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Minimal Turning Path Planning for Cleaning Robots Employing
Flow Networks
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Abstract : This paper describes an algorithm for minimal turning complete coverage path planning for cleaning robots. This
algorithm divides the whole cleaning area by cellular decomposition, and then provides the path planning among the cells employing
a flow network. It also provides specific path planning inside each cell guaranteeing the minimal turning of the robots. The minimal
turning of the robots is directly related to the faster motion and energy saving. The proposed algorithm is compared with previous
approaches in simulation and the result shows the validity of the algorithm.

Keywords : complete coverage path planning, template, cellular decomposition, cleaning robot, mobile robots

L ME

HT Ag olF 2R AR AFe B3 A} &) 7
a1 gtk olF &K Ui A= AL IA PTPE
(Point-to-Point)@} [1,2] AAAFSE ZHZAE(CCPP, Complete
Coverage Path Planning)-] [3-13]2.2 FFHu PTPH4 ol
S-Hulg 2EI Zo] FoI F A Alo|& A ARE
o] F A o] Fahs WS L, CCPPEAL HrER E
© ARBAERT o] HA 49E olF stk sk At
off A5z Bis e

AN BEzALL dEHoz BZFH(emplateyS ©]8
& 217 [34,5], potential fields ©]-8% W] [6,7], A £
< ol 8% WAoo [8-12] BRE & vk HESS o) 83
WAL g e 7R AR AE "HEHH A BHE o)R
S o 2R 87 ARE JRieE 7Y
31%6& E‘%‘“;‘\ °o]-8-3H}. Hofner's2 e 11k dﬂ— At
Hopo] HZgiow AZAHL sglon [3], EE
A AT Tl o}F] AFart kel Yol EH?‘{ ZH AR

AZHPH S ASEISATH4]. Carvalhos2 #3HE ol Ee] Q)
= Adx, 23] 7|12 AZa x %%‘HHH AFA] E
g Aoz %2 vd] webt BEE AAshs el

AN = SHHS). NamSS AA| FrFHNA vHdE
olgd Fohg AT A|AXE FASKe PHE ATF
0:11;}.[13

Potential fields ©]-&3 WaloiMe Ak 49& 44 7t
£ 71 AR gEgch BEe A e FUkske F99
A 7P e e P AR o) g3teE AR A Uit
ojuf WhAT]= wo WY ELS o)y HO}"% deo] grow
At BFag gE o836l ohs-2 47y
A o] &3l HAEAE W= TUIA %JE WAlS A

FSHATH7].
A 2R o)8F WS HaEE AR A SN

* Q] A ZHCorresponding Author)
=TS :2004.12. 14, A 20057, 1.
AR, BN < BTt B o)

(shnam28@robotws.sejong.ac.lq’/sbmoon@sejong‘ac.kr)

e

= AEALDE LIHS-12]. Gabrielys-> A2E 2AE7] ¢
) #Alel AoM el A 933HAM BRI
STC(Spanning-Tree Coverage) 22 #|¢F3l%3 l3]-[8

Choset2 FolES Thie YAFNA AEE Tr:ﬂ 813,
FollES Hojur dAIFCA y¥ol Aes fXE
boustrophedon A Bghdal s Aokl ATH10]. AcarsS Al
A2 7] $8) ©=3] back-and-forth motionsS: 0]%—0]—931
A JG9s ay=E YeRo] dedt = g <oy
¢l Zlo] 94 gahals olgs] A @d% -8
morse decomposition W21 EUSIRATH12]. E3, AAlQ] 3
AoA ARAEE 3] A HhFgES 47]'X] DA
Eiﬂ;’é}% W) & & gl @AY AeAE

A EEATH 1],

X]’T—E BarRRo] e BE AEAES AL H2A
& ol8d) o mEa afFoE H4IE dilth F
Y wEy g8402 FAE 37| HdME 2H wekd
e HAagto 2 Fojopt o) ci-E wWekdske: 3] ¢
;AE TEE FRIA 2RSS AAAZIL oA SEs] 2
o] 7p4S ukEeiA "ok o de B Ajzko] An|E T,
TR 2Xo| WA Hste A E o Yoz I

BPHA W2 AR Mg S Hok w4
o g3 oR o)Fdly] HeiMe HAhdFe By uf
o] WS zhe A2A o] Hasir}

