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ABSTRACT

This thesis focuses on the problem of generating a robot’s path in case of no maps available
in the working space. Chua’s equation is employed to generate the trajectory under the criterion
that the robot’s path must be covered most areas in the “no-map” working spaces. According to
the computer simulations, experiments are set-up and carried out. The results are satisfied and are
implied that the concept can be applied to the robots for patrolling, floor-cleaning and lawnmower

tasks.
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1 a "o a i
A15190 3.1 NOANTTUAUAITNLSLANT a voIdaus Logistic

i a NOANTIVVDITLVY
b=y =t 1hlnda o
1<a<3 fnilaArogluaag 0- 0.7

3<a <3449 12 cycle
3.449 < a <3.599 14 cycle
3.599< a <4 27U

v
=

3.3 szuveadIuluszuUNUN 2 §A Two-Dimension Map

3.3.1 auN1T Hennon

= a a 3
Tylaumsiendiamnanivssoelaiu

f(x)=1—ax? +by
) =x

(3.2)

Taof a=1.4,b=03

o o Qs {
lun1si1a9aun15v99 Hennon i]smuﬁmm’;zamumgﬂﬁ 3.37 un¥ Time Series

Diagram #4317 3.38 flagul 3.42
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Yim]
o

517 3.37 @un13 Hennon ¥ a = 1.4, b = 0.3, Time = 3600 second
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! Lo 1w a
ﬂ'l‘ﬂdﬁ 3.2 Wﬂﬂﬂiiﬂﬂﬂiuﬂ1uﬂ1ﬁuﬂ'ﬁ$ﬁﬂﬁ a UDITUN1T Hennon

fa b WOANTTUVDITTU
a<0 0.3 W1 1nd Infinity
‘0<a<0.367 0.3 1 Cycle
0.367<a 0.915 0.3 2 Cycle
0.915<a<1.09 0.3 4 Cycle
1.09<a<14 0.3 2AU
1.4 b <-0.45 W lndgud
1.4 -0.45 <b<-0.366 1 Cycle
1.4 -0.366 <b< -0.1 2 Cycle
1.4 -0.1<b< -0.02 4 Cycle
1.4 -0.02<b<0.322 20U

A15197 3.3 A9 15 UAY (Initial condition) Y4AUNT Hennon

A1 x(0) 1 y(0)
-1.29<x(0)< 1.3 0.1
0.1 -7.41 <y(0) < 1.04

3.3.2 aUN13 Duffing

fizdaumasendiameaniussonn 1diiu

J(x)=y
f()=-12y+x-0.1x* + acost

Tagna=1

o @ o o [~ o 4
dmuauMsves Duffing laynsaesldmudednyazyosszuyluszuiy X-Y dolinis
i 1w a [ { = o '3 . as . .
nlasumduilsedng a degiil 3.4 Se317 3.48 wagihmssinesdien3eailodn Time Series
4 ﬂ:{ 1 73 = Q“ | o
Diagram 11J8 1d1)asuutlasmdulse@ns a aunsaouvesmssiassszuuluseuiy X-Y

[ = = = = Y o =2 = ° ' o
317 3.49 Deg1i 3.53 Timudeanuduazsmuluudasdnyazvesssuylussny Xy
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¥

a a a as ¥ ~ = A To A
w3 3.48 szvufaanzisuiuealudunalanngli 3.53 syoulanuah lusuAuuas

3

a
THUNUATHRINHAY

Ce
..

gﬂﬁ 3.48 /uN13 Duffing l a = -4, Time = 360 second

1 o 9/ A M w , R = A Y 3w R a o
ﬂ'ﬂiﬂ!ﬂuﬂ’!iﬂ’la'ﬂﬂﬂ'JULFI'S'ENNEI'J@ Time Series Diagram Lwaelwmmmmmmmmxmwumm

A A 4 i i P 4
szuuMneYUaldsumavilszans a

517 3.49 N5 Duffing 71 a = 1, Time = 100 second
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3.4 szuveaduluszuuRiui 3 IR Three-Dimension Map

3.4.1 aUNMIUDd4 Arnold

AUNTOAINYDY Amold H3aumaFandinmaniussorelaiiu

—t—=asinz+ccosy
dy
dt

=hsinx+acosz (3.4)

dz :
— =csiny+bcosx
t

Tavft x,, 0.2, = [4,3.5,0] woz a,b,¢ =[0.27,0.135,0.135]

WeANTIUBAIUUDI Amold iungAns sueauuuy luflveuwalianumens Ines lanaty

nemasua iy Ilasgun 2.12
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511 3.54 WY ANIINOAIUVDL Amnold
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Yo o R

ifipannionnunszdureungisulweuanifianginssuvessyuvenIuimtefedums

u,: "o Y r= a’: [ sh:: =Y ¥ 9/

AU IV 3.4.2 DITUNTTANLANIVD 3.4.26 Ql.‘Llﬂ'I'ﬂF\I‘l-‘l’.ll"l . aﬂﬁuhmmmwaﬂmu"lﬂ
3.4.2 aun35v94 Chen

a =Y a
AUAIBAIUD Chen HgtlaumsiFandinnaniussoelaiiu

dx

dt_a(y x)

dy

~ =(c—a)x—-xz+cC (3.5)
dt( ) Y

dz

—=xy-—bz

dt e

Taufix,, 7,2, = [-3,2,20] waz a,b,c = [35,8/3,28]

3.4.3 auN13V8d Chua

= a =Y o 9/
AUNITOAIUVDY Chua i.lg'l]ﬁilﬂ']'il‘lﬂﬂﬂ!ﬂﬁ']ﬁﬂiﬁiiﬂ'lﬂulﬂl‘ﬂu

E _ aly—x—f(x)

dt

d—y=b(x-—y+z) (3.6)
dt

s

a7

dmuald f(x) = mx+0.5(m, —m)(|x+1—|x 1))
Tavfix,, v, 2, = [0.1,0.1,0.1] waz a,b,c =[15.6,1,25.58] m,,m, =[-8/7,-5/7]

