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Abstract

Abstract

Maps are widely used in the field of robotics. The most commonly used map
representations are occupied grid maps and point clouds. These two types of maps
use tiny units (cells, points) representing the environment’s state as the graph’s nodes.
The higher the map resolution, the more accurate it is to describe the environment, but
the more time-consuming the searching and computation are in the applications. A
good solution is to extract topological representations from maps, which can improve
the computational speed in many applications, such as semantic map construction,
global path planning and map matching in large environments, because each node in the
topological map is no longer a specific point in the environment, but an area, a space,
or a place. In human intuition, areas are better than points to describe a place. For
example, when referring to "Times Square", people often think of the area of the square
rather than a specific point in the square. Reasonable segmentation of the map is the

basis for constructing area-based topological maps.

The dissertation firstly proposes an innovative topological map representation, Area
Graph, and a method for extracting this topological map from a two-dimensional indoor
grid map. An area Graph is a topological map whose nodes are areas. In order to segment
the map into meaningful areas, the author proposes a map segmentation algorithm
based on Voronoi Diagram and room detection. By comparing our area generation
method with another two map segmentation methods, the experiments show that the
segmentation results of our method are closer to the manually given reference results.
Moreover, the segmentation experiments on maze maps show that our topological

representation is more suitable for maze applications.

Then the author proposes a global path planning method based on the Area Graph.
This method constructs the Passage Graph from the Area Graph and then uses the nodes
of the Passage Graph as the search space for the path planning algorithm. By comparing
the time to search for paths on the two-dimensional grid map and on the Passage

map extracted from this grid map using the A* search algorithm, respectively, the path

I
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planning computation time of the latter is reduced by two orders of magnitude compared
to the former. Path planning is an important application in the field of robotics. The
author uses this application to demonstrate the great advantage of topological maps in

reducing computation compared to grid maps.

Another important contribution of this dissertation is that it proposes two map
matching methods based on the topological representation, namely Hypothesis Clus-
tering and Neighbor Growing, which are applied to map matching with and without
global consistent transformation between maps, respectively. The Hypothesis Cluster-
ing method uses features extracted from areas to perform area matching between two
maps, and votes the correct transformation between maps by clustering the potential
correct matchings. The main idea of the Neighbor Growing method is to add the suc-
cessfully matched areas between the maps one after another to the common subgraph
through the adjacent relationship between the nodes, so as to correspond different parts
of the pair of maps which without consistent transformation between. For the two meth-
ods, the author conducts comparision experiments: 1) For the matching between maps
with global consistent transformation, the author compares the Hypothesis Clustering
method with a common image registration method, the point cloud registration method
ICP (Iterative Closest Point), and a state-of-the-art map matching methods based on
region matching. The experiment results show that the Hypothesis Clustering method
has higher map matching accuracy than other methods, especially when maps are in
different modalities. 2) For broken maps, there is no consistent global transformation
between input maps. The authors compare the Neighbor Growing method with a recent
non-rigid point registration method. Experiments show that the Neighbor Growing

method is better to match the different parts of the maps.

In addition to Area Graph, the topological representation of two-dimensional maps,
this thesis proposes a hierarchical topometric representation of 3D maps with multi-
storey building point clouds as input. The main contribution of it is to solve the problem
of region segmentation for 3D maps and extracting the topological representation.
Secondly, it is a hierarchical topological structure: its high-level topological nodes are

the parents of the low-level topological nodes. The topological structure mainly includes

v



Abstract

three levels, which respectively represent the three-dimensional map structure: storey,
region and volume. In the region level graph, rooms and corridors are the nodes of
the topology, and doors are the edges to connect nodes. The core of this algorithm is
to obtain the areas by merging the free volumes and detecting the doors. In addition,
this method uses the Area Graph generation algorithm to further segment these regions,
which makes the room segmentation more robust and improves the practicability of
robot navigation in the corridor regions. Experiments show that compared with the
other two state-of-the-art two-dimensional map segmentation methods, our method has
greatly improved the map segmentation, and has reached more than 97% in accuracy in

the dataset of 2.

The 2D Area Graph the hierarchical 3D topometric representation proposed in this
dissertation takes areas as nodes, and provides innovative map segmentation methods
for extracting areas from the maps. The representations and their construction algorithm
enrich the theoretical research of topological maps. Afterward, the author demonstrated
the large advantage provided by the topological map in the computation speed through
the path planning application. Based on our topological map, the author proposes two
map matching methods, which outperform the state-of-the-art methods in both accuracy
and computation speed. This further demonstrates the practicability of our area map
in the field of robotics and provides technical support for the application of the Area

Graph.

Keywords: Topological Map, Map Segmentation, Map Matching, Path Planning
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HEAE AR YY) 2 A, RS AT ES R EE TR, A%
(e A TN . T8 . FEEDLAS NSRS RAEA , HLas Al DA TR
ZWH TS, P AL BT E AL, S0, e, K255, FEE L IRaR %
AR, P RRG BEBORBGS , nl DASE G A PR a0 Y 5 BEE J B SR &
J&&, IR DS SRR B AR B o 2 iblas i) iz i b ik B s
(1) MR G z, XA W] AE A AVF 2 R BRI 40 i T/ N T
(BRTCAREIR) VRN PR T, HIRDRS RS . RO, Y Sk, 55
TRAEHL A AR RO TR R AR . T, VFZ Y b PRI A S8 D T s
VTR I B0 S B A BIAE 55 2R 1) L

AR SCHRE R A DA 19 s 4R 4 b B —— X ] (Area Graph) FIZ 2=
YA -3 P T AR S A ke DA BRI PR BRSEE Y fTR] L B RS AL E
WEE R, AR SCHR 0 M P A5 TR R SRR 45 A4 i A T SCA DX 9 A
It 1 TR AR E T, SRR T ) el DX IR R T AR AN AR A, i LS MY
10 P B S 2 I T D I LN S . Tl BB A, DA A
FaF I P r Y DX EIOIR AN 2 M b 1] P ) B e R SR T AT s 18 55
EIKIE ETE . FEARSGE R RMET, AN T AR HIFh b E
BRI, R — g AR BB BE AR A R AR B D A T
AR PRI Dok TSR] i DL

PhF ML EITEALAS A~ SR I T S TR AE R Y 4 e B A R -5 S0
HuPE Al HBPEPCECEE . IV — R BRI MR R, B TR T4
WL ESESN, ARSCE R A 13 dh-BE R AT S T QDR I BT 3 F ML AT Y
SR I RS -l 11 UM VR £ i AN < e Ak v ] IR i 4 EVH R B T
AL AT DA TR A (0 SR oA DT JC HL Ry B % St il 2] 4 S b T, s I
FEERA I T g St P e i 1 i ] AN SR R R A T B VRS, Sk
Hb PR VT e 55 2 b T DR e A 3Rl AR . B A I DU A Jm SO PR AR
M PCHC . X B 1 PERC A ] T2 b a1 ) A oy T BT AL A€ L AT
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A AR/ NERIR R e a5 B S arFE (CHERME) BEATILAS, T2
REW5K SEREY . B A5l 5 48 XY 4 R B A UL T, %28 PEFEiy 75 S
SR T HIE G R SR MR PGS o i TR AR RS . 2L
U — . HAM LIRS R, RGN ER LA RS S DL LR RCR I A, K
B, H i A PEEC SR A R AF IS A, AN SCRR H 3 I DL L IR 45 5 1 1%
G4 R DL AP A RFAE DT FC A 7 YA A S D I PR G5 A R D 3, (e el DR T
HER AT S BEAT BT Z BT O A T R B3 TP RIS

