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Simultaneous localization and mapping (SLAM) is one of important topics in robotics. However, we must
consider various intelligent behaviors in SLAM, e.g., the exploration of unknown areas and effective path planning of
mobile robots. To realize these intelligent behaviors, we use a multi-resolution map. The multi-resolution map can be
updated by the operators suitable to a specific aim. The first aim is to represent the occupied or empty cells in the
built map. In this paper, the next aim is to represent the unknown areas in the built map. Therefore, we propose the
exploration method using multi-resolution map in unknown area. The exploration method is based on k-certainty
exploration. The experimental results show the effectiveness of the proposed method.
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WA, aRy 77/ ay—0RRBIZED, vRy MIkx
WZH 2 OAEFRINA~LEH L TE TS, 50, = ¥—74
ArbhaRy Xy hurRy b, lHEOENeRY ML,
ANEFELEED Ry NOFAEICLD, MMeeRy MBAER
EEDOTND., iRy hOFERLI W HiTR b0 L LT
— R A ERESL L CE TRY, vy FOIRREASES
L= O ETR L TND EWVWZ D,

S, aRy NOIREIMFRESNDIAHELT, VAFa—
aRy b, X2 U7 HORSFY aRy b, K72 EAM
DEET D Z R LWHISICE T 2 D7D Ry M
ERHDH. Zhbomiy AEET AE8REX, B TH R
HEETOHIENZNEBZLND. I ) Vo BEICR,
T, v Ry FAFPNHETY 7 & LTHIRERD, AC
NEHEEZ LR L8 L ORI ER b0, 2o k)
WCuRy hoHOAEHEE & KA & FIRHCAT 5 BRI
SLAM (Simultaneous Localization and Mapping) & FEIZIUVEE AT
WZEM T T\ 5. SLAM ORIEE, oKy hoER
X vmi s Hiic bl TIFEET 5. BBV 7Ty 7
F— AN DYEN SR ET ) 7T AMEE, Y, BE
HEVER E, 2L ONBICB W T L R LEKFTH D, SLAM
BT AIFSEIZENAME DT, R TEAIITDILTTWVWS
Online SLAM D738 ClZ, Iterative Closest Point(ICP)EX°
Extended Kalman Filter(EKF)Z H W\ /2 b OB I N TV D
[1,2] Full SLAM D438 TIZ, %b&GmmﬂAM%A—747
VT 4 V& % N Fast SLAM BN RE SN, %< OBFEEIC
ST, LR LEFEPREINTVD [34]. BRI wru
FNB N P BENCEES < =kt SLAM %% waé
[5]. F£7z, SLAM %175 72O DOARMBREEIZ I T 5 A H
ELHESBERINATVWS., ZRHDELE, =y hobE— %
AW 7 ) —F 4 —ET LY XLXZESNTND [6].

— IR I A AT A BRI, BB ORLEE 1T ME 5 A3
X EZ1SH Z N TEH. LD, IALOMK %
FA TR SO IS G 20 & O TE R 24T O 11T, MK D
KDDL, — D=2 NLVOEEZML T TITHE = X
FR@EL 2o TLED EWHMEANTFET S, Lo TART
1%, multi-resolution map Z#ZE L, =R > FAZhE L ATEEE
BZSLTHDITENVOREZHR > TN, £, EINLE
multi-resolution map Z¥EAFEIZFIHTHZ LIk, #HFED
FOVRIBRBEOBRETFIEIC OV THRET 5.

KRNI T OFALTHER SN D, 2 BT, FxBHW b
AR 22N LS < SLAMIZOW T 5. 3 Tk SLAM
I K o THEEE S 7= HilX) 7> © @ multi-resolution map DA K 1%
WZDOWTOFAETT 9. 4 % TlX multi-resolution map % v 7=
REBREIZB T D BEFIEIZOWTORELITY. S ETITR
RFREITES EZRERE =T

2. SLAM

AFNTHT D SLAM DMK & LT, HAHT22MH % v
5. W 1ICH2 BRET D AR FERBNZRY. ThEh
DX D2 LT DORITRT

1 (occupied)
0.5 (partially occupied

mapy(r,y)={ o Partaly occupied) (©)
0  (unknown)

-1 (empty)

2T, MEOPIEOEIZATO &35, LRF Ok

HBT =21 d, 6),i=12,..,M,j=12,..,L TEIh, d 1T
HIEERE, 6 1 ﬁmﬁm@ﬁ&, X TOFRIASE £

E3 Li(—[aR“ di])iamﬂé%ﬁﬁ_ BRI A F T
Lo, HHOEFIFLUTOT LI XAZL > TUREND.
Algorithm map-update:

for i=1 to M do

for j=1 to L; do

u,; = Li(d cos(, +r, ))
' (7
v, = Li(d sin(6, +r ))+yp
X, = [a’”‘”’ -ul.’j}
v )
yi,j:[a 'Vi,j:l
map,(x, ;,y; ;)= f(map,(x; ;,y; ;):J) )]

endfor

endfor
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LRF © i % H O G OFHAERE, ¢ XeH G momE, o %
FEREND, HSERTFEMA~OAS—NRZHER>TND, E
72, RO)DA-)iZFE 1 O IF-THEN rules IZHE-> TRDHNE. b
L, BARy hOMEEEENE LW HIE, Rl MXI3h R
FICEF S L0, 2Ry o BECALBEHEE DR RS IELL 72
W B, HEKOBELRBRLTLEY. LoT, HOMEH
EDORERITEM TRIIT e B, £ LHICHIKERHRICKIT 2
HIK DOEDIRAE DB % R~ T.