3.4.4 auN13Ud49 Lorenz

=l a a 3 v
TUNIT0aIUUDY Lorenz llEﬂﬁﬂﬂﬁlﬂ‘lﬂﬂmﬂﬁ—]ﬁﬂﬁﬂﬁ5UTUulﬂlﬂu

—=a(y—x

5 (P~%)

dy

—_—=CtX—Y—XZ 3T
o y (3.7)
dz

—=xy—bz

a2

Tatft x,, vo. 2, = [LL1] uag a,b,c =[10.8/3,28]
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3.4.5 aUNIVUD9 Rossler

= a =Y o
AUN15OAIUYDS Rossler HztaumsiFendincmaasussoe Idiilu

L

a2

dy

—=Xx-a (3.8)
i ¥

—d£=b+xz—cz

dt

Tavf x,, 2, =[LL1] waz a,b,c=[0.2,0.2,5.7]

3.4.6 auN1IUD9 Wen Bo Liu

= a = 7
AUMIBAIUYDS Wen Bo Liu HgtlaumsiFendiamansussonnlaiiiu

—t=ax+d]yz

dy

—=hy+d,xz (3.9)
it Yy Td,

Eli'£=cz+af3xy

Tatdi x,, o, 2, =[0.23,0.1,0.32] uaz a,b,c =[0.5-10,-4] d,.d,.d, =[1,~1-1]

3.4.7 aun13v94 Shimizu-Morioka

a = o
AUN159RIUUDY Shimizu-Morioka igUaumsiFendiamansussoy iy

& _

&~

dy

L =x—qv—xz (3.10)
dr 4

“ x“ —bz

dt

Taof x,, v, 2, =[0.1,0.1,0.1] uag a,b=[0.85,0.5]
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3.4.8 aUNTIUDA Sprott-Linz
. = = = e v
TUNITDAIUVDY Sportt-Linz 1]?"1]f‘fllﬂ'iilﬁﬂﬂmﬁﬁjﬁﬂiﬂiiﬂ'lﬂvlﬂlﬂu

Y xtyz (3.11)

Taufi Xo>Yos29 = [1,1,1]

3.4.9 auM3U94d Gennesio-Tesi
ax , & = =Y o 9
FAUNITIDAIUUDY Gennesio-Tesi ugﬂﬁumswaﬂmmmﬁmuisma"lﬂﬁ]u

& _

a

dy

—=z 3.12
5 (3.12)
o —cx—by —az +x°

dt

Tavft x,, 9,2, =[0.1,0.1,0.1] uag a,b,c=[0.44,1.11]

3.4.10 aUN13 Rucklidge
% = = = L4 3/
AUNITDAIUVDY Rucklidge llgﬂﬁllﬂ'l‘il‘lj\iﬂmﬁﬂ"lﬁﬂﬁ‘.IJiﬁU'IEJ‘lﬂL'ﬂu

dx

Zemx-Ly-yz
a’t Yy — Y.

dy

—_—=x (3.13)
dt

dz 24y

s P

al ¢

Tavft x,,v,,2, =[0.1,0.1,0.1] waz a,L=[-2,-6.7]
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3.4.11 aun13ve Sprottl
UMY Sprottl HgiaumsiFndamansussonyidii

@
ZF

dy

—= =iy 3.14
g y (3.14)
& _\_,

dt

Tavft x,, vy, 2, =[0.1,0.1,0.1]

3.4.12 aUNIIUDY Sprott2
=1 a a o )
AUMIDAIUUDA Sprott2 HiglaumsiFndiacmaasussenelaiilu

iII-Ji—x—y (3:1:5)

Taof x,. v,.2, = [0.1,0.1,0.1]

3.4.13 aNNIIVDY Sprott3

= a 4
AuNTORIUYDY Sprott3 glaumsiFandiamansussonn Idiiu

E“‘—;V

dt

dy

—— =x+ 3.16)
7 y (
d—j=xz+3y3

Taedt x,, y,.2, = [0.10.1,0.1]
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3.4.14 auUNIVD Sprottd

= = =Y g
aUNITOAIUVD Sprott2 Ngﬂﬁuﬂ'l'il“]f\‘lﬂmﬂﬂ"]ffﬂ‘illi‘iU'IUHI,?%JLSL‘]u

L.

dt &

dy 2

==y 5,17
0 y (3.17)
iy

dt

Tauft x,, ¥o»2, =[0.1,0.1,0.1]

3.4.15 auNIUDd4 Sprotts

a a o
ANATOAINYDA Sprotts TigtaumsiFendiacnaniussos laiiu

ﬁ— +z

Z -

dy

—=-—x+0.5 3.18
” y (3.18)
LA

dt

Taodt x,,7,,2, =[0.1,0.1,0.1]

3.4.16 auN1IUDI Sprotté

=t = a o
AUNITOAIUVDA Sprotts TglaumaFendlnmaniusionslaiiu

-qz—x-—O.4x+z

dat

dy

—=Xxz— 3.19
= k. (3.19)
ﬁ——x+y

dt

W x4, ¥,.2, =[0.1,0.1,0.1]
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3.4.17 aUNIVUDI Sprott?

a = o
auMIDAIBY Sprott7 zdaumaFeadiacnaniussons1didy

2
— =—y+z
F
d—y=x+0.5y (3.20)
dt
dz
—=x-2z
dt

W x,, 0,2, =[0.1,0.1,0.1]

3.4.18 auUN1I3UBY Sprott8

a ) o
aumMIoaIued Sprotts HglaumaFendinmanivssoelaiiu

L ——

a2

dy

—— =X 3.21
o y (3.21)
§=x+0.3z

dt

W x,,¥0,2, =[0.1,0.1,0.1]

3.4.19 FUNIVDY Sprott9

AuATBAIMUDA Sprott9 S aumaFendincaasussoe laiiu

dx

—=v+3.9z

T

dy )