ASERE T A DL 5 T I B PR B R B A 3L, AR a4 4
=AEPR MBI B . BT PR M R AY AR A A P DT IE R A RIS A, #%
JE A4 SO 32 B AR SO i 22k

1.1.1 Area Graph BN REFREN

TNRTATIA, i EFI b I B R R T LT B A 4% s Lds A AR P e o A
D) HE AT AR R 5 3o, ZELAS AR Tl 2 AT Y2 2D 9]
FEHUIEIRN 3D . PRFME MM (%, &) PR b ES R
(BUan ) RA ARG, PRI T BB IR, (R b R SR
PR S S L2 DARD R Bl IV TR, DA Sl 2 [ 1Y) 242
HBHE XTI LA AN R, it E b gk — R (metric
information), BN, 5 TR ) —ZEH B AR R A Y B AR L, DRSO IRy 4R 4
bR i b-JE 5 & (topometric map).

Area Graph (XIHE) BRI A NP BOe SO 25Tk . Area
Graph & JRA 142 1) —Fop B0 4 s Fhgeon, TR0 X, 12020 DX I 4
2, B — M hiMEgty, (BE P EEA TG R Bl s T AN 35
FEEAF R, HtdE—Ffh-JEEE . Area Graph fyf) a2 HF Schwertfeger 55
(2015, 2016b) H1 £ B[] Topology Graph £514 & JE i >k , Ff- H.Afi Fl a-shapes [ 551H]
RO R PR AR v () ik X A8, Edelsbrunner 45 (1983), [ 1.1 &R T M —4E R
R P 42 U Topology Graph (1] 1.1a) AN B EAEH: BTN Z B HI%L
R (K 1.1b) . MR A ] a-shapes #5002 I (18] 1.1c) . Rl
TE R 3T Hb & 4311 Area Graph (8] 1.1d) . Area Graph i 1if Topology Graph
SER A D B B SR AR I IR 2 10T, ARGl a-shapes A6 IS0 A6 I s X
WOREHZHIE, AR 5 SON R E 2 31 g s s b
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MARA L3, 1E N3N, Area Graph f)— P EATTRK & BRI R N
—HHAERERY X, AT DAKF A I ) 0 5 o S AR 2 BT IAAN ), X
B A EL AT S 2R I 2 [ 3%, FRATIFRZ O 848 (passages). iXLLiHIH
R%T%AﬁﬁgﬁZE%%ﬁmﬁrﬁﬁ%ﬂi%(kﬁﬂ%k)A~AZﬁ
FERL BN — DI o DI 122 A SR A Sy DX ) 2 % 14 0 Ay B A LR ik
Eﬁ%%ﬂ@i%@ﬁ%ﬁT%MoEKA%ﬁ%E%IWHw§@DD¢,%
TR, A T 3D IR R REIE, HHZFAR R T Area
Graph SN HRBUEZ H3hiMa E . ASCHR I DIk 2 2D WA P i 5
R . SERENHIMBEMLIL, ERFREE S, PN RR H— A IR
B, AR, oA R M R 755K

(c) (d)

Bl 1.1 (a) fitflESchwertfeger % (2015) 1) J5 72: th 4k 45 B 255 4 BX 1Y) Topology Graph, Dead
end edge W hikii tadest, WidafibisF dead-end Tixi (junction) FR10 s b TR A
o, Topology Graph (¥l KB 1 K45 48 . (b) K45 1E Topology Graph [1)34 I
M2, RAIFHIXIE. (o) (i1 Alpha shape Kl 2k ik i Pel v A5 0 el 32
B (k) Mzl (206). (d) )& 1 Ii]— Alpha shape W2 0TE LA T —AN X
Figure 1.1 (a) The Topology Graph obtained by pruning the Voronoi diagram using the method
in Schwertfeger %5 (2015). Dead-end edges are shown as light-blue lines, edges connecting
non-dead-end vertices (junctions) are shown in dark blue. The Topology Graph edges
describes the skeleton of the map. (b) The polygons attached on the Topology Graph
edges are areas before merged. (c) Alpha shape detection is used to detect the boundary
(blue line) and rooms (red patterns) from the grid map. (d) Polygons within the same

alpha shapes have been merged as an area.
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G AN, BTV 5T Voronol P QIR NGRS , HEHLA TN
A PIAS BRGNS 5, kR 2 T M 2 A BB 21 L
1. WK, BB 2T B A G A AR T A
MR M ARSI R, BIT— AT — . — .
AR BB, B2 A AR (R — A M
HLAE A AR O IR R e T, X T 459 2D Abb (BThL
S B BRI, BLAS AT DAy B A8 2 T B A TR
S FURTE A AR BIRAY Z TG RSt T T BRI R0, TR AR
X, ZIIE GRS R A T SRR

Area Graph 1) 55 —MEAUR BRI . TERSHN-IE R,
A BRI TR — IR0 (4) MR 55— BRI L LR
SAREIL. X T NS AR, #iE SRR P2 BT , A AR
ATRE S THEHE TIKIASBHN. 1T Area Graph 9301, CAEAORIEL, LR
SRR A FE A R BT 7 DR B R R ol 605 LT 0t
M3 R S 53— 0 B 0 L)

I, B2 IR Area Graph (FR 7 sUBILATIA: 1) AT i
SR IHAI AR TR 2) SULEHLE A H IR 7 T A (95
AR BT P A TR DR OB, BB G R s
RVER. AIRHL, R BB @RI A AT 1) B T IR AR
SR RN FIR s 2) SR T QIR AR S IR, L
R T ALHRLAG 5 BV
112 $ETEREENHREY

i P DS JC 2 BIL s A S5 P — T R HL A BRI 55 - R PLAs A S
AN TR SRy 1 P B AT DR JE B H 0 VR 2t A T R B 7 S 2 LA
BT o FEFRETIRZE T, HLas AL Bas b RNt BT VL ie n] DAV A BL g A
LTS, J2 R ER AR (Shahbandi 5%, 2019) . PERC AN RIS S8 1 L 1A AR
EHSFYIN 2 JZH I o P R AL e i R AT SLAM 3394 (Setalaphruk <%, 2003;
Grisetti <%, 2007), MAHLAS NI L (BIAn AR IAT) Al B B R &k
NP B — B TR I FH e e T DA B e 1 i . P ) 22 JRy—
PE, ek A 4 R A B AT ASR R SLAM N e GRS, el b i
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(E RS B A VTAC . BEAh, REPLAS AL It 5 st ~F- g J DU e mT
PARFBET P 0 AT A8 18 S5 BB B L A IEL, X0 H AR TR 5 (Kakuma 25,
2017) FEATHLAS N SR AAE . B0, — A CAAER IR B 25 iE HAE
PRas, AL N RTDAKE B CAE S — i db A il SCE AL, PEREA [
L@ ANHLIET AR — > G B ) (Schwertfeger <, 2015) . P PERCAY 75— 4>
HEY A REAZHG ARG BE RS, B ZHLae AR S PRI HME (Carpin,
2008), sFESR R AN HIIRER (Georgiou 45, 2017),