Fk % 12 Steady-state genetic algorithm (SSGA)% H C L EHEE D
BRIV S, SEMIE R R > N OTBIIE (g, &)
BB (g ) DEME/ T A —FZIZ X > THE S b, SSGA
T, HEDIRRO I DTEN & ZEIRIE T I o TH R S I il
MICEEBAOND. Frorld, =V — MRAX & nRIZER% B
ZRAWDS., =V — MY T, REICHEY) SRR E BT D720
2, T U ATERE N L EERICAS R MEEOBE T IE#RE
FAIATe. FTo, DUTICHEIGNERMZSRE RO EZ R,

8kn 7 8in T (aSSGA ) ffmax__ffk + g j -NO,1)  (10)

ZIT, il 3k EROMEERDWEISEE, fuae fonin FHEIEEE O KR
& FoMEAR RS, Fi2, NOOITEMILL, oL 5 135
BEMEMEZRT. k&FHOMBEMIILTORICL > THES
ns.

M
fitt =Y mapy(x,,.y,.) (11)

i=l1

LADTHE, HSHREOEALNRZVEE, BIGCENEL 2o
TWL. 2F Y ZofEE, RXEBBEICRESND.

]I D Empty

| |:| Unknown
. Partially Occupied
. Occupied

Fig.1 Concept image of the occupancy grid map

Wall

Wall

Table.1 State transition of map-update

Condition Output
J mapo(x.y)
j<L 0 -1
j<L 1 0.5
j=L 0 1
j=L -1 0.5

Fig.2 Concept image of multi resolution map

3.  MULTI-RESOLUTION MAP

ZDOETIE, WHBEINZHIX A S multi-resolution map % A K
T2 FIEIZOWTHELAT 5. multi-resolution map DX % [X]
21277 F. SLAM I L - THEE S L HIK O 1X{-1,0,0.5, 1}
Thbd. £7, | LYLOHIKOfEE LT, partially occupied @
% LLTFORD & 51T occupied DEICE X2 5.

if map,(x,y)=0.5

1
map, (x,y)={ (12)

map,(x,y)  otherwise

WIT, MK ORIEE T 572 O I 2 TR L T E, Fx
IR D X 0 IRV 2 FIZ AN D, T ORI OM@EIZLL T O
BV S - RV N

1 1
map,, (x,y)= . ¥ map,(x+i,y+ j)

i=0 j=0

x=0,k%, 2k*, .. X, y=k*, 2k*,...Y, k=1,2,...K

(13)

Z 2T, k 1% multi-resolution map (2331 5 kFH D L~ /LD
Kz#T. kOMHEAEMT 21250 T, HKOERITEIXLIC
o T, ZOMKOFRIFLLTFORIZ Lo TREND.

map, (x,y) € {22,220 —1,.-1,0,1,..,2°¢" = 1,220} (14)

WIZ, HKOEZHENLT < T 572012, HHOEDOE#L
AT E, UTOA ARy TRBEERT D2 LICLY,
Occupied, Uncertainty, Empty ODEAWEHE > TN, £, &
ATy TEBEM 3 ITRT.

1
n(x,y)=mmapk(&y) (15)
n(x, if n(x,y)=20
0 otherwise
" (x,y)=1=n(x,y)| (17)
—n(x, if n(x,y)<O0
upr ey =] T e (1)
0 otherwise

2T, wl e, " i F U E R, Occupied, Uncertainty,
Empty DEAWVWERT. FxlLinbEza AV, o Ln
REZRFROBEESCZ Z T, BET 5720 0ORKAHE 21T
T BRI RIREBE OB DIEIE mapy(xy)=0 L7225, L
LR D, mape)lFHEHFR L ORI TH 5. FD7D, K
BERTHRWVIZHE DD LT EALORIIN 0 Lo TLE S HE
PIFET D, ko T, FxZLLTD map"™ (e p) % EHT 5.

1 1
map{ii (x.y)= Y > |map,(x+i.y+j)| if k=1

i=0 j=0
1 1
map{’f (x,y)=Y, Y map”™ (x,) if k>1 (19)
i=0 j=0
x=0,k*, 2k*, ., X, y=k*, 2k*,...Y, k=1,2,.,K
SBICREROES VAL TOERRIC L ET.
ni 1 ni
™ () =1- PECD map;"™ (x,y) (20)
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BrIINoDA Ny TREBROBEEEN T2 Z 21Tk,

BREREMETIT 22 ENTE, Lo/hSnt g XomgbIn
TEHIZ FICAND Z LR TED.