—=0.9x° — 3.22
i y (3.22)
E=1-—x

dt

Tauft x,, vy, 2, = [0.1,0.1,0.1]
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3.4.20 aUNIIUD Sprottl0

=] = ) o
TUNITDRIUVDY Sprott10 MEﬂﬁMﬂWil‘lﬂﬂﬂ!ﬁ]ﬂ'lﬁﬁiﬂiiﬂ'lﬂvlﬂylﬂu

dx _
dr

dy 2
ap_ _r_ 323
A s

§:1.7+1.7x+y

dt

-z

Taof x,, ¥y, 2, =[0.1,-1.5,1.5]

3.4.21 auUN1IVO4 Sprottll

a = d
AUN15BAIUVDS Sprott] 1 HytlaumsiFandiamaniussenIdifly

dx

D

a7

y 2

” (3.24)
dz

—=1+y-2

i

Tauft x,,9,,2, = [0.1,0.1,0.1]

3.4.22 aUN1TUD Sprottl2

a a o
AuATOAINVDA Sprott12 HglaumsFendiasnansussme Idiilu

ax _

P

dy

——=Xx-Z 3.25
g (3.25)
dz

—=x+xz+2.7

dr #

Tavft x,, ,.2, =[0.1,0.1,0.1]
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3.4.23 aUN1IVULI Sprottl3

- a ) 4
ANATOAIUYDA Sprott]3 HilaumsiFandiamansussee Iy

dx_
==
dy _
==

§:3.1x+y2 +0.5z
dt

—-Z

xX—y (3.26)

W X5 Vs B = [0.1,0.1,0.1]

3.4.24 auN13UBY Sprottl4

P a a o 9
AUNTDRIUVOY Sprottl4 Nzﬂﬁllﬂ'lil‘h'ﬂﬂmﬁﬁ'lﬁﬂﬁﬂﬁﬁ U'lflllﬂ!ﬂu
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Abstract— In case of no map, trajectory planning could be
a difficult task for robot motions to navigate around the
assigned patrol areas. Chaotic mobile robots that move in
chaotic patterns can be used to solve this problem. This paper
is motivated by the question in seeking for suitable chaotic
pattern for the aforementioned problem. Twenty-five chaotic
patterns generated from various chaotic signals for the robot’s
path are compared by computer simulation under given
conditions.

I. INTRODUCTION

A chaotic mobile robot using non-attractor type was
presented in [10]. The robot path in chaotic pattern has
proved to be higher dispersed than the random walk [10].
This implies many advantages in implementation of
navigating behaviors in unknown terrain of the mobile
robot such as de-mining, cleaning, patrolling, and grass-
cutting tasks. However, in [10], the chaotic paths using
chaotic attractors have still left out for further investigation.
Thus this paper is somewhat an extended work of [10] to
investigate the robot path generated from various attractors.

Briefly about chaos, chaos refers to one type of the
complex dynamical behaviors that possesses some of the
very special features such as extreme sensitivity to tiny
variations of initial conditions, long-term unpredictation,
bounded and unbounded trajectories in the space,
bifurcation, fractions and strange attractors [4, 5, 6, 7, and
8]. Examples of chaotic systems include n-body problem,
turbulent flow of fluids, liquid mix, chemical reactions,
biological systems (in the human brain, heart beat), and
economic systems.

In short, there are three-essential components used to
distinguish a chaotic system:

1. The time-evolution equation.

2. The values of the parameters descibing the system.

3. The initial conditions.

In this research, twenty-five chaotic systems have been
used to investigate potential candidates for mobile robot
paths mentioned above. The type of chaotic patterns
employed to generate the robot trajectory are Chen’s [1],
Chua’s [4], Lorenz’s [4], Rossler’s [4], Genesio-Tesi’s [9],
Rucklidge’s [9], Shimizu-Morioka’s [9], Wenbo Liu’s
[2,3], Sprott-Linz’s [9], and Posch’s systems[9]. These
three-dimensional chaotic systems will then be mapped into
two-dimensional space, representing surface on terrain, for
comparison.

A chaotic system on three dimensions can be described in
general form by

i= f(x,,2)
y=glxy.2) (1).
Z= h(x,y,z)

For detail representation in mathematical models of each
chaotic system in (1), the readers are referred to the given
references. For example, Chua’s attractor in three- and on
two-dimensional space can be described by Figs 2, and 3,
respectively. Figure 4 shows a periodic trajectory on two
dimensions when adjusting parameters of the system.
Compared Fig. 2 and Fig. 3, it is easy to see that, in our
case, we prefer chaotic trajectory than the periodic
counterpart. All parameters used here are exactly the same
as ones used in [4].

Trajectories on two dimensions can be described by state
equations of two-wheel mobile robots [10].

X cosd 0

y|=|sin@ 0 [VJ ),
. [

] 0 1

where velocity of the robot v [m/s] and angular velocity
@ [rad/s] are the inputs of the system.

Fig. 1. Chua’s attractor in three dimensions



Y[m]

P S ORI
-U?u
Xm]
Fig. 3. Periodic trajectory on two dimensions

Note that this paper is adopted methodology in [10] to
investigate various attractor types of the chaotic robot. Next
section presents criteria for evaluation.

