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Fuzzy Navigation and Obstacle Avoidance Control for Docking
of Modular Robots
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Abstract

Modular reconfigurable robots with physical docking capability easily adapt to a new environment and many studies
are necessary for the modular robots. In this paper, we propose a vision-based fuzzy autonomous docking controller
for the modular docking robots. A modular docking robot platform which performs real-time image processing is
designed and color-based object recognition method is implemented on the embedded system. The docking robot can
navigate to a subgoal near a target robot while avoiding obstacles. Both a fuzzy obstacle avoidance controller and a
fuzzy navigation controller for subgoal tracking are designed. We propose an autonomous docking controller using the
fuzzy obstacle avoidance and navigation controllers, absolute distance information and direction informations of robots
from PSD sensors and a compass sensor. We verify the proposed docking control method by docking experiments of
the developed modular robots in the various environments with different distances and directions between robots.

Key Words : Fuzzy navigation control, Fuzzy obstacle avoidance control, Docking control, Modular robots,
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Fig. 1. Modular docking robot

Modular Docking Robot P =N

Mation Controller

(Atmega 128)

Main Controller
(Intel PXA272)

Docking Module

—

Sensor
Module - &nlﬁ

=N - Bl -

I B

- .
R

Cu'nora wp ane Modular
DC Servo Motor

a8 2 w5y A7 A
Fig. 2. Structure of modular docking robot

A% 23 Asw 7

A7F A% Ve REE R ZYE s=9o] =
= 9 29} o] FAo7], A7, A A, wiEz

2 FA8HTh FAo 7= 2ls2L 718k Intel PXA272
dutl=E nER PSR oH, FiHete] gE S A
g Ads wgo R HA F 9 FofE 39 Ao, A7t
A3t 71%%5S sy ZAA 7] = Atmegal28 vho|AE2
ZAEZT HEE AHEste] TIPS 93 2E Ao, PSD Al
Al IEE o) 2, A7 AFS 9% S| Ao, FA0]7]
ofe] Al E FAlS FISth A FAE T N £d=
ol=g} mlo] AR ~9XE TSI o, 4719 7.4V
FEH e E AMESHA

oﬁ‘j

22 288 2R FY XMoo =2

REY ZHO F AolE gt /|7 mde 17 3
7 ZoH15]. (=, y,)& 2E9] FAAY Hxola, veE
B TAe dEroln, vV, 39 V2 & vk A& eolt)
0= 20| ehito] st Whakztoltt, ket 7|48 B
25 A7 f8 25¥ 229 vEE non-slippingZ=7&
tEehta 74AEaL, ol MR o R v A DI 22 &
WAAS AT 71 ws TAA Wgo o] 239
ZEEoy, v 2R T4 AEEE e L 4
v Atole] 71EE vk, r2 vl ¢ H*X]'E—O]‘jr wp

i

l->l

I—ﬂ g
(e

e o2m uFle) A%EE Yehix, v, & 9% ukele) 7}
£ E Yehdth
V=V, Wp— W,
w= 7 =7
Ve+V, wptw,
v= 5 T 1)

471



o
ol

2x|S5A 2

=

t5 =&% 2009, Vol. 19, No. 4

J

B2

7 X
J2 3. REY 22X 7|4g 2y
Fig. 3. Kinematic model of modular docking robot

7t 2k 6.2 YErE o

e

d, = +/d; +d; 2)

0,=0,-0, (3)

ANA d, 5k d,= i
2R3bo] Aol 9, %_LZ—]J,]_ ii%

al, 97.% A ZE-o] wekzto
7] AL SA43E VR A Ol'})\q'.
A~ de
Y
_dsanx
';;’ (Xe Yd )
b@._ ’,/r-.. v
dl e
’I IBE
1’ I|
é," Vg, | 64
“’/ . ) I|
- %
o .

a7l 4 mEY 2E0 AR 2L 45 03
Fig. 4. Distance and direction errors between robots

3. F&viut x| A7t 2k Mo

3.1 YHiclE B= J[H A HEl oA
A EE BEE ZXo] oo A A F3 2
Foll= 2vjet A7F AgE wAshy] A% 7N ARES

AEdet 27 5= FhvlEtel A dojzl Fdol A
e A A% AA B Aol 14 S vERd Zeltt

[15].