Mo PP RC AR FAE AR B B, 1) DUPECAS AN R i P A BB A [ 1
XFFFHIMELGE T AR, Hlge AL AT 1 i B m] AR — 5K B A 2R
M7, 24— 5 FH A g R MG, B AR SEAS Gn— R 2 - Mg,
an, WG . DA —. SOURERE . B, BeAr EGRCHERE (61
an, FETRERINE) ARG AL NEOR R E VERC . 2) DL AN L]
RS At PRI ARV o8 ) PRI AR PE FE B DA BT — 28 T4 (Birk 4%, 2006; Carpin <%, 2004,
2005; Carpin, 2008) K52/, BLAL, XL IRTCIRAL B A RIS R RS
e, 3) i T — S R R T NI A e s, AR R A AR R
AR, JUDHE PATE 2 Al — > — B s AR ok AT HE IS 55 o 4) FE R AR HE
] 22 [ AT el DR i — PR ko IS — T 2 ] DR v ) — ST 1) i
FERRA IR . RUE Shahbandi 55 A [ eiE59A (Shahbandi 2%, 2019) fE-—28H,
APRRPER S B RAFRIPERE , (HERERERITRE, X520 A
PARZ T R A 5

TEASCH TAE AR, AEF R I T —Rh T I BB 3R b2 i DT R ok
figp ot P DEJSE PO AR AR PR A, R IR AR ERAB T Y 1) AT, AR R BT A @) Ik
AT B VERC RIS TE] o 11 EL b) FATTH SR AT DAAE BEAS [ AR S AN RO 3t P )
VERCHIRE, o) VEF 5 th A H AP — A 5 JA AT WP AE (R . A SO BRRE 48
FEA RIS S A5 Rt ] Sl FA -5 ety I kAT 1 A
SEHEE R BR T HATEIRR) BRIV ERCER, JCH R RS 50 1Y
VERC.

113 ZREXREHI-EEENHRENX

Area Graph J& VAR Y G- RN, R n] DR G Ry 20 2
S AR B T GO R R — - R A . 2R R AR 4R
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AL AR RIME R B, ANRESC AR BN . 5 2 K AR
[R50, Area Graph B9 s KIS A 1 0 BIRI ISR, ShEiAEEVIE .
B, FRATGEH TR SR AR IR NN R, A NE PR SR =R R
s T AR = 2 2 B30 ek R 3 R T AR AR A T

2% FEEN DA E RN s AL, = RN AR A X (=
#E) X (BN, FEAsca o XA RGERR) EiZm bR . SRR
T ol 252 1 £ 7 = e 0 R 5 N i o 1 1 | AN 1 B O 001 Y £
M 17 G BE S A IR R 2 R A, R AR SR el 8 20 1 S R AR
S TE LEHEY) & o

Area Graph (W B8 PATH A B )22 SR A5 HA 1 B AR L I i A, 2B R
AIINEZER, R R AT S, AR M T AR )2 A AT
=Y A N SZ A AR RN TE, A R TR . AR Y
e, P IRNE AT RUR RN T, ARV R I, Bl
wn, FE—HRESRM Z Z A NE T, Sos G N R E R BRI
I — 2 AR M, L ER B R — BRI X I, 1M BRI 2 A Y
PR NI T SR AR P (BRI AR DXCml o 17 g 5 S R DXl (6 5543 S
SRR ) B AT I F A — RN, AT U — B LA RE
JER DRI, (2 BN BTN 2 BRI RN, HESORMUe (1) =50 E
HA RIFROMRErE. ERFa AR, H (2) RFEREFRIES TRENY
MR RRER, HZ ZE R ] DA T B Hes s S =5 |, ki v
Bl AR 55 8

EHARYE, 22 AL 5 B R R AT Area Graph 7 A AR Bt (1)
AR BN 4B RIS, SRR IR DRI A S = A DXk
SRR, MIBTRTR e, MR ) = 2 A T 585 e KA 1)
A (2) Moy AR b e PR ) = A5 ARG An T A RAEARSE W]
TP G A R B SUEEH (Al 2 RIZ5 RS R R S5, (3) ZJRRA
Fh-FER BN AZOR ZHEZ A, S bLas A2 2 SRR HEA TV T R
Mo (4) ZIZWMHINGE, DMRZH I T BV s = MR R, (3R
HOESANATH AT U - il s M N VA RS D UL U [T
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1.2 8K ja] A s PR

TEAFNEE RN R T I MBERIBIZEIVR, i, TR gata 7 fI5k
AIBFTE AR o BEIS , A5 RF 7 2 3 4 N P B A LS R Pl TG P S 79 17 T 14 2
Eivy PRI

12,1 #hfMbERIDE

MB X R R R, HABIREART A N BT PR, & B
T3 VA IS AT R 2R At 1 o ] A0 s A T ¥ D 1 g R A B, AR 4
F PR AR R M, FEX L B (L) AR s R A 0K,
HA AT S5 RIS AT ELIT R RE A 2K, 28 BRI i B E PR IR
R UHR TN AR R R — X R EAEZWEN . T
PP ) BEAR R T2 AN, R T BT R, Gl AN EORIE SR
b M K s V6 T TP i b N 228l 7ot ot o o o e el o 2 L S R e
MR . T BIEAY IR MBI Al T2 R AR R L Pl 2 5 2 4 Ry BRI
R B o

1.2.1.1 N\Z#EE2IREGRTMEE

M R R AL N SIS H A TR, I R B U
PRI DA IR S8 I SR T e THE B SR, P, ENLEs N E AL
DIV RN . F, AT = iR, A IR R i R R
PRI SN SN A R EANZ T B, 23 s T EAR
EJVAL RISV

2 BRIl R B i B M B VR, AR R B PR A Y ) A
i 1 B8 A 2 8 I A AR ) 20 b B 0 B R PR AP o X i O BRI
NI EA % BB E R, WM TR AL S H# . RFR ARG R AR
DA RIS BN 35

Ge % (2011) $& 44 M [N B AR R AR SNSRI I 0, FE A i
WL, SRR RN 4 R e iR B R ME R Sl iR A SRR, R
(14 B S A I S — 257 ORI o 3205 V2™ M R P 0 Do e T = 9 s e ke i
PR FNFRATE ) B AR LR P00 . AR, SRy TR T BT LS LB SRR R
WA — LSRR T 4B R 2 EAR MR A E . Yuan 55 (2019) BYFE
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A DA T AL 5 A TE Ry SRS AL R AAR b I 0 [R] I, BT 5 s P E B g 1
PR B S CH N D I AR FME L, FEARIE IS5 BB R AT, TR ApA
WL 0L A BRSO SRR . DA AR R A R T
PR R (BOR 2SR B E ) AR FMNERY Y A

B A R P F b AR 2R T IR R A ] 2 B PR DL, — 2l
R mAERFFNEI AT AL, — R o 3 748, AR 4
Mo e VRN SRR E RA IR, — e 8 AR s N AR R b
A, AR ET EESAEMRY R (I, AU, AR AR