I1. PERFORMANCE INDEX

Chaotic patterns passing through coordinates (x, y) in
Section 1 are applied to guide angle(@)in the state

equation (2) of a two-wheel mobile robot. Since the
objective of implementation of chaotic mobile robot is to
use the robot for navigation in no-map areas, the areas that
the trajectory passed through can be used to indicate the
roaming performance. Here we define a performance index
R represented a ratio of areas that the trajectory passing

through or used space, Au, over the total working area

A, or the total space at a given time t. The index is defined
as

R e (3).
AI

Similarly, for the sake of simplicity, let us consider an
area in rectangular shape. The total area can be partitioned
into four quarters. Each quarter assigns to adopt notation O
for a Qth quadrant. The quantitative measurement of

trajectory can be evaluated by using equation below:
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A
R,=—%

Ap

@,

where RQ is the performance index of the Qth quadrant,
AHQ is the area used by the trajectory in the Qth quadrant,

and A:o is the total area of the Qth quadrant. In our case,

we have

A
. ...} 5).
10 4 ()

Equations (3)-(5) will be used as performance indices in
Section 4,

Y{m|

K[m]
Fig. 4. Partition of the area

IT1. COMPUTER SIMULATION

In this section, conditions for simulation are discussed.
An area of Im x 1m rectangle is used as a working space in
computer simulation. Five scenarios are given to evaluate
the performance of various chaotic candidates. Remark that
all parameters used in chaotic attractors are exactly the
same as those appeared in the references of Section 7.
Examples of the simulation are given in Fig. 5. The
qualitative comparison will be presented in Section 4.
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Fig. 5. Five-scenarios are given for selected candidate systems:
(a) from Chen’s system, (b) from Chua’s system, (c) from Posch’s
system?7, (d) from Rossler’s system and (e) from Posch’s
systeml 1.

iV. SIMULATION RESULTS

The objective for the simulation is to find the
outperformed among candidate systems. In doing so, we
must find the best combination (x-x, x-y, x-z, ¥-X, ¥-Y, y-Z,
z-X, z-y or z-z) from various chaotic systems by inputting to
two angles using state equation (2) corresponding to the left
and the right wheels of the mobile robot in order to generate
chaotic trajectories. Based on our prior inspections, the
best views of projection plans of dispersed trajectory for
each attractor are summarized in Table 1. Only 12 out of
25 candidates passed the inspection. The rest seems to be
periodic patterns in two dimension rather than chaotic ones.

Table 1. The best views of projection plans survived from the
preliminary inspection.

System

Chen
Chua
Lorenz
Rossler
Rucklidge
Wenbo Liu
Poschl
Posch7
Posch9
Poschl1
Poschl3
Poschl5

NN N[ e N = | D
PO IN NN e e | N[ 5D

Note from Table 1 that &, is angle obtained from data of the
i-th dimension corresponding to X = v * cos(@) and so as
6, which corresponds to p = v * Sin(ﬁ).

In computer simulation, two sets of run times for 100
and 300 seconds are used in comparison. Scenes 1 to 5
shown in Fig. 5 are employed. The results are shown in
Tables 2 to 11 which each table corresponds to each

scenario. The first and the second winners are highlight by
using underline.
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Table 2. Use Scenario 1 and set run time for 100 seconds.

System %of | %of | %of | %of | %of
R Q=1 | Q=2 | Q=3 | Q=4
Chen 6 0 0 24 0
Chua 45.25 35 57 45 44
Lorenz 7.5 0 0 30 0
Rossler 24.25 5 63 29 0
Rucklidge 38.25 56 5 46 46
Wenbo Liu 18 0 0 69 3
Poschl 42.5 41 49 42 38
Posch7 42.25 44 39 38 48
Posch9 20 5 37 37 1
Poschll 34 47 20 15 54
Posch13 39.5 55 28 50 25
Poschl5 40 26 44 51 39

Table 3. Use Scenario 1 and set run time for 300 seconds.

System %of | %of | %of | %of | %of
R_|Q1|Q2]|0Qs3 Q4

Chen 18.5 37 0 32 5
Chua 86.75 82 86 96 85
Lorenz 22,75 5 42 44 0
Rossler 44.5 59 82 37 0
Rucklidge 68.75 58 68 61 88
Wenbo Liu 46 40 0 70 74
Poschl 82.25 38 95 76 70
Posch7 84.75 77 83 90 89
Posch9 48 14 37 81 60
Poschl1 66.75 54 68 62 83
Poschl13 83 84 88 82 78
Poschl3 80.25 79 89 74 79

Table 4. Use Scenario 2 and set run time for 100 seconds.

System %of | %of | %of | %of | %of
R Q=1 | Q=2 | Q=3 | =4
Chen 6.85 0 0 27.38 0
Chua 464 | 2976 | 61.9 | 53.57 | 40.48
Lorenz 8.93 0 0 35.71 0
Rossler 25.89 0 69.0 | 34.52 0
Rucklidge 41.07 25 47.6 25 66.67
Wenbo Liu 17.56 0 0 64.29 | 5.95
Posch1 452 | 44.04 | 48.8 | 47.62 | 40.48
Posch?7 479 | 7024 | 35.7 | 262 | 59.52
Posch9 244 | 4762 | 226 |27.38 0
Poschl1 3.75 36.9 0 34.52 | 78.57
Posch13 30.65 0 0 61.9 60.7
Poschl5 31.25 0 0 66.67 | 58.33




Table 5. Use Scenario 2 and set run time for 300 seconds.
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Table 8. Use Scenario 4 and set run time for 100 seconds.

System %of | %of | %of | %of | %of System %of | %of | %of | %of | %of

R Q=1 |Q=2 | Q=3 | Q=4 R Q=1 | Q2 | @3 | 4

Chen 20.23 | 2.38 0 32.14 | 46.43 Chen 7.6 0 0 30.26 0
Chua 77.7 | 52.38 | 94.05 | 92.86 | 71.83 Chua 41.1 7.89 | 2026 | 75 1.32

Lorenz 23.5 0 42.86 | 51.19 0 Lorenz 8.9 0 0 35.53 0
Rossler 50.6 | 78.57 | 80.95 | 3452 | 8.53 Rossler 25.3 6.58 25 | 68.42 1.32
Rucklidge 63.99 | 91.67 | 72.62 | 25 66.67 Rucklidge 36.8 | 63.16 | 3.95 | 78.94 1.32
Wenbo Liu 36.9 0 512 | 9048 | 5.95 Wenbo Liu 25.7 0 2368 | 75 3.95
Poschl 84.2 | 94.04 | 92.86 | 78.57 | 71.43 Poschl 39.5 | 31.58 | 59.21 | 59.21 7.89
Posch? 88.7 86.9 | 92.56 | 89.29 | 85.71 Posch7 395 | 8026 | 25 |44.74| 7.89