472

| Image Grab ‘

1

| Sub-Sampling of Image ‘

| Image Data Conversion to HSI Model ‘

Robot Motion Control ‘

1

1

1

1

1

1

1

1

1

1

J 1

| Color Recognition ( Red, Blue ) ‘ :
I :

| Image Processing (Edge Detection) ‘ :
A 1

1

| Image Processing (Center of Gravity) ‘ 1
1

1 i

| Docking Module Recognition ‘ :
1

— ,

| Obstacle Recognition ‘ :
{ i

1

1

1

a5 s BedAe oy He 7
Fig. 5. Image processing of embedded systems

e e U nedAel G A RS
&A717 9la el A8 EHa wastn, £REAS
SAs] g PHow HSI Gigow wagd waw
HSI 39 2% E AT 4 guu olgstel He
A3 shae] B WEN FNERES FEP Qv B4
ol gl HUES AAT ol Aol &AL AFaL
B BAES QNS FA FAWS o8] oY B
AL FAHE FEHAT 942 B Qo7 YuES
o wEY RS FNE 3 L 7 Alofs A4}
A% Aols FART. 19 68 A slwen FojEs)
28 NS AEshe 4ge 9yolv, 1d 78 e
A% AA) 7 mEe A4 W A 7 499

a2 6. ey BEY 2o A4 HE AY
Fig. 6. Edge detection of obstacles and robots

a2 70713 2E QA W FAA 2 AY
Fig. 7. Recognition of cup module and extraction of a

central point



Aolg QA8 AR 771 #HA JH(NB, NM, NS, ZO,
PS, PM, PB)3} #oll& 3]y Ao1E S8 770 HA 99
oA AR T2 FelE ©x FH9E veha ok
ol & ®XPgL 2o Ao g A7) wliEel
27 o1 ool FAlol FolE ¥ dotel] AaH
Ag BZRo] THx Fale FHoE FAdd) | = =2
B3} ol & Alolo] Aglely, §, & Zio] stz Wk
A2 Foll & lole] ZteE T

a7 89 (b A7F ATE 9% A2 o] "Ha
g A 2p7] AAel <g Wiz i g, 2 6, 28 5
FRA L A 1, ZE} R BEAAA] AL 1, 2
Lo} ey} B Eg Aol A% ExdY 5 255

grr
Apole] Zhw g, 2 Lhehic,

(@ ¥4 99 2@
(a) Fuzzy region partition

@ Goal Position

@ Sub-Goal Position

(b) # 2EH % B2 44
(b) Subgoal and path selection
a7 8 A7F AR Alols g 9o v 4 AR AA
Fig. 8. Fuzzy region partition and path selection

Ao go] I4HA &2 452 AT FEH A
25e] o] s HEe I8 99 2ol 3 7HA g
& gtk 19 991 3,8
AA7F el A& A A3 .
19 99] 19 Adske] Aok o] =i AT 5% A

o 1,0 VI, AR B 0,& AKoR 2 gk I
£ 49 FAL dhe] 1M 49 WEX FHOE 13
W e GRS WE A7 At AFS T 5 Unk

1 2 3 4 5

] ] = ] ]

su. 7 q 8 9 V 10

0 o o o o

X LA 1 i ra

T\ v

11 1 13 14 15

= ] o

I

% 9. HEE9 X we FIY A= AF
Fig. 9. Navigation path planning based on the position
of target robot