2 =M E Aiddd a9 H2Z ANE 98k

=
NEHflow network)S FE-35 9h&

hl
oo

L%rw

mlo

[_

S

At) mlo mlo

A R Fag 3
AT He HoFHE o ) ExgyEgon
EdPoEN F0 47 F2ALL ¥ 4 9k £ Qg
e WA Aagde A58 Posn 452 TRoE
doz Fn AF Alle) Z2E A¥sksge 293
2 woof) n}e}

Aol 42 BEARe AN 2 e
Ao 2 FHe) AREe AQFE A 39 AzAde
AT B = 280 AARE TIFoT o
9e A Prs A PR AZAD wE P
@ 5%l thste] s mght) T3 3Rl B29)
E4g o83 WYY ARANS H: WFARS A

L



790

A - BR2Age) s ARz d9silal &

FENA dARES Fe cHERYFS Adssich

4dollME 7129 WA Ak w9 A J9A=A

ANEHoldoR uwalglm, x|tz shoA HAES
(<)

Sk

i

I & 28t 4k

Ml
.2

3% 1904 B vie} Zo], A9 Aofge] dAH
(critical points)oll WekA] o2 79 A, Cell, & UERITE o
714 AAE L Aol g A} x|t B o= B
HE& e zle=(9], a3 1604 Cp 2 ZA18I0:
I3 194 FAAHEL, CPE 71E2E Cel,# Celb,d) F 7
o] 42 FeHH, CPE Boud 3 /|9 A Cel, 2 F3A)
A fok I3 CPE 7|F 02 Cell,$} Cells®] F 7o) A
= oA F-elEth o)d Celyw 253 2oke] Ut 93
= FHE 7AA dot 83 CrE 71F o2 oA Cellg
o7 PAAA el o|ZA Eld 7+ A FAL FAS
Ap 2 29 19 eI

S BRA|
= o™

-

Ar

Celly Cell, Celly Celi
RG

A, Cellg

(a) when directions are identical

g
.Lspr——- L]

(b) when directions are different

T 2. A vt g B vl
Fig. 2. Comparison of the number of turnings.

Ev Rl o) - PR =
2 B2 A7} 3]

wabx], WG £E Fol7] Yste] HAhFHe T
upe} o] wakbdge] HASIES A %
g a7} gt dF Eol, 13 20lAE Celll T} Cel2d]
FARI} T, ool vdte] I¥ 2)lAdE Celliz}
Cel2®} F74 2 o] th2A HULS & & Utk ol
Bl 28 2@0lHE Cel2E AA3E] A3l 1539 3
Hzlo] HQA3kd w3l a9 2b)dME CelE X431
3 1038 ek gte] Had A E 4 ook ek A
FrE o7 SBIAE 2R F olFAZE A e
met Mk o] "Wasit)h dwkyoz Aol Zo|rt 7
WEo s who FHRE AASHA HY 2R Wakds
g7t Zo9E5A €k

M. EEUHE|NE 2LUeiHs TS
1. E2RHEY '
I 32, 28 194 R 28E J4ad9s 9%
N eEZow FEL zh: ZuPELoR Ushyy)
7

Uz}

[e)
o
8k, ZHzke] Ae FA4A P MY Admede)oE HF
3la, ZF AE Alo)g olF ARE M (branch) o2 FAS
Aot} A T2 EL0] AZtE = A A} vpx|gt
Q =24, Tela O 99 e s TR e

I 3. Hadds ZEEgc s B8

Fig. 3. Flow network for cleaning area.



Journal of Control, Automation, and Systems Engineering Vol. 11, No. 9, September 2005 791

Atele] Aol #fidshs TFEAE ZeF d%inh 11 39
Z2 Y ELL EN, = {P, Py, P, P3} 3} FNy= {P3, P, Ps, P} 7
N} E2VELo g F4d0] d 7,\% = Ak FNollA
= Pt A1) Ha pyrt B3] Hu, BN, oA
AARAE PE Hal 2R AEL Pl ATk 0471*1 Py
FN; 9] =3 A3 SAjel FN,2 /\V—T 9ol H& ¢ F Sk

EF FNyollAE 3o whgl Ao ZHAR1 p7t &8t
= o]g XA 5H8 T4 PR YEPI
P9} 7o) 31e] Hdl o] e AR 1Ads) gl

= 1= £
2 gAnc 94 A4 AEHES ek 1 olRE
o Fol EAARTE FoNRE WaiglolH Aol 9 F 9

AAGY AzALL SAds] e, AAR Zhdzie
18-& stodo} et o]& i3k, ¥ 3¢)x¢} %01 T
A8 F2LUES, PN FNyoll thate] Dijkstra @hat
[14] o] &3] A2 AEE It Dikstra FiE]FS A
o AHlA A AAAA MG 1A A TEAE F
ogstar Azl 7FEA7F 7P A2 FRHORE o)Eshe e
Z3v) FN PR-E Pkl A E A2 A Path =
{Po, Py, Py, Pijolal 2k 4391 Pl EANE o FN &4
.