Posch9 43.5 59.52 | 86.9 | 27.38 0 Posch9 23.4 0 59.21 | 34.21 0

Poschl1 77.7 | 91.66 | 54.76 | 72.62 | 91.66 Poschl1 27.3 0 30.26 | 77.63 0
Posch13 79.5 72.62 | 67.86 | 88.1 88.1 Posch13 33.6 | 1579 | 7.89 | 82.89 | 27.63
Poschl5 747 | 7143 | 6548 | 82.14 | 79.76 Poschl5 375 25 | 2632 | 81.58| 17.11

Table 6. Use Scenario 3 and set run time for 100 seconds.

Table 9. Use Scenario 4 and set run time for 300 seconds.

System Yoof | %of | %of | %of | %of System %of | %of | %of | %of | %of
R =1 | Q=2 | Q=3 | O R ‘a BB 's N sl u
Chen 7.2 0 0 2895 | 30.26 Chen 224 0 32.89 | 4736 | 7.89
Chua 46.1 25 | 72.37 | 43.42 | 92.11 Chua 90.5 |93.42 | 86.84 | 92.11 | 89.47
Lorenz 6.58 0 0 25 22.37 Lorenz 22.7 0 44.74 | 46.05 0
Rossler 1237 0 0 65.79 | 89.47 Rossler 51.3 32.89 25 68.42 | 78.94
Rucklidge 48.35 | 63.16 | 55.26 | 38.16 50 Rucklidge 69.1 76.32 | 94.74 | 86.84 | 19.74
Wenbo Liu | 23.68 0 17.1 | 73.68 | 15.79 Wenbo Liu 66.4 80.26 | 65.79 | 77.63 | 42.11
Poschl 33.88 0 0 69.74 | 84.21 Poschl 76 81.58 | 89.47 | 97.37 | 35.53
Posch7 49.3 | 67.11 | 51.32| 25 93.42 Posch7 87.2 96.05 | 85.53 | 73.68 | 93.42
Posch9 16.45 0 0 5921 | 67.11 Posch9 29.6 0 80.26 | 38.16 0
Poschl1 42.4 | 53.95 | 28.95 | 46.05 | 88.16 Poschl1 57.6 | 27.63 | 32.89 | 85.53 | 82.89
Posch13 43.1 | 30.26 | 56.58 | 42.11 | 89.47 Posch13 69.1 84.21 | 42.11 100 50
Poschl5 44.4 21.1 50 | 48.68 | 92.11 Poschl5 77.6 69.74 | 84.21 | 9737 | 59.21

Table 7. Use Scenario 3 and set run time for 300 seconds.

Table 10. Use Scenario 5 and set run time for 100 seconds.

System %of | %of | %of | %of | %of System %of | %of | %of | %of | %of
R Q=1 | 0=2 | =3 |04 R Q=1 =2 | Q=3 | Q=4
Chen 19.4 1.32 | 9.21 | 36.84 | 30.26 Chen 5.95 0 0 23.81 0
Chua 78.3 30.26 | 94.73 | 96.05 | 92.11 Chua 414 10.7 | 71.43 | 63.1 20.24
Lorenz 20.1 0 0 56.58 | 22.37 Lorenz 8 0 0 32.14 0
Rossler 51.6 18.42 | 6.58 | 90.79 | 89.47 Rossler 214 119" | 357 75 5.95
Rucklidge 74 90.79 | 93.42 | 61.84 50 Rucklidge 36.9 | 5238 | 14.28 | 64.28 | 16.67
Wenbo Liu 51 3421 | 7894 | 75 15.79 Wenbo Liu 18.8 0 0 7143 | 3.57
Poschl 83.88 | 76.31 | 82.89 | 92.1 84.21 Poschl 41.1 | 41.67 | 9.52 | 82.14 | 30.95
Posch7 91.1 |93.42|92.11 | 84.21 | 93.42 Posch7 429 | 64.28 | 72.62 | 34.52 0
Posch9 36.8 0 0 80.26 | 67.11 Posch9 18.5 0 41.67 | 30.95
Poschl1 78.95 | 76.32 | 96.05 | 5526 | 88.16 Poschl1 342 | 41.67 | 26.19 | 67.86 1.19
Poschl3 89.8 | 81.58 | 93.42 | 94.73 | 89.47 Posch13 34.8 75 9.52 | 54.76
Poschl5 85.5 82.89 | 81.58 | 85.53 | 92.11 Poschl5 40.5 238 | 2024 | 72.62 | 59.52
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respectively. However, Posch7 would be the second
Table 11. Use Scenario 5 and set run time for 300 seconds. choice in consideration.

System %of | %of | %of | %of | %of

R | Q1| Q=2]|Q3|Q4

Chen 12.2 0 0 48.81 0
Chua 36 77.38 | 86.9 100 79.76
Lorenz 24.1 7.14 | 238 | 63.09 | 23.81
Rossler 45.5 1.19 | 9.52 | 9523 | 76.19
Rucklidge 76.5 57.14 | 80.95 | 82.14 | 85.71

Wenbo Liu | 515 | 6429 | 0 75 | 66.67 £
Poschl 842 | 86.9 | 76.19 | 95.24 | 78.57
Posch7 85.1 | 88.09 | 77.38 | 80.95 | 94.05

Posch) | 494 [51.19] 7024 | 72.62 | 2.38
Poschil | 63.1 |91.67 | 44.05 | 86.9 | 29.76
Poschl3 | 67.6 |96.43 | 369 | 91.67 | 45.24 T T
Poschl5 | 8571 |78.57 | 84.52 | 95.23 | 83.33 i

V. DISCUSSION AND CONCLUSION

To summarize Section 4, in the preliminary step, we first
inspect the best view of candidate systems among various
combination of the three dimensional axes forming
trajectory planes. We then obtain pairs of coordinate from
chaotic system as inputs for angles of left and right wheels
of mobile robots. According to Tables 2-11, apparently,
three chaotic systems are remarkably interesting. These
systems are Chua’s, Poschl’s and Posch7’s systems.
Overall performance derived from averaging five scenarios
in light of covered area and diversity of the trajectory in
each quadrant is summarized in Table 12.