33 % =Y £xg 98 HA FY Mo

B E2xH 342 A% I 29 Aol JPgome
- EEAY BEY o] o) AR W g .9 A
I, AHERTE 29 109] ()% ZHEol hd Hx) &% &
FE et A% gX9) 1 BE oA A WS 1
H3t 27} AEo] o] FAEE F7] Y3te] NS, ZO, PS

PB, PM, PS 9o wpro] 42 A8E Atk 23 3t
A7 U #&E AF FEo] TAe ZAE 4]
flete] a5 Edetleh 19 109] (o= 23 &= nh7 9
Skl tE A & FE

04m/s, A —04m/s2 2AHSA

B rara NS zo PS5 PR Pa |

(a) W&zt g o g AR 2% 5

(a) Fuzzy membership function of 6,,

65 -0 -1s o 15 40

zo P P )

1 2

(b) A 1, digk HA K& T
(b) Fuzzy membership function of [,

CLE o5 155

rB M S o Ps PR eB |

o5 |

(o) ol U3t AR 2% 3
(c) Fuzzy membership function of velocity
SHEMERES I EREPE
Fig. 10. Membership function of fuzzy navigation
controller

473



o
Hl
Rl
olr
>
>

(1]

]
tol

| =& 2009, Vol. 19, No. 4

i
ok

td
i
oftt
il
e
i)
fatnd

o]

(o,

&

to
T
f‘ﬁ 1 o

jus)
<1
®
4 f
2

@
a

o, 1 1
1B ox
2y
32
( E ;’ﬁ ﬂ,
ols
)
vs)
Em rir
Lt fo
UJ—(
o
N
N
3
)
= 2
jZ
?1'
o
f
-
os]
als

o
o T
o

2
)
Ac)
=
4o
)
ofr

} . Aol Al NBi= w7
ko 2] 5 sk Ao
F* 191A 6, 7F NMo]aL
S Ak WA FE

vl AR 8= A S

ol
2

o

&

©

O

1o

—_

N

o

oot

1o
w
l~°

fo o rr -

—[o
o
&
tlo

l,,°1 ZO1 &k
212 Min-Max
AHE ARSI

HU
fl
b

o%
e
o
>
_,d
Oln
f

]_

H 1 F Aei7e HA Ao} 77

Table 1. Fuzzy rules of the navigation controller

@ 7 o, A A a5 G
(a) Fuzzy membership function of 6

s P pR

) 00 (pixel)

<b> A 1 o 3k J{X] g zﬂ.A

TO

(b) Fuzzy membership function of I,

% g |t | xs | 70 | ps | ev | ops a2 1. FhE A3 A4 Aolrle] 2% T4
L, Fig. 11. Membership function of fuzzy obstacle
70 NM | NS | NS | ZO | NS NS NM avoidance controller
/NM | /NS | /NS | /Z0 | /NS | /NS | /NM
e Tt T 20 Tos 155 Txs | xs % 2 el 83 Aolr]e] WA Ao 74
PS NS | NS | PSS | /PS | /20 | /NM | /NB Table 1. Fuzzy rules of obstacle avoidance controller
PM PS PS PS PM | PM PM PM 0,
/PM | /PM | /PM | /PM | /PS | /PS | /PS o\ NB | NM | NS ZO | PS ) PM o PB
PB PS PM PS PB PM PB/ PB 70 PM PS PS NS NS NS PS
/PB | /PB | /PM | /PB | /PS | PM | /PS /PS | NS | NS | NS | /PSS | opS | /PM
PS PM PM PS PS NS PS PS
3.4 Zoj 2 3uE e Hx Moz +AM /PS | /PS | /NS | /NS | /PS | /PM | /PM
BEY 2R ¥ BEAg 9 Fdss BAd 4 pyp | PB | PM | PM | PM | PS | PS | PM
A AR s T sof el o]2 9 A= I 9 /PM | /PS | /PS | /PS | /PM | /PM | /PB
G X] A71E AAS Alo719] A8 Follw o pp | PB | PB | PB | PB | PM | PM | PM
A DY el 1AE ey} mio] o]F= AR W ?%7—1‘ /PM | /PM | /PM | /PM | /PB | /PB | /PB