SRR S ER L, MR RET A (FLinEm gty . 8 M
S54h) MR E BRI LML EOE, AHOSTRER, 45 AT
FHIES B AREHIE . a3 T N TRMESA THE S R B OU T, N TRFE L0 AR X
e v )R FE B AR ISR o MO T B ARRHIE R SR 2 AT TR B i, R
X BB T8 5 IUFE AR A PRI AR o R DA 2 B 3 A

HY, M TET A ERHE (5TMEHE ), BT a5 kg &t
AACEE . MR Sl B R % BRI S, F-4R0E%
P b 2 TR A TR 9 R o R (7 )t PR A S S ORS00 ) b P
FRAFNRAE , TR TZ5H A2 B TCAS FO R R PRI h4) , AE R T4
RN, RVFRIREH P RHRIME R, RHERERBECHINT A, A
B R T R AT

PN ot P A s P e B A 1) SR A A D P @ — i TR D735 (Thrun, 1998;
Setalaphruk %, 2008; Beeson %, 2005; Saeedi %, 2014a; Friedman %, 2007). @it
HEVEP, AT AR TE548 B Sl Akt o A b R s s DR A A 3 0 5. B iR
WITEIIBRFFERECE =28, %—MJ5vk, Thrun (1998) Fl Kai 55 (2008), TEHIA
F (BN, 177) AR 53 A A A R . AT DASE A ¢ B8 A (critical point) 48,
B AT, o, e ETE LT B2 Voronoi B i AR BT 45 T RS R4 Y A
RS YR . 5 TR Yk Setalaphruk 25 (2008); Schwertfeger %5 (2016a);
Wallgriin (2004) M Voronoi T i i4 B #iF AT 5L, I TT R 2 m i 18] AP Y AL
w AR . B = AR o B KA N AT S BN, Friedman 45 (2007) i 1]
Voronoi [ifitll37 kAt Voronoi [& rhdsg A~ M p L i AU ARAS , ARG IRYEAR2E
XL T BIDA IR TN 207 VE BRI B N BRI R 3 TR AL . X885 vk
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FE AN R AR A I 1]

Xof b P SHEAT 43 8 B M A RN A TE 1998 4R 4R (A - Thrun
(1998) £ {5 | Voronoi Graphs 1) J¢ 48 s AT DI/ H . S CHER/R T —FhET
Voronoi {5 #I 73, i SCHE 5 7= AR DI TR A EHR A NIOR , A D
JCFR e IR B e B ) —# . Kai 55 (2008) Hifig i} 15T Voronoi Kl 73-H, If
BEAT T — LSO A SR A E F S i I A I3 0 B . I Ry 1740 1075 3] e
5], AR ] — 285 R AT E R A /N XK. Bormann 4% (2016) /44
TIURRATRY a3 B D53k JEAS5# (Fabrizi 4%, 2002; Buschka 4%, 2002), %
FFE B AR 43 1 (Diosi 4%, 2005). EIJE4r#] (Brunskill 4%, 2007; Zivkovic 4%,
2006). FTHHER) 45 (Bkvall %5, 2007; Mozos %, 2007) F1E: T Voronoi [& )4
4 (Thrun, 1998; Beeson 2, 2005; Kai £, 2008), F H& T 3% 65 143 FN 455
Bormann 45 (2016) X} HE SR 45 R W], FLT Voronoi (177 YA 4 #4531 5 PEAR
o3 EI S5 S 08T B« Bormann FESCHHE & H Thrun (1998) [ BASLEL T 3
T Voronoi IHBEL 53, HR I T e A 20 A0 . VEEHE L & 43
FEWAE T KRG H B, (HRA MR &, 2 i s s (8] 2k 5
5 1] S5 AT 5 SR XA

MAORIS (Mielle 4%, 2017) il it 15558 & B 1E R - R . BB G i 4
MEREA—ME, BRI S HEAEFERY R, HAMMEMNE R A
BATEH o XA BT B BRI B8, EAR 5 32 B W i BE Y B A4 5
SRAZALRY I (P10 RE ) — TR BE A —HRAE 1, WO s 2y Al 201

VAR, BT IREES T KA, B A T —So il R FE A R 48 ) 245 g
T NHLE Sy #I0 Jrs, Bil Foroughi 45 (2021), X S5 1 M 4 #1455 5
PRAE > BIEE RAR LB T B, (B FE OB T T I YN Rt . DR SRy ik 2805 VA M
A ISR, Tl AR e i R AT SR o5 — R 2~ 7 By
% Zheng 45 (2021) i BE AR HEAT 20, IR 5 AT 1 48 0 2801 1 AR Ay
“PRE . CSEERT RN OCTIRT R,

1212 N=4(E2IREAF

IR, BT IRAMERN. £l K. O i 5545 5 10 0 I it 2%
AL, XFE = 4ERREE T ) T ANURZE A SR R &3 . 2 i TAEE T
N S AR EE A LR A FME (Ge £, 2011; Oleynikova £, 2018; Mozos 25, 2005;

9
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Wang %, 2020), MoRHbfEife VEREE, WIRA 7 =ZERRER#ndbait, e T oA
PURZR AR

XFET IR HAT R A (P58 SLAM) Kid, APLE8 ATERR I
I, B A BRSO B R A S R B A T L ARl — TR
PR . AP RS SR RS 40 M S, R 2 S 3 M AN
— P AN . AN Fraundorfer 45 (2007) 18 12 G SN 3] B30 d 12 ok 4
P, LS ARR AL QI MR EoR, fPLE A ATEA S 4L
75K R B A AP HEAT UL IC . AR PRER, FFAEdh F i B v DA R S g e e ok
FTEE AR AN 2. Mozos 45 (2005) 22— T BT USRI T h 1 A i T
i, BRETEMINE, %Ik 2ok AU A RTEL i, XEWETREKR
Al s (A I E TR RE )

Blochliger 2% (2018) f tH 1 —Fh AL [F] 22 52 (i 5 WS (VSLAM) Z 55§
B 3D $hf ARSI TopoMap, 7K@ AR (KIK) S & Bt
IR, T R ANAE =4E =S R o AATH TARRUS T ABERIRCR
BLFRAE DS BRI 2 i i B RAFvERE, HBATR A& B A/
R (m BN . 7 kG — A B RS m) 5%, MR MR R T 1R
e R, ASSCH) = G- FE DA R AT A DA RTE AT R I R 2518 (B
], ERREE) B =4E RIS R E M R B MA

Xt SLAM (IWFFEe kg G 1) 2 i K3t X — B AE A i A
HAEHB P BRI TR S5 B . #E TAF Kimera 1, Kimera-Semantics 3145 ({1 fi] — 2831
AW G L TR (il —Se B TR T B k) W IR AT i SRR
RETE SCARZE M N2 5z BB =4 (Rosinol 25, 2020) o IMTAEA4F H BT
S SLAM 7J5{% Hydra (Hughes 55, 2022) W n] S F 2 2K = 4837 5t 3D
scene graph), % TAESKATHZ Z R R = dEw L. HEZ R
AN SR R TR SRR, R RO AR, 28 =R MR
W, SEET R B, R RRER . EIESA N Z RIR =4
WM FRTTANIXSIET, —&, Bl —MEmmIns, e, dTEEM
T AR SN, B A R B A e T80, Fs TRl o B AR
ORI L5 s P FO N T G R O B S N G e o
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122 EFhiMEREERXS S