FN,o] AZAEL p.RY p7kx] AZE AAEA dch
A7\ AH P2 P} PE ARE AASHA HEu) 319
2R o5 Bofel A YEhE Pt R A28 2t
oemz po] ek ARE WA P4 T PE )&
o} & FN,9 A2 £ Pathy= {Py, Py, Ps, Pl o]Th 2712
Z2LUESY Aol AZAZE 7 40 eI
3. &|A grekMsEt M R H2 AHE

EZFUEL S o|gsle] Aty AHEAo] ;i A
W AzAEe] dasity 7} A5 7l a7 FEA
H(subpoint)o] EAEA HEd, MR <HE F Ao RE
B3 FolA Az Aol HE 9E %%23@01 SP, % 7
i—] ‘42240] Q‘— zeﬂ _\%_‘?_242-10 E_ :’insl_r,], oﬂ,E_
o}, 13 4914 CellpolA Cell, Z °]& 73;7} AE AE
B = 9tk Cell, 288 Cell 7HA] AE7 AAEE Cellye] 3
BRI Cell, o] FEAZ Alolol 7 Q13 2709 FEA
Aol ZA5HA Hed) o) Cellell £33 £EAHHLS SP,,0]
|3 Cellol] &3 REAAL sp,o] ot Zb Aulrle] Sp,
3} SP & 1% 4ef] vERRAct

22014 AT e wje} Zro] A iR oA HEAEL wEf
A% A5E Hhgsly] 9t SP SP,,o 1A 2 e
Wt whet F FR7F 7 Wk ke o] Fesith 1
5T P28 2yl wet 6711 AAREE YR S
o}k o7IM, 2™ 5@de0E 44 2 5@,b)e)et A9
ok 52 B HohYde FYEE 4 F Yo wEA] o
5(a), b)) 3714 HElwhS uHEhd FES, o 99
= ©) 7S AR 7' F ASE & 4 Tk
T 5v Al 49 F 2 FellEolv Yo' g9l

ﬂ!

r_‘

-r'—otﬂﬂo

o) o® ok

Celt &

® SP, © SPou
IO 4. ZE2HIEHE 08T A A=A,
Fig. 4. Path planning employing flow network.

@ © ®

18 5. SP, ¥ SP,, o) $1Ae] W B2AE
Fig. 5. Path planning with respect to positions of SP;, and
SPout~

vz 2912 A Sl AeE UrE‘rLH&’iE} Tela 39
of @agle o5% ¥ a9 5@) B @9 3
A8 st @rk azja A —‘:M AEE o} Fof
E FHAAM e #H3EE(Wall Following) =% "3}/‘37?}‘3}. a3
Sl A% BE J5 sl spyol EAFL FHE o
ol SP,,©] EATE AA7|A, AHe] Aol H& E= of
N dAe) Az olgslgion], thee] o|Fe AL #H=
e ol EAgtks 2l 958 5 Aok 28 509 4
S B Ao Alo] 5 xE offdlA Ao Az olF
} 3 ohgol o]l E5s AL 5 wi 9o EAgiths AL
g 4 glvk agjar 2k Az A Ape] o)F Al SPollA
SP ' HHOE o|FH 27 APE R W 49 H2AH] ¢
d€c
4. T ZEAH=

32780 e) A H2A R 3380 A o] A=
Agg et O 63 o] A FEAZS 7 F
ek 2 Amicke] H2AEg AvRH a7 604 Cellp
3% 5 Fel BZAHYE & F AT Cell 2> I 5(a)
Felo]aL Cell= 1% 5(f) HEiUS & & vk Z2 2L Cell,
Cells, Cellg= 18 5(c) EEHS) B2AEYDE & F ATk Cely
= 390] 283l 258 AYolng I 5@ FHY 7
EAEE o] 83UNES & F ok =l Zh Ao} g4
H 325 7 A9 Py} SPAIE 9B ARE A
g Mr AZ9 5 Sk

ol




792

5. ZE2AE 8 Al 2H|FH1 sfjZatet

HargRo] AAZ F8 Al uig] nj112]3] Sell <fsle] 9
Xofl2] WPz QI FAlE A3 ARAL 95l 3
2 slojof g}, o]3t YAH A= oA 2MHE AL
k= A5 v FHEE ol 8she W 5 AEE
T JEd FEe fAXdHE BAS] f8) vjAsie}
S o83 Ad fx|¢h 7Hs e WS o8 AR
A A F2E Ax1F4 228 A3