0,3 el 1, Ans gt 19 119 @b FoE
A2y Aol Al dE A 24 B4E e,
a9 119 (b= 223 Foli= Abele] Agel v ¥4
ad ghepoln, 2RO Sk tiE AA 2 s 73
Alel71el 11 109] (0)& ARSsRlvh W& 0,914 NB
wEY 2RA Foj o] A% EAjstn Yo, PB
EL%% of f1AIstaL = Aolar, AL [ ol PS= &
Bol A Fofgo] shrtele] fAsk Aol PBE
of f1AIgtaL = Aot ZHol 1?— SHfeR 5
7} AolEg v A8 Ao} el weh 3
Wgste] kst Heles 3]9st=s itk
233} Fojgo] olFe A7 WYztn Aol
Aol 59 Aol71e) A%/0 g%k wH o dg
Aol7)= ool
A A 2o %
o7 gusta, 9% EAE w Ygon ERERE]
3] = b Fhvlleke] A}
2 A,

QL
IOXLEW

o o2 L Ml rir
oflt

ot
e o
OEL

IO =X
ot
Fod &
I
fo
1:k1
Do
o
my
g
o
it &
lm
B

474

Start

1

]

1

i

i

i

- " Rabot ¥
.......... < recognition = :
]

]

]

i

|

i

i

i

B ::uM
Ves

|_Sub-Goal recognition

| Ubsmderecggguim |

1}

1}

1}

1}

1}

——inobstace?_— 1 :

Pamma rch = \J\h’ Tum |
. : o
o) L}

1}

1}

1

'

1

1

1

P ekt iz Fobot around ——.
i - Number of _
VT —

_wies
Fuzzy obstacle

| Fuzy navigation | avoidance

........... » Robot motion contral |

Communication of '-6: ]
robat direction

[ Adjust the direction |

| of robets
i |—-1—
Arr Tive &t o 1 i

e e e e H

e ch:l: — — s :i
e e
—on-em =",

yes i

Docking :

]

1

" Decking o

T _success? -
yes

End

a8 12, Agtd ArF A% dngs
219 12. Proposed autonomous docking algorithm




=5y 2R Apets Ba 9ol 9
wool GPAeE AN ¥ A%t 2% B BE 22
2R ATt 21 Q)
He AH 2R} BEY AL
EAo] Q45 Pl B o Vo] BAE FAF
2R BEY A9 2% 4, 7
28 Agstel FYuk 7Y F 3
Fohgol AW FohE| AFE
wol ANE A% FolF 23] o]7]
o] Fol A, - A o)l ofEol
@ Ao gohgel A4 urix
gohBS 8)u g, 2ol B

:oé
2,
ox
o
o,
)
i
g
e
=)
1°) i

N
O fo ofy b rE O 2 N o 2 o 2 (g W rn

o = o
OpY:3
o 12

N
%
2

F&E{iﬂ
Hnmg

)

Lo
ol

]_

2,
0,
>,

ki Hur
= o

o © o

F o off 2,
IR >

=2 (o
20

o U
St ogh rif
Y

Jfa

T

Ho
_O‘L
£
—

A A7) M e A
WG, =0,y H=
xol 7=

=

P
o
b, 1

2,
=
do mi e 2
24 rlo L o
o
=
fr
_]"mol{[[
\Jﬁuol’i
fat)
o

o%

odk

N

N
e o i
o 2

ot it
oot

[E > o2 M i 2ol
]
e
il m

ot
O
=
i)
[e3
and
1 oy
%
o
i1t
)
ol
o
X
ol
o
X

> M
2
Nt
I
ot
fitl
He
o
ot
=
_0|L
X
i
o

KN
o zhzke] AkRelA 10We] Amelx 237t A7k Aol
4% A58 e Rolt

E 3 TR 84004 A A 2P HEE
Table 3. Achievement rate of autonomous docking
experiments in the various environments