P Db A E 4R RN = HERRS PO R BT AL AR B A 5 0, —
ZEFn ML A B LA A JCHGRIE AT, = ZEnd A U T e AL
SRl RN

Guo % (2012) $2 AT “4esn MK T B 315514 (AGV) Ry M
RITITE o o AR R BRI fa] Bt ) B 20 R iR e B, ko i 22 i
Dijkstra FIATESRI MBI TR R e, FEH A* BT 4 R i n &
PHASAHRE Y R AR R il Mg . o T SRR AL ANAE RIS alb A7 % A
PRI PR A AR A5 A 2 TB) R BOK RS, Santos 45 (2019) M 2D W%
SeBFh T EmE, AR RMMPATHRS T2, T E RS TR S —FR AR
AR RFRENTT L, TT IR W] DA AR R A i 55 £ A L R I I AR 1
RS n UL, R GE ) e MURE £ ¥ it B R T iR P e e B LR R BB, M
AP Pl R B f M PR RE R PR IR R R R S ) L 3R R R it
A

Han 45 (2020) $2 1 17— RTS8 M 840+ Mt 1] B8 e AL A0 -5 5 A2 07 ¥
A AMAL, Te ABURT AR 24 IR AR 5 BMRAE S 5 2 1) DAL
I EAE AT s — MR E YR . IR IRE TS B RO SR AT vl
R, AT AR ML SR T B AR B b ) BB

BT IR 10 4 Rt A LR BB R KSR LA L I B AT
LRI, ORI A RS ER T . Thrun (1998) FrEg TARGEA]
Voronoi FIMEFRINE, FHIEW T LRI LRI L, XA IR S EAT TR
B, (A2, BEH B BRI B R Qg ol Fr A AE. A, ]
AE—> Dl FP R ST A R A ATE R TSR AR X S 11 FAT T 7 ¥4-FF Voronoi 121
TEAPLAS IR kA, XA, FRATHY T ¥R 55870 UM 1 A2 1iiY Voronoi [,
T SR IS TR R A T

Zivkovic &5 (2006) H1 475 35T 1E14] 73 (graph partition) X 4% 1 2547 7>
FILAM RN . AR5, AR ] R Rk SR R 7 R R B T AR Ll . X

—METIRINR SIS R, T Z A BAR LRI 4. {55 Thrun
(1998) HHYITEMEL, ERTTHRN AR REE K.
ET R, WA ET BRI, %2 & (road map) (Canny, 1988)
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e AEMIAS IR T — 4R R, Gl RS B A, BB CR A TR 2 (]
AR, ORISR LA ) ol 2 ] B H R0 T AR I R R i A . BT
5 £ R 1) 7 VR T AR FUIR 2 A 2 FEPE AT IX 3, BUAn AT WL P& (Latombe,
1991), MEZ &Lk B ¥ (PRM) (Den Berg 45, 2005; Kavraki %%, 1996; Holleman
&% 2000) FIPEZE RV (RRT) 53 (Kuffner 2%, 2002; Martin 4%, 2007; Yang,
2011). HAEUKZ, R RS RAATER &I T, WAL EyE TR
2R BRI SE R AR SRR S B AR R R B & T il i, ARG
TEBR LR B R R BE AR RIA] o FRATTFEAS SO 2 HE A BT Dt P i) e A I R B 2
T A ARG S o A6 50 2o 0 2 s P B 2 A 6 4 ] DAAT 3l o 81
ML (Hoff 4%, 2000; Rohnert, 1988) fifi /i] Voronoi |15 4R15- M A4 F ML g A
B 5 B R i R B AT . AR SCHE S A BR AR R O R B U Y A 2 B T8 5
R AEVE TR U -

TENPRE IR PN T BRI ST %, UM RS YA (navigation mesh meth-
ods) (Geraerts, 2010; Van Toll %, 2016; Hale %5, 2008) 5 1] 25 173155 %1 43— 20
2D XIf, PASE DA €0 ] ATESREAS XIS, (Van Toll 4%, 2012) NIz E). )7
Voronoi [ (GVD) 8 # I T H i 258153 fif -k K ARG A A% (Geraerts 45,
2008). [HItl, SHULRIRE i O T B R R B O AR TR R TG AT, S
FL A% 20 S 2D ZHUBERE (Toll 4%, 2011) WITHY, SRIRELR H i =3 7] v
PARE LRI A TR, @ Tk st . AHILZ T, SRR A AR
AHEN AR S TR AP ARG PRI, SRR A AN GE Pl g NI S
(I HE]

123 HEEE

b PR T FE i PR ML e A T e T Ao s O IR PR AL, DR RCAY 5 3R AT o0 S 2%
[ DEBCRIZE N DR . 2 b A DE RO TR Las E L. ZHLER NG
FRE A, AR PEEE AT T & (SPLER AR R A ) . b
FIAIIE . R DRGSR

2 AL VERC Y H  J53% (Howard 4%, 2006) 72, FEZ Hlas ML, 4
Plas AAERREHB I E TR G, DASS IO & B TAE, %07 kR L g A
RIS (7 o B ARAE L AT Rl SRR R CR ARG, (E B et DU R th IR A TS
o ML AR AR AN T IS, B e P DT P SRE32 nT AU T [ A 1l P R A7 DL
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Flo PN BRI R L R, RSB e AT aae )y, It 1t
VR AN [ ) 2 36 R ) 2 R SR e R & DA e . SR b T 23
KR AR AT OUA - 2 PLds NEEIUERINEL MR . 502 h TR Fl
K, HER ARG Z RGN . FEXAMEOLR, S &g —1
R R T ) 1P AT ok T DR TG ) B A SR A B A L 1), R e DR B
VR A VERELAE ] S8 e A s (BIAnSZ sk o IMU s H e . I
JERR K. 2D 53D ot ) QIEHIE ., B e A FE R (6]
W CAD #E2Y, FS4aH) BUERHbE, Wb R DERCSAad v T 4] IE Y
VAR

W T B TR VLS, BT bR AT AR AR, B PEEC AT PABHA N
72 VEIG VT E (R 1) — PR R O o S I0T %) A rp R R DR D7 V6 T M Pl I8
fi . SIFT (Lowe, 2004; Baker %%, 2004; Lucas £, 1981) 4 5L T4 E AL AL I 7 1
se T PEECHY T AR, iR 2 N R ) B AR, R ILIC A
FEH I Vb AR BN Qe R _EIR 207 . tesh, SET MR R A
Fo, EATTCVRAL BRINE S I (8 A T 2 P 7 A ) A SRS U A ) o

Carpin 7 (2004) HI Carpin 45 (2005) 1 Pl PTG [ @ E A AL )8, 2805
L BEHLR R AOR M . XTI VAR G ST JRy B de/IMELH B A IR 1
. HJ5, A Birk 2%, 2006) i1 R A A& W FELIEERVARER T )R/ ME .
AT SE A 7N 4 s i) P A X A R figt e B o PR R LA A, H 2
/M T D R b P 2 TRIAR DI ) A R R . AR SRR A, HHA et
PR T A B R . I, AR R E R E RN AT A
X AT AL PEBC R L bR T BT e DAY R AR, ATk 1K
SOENT, WHBAZORA P aE (PLRRiy) AR .

