is no Jonger feasible. The GA starts
1o evolve bener solutions according to the new enviranment.
After 346 generntions, it finds a best path (with cost 29.83)
shown in Fig. B(b). When the obstacle is removed again, afler
206 generations the GA evolves an even beiter new parh {with
cost 27.77) shown in Fig. 8(z).

IV. Discussion

The above simuiation results demonstrare the capability of
the proposed GA of evolving satisfactory paths in complex
environment. This is mainly contributed by the speciatized
genetic operslars that incorporate heuristic knowledge. To
show the conlribulion of these operalors, a comparisan srudy
between the GA with and withont the specialized operators
is conducted as following. We apply the comparison on the
same environmenl as shown ip Fig. 6. To see the performance
of the GA withonl the developed specialized operutony, we
only keep crossover and mumtion operators, and shot off alt
Ihe ather operviors. Every specinlized vperator can be viewed
as a specia) muation operator. Simply shuting off operators
makes the two sides of the comparison have different mutation
rates. Therefore, we ser a best mutation rate for the GA with
only crossover and mutation operators. By ronning the GA for
106 times at different muimion rales, a mulalion probability
of 0.5 is selected as the best value. Then the GA with and
without specialized operators is ran for 20 times respectively.

) il
1 LT %{
LT

1
)|
1]

1T

N Y

mEN

Tig. B. One typical run of pah planoing io » dynamic emvircament. (a) Path
obuained in the original environment; (b) Path afier sdding an cheracie; (<)
Path afier removal of the obitack.

Suatistic analysis shows thal the specialized operators improve
the performance of the GA significantly, which is evidently
shown in Thble 1

TABLE |
Comparizon of ikt GA wih snd withou! speclallzsd operaiars (SO
Aundard deviation]
Specialized opersion with withoul
fumgher of s 20 0
Best found Mean WH [ Bral
prib cost 30 87 T35
Number of & |8y [0
genersions [ 30 T3 70 1

Figure 9(a) shows Lhe best path found in 20 mups by the
GA with only crossover and mutation operaiors. The cost
is 36.15, at is found at genermtion 690. Fig. %(b} displays
the other 3 paths evolved by undergoing only crossover and
mulalion Iransformations. Comparing Lo Fig. 6, it is clear that
without the knowledge based operniors, the quality of solutions
deweriorales dramatically, and for most of the tmes, it even
cannot find feasible path when the environment is complex.
The figures and the swadstical analysis in Table I prove that
the knowledge based gepetic operalors are essential for solving
the path plenning problem.

Simulation study also indicates that the proposed knowledge
based genetic algorithm is of prectical use because the required
compniational ime is quile reasonable. As introduced before,
grids are applied to the robot ¢nvironment 1¢ obtain a relatively
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