Table 12. Percent of area used and trajectory dispersion

System Covered Area Diversity

Chua 83.95% 81.242%
Poschl 82.09% 77.902%
Posch?7 87.37% 87.373%

In sprite of Posch7 system has the highest scores in both
covered area and diversity; we cannot conclude that the
system is perfectly well suited for implementation. Further
investigation needs to be carried out before deploying the
construction of the real robots. The criteria used here are
easy-to-build of the electronic circuits and mechanical
hardware realization of the body.

By doing so, we observe chaotic patterns of all three
outstanding candidates in 10x10 working space for 1,000
seconds. The results are shown in Figs. 7-10. Using the
above evaluation criteria, we prefer to select Chua’s system
over the rest because of two reasons. First, Chua’s circuits
are easy-to-implemented and well documented in many Fig. 9. Trajectory the mobile robot using Posch7’s system
literatures [11,12]. Second, the smooth trajectory and wide
turning points in Fig. 7 implies possible patterns for the
robot’s wheels which is easier for building the hardware
than those of Poschl and Posch7 in Figs. 8 and 9,
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Abstract— Chaotic signals have been used and can be generated
by a chaotic circuit for controlling trajectories of mobile robots.
Application of chaotically robotic systems may be employed for
cleaning and patrolling tasks, when information of areas at work
is not available. This paper presents an investigation on
trajectory of chaotic guiding signals generated by Chua’s
attractor and Arnold’s non-attractor in five given situations.
According to the simulation, with best adjusting parameters for
both signals, the trajectory generated from Chua’s pattern has
covered more areas than that of Arnold’s counterpart for all
testing cases.

I INTRODUCTION

In the work of Sekiguchi and Nagamura in Reference [1],
the trajectory of a robot is guided by chaotic signal and proved
to be higher dispersed than the random walk technique. The
use of chaotic signals in mobile robots is advantage for
navigating behaviors in unknown terrain such as de-mining,
cleaning, patrolling, and grass-cutting tasks. However, in [1],
the chaotic path is non-attractor type, which is namely
Arnold’s chaotic pattern. The guiding signal for the trajectory
by an attractor has still left out for further investigation.
Hence, this paper is an extended work of Ref. [1]. Obviously,
the objective of this work is to investigate the robot path
generated from a well-known attractor and easy-to-implement
hardware, which is a Chua’s attractor generated by Chua’s
circuits in Ref. [2]-[4].

To begin with, let us start with three-dimensional chaotic
systems, which will then be mapped into two-dimensional
space, representing surface on the working areas for the robot.
We now briefly review description of chaotic signals under
investigation:

This paper is supported in part by the Thailand Research
Fund under grant RSA4680007 and by Faculty Engineering,
KMITL, under grant of 2547

The Arnold’s equation can be described in the form of

x = Asin(z) + C cos(y)
¥ = Bsin(x) + A cos(z) "
z=Csin(y) + Bcos(x)

where the initial conditions and parameters in Ref. [1], x=4
¥y=3.5z=0 A=0.27 B=0.135 C=0.135, which can be illustrated
by Fig. 1.

Here, the Chua’s equation is

x=A(y—x- f(x))
y=Bx-y+z) 2),
z=-Cy

where our best adjusting parameters are x=0.1 y=0.1 z=0.1
A=0.39 B=0.025 C=0.6395 m ,=-8/7 m,=-5/7, illustrated by

Fig. 2.

The two equations will be used as models for chaotic
generators. For detail representation in mathematical models
of chaotic system, the readers are referred to the given
references. Note that trajectories on two dimensions can be
described by the state equation of two-wheel mobile robots

(1],

X cosd 0O

y|=|sind 0 (VJ 3),
) w

) 0 1

where velocity of the robot v [m/s] and angular velocity
@ [rad/s] are inputs of the system. Note that this paper is
adopted methodology in [l] to investigate an easy-to-




implement non-attractor types of the chaotic robot. Projecting
the trajectories of Fig. 1-2 on the x-y plane, using equations
(1-3), we then have Fig. 3-4. for Arnold’s and Chua’s chaotic
trajectory on two-dimension, respectively. Next section
presents criteria for evaluation of the trajectories.

Fig. 1. Armnold’s pattern in three dimensions

Fig. 2. Chua’s pattern in three dimensions

Y[m]

Fig. 3. Arnold’s trajectory on two dimensions, where time sampling is 0.1
seconds, the robot speed is 0.12 m/sec and runtime is 1000 iterations.
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X[m]

Fig. 4. Chua’s trajectory on two dimensions, where time sampling is 0.1
secconds, the robot speed is 0.12 m/sec and runtime is 1000 iterations.

I1. EVALUATION CRITERIA

To set evaluation criteria, we have to consider the purpose
of the engineering application. Since we would like to use the
robot in wandering around in the areas of no maps, the chaotic
patterns should cover the entire areas of patrolling as much as
possible. We now need an index to serve the purpose.

Chaotic patterns passing through coordinates (x, y) in

Section 1 are applied to guide angle (9)1n the state equation

(3). Since the objective of implementation of chaotic mobile
robot is to use the robot for navigation in no-map areas, the
areas that the trajectory passed through can be used to indicate
the roaming performance. Here we define a performance
index R represented a ratio of areas that the trajectory passing

through or used space, 4, , over the total working area A4, or

the total space at a given time t. The index is defined as
A
i = )
Ai‘

Similarly, for the sake of simplicity, let us consider an area
in rectangular shape. The total area can be partitioned into four
quarters. Each quarter assigns to adopt notation Q for a Qth
quadrant. The quantitative measurement of trajectory can be
evaluated by using equation below:

R, =% 5),

where R, is the performance index of the Qth quadrant,
AuQ is the area used by the trajectory in the Qth quadrant, and

A, is the total area of the Qth quadrant. In our case, we have

A, = A (6).