Carpin (2008) £ H} T —F s 1 82 SR A8 J X0) 18 5% 2 [B) AT @ ASE I 0 A 46 70
FERAIBERAR T v, MTEH 20 ARG i Ak .l T
Hhivt i o i, X Bl R P . AEEA R E R . SR, X2 YA
DR TR T — LR B A G DL, BIANTE DT e At 1 S AH Rl ROARCESS , HLZ [ A W
A, MHZTT, ARSCRITIEARVITEA MBS R MBI Z [RIFEFTIERE . b, ARSC
R e — 7 VAR VT RO IR s R O i P 5 T H AT 0 5

iR R 1 WTC T 7] R P — o s DL 5 Y2 i R A B B I R 2R, AR AR
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PE TUART AR 55 IR A Z5 /0 AT PR L . Huang 25 (2005) 2 H T —Fh 21 I DT FC il
MG FF RS K503 AN R840 A5 (o PR i Y R i M R A T 9 o 3
IR s, Wallgriin 88 A3 H T —Fpfii H1 &L T Voronoi & (Wallgriin, 2010)
I PERC A B PERCS % . Schwertfeger 58 AJT A 1 — M A PLC T35, T
B PP, HAA R R T IR ISR B S fbid fe, %I R T
P IR T A E TR B JE AL #E4 T PR L (Schwertfeger 5%, 2016b, 2015, 2013).
Schwertfeger 45 NFYSEVA 7800 2% 18 T BRIZ5H , (BT U@ M. 148 sC b
YR R T LR @ R 254, X SeVFIE R AR A BB 4 B & i b

=Y S R VCEL T, AT R R S5 T RAAE A - DL C i o2 FH B T 4R b
FORIYUEEL I Y. Yoan 55 (2021) F I HER B 0 H0A T #A7 i PLld, B ARt
THRF VLR AR R, (AR R B RE T O(N?) (N R
YA o Yue 55 (2020), $@H TR T2 HLE A E ALY B Bl E AL H A
VERC A ¥, BRI AGHT A RS S A 2 TR AR A 1 SOl I R4 T VL RL

S SCERAH AR TAE 2 Saeedi 55 A\ LAE (Saeedi 5%, 2012), Atlfi T 1t P,
GrfR, b RS —EHES T RSSO e
8 VC AN [FASEA L  PE] o  J P 4 F N od EATL22 J8i 4 31 1 1 b J&
Z AP A AR e, I i DERCAY 7 ¥ Saeedi 55 (2012, 2014a,b) $031 i ] 2 [H]
(PR AR e o AT ETE A (R A BAS R DL AT 55 vh S5 8 T et i v pg , (R
N T RERAE IS IERR SR, AT DT TR A ], XTI RE IR .
TR ], AR S TR DI LA AR SRS T BB IE AR Y DT,
KA/ A, BIRMATTREHE 4 I A S L, R ATH 2 DR e X,
(13 HHHE (bounding box), T4 SCHIA T KIEM JLATRRE, X AEAREERE AR
SORE AL T 1 B3 F b Pl A 7 DR S I e . DA IRI A 7 X DR R ], 51 4an bl
ar AH AT BT, @b P VSR Uy B R . — SRS ik, A
Georgiou 45 (2017) #1 Shahbandi 45 (2019), SHiXIUE 5552 T8, AT A
A DAVETEAS RIS &, 33X o AN SO i VR O35 o 33 75 T 14 810 W] DA
TEPE 5501 lab_a il lab_f X Ml 7 B .

14



1 e

13 FETESXESEH

ARSI R NS B0 B L B 4 244 Tt 12 O T ke T e 7 i
P, WA NELBIERE . KER5 Area Graph H 59 285 HITIHE SCHYEL
ZE5TEIE 1) A AAESVGECHou 45 (2019b) HAZE T Area Graph 4,
2) f£ Hou 45 (2018) A N5, Area Graph Y716 G HUEAY AR LK. 3) b
[ VLAY TAF7E Hou 45 (2019a) 1 Hou 45 (2022) /Y. 4) A N5 [RIEREL ]
FEVERIESC He 25 (2019, 2021) /Y4 7 22 K = 4Edh M- R R, X4t
NBAEA ST VIR E, 73 BIR A2 BRI N E. =GR
FIIFFE A AT DAER IR — 22 B 7 X I B B AT B AR R A . IR DU SRR AR . N
FIL27, RN I =T TAEZ B AR SN E P =i -
XA —E A Area Graph [E— 2 U iERI % & .

ARICATCI S BTN, TN AR ARGE SCE AR N G T N A A A
i

FEAENE, FENE TR T 5, RIS bl A S
Hu PR Y -5 BT A A8, H-2508 T B MBI RIRT SR . 35655, BT
PR AR . BT PR B AR A A [ PEBC RO A TS . s, BOA T
SIS E BN LA HE

o TR SR R E R SRR A 4 . A NBIEE — Rl R X
R —FhEEH . AR XIKIE (Area Graph) 2 T4ERE . JLHZET
Topology Graph FFATH ) . VEFAESR 551 Je /4 R 2 0 305 B i A
AR, B S 2R BRI AE R R EE RS, B AN /43 Topology Graph f#4 7
AR . AR L HEA B 1 B DB R T 22 2 R 4 - BE B ] v R g
HAh g AR

B EEN A A — IR SR A — R R . AR S
APROR— X, R 7R L P SR B A SR R L. ks R Al
A P RO PR AT DX P R A 5 A B P 23 B RA R A S
oYy N (B 3 V3 RS (B i B N 3 B e RS B N RS i S O 2 R
PAREZRBE LS . X —F P28 41 7 Xk &) Area Graph s FIAL @ 72
AW KRS HICRNS . 33, HAHE T KRR, R ahx
A IR DR B = A RSP IR ([HS RN, A AKX
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Ja RAERE
HE A & B
I ! TONAE B B UL R A AE A
; Fr VLA B A
Voronoi Graph )
Av fem P SR IR X
Topology Graph Il
AV VB X B e B A
— Area Graph )
s AV mAEE VB BRI B RN
1% FREURFE ik
w| Al _SHXEZ B B 3 2 B
i )
¥ AR
#| [ AmmERk LEEE
¥
> Passage Graph F A E%Eﬂﬂ‘]lziﬁ
{
B ERATHE

P 1.2 X fsdt (2Lfadihe) . K IXISPAm s AR MR (Sk{aibe) Sdblpehc (Wials
HE) MR SERERRE, HR T IX I LA ZROC &R X T iRgy e i, A2k
AP R .l DR P A el P, ol T A TR A R B LR . A
XD B IURAIE, I SR PR BEA T DXL N, i p R R R g K
AR E X WIRN L AC 5 74 04 7 P DL i -

Figure 1.2 The pipeline of our Area Graph generation (red boxes), Area Graph-based path
planning (green boxes) and map matching algorithm (blue boxes), which shows the rela-
tionship of the three works. For each map an Area Graph representation is generated.
Graph-based path planning can be run on the Passage Graph generated from the Area
Graph. After extracting features from the areas, computing matching cost and area
matching, the map matching can be calculated either by using Hypotheses Clustering or

Neighbor Growing.