7 A1 37 2 37 3 37 4

e (-44) (4= (LE2%) | (Fd=)
Ag, 4= i, . . 5
o 10 /103 | 8 /103 | 8 / 103] | 7 / 103

(Im, 15°)

Ag, 4= , . . 5
| 10 /108 | 9 /108 | 9/ 108 | 8/ 109

(Im, -15°)

A, 4= . . . .
T 10 /108] | 9 / 103 9 /103 9 /103

(2m, 0°)

A, 4= . . . .
T 9 /108 | 7/ 108 8 /103 6 /103

(2m, 15°)

A, 4= . . . N
’ o | 9/108 | 8 /103 8 /103 7 /103
(2m, -15°)

Ay AgeA B4 19 H EEo] AHelA A2H 7
Foll 27F A AFES i BBE w2 o, 9F
I} QEZ QAH Holl= 7z 80%9F 825%2] ATE
S BALh AoE FAHAAE T0%e] AedES Hlon,
o2 d34R0 v AL & 3|9 3 dAE AW =
o] 9x|e} whako] 3 Ao TAlQ] ZEAAe]| S
WX 7] wiiEoelr), 19 132 thekst A3l w2 2ot At
o] Ay HFHES HoFy

(c) 374 32m & 2% 914, a2k 15090 A4
(c) Environment 3 (2m, 15°)

(d) Environment 4 (2m, 0°)
a718. A7t A% 2P B
Fig. 13. Experiment scenes of autonomous docking

5.2 =
B oeRqe BEY 2ise B4 A7 AR
sste] W] Fal Aol7le W] gelE 85 Aol7)E Al
85 Q4 7o) A7t A% e Alsksharh ke 2
7} A Aol e F o] REY 232 AHgale] A4
chee S7el A 23k Aeleh WS vl she 49
2 sl A%e AFseth Ah 238 2io] AW
o A A AR e A7 AY AFES
noFH, Goj% DAL ATl T B ATE

ud wolAE 4ns 2 4 gl
AR ARl AT EREA A A Azke] 2
7AYol @ WRE e o e
AR HES 1% A F A RS Aeha, Beldo

475



]
Hl
Ral
or
>
[>
o
1
o

==&l 2009, Vol. 19, No. 4

1]
kI
Ho
r

[1] R. Murphy, “Marsupial and shape—shifting robots
for urban search and rescue,” IEEE Intelligent
Systems, Vol. 15, pp. 14-19, 2000

[2] C. Weishin, et.al.,, “Miniature robots for space and
military missions,” IEEE Robotics and Automation
Magazine, Vol. 6, No. 3, pp. 9-18, 1999

[3] R. Rich, C. Wood, and J. Keller, “ODV mobhility
enhancement using active height control,” SPIE
conference on unmanned ground vehicle technol-
ogy II (Vol. 4024), 2000

[4] L. Parker, "ALLIANCE: An architecture for fault
tolerant multi-robot cooperation,” IEEE
Transactions on Robotics and Automation, Vol.
14, pp. 220-240, 1998

[5] T. Fukuda and S. Nakagawa, “Dynamically re-
configurable robotic system,” IEEE International
Conference on Robotics and Automation, Vol. 3,
pp. 1581-1586, 1988

[6] T. Fukuda and S. Nakagawa, “"Method of auton-
omous approach, docking and detaching between
cells for dynamically reconfigurable robotic sys-—
tem CEBOT,” JSME International Journal:
Series C, Mechanical Systems, machine elements
and manufacturing, Vol. 33, pp. 263-268, 1990

[7]1 S. Hirose and A. Morishima, “Design and control
of a mobile robot with an articulated body,”
International Journal of Robotics and Research,
Vol. 9, pp. 99-114, 1990+