10
27 4

Equations (4)-(6) will be used as performance indices in
Section 3.



In this section, we investigate the two-chaotic patterns guiding
the robot’s motion in 5-testing conditions shown in Fig. 6.
The areas used in this simulation have three; which are
3mx3m, 5Smx5m, and 10mx10m for the work space in
rectangular shape. To transform 3-D chaotic signals into 2-D
ones, the technique is summarized in Table 1. Note from Table

1. that @, s an angle obtained from data of the i-th dimension,
I & {x,y}, corresponding to X =v*cos(9) and so as 6,

which corresponds to y =v* Sin(@). The results of the
investigation present in Tables 2-31., where various run time

Y[m]

Fig. 5.

I1.

H[m]

Partition of the area

COMPUTER SIMULATION

ranging from 500 - 7,000 seconds have been set.
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Fig. 6. Five testing conditions.
Table 1. The corresponding mapping parameters from 3-D chaotic patterns
into 2-D one.
System
6, o,
Arnold z z
Chua X
Table 2. Case (a), 3mx3m, and set run time for 500 seconds.
System %of R % of % of % of | %of Q=4
X Q=1 | =2 | Q=3
Arnold 57.22 43.11 46.66 | 72.88 66.22
Chua 66.00 71.55 57.77 69.77 64.88
Table 3. Case (a), 3mx3m, and set run time for 1000 seconds.
System %of R % of % of % of | %of Q=4
Q=1 Q=2 Q=3
Armold 82.66 88.00 | 79.11 88.88 74.66
Chua 87.00 93.33 TIT7 85.77 91.11
Table 4. Case (b), 3mx3m, and set run time for 500 seconds.
System % of R % of % of % of | %of Q=4
°0 =1 | o=2 | Q=3
Armold 50.12 74.00 | 77.50 | 26.50 22.50
Chua 64.63 68.00 | 57.50 | 62.00 71.00
Table 5. Case (b), 3mx3m, and set run time for 1000 seconds.
System %of R % of % of % of | %of Q=4
Q=1 | =2 | Q=3
Armold 71.50 96.00 | 91.50 | 67.50 31.00
Chua 85.75 82.50 | 77.00 | 90.00 93.50
Table 6. Case (c), 3mx3m, and set run time for 500 seconds.
System %of R % of % of % of | %of Q=4
Q=1 Q=2 Q=3
Arnold 50.00 70.85 89.71 34.29 5.14
Chua 65.14 89.14 | 38.85 63.43 69.14
Table 7.  Case (c), 3mx3m, and set run time for 1000 seconds.
System % of R % of % of % of | %of Q=4
Q=1 Q=2 Q=3
Armold T3.57 96.00 | 96.00 56.00 5429
Chua 90.86 | 94.86 | 87.43 | 93.71 87.43
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Table 8. Case (d), 3mx3m, and set run time for 500 seconds. Table 17. Case (c), 5mx5m, and set run time for 3000 seconds.
System %of R % of %of | %of | %of Q=4 System % of R % of % of % of | %of Q=4
%0 Q=1 Q=2 Q=3 Q=1 Q=2 Q=3
Armold 64.28 70.82 52.57 76.57 57.71 Arnold 87.94 77.89 91.78 95.16 86.94
Chua 59.71 41.14 80.57 88.00 29.14 Chua 90.53 91.16 97.26 81.26 92.42
Table 9. Case (d), 3mx3m, and set run time for 1000 seconds. Table 18. Case (d), Smx5m, and set run time for 2000 seconds.
System owof R | Yof | %of | %of | %ofQ=4 System vof R | %of | %of | %of | %ofQ=4
: Q=L | =2 | o= - =1 | o= | o3
Amold 77.14 86.86 52.57 76.57 92.57 Arnold 71.58 81.89 69.89 91.16 43.37
Chua 90.57 92.00 | 8628 | 92.57 91.42 Chua 76.58 67.16 | 8926 | 90.32 59.58
Table 10. Case (e), 3mx3m, and set run time for 500 seconds. Table 19. Case (d), 5mx5m, and set run time for 3000 seconds.
System %of R % of % of %of | %of Q=4 System %of R % of % of % of | %of Q=4
Q=1 0=2 | =3 Q=1 Q=2 | Q=3
Armold 45,43 88.00 | 32.57 | 40.00 21.14 Arnold 83.21 93.68 | 80.84 | 9431 64.00
Chua 62.86 59.43 76.00 92.57 23.43 Chua 88.53 85.05 94.53 95.58 78.94
Table 11. Case (e), 3mx3m, and set run time for 1000 seconds. Table 20. Case (e), 5Smx5m, and set run time for 2000 seconds.
System % of R % of % of % of | %of Q=4 System % of R % of % of % of | %of Q=4
i Q1 | Q=2 | o3 ’ 1 | @2 | o=3
Arnold 80.43 91.43 55.43 86.28 88.57 Arnold 68.12 78.35 98.35 69.64 26.11
Chua 89.43 93.14 83.43 96.57 84.57 Chua 81.29 91.76 78.82 64.71 89.88
Table 12, Case (a), Smx5m, and set run time for 2000 seconds. Table 21. Case (¢), Smx5m, and set run time for 3000 seconds.
System vof R | %of | %of | %of | %ofQ=4 System %of R | %of | %of | %of | %ofQ=4
Q=1 Q=2 Q=3 Q=1 Q=2 Q=3
Arnold 64.24 3432 68.16 52.48 52.00 Amold 77.47 92.00 99.29 80.23 38.35
Chua 66.00 | 83.04 | 4928 | 4848 | 84.48 Chua 9288 | 9647 | 89.64 | 9341 | 92.00