SR AT X RE TR — R BIRTR IE 2ET k. AR e ST
16 DRk A AR & S M o BIRCR I RS A o WRE . iR
Pt 5 — A A P A 2 P BT R — A SRl A b P 20 T 52 LAk
FTHCBE, XA RVEAT T BT
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SF5 DU B X A SR 114 DR T 18— 2 s 81— T DX ) & e i A
A, VENAGE SO 26 =T ok, ROk 1 T 3 MBI Y AR LRI A S YR B
AT LA, N, fEESE T IR R X B30 MA@ E A Passage
Graph, Passage Graph HH7ff i) B R B2 B ATy . I 2R DRI i
fo X—FH L 41 HIE ] Passage Graph B RL, 23, (EH@d
PeiE A 19 SRS VA I I8 RS R B AR L B S B, R T IEE R TR
BRACALI X — B SRR B BT

LR AR T AR SO S0 DU T TR, R PR T PR BT I Dt
B PERCIRE—— R A ARIR AR MR, TR s 4S& 1 BT RHEA
BT SR PR X — R Se R S T P A DT T YA R SR A
R, 8, HAiid TRIARE IR AT E U B PR AR X Y
FAESRECS KIULIE, 25, a) JE A RISTRM Xl BEIE A H PERE EA T 23R 6
W ERFASH R R AR e K 285 b) AR AR R IE 4y B 8B X R AE KA
JE B LAEATHI AN TR R 2 B VERC o RS, A1 A X EEAN ] XS A0 DR i e
e T 3R PR 52 MR R R i 2 T DR BC Sk ) DRSRRALE o e R 8 PR T 3R 0
BB 10 HESEH T AL 4 Jm— B e 1 O, (R AR IGE S
R VCTC Ty AN b R PEPC 5 R AT b A P o U Sy, sl v 3 IE A R Ak
HOPPAGIAE s T M R S B b R ) T 4 Jry— BV R 1 O, (AR 2B
RS ARRI R R HE T IR T 52

FNTNHE TR 2 2 RN R, BT X A T g —
R IEIFRINITR o e — P2 JZRAIR AL, 70 3R 2 - DR XI5 [ B
B ML FENATAY S 2N SR RE TN NE, REh MR 2
=S X, SR TR N =GB R . A, SRV = 4RSS R B
INEiH, WA SRR, HTAZROR SRS .. X —FHE NS
T Z )2 ¥R R A ARG B A R R AR, BEIS TR Y4 T 2 Pk
FME PR o A N DA = A S 1) DO Y i, TR I Rox = Al ] g DXk
SR, WBHR S M A B SRR AL T R ISR . VRSB AR TE Y SR AR 2
e FIRR R, o 1% BISRTRRN DXI70 R 1

FLEEL T ER T, FRET T2 T .
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2w HESHTME

$28 RESEHE
2.1 HhERHRN A

H R BT LA R L E s, BAD SR T IR S A A R A <5 5 B R
AT, QIR R SRR N # B (mapping), Hal 45— 3 61
PRI rh oI i AL R AR A, A O R . AR T, A
R T, EARIEHLIE . SRR M R S . BE S E L R
A

211 HERRTAR

MZERE BIXA), MR F 285y e =2 A, A REIR 2.5 dithlal (%
). B, HTREMERSRFR S 0 A2 p b R e 2R gERE, B,
o ) B RO I A SR A il A i 2 b IA b IR B B = MR T Y
He— o BEF I A PREE (R B, T ) 22 R AR I AL s, Wl SRA5 =i AT, A
WL T = HERREE o 2 A P I R B

Mo AT A VR AN A7 3R o TELER A, AT A B 2 J2 (1]
WA SR A iR PR PR BT WO 48 X I RS B DA R AR 5 R ST, (HAl
A PAGE BN Z: (Garulli 2%, 2005) BRI (Birk 45, 2010) SF JLTAR KR
PRE R AT o

TEALAS AU A, (8 YR 2 B AR R ) — 4R, —HERIs A, A
REIF k4 (Moravec 4%, 1985; Elfes, 1989; Thrun, 2002; Durrant-Whyte
55, 2006) o A7 YA 6P P 0 A SR O I B AL e (Laser Range
Finder, LRF) it iz I 8 0] 58 e 545 o A4 SRl fmeal A s ) 100 265 o e Tl e DAY
R, Hh A ook i TR ROR 1% Bocks R AP Emag ) (1 WRoR % g
JeREERERE T, 0 WIZORARBLE A, /T 05 1 Z RN A E SR PR R
(D) o« JEH, XL B A R S 2 IR R AR s A LT
I ARSI . B AT ADARE 7 I AT il A 2 3, B, MR
PR HIUH, BREOBRR SRS I EICH , 11 H GBRERSZR RS
(B TCHE , RN ECH I R R R RN . =Bt i R (A2 A R
THE LR o TR =4 PR O YR e S AL A, X
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R, AR MR LA U505 U (Barnard 25, 1982).
Gt S HIALZ 4b, 1755 A BRI = 4ES0OCH % (X (BDSOURCED, 2022).
{5 R Y B = Ak M 3 ) S0, 15 PR A L R Ol )
IR R, 2R 2 ) R P 2T . MIPR R R 5 R 2 R TR
R, HIPR R AT LA A FR B ok B 2 ) 5 AR 2, T R
B 7] 2 22 8 W BT A B B . 59— 7T, Wb &
B AR — BT Z A, T 52X TR — B BB B 1 A AR
69 T R AR MEE R A TTH , BRI AP F R T s ie
HERR, AR = AP L 3o B DO SR S SURT DAE — R 2R
A A

S I G T T49 26HE H BB TR (Triebel 45, 2006), o 2 Y
i/ (Multi-Level Surface map, MLS map). %5 ¥ i 7E RS04 A~ BTG A7
2RI . X R A RERS XA BFR . Hy TG . U e 1L 4
SR TR BT HERE.

R A TP 2% T (M) 75 BEAE e 2T o, SRR
HO PR R RLH P . R P Rl 2.5D M, Pk I LR ()
RAREA TS A B, TR RS8R 5%, B e TR
TR (2 B R — i SR 7 2 T DA JFD S 26 M B 35 T
% (ElevationMap.net, 2022), [ H7E — 4EHb B _EITs% TS ER B, I
R I 4 2 A8 R ) 1 290 6 DA AT AT, 0] T DA R
RAVESILL. TIE SHERE . [ SN R bl B 5 — A2 B JE 2 7T DA H M i
AW (LR AL A) FIRIKHSIE S (Fankhauser 45, 2018), FI 7
AN L W T e P 2 R IR T 2 5% (ETHZ)
& AR elevation_map (Fankhauser 4%, 2016).