[8] M. Yim, D. G. Duff, and K.D. Roufas, “PolyBot: a
modular reconfigurable robot,” IEEE International
Conference on Robotics and Automation, Vol. 1,
pp. 514-520, 2000

[9] H. B. Brown et.al., “Millibot trains for enhanced
mobility,” IEEE/ASME Transactions on
Mechatronics, Vol. 7, No. 4, pp. 452-461, 2002

[10] W. Shen et. al, “Multimode locomotion via
SuperBot reconfigurable robots,” Autonomous
Robots, Vol. 20, No.2, pp. 165-177, 2006

[11] A. Deshpande and J. Luntz, "Behaviors for phys-
ical cooperation between robots for mobility im-—
provement,” Autonomous Robots, Vol. 23, pp.
259-274, 2007

[12] R. Gross et. al., “Autonomous self-assembly in
Swarm-Bots,” IEEE Transactions on Robotics,
Vol. 22, pp. 1115-1130, 2006

[13] M. Delrobaei and K. Mclsaac, “Docking joint for
autonomous  self-assembly,” IEEE Canadian
Conference  on  Electrical and  Computer
Engineering, pp. 1025-1030, 2008-11-10

[14] Y. T. Kim, H. Moon, J. H. Park, H. R. Choi, H. S.
Noh, and J. W. Jung, “Vision-based Modular
Docking System for Cooperative Mobile Robots”,
International Journal of Assistive Robotics and
Systems, Vol. 15, No .1, pp. 15-25, 2009

[15] U7, =58, BaE, 449, A, 'mEY 2

476

St ] I e L e B v e 2 i | /e
Al=g8l3] FA gkt s =g, Vol. 19, NO.
1, pp. 206-207, April 2009

ofr Mz

N XA N

LI =< (Doo-Young Na)

20004 : AW E D A WA FE =
(3HAh)

2000 ~ &A1 & ik AAlmbA

AR 1 A SRR, A2

. nadooyoung @gmail.com

= %=3](Su-Hee Noh)

2004 @ SHA OISkl A B Ao g ey} £4]
(AP

20064 : gk sl skl EH (AN

200613 ~ & A & dighd WAl

Dol RYPRIL A SAAE

E-mail : neety@hanmail.net
2% (Hyung-Pil Moon)
1996 @ x3gHjgtu 7| AEe ) &9
- (AP
= I 1998\ : ¥z aosta 71 A58 &4
| (AAH
| 1 / 20054 : University of Michigan, Ann

N LS Arbor 71A1F8F ¥AL

2005 ~2007 : Carnegie Mellon University, Robotics
Institute, Post-doctoral fellow

2008 ~ A AUt al VAR Zalg

A FoF ¢ distributed manipulation, SLAM, multiple
robot navigation, biomimetic robotics

Email . hyungpil@me.skku.ac.kr



d A

2004 ~ 2006

A& 2 (Jin-Woo Jung)

1997 : =ratslr] e
o (FAD

19994 : gh=r3}shy) 9l

A7) "

A7 R AAE

=0
Angsts ekl P
A7)

ATeLr) %9 AN BA 2R A~
SATAE

f
o
e
T
e,

20061 ~ @A : ST AFE TS s

PAROE 1 AZ-RY 35AE, pIA wEY deuy,
AT EAFH, AASH, AsELE
E-mail : jwjung@dongguk.edu

2 2€el(Yong-Tae Kim)

19919 ANt Ax}Feha} &4
(F3HA

19934 : KAIST #7] 9 A7}8a}
EA(F3AAD

1998 : KAIST #7] 2 A
AT

19981 ~2000% : () A3 A A}

20063 : Univ. of Illinois at Urbana—Champaign ®-&<17+
20023 ~ &A= e st R A o] F st K

R ABRE, ASAZE, ABA, A ANE

E-mail

o

. ytkim@hknu.ac.kr

477