Table 13. Case (a), Smx5m, and set run time for 3000 seconds. Table 22. Case (a), 10mx10m, and set run time for 5000 seconds.
System %of R % of % of % of | %of Q=4 System % of R % of % of % of | %of Q=4
Q=1 Q=2 Q=3 Q=1 Q=2 Q=3
Armold 78.16 91.04 87.84 66.24 67.52 Amold 43.44 33.60 77.20 46.20 16.76
Chua 83.6 93.12 72.64 75.52 93.12 Chua 51.79 28.32 77.76 71.36 29.72
Table 14. Case (b), Smx5m, and set run time for 2000 seconds. Table 23. Case (a), 10mx10m, and set run time for 7000 seconds.
System | o0 c R | %oOf | %of | %of | %ofQ=a System | gof R | %of | %of | %of | %0fQ=4
d =1 | o= | o= Q=1 | 0=2 | 03
Amold 7157 | 5466 | 9143 | 7752 | 62.66 gt Sbfe | Cuss | SLIG L 4536 | 4u3d
i 7124 | 6419 | 7200 | 9219 | 5248 Chua 7010 [ 5902 | 77.76 | 7164 | 71.88
Table 15. Case (b), Smx5m, and set run time for 3000 seconds. Table 24. Case (b), 10mx10m, and set run time for 5000 seconds.
System % of R % of % of % of | %of Q=4 System %of R % of % of % of | %of Q=4
Q=1 Q=2 Q=3 Q=1 Q=2 Q=3
Armold 86.76 78.47 95.24 88.57 84.76 Amold 52.20 64.17 33.76 48.30 62.59
Chua 84.38 83.43 84.95 97.90 71.24 Chua 54.97 36.40 80.48 67.74 3525
Table 16. Case (c), Smx5m, and set run time for 2000 seconds. Table 25. Case (b), 10mx10m, and set run time for 7000 seconds.
System %of R %of | %of | %of | %ofQ=4 System % of R Y%of | %of | %of | %ofQ=4
Q=1 Q=2 Q=3 Q=1 Q=2 Q=3
Armold 74.84 5284 | 7789 | 8842 80.21 Amold 60.57 74.33 33.75 51.74 82.46
Chua 8237 8253 | 8463 | 75.79 86.53 Chua 67.21 5262 | 8246 | 79.25 54.50
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Table 26. Case (c), 10mx10m, and set run time for 5000 seconds. Table 33. For Smx5m, percent of area used and the trajectory dispersion
System o%of R % of % of %of | %of Q=4 System Covered Area Diversity
Q=1 Q=2 Q=3 Armold 80.71% 79.99%
Amold 50.27 80.94 60.94 51.42 7.78 Chua 87.98% 87.41%
Chua 58.70 62.79 44.63 76.63 50.73
Table 34.  For 10mx10m, percent of area used and the trajectory dispersion
Table 27. Case (c), 10mx10m, and set run time for 7000 seconds.
System Covered Area Diversity
System %of R 'g'_olf ‘é" ‘;_f ';/; °3f Yoof Q=4 Amold 62.04% 59.19%
= = = Chua 71.10% 70.21%
Arnold 61.75 90.94 77.89 58.10 20.05 . .
Chua 68.59 75.89 | 52.37 | 86.53 59.53
Table 28. Case (d), 10mx10m, and set run time for 5000 seconds. REFERENCES
[1] A. Sekiguchi, and Y. Nakamura, “The chaotic mobile robot,”
System % of R Z"olf ‘é’:’zf 'g’:: %of Q=4 IEEE  Trans. On Robotic and Automation, Vol. 17, No. 6, pp.
= 898-904, Dec 2001.
%‘Eﬂld :323 873.812 g;gﬁ gggs ;2;? [2] R.N.Madan, Chua's circuit: A paradigm for chaos, World
= _— - - : . scientific publishing Co. Pte. Ltd., Singapore, 1993
. [3] G. Chen, and X. Dong, “Ordering Chaos of Chua’s Circuit,” pp.
Table 29. Case (d), 10mx10m, and set run time for 7000 seconds. 2604-2606, 1998,
System . R Vo of Vo of Yoof | Yeof 04 [4] K.T. Alligood, T.D. Sauer, and J.A. Yorke, Chaos and
% of Q=1 Q=2 Q=3 introduction to dynamical systems, Springer-Verlag, New York,
Amold 60.19 | 5100 | 68.89 | 86.15 | 3473 1997
Chua 73.34 85.94 65.05 61.21 84.89
Table 30. Case (e), 10mx10m, and set run time for 5000 seconds.
System %of R % of % of % of | %of Q=4
°0 Q=1 | o=2 | o=3
Arnold 58.01 78.35 7135 45.35 31.00
Chua 67.41 50.06 81.71 70.94 66.94
Table 31, Case (e), 10mx10m, and set run time for 7000 seconds.
System %of R % of % of % of | %of Q=4
Q=1 Q=2 Q=3
Armold 69.29 83.41 85.82 73.12 34.82
Chua 76.26 52.52 91.53 90.94 70.06
IV. DISCUSSION AND CONCLUSION

In Section 3, we have thoroughly investigated chaotic path
generated from Arnold’s and Chua’s patterns for a mobile
robot. To view a global picture obtained from 5 cases, Tables
32-34 are created to serve the purpose. Again it is easy to see
that the Chua’s trajectory outperforms that of the Arnold for
all cases and all run time conditions.
Chua’s circuits is appropriated to be used, besides easy-to-
implement circuitry, for generating chaotic trajectories of

mobile robots in patrolling-like situation.

It is implied that the

Table 32. For 3mx3m, percent of area used and the trajectory dispersion

System Covered Area Diversity
Arnold 77.46% 73.28%
Chua 88.72% 88.27%
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