A 4

1.0 0 1.0 n

Fig.3 Member ship function of each state

f 0 1
1

6+ =>2
v N

D 4 3

Fig.4 The moveable direction of the robot

4. RARROKRE

AFEICBI D RMBEEOHE kL LT, B IcBIT 5
BREREOTEE LTHWSOND EEFEEEDE 2 07 ik
L7zbOEHWD [7]. ARTIE, EEFERAL—LO/RDD &L
T, TR EZER L, TEHNE kEHERITO 2 L2525
ZEICL VRO BWRREFEBTD.

41. {TEIBE

ARTIE, vy NBRETE 2T o BREA I & L TR
FLTBLZ LI HRO LOWRMBREOEEEZITH. FEAR
M7 B _R—=ZX ORI\ TIL, Ry M3MTXHBEISN
X8 HHICRET D Z ENTED (M4). Lo TITEMIK
map e ) DEFHZ LT O 7 AU XA, BH S5 HIX
DIEDORE g( )2 H 212" T. 22T, direction 1XX 4 D& 5
WESWTWD. E72, NIZT—EOBENC L > TrRy MK
EREERT D ZENWREREMAZRL, Hndtor¥L oy
WL - TEFIND, ki multi-resolution map TOMEED L
~ULEFR L, fTEHXICB N TY, BAED multi-resolution map
LRICBED L~V EHNDZ Ly, MKOSMREED
HIRZ1T O .

Algorithm action map update(direction, x,y)

for m=0to N -1do

act

map;““(x,y) = g(map;*°(x,y), direction)

endfor

Table 2 Update value of action map

direction
act
map,” (x—m,y)+=N-m
0 map{” (x+m,y) +=N—-m
map (x—m,y) +=N—m
1 map{ (x,y+m) +=N—m
map (x,y—m)+=N—-m
2 map{ (x,y+m) +=N—m
map (x,y—m)+=N—-m
3 map{” (x—m,y) +=N—-m
map (x+m,y) +=N—-m
4 map{” (x—m,y) +=N—-m
map (x+m,y) +=N—m
3 map{ (x,y—m) +=N—m
map (x,y—m)+=N—-m
6 map{ (x,y+m) +=N—m
map (x,y+m)+=N—-m
7 map{” (x+m,y) +=N—-m

4.2.  Multi-resolution map Z AWV RMNBEDIEE

2Ry OMEEIEE A AT O PIHHED map )3T 0 & T
5. aRy FAMMTEIEITV, map(xy)>1 &7 5K EoEL
T ™ )20 £ D EZBND. Lo TARTIE, 1-H%E
BEZITV, RAOREOREZITH)>Z 2B 2 5. LUTIL, 8
BEOP= D DRGARRRED T N2 Y X hZRT.

Algorithm Exploration of unknown environment
LC1—0)
for i=-K to K do
for j=-K to K do
if 1wt (x+iy+)=1 and map*(x+iy+)=0
add candidate< x+i,y+j >
e

end for

end for
for i=0 to n“"

fitness calculation(candidate)
end for
return maximum candidate
T IC, KIIREMOEE, o IXBEM O, candidate 1%
fRlEmfiand. Fiz, BMBEMOWEGEOEITT LB LD
TNTY Z0EMOBIERR v RO DALE D O G £ TO
il SN 7oA AR L, HRE IS [8]. LUFICHEREDORX
&Y.

i~ 3§ {N—m ifmapi” (x.)=0 A @7 (6)=0) o,

pger (U} otherwise

ZITC, LERKOESERT. ZOWISENRK L 7p B iR
WMAEROBEME LTS, £, v Ry P EEREA T
LI —FEEELTWE, &ETOMMEMOBEISEN0 L5
WS T, —2Ri0 /) — RIZEY ROFEROWREEITH . &
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DI, BRy FBRAY— SO ) — NICEVEREEZK T L
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DI DB step ATz oM, WELIGEL T\ o7, X
ST, BR Y FAMTEITE 23T TOMEE 1-HEEIZT 5
ZENTE, REEHROBEEZ HTRATZOTIER WM E
EZzbNnb. ZOL DT, multi-resolution map & A5 Z &1
XV, vRy MRLEIATETHZLDTEHELEEE LT
BAZLENTED., T, BAOMBEEE LT LIk,
EEOBEIZEVOSHREBOHIBEITA 2 ZENTE, 6
TTEHX Z VWA Z & TROBE A ZHIRISRET L L
MATREL 720, REBRBICB I DHEMT ) Z N TE

Fig.5 Experimental environment
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Fig.6 The number of candidates
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Fig. 7 Experimental result of exploration
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