S FoEe] AEE & T fle A At B AR
AZE 37] Y8l FelEe] Ea 29 dAY Hug &
ojol dh} o]t dAE ARE 4] HF edudE
(cycle algorithmy& A3}t Zho] 7|EHZZ o)F A
A AMZ FAES AA8IE FHES 71FeZ F AY
3914 top cell)? 3H914(a bottom cel)FH 0.2 F-a]ErtaL
7Vaeh, ojml A5 AFEE FGo) 39 A F9o) Ha
w2 Fio] 3 Al goo] "l widueEEY T2
T AR FEEY 2% 79 FORWARDSHA|(a-b-c, efg)
t HX o2 FASIH I REVERSES Al(c-d-a, g-he)= HAA
Ao FAEGIE A9l Aol FORWARDS Al(a-b-o) S
o|&sl CP;, CP, YAIK-S 29k31 REVERSESAl(c-d-a) = ©]
Al AR ol BE-g FF3] CP, CRAANE 3o} &
g are|gel edstqint A AdA A iR-e] H2AE
| A=Y at9] AR olF3le] o] 3t uEES e
. old 3k Ale] 3t E|Ee] FAE (efghe)Z 29
Aol ¢aAdma)E £M(abc-da)dls UEA ARBETh &
FaugFos e Qg &8 dAAEE olfsl HAx9Y
e A 73 3 dck

ol

r

o4

o

fl

O3 6. AYE ALY B=ALLA.
Fig. 6. Proposed complete coverage path planning.

ao

| TheTop-cell REVERSE

||

et Y
Y
3
e}
o
0
E
e
]
-
O
T
N

B idv pBE ¢CH

b e c
FORWARD
cP, Obstacle2 cP,
p o S — rea— of

—

....... 5

h _

a9 7. £RLIYFTE o187 dAN e .

Fig. 7. Critical point search by circular algorithm.

Mol - XHE3H - AIABSS =2X M 11 2, W 9 & 2005.9
Iv. AlgaljojM

h=s
o]7] $13}ed, 7130l Choseto] AHEH WhA[12]el 2J3t
Aga Alekd daEdl 9% FRALE waste
ot O3 82 AelEd] AR E VEeR A 39L& Bt
Aok 2| A FHeR g¥sta A5 2
FsFe 2YEE ol g3t

A FYe] ARALL o] SAFHYYL o] g3}, o}
o] Ag 7] H2AE & F FR BotewA A2A
glo] kg A 4og A2AY k= A& B & Aok 17
3 Azt A Apelg o] FF wl= AR dAEE o83

t}. Path = {Celly, Cell,, Cells, Cells, Cellg, Cell,, Cell;}. $-41 o}
o] Yx)3} Celly, Celly, Cells, Cell, CellgS AE2AE T ZH2A
Ho) ¢HA Cell, Celli & AEAZEIT:. 283 ARAHo)
SHe AE olF A YAIFES o838l Cellg] v Ao
A CPE olF3a CPolA CPE )58 S & = itk 1
Y 92 E =HojA] A 22 YELS o] 43 A B
Aoz Aol FAlo] AAS 2w Aul A Alolo] HRE
A oR VERIYE AE Alole] HARZAEL 279 E225
HELS olfdle] AZAEE sichk O/ 98 »a A
4992 FN, = {Cell, Cell;, Cell, Cell;} ¥+ FN2 = {Cell,, Cell,,
Cells, Cellg} 2 7= AA AREAME vhet 2ot Path
= {Celly, Cell,, Cell,, Cells, Cell;, Cell,, Cellg}. A3} A5 HZ
A7 AsAE 24 A U] & A SP SPy S
o] g3l Aol meko] A WaARIFIE H2 A UFY
A2 Ago] €.

a9 8. 71| HAGY F2AFEA.
Fig. 8. Normal path planning.

a9 9. FHa IS A9 B2A4.
Fig. 9. Minimal turn path planning.




Journal of Control, Automation, and Systems Engineering Vol. 11, No. 9, September 2005 793
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Table 1. Simulation result.

Total turns Total time
Proposed Algorithm 54 556(sec]
Algorithm[12] 74 665[sec]
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Fig. 10. Path planning employing circular algorithm.
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Fig. 11. Cleaning area by flow network.
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Fig. 12. Path planning with three obstacles by circular algorithm.
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