BT EA LT o RO TR B e 2 A, A A M e R e
FREA IO, TR BT B2 5, BN . 2B s PR R R . X
iR T LA 7% 1 H P30 25 0 DA SRS 40 A0 5 L BRAE A0 A0 T . FLHB RIS/
HHEINE S, (B S EEAEIR SR LRI T

S M 52 A R P S 1K, SRS O . 2 0100 2
FORHUE . HOBR. BRI, T R T M 2 I A
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PHENEIR T LR B2 G A SEAH i (MR IA]) . ASTRUEHR Y Area
Graph (IXI[E) Hl@—FiERY#AFhIR, Area Graph #Y77 a2 & H R — 4>
Dk, A e — 5], sOBA 7 SURSERR, 1 AP T R i i 2 A
RBPIEEZ AL, RITT B0 ST I MATSE VR B A AN PR BR Y o B T
W, WATRIEA LI EEE, M2 MR (SR IEE) 2
[ C R, Y SAHER R dok . b R B T M E B =2
A, T AR SRR R A e A DR b 8 2R S (] el BT
AR R, V2 SRR R R S A EO R RIE T Ae SCRIE
TR T 0 Dt Pl 94 3% A LR A P D I 5 YR st 7 2 T # T X A
S

212 HERIER

R BB A A B L R T VF 22 A () 0T 25 A B o PRI g A 22
il I & A2 R i P& s A5 VB GER I N2, R R b 1R 50RO A5 B A RE TR
RS RbLgs Ao BIan, AZRHRAE 57T DATETT 22y ) M P A T 5 A e, Atk
] DATERB ] E AR B S B E s AT B EPLas N B8 H AR
TS ANAESS, LA RS FE . & LEARMPUT RS EZE T A,
Bin, 235 k2 hlds KRGS, Hlas NS AT 2 B B DA S SR H C Y
ENLGTE, TR EALEE AR IE S AR B O R BRESEE G B ik
S IE b AT A AR H FAESF LS NIRRT, R R 2R
RS SiIE =S R

REBFRENILEF AN, ATRAM AT JUA 5 THI 8 FH L - 1) & ] AL
a0 B BT ENL . UL ABTHCE. T TR A S A e BT AL L, & T PATE
i XT B B g R BE S T I BRI E H SRS I AL A . X H
Sl DA AR — T B DERC Y T A, 02— Wi & e R o i A 2 LASR
FAMERENL. AL NS TR EREEHIE 11— X A &, — e
I ERLH S, RS [ 5E 7 I I #4722 (Simultaneous Localization
and Mapping, SLAM) (Thrun, 2002; Thrun %, 2005; Frese, 2006), 2) #iE HHL25
NAEAEIAIEAF B DA T HLas AR sl B Las Aol 7. s e/ Eplgs A,
AL AT B 30, AL AT DAGE ) s e SR AR A b 1 b ) PR A A
B FERF Y BT o X 2% shPLEs AN h— IR R R II6E . BOE U3
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Bep H FIIRE (BIANTFI] . TCREES) ORISR, PLas At ARH A h i
WEIfFEE. 3) T B, Ibls ARSI 20k B i m i i e, A
R AR AN Ih— 2%, RIS S PrTaoR, Hlds AR DARR S &
PR 5 S B AT A 2RI — 4% SRl UL A2 BEORAE M AT LAt A e A
HETF R R e, Al B EHR, ATERRS+, Hlas By H bz
T 22 il R AN AR I AT o T TR LS N0 2 D38 51 I n] PAE
RPARFALE U, MERT DI . ML AR EAETT A BRI 0L N R
A REHBAR I AR R X3 TR RS2 TR I ] Hh AR B, Blgie N7 2SR O
FEALARFIA I AEIERRAT S5 S L A PME, PR SE B @AM E R <
BETH, Plgs NTERRHE FALECL B AR E L mIEE N, DA T AR
R PREREE . RAFRBLSE

BT PA BRI, sulEhe TR sl as gAY k. T FE Y
M, WE A2 4R, WAL BT gt B IR 7 a8 Z A B SRS A B A1
FHLER AIZAT S5, n] AT SLAM SRR s02 W T A s plas A,
WA A, FEAE H AL 55 A AN SR RO R g R 2 B (Bl
PG P P TR S SR R B ) o RS AL IR AR A h i R R
EEANAS [R] D) BE 1 J5 TRDX R 14 2 4 ] P WA — o DX, X kg i el 3 ] -0 T DA SIS B
HOR2) 1 N A 4 B NS o 00 B Bl R P & VI S R
MR R . T T RBUL S5 I, 8RAT 55 Iy KR s BA AR 4RSS
TAERYHIIE TR A AR PRS2 P T DARSA K2 SLAM BA S N MERI Pk i
—, PR EERSE AR A R SRR R (BN, e e B A et
MR RSERT ) o A R M PR DU PR 2 IE % 5T Bt i e, R AL as
MNAESERAL S5 A BRI AR SO 3 Sz i B DR RC e g, S
B AR SOV E i HE A BT PR A R b PR L D7 9K

AT O, B A T AR 22 RS s LA A A R AT e SR o Bt
R 1T AT T P U A ) ] SR Pl D Pt i LA S o 2 ) 75 S

22 BE5HiE

AREERNEE . AEEERSE LB 2 i R g A TR, BN )RS
BYEN A, AL Y Area Graph 23T Schwertfeger 45 (2015) 11
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Topology Graph 4= (1), HM, FEATENEE SAE— € i+ 41 Topology Graph [
RGN DABERE B PR Area Graph (94 3RA

AR RN 4 Db 1 ) AL 5 S BRI IR T SR LT 55A 4 (Computa-
tional Geometry Algorithms Library, CGAL)(The CGAL Project, 2022), CGAL f&—
AEET C++ IEF IR, ERMEE 0L ERAMGEE S,
A IURIAEA# Voronoi [ (Voronoi Diagram, WFRZEIESE) & P44, B CGAL [7)
Voronoi_diagram_2 % (Karavelas, 2022), [ J5AS PR H 4 ML BT A 6E
R IR SR 2 AT CGAL AL iy 4E v IR B E5 i . I, AR K
% CGAL HyJ LA MRS, 3 TRt —— 4.

22,1 EMEERTE

AESCH A3 I Fedg graph, 2B RIS, AERTER
(image) E(HIIE (map). FENZAHHFMLIEZ JT g SE0T e i — S B BIT R . HAAH
Sk RPRE ) MRS AT TR R A 4

FIR EEATTRAHAE CGAL Byl L)ook :

* B (Graph): —fBCkUL, BRI (vertex) A V RITERE TR (edge)
WA E Aill. B GHPAERRN G = (V.E), HFFV = {v,v,..., v} E =
{en, ez, ..., en}, BIV TS v WS, E 2l e S WERE PILHA E
Ty, WRZE A K, QR E iR R A i, Wz EZ TCm A . Tom
R DAEAE BT A SR L AT 1) ] o A8 SO B M 2 T ) 1, (B2
TR AR SC L R B, T R A2 i 2507 Tl R B A T s
ARG A T AERHE A SR B Voronoi Diagram SRAGEIAFNEEH , X EIHIZ5HY
SEPL R BT H AR S5 AL A e

* 7% (Vertex/Node): FSSHIHIAY AL, AL R v 2R, fEFHFMBEA, Ti
MRS Z B ETE SRR, BIAVERER S T, FHRL, R s 5

- & (Degree): 55— i v MIZERL B BEFON IR TURIE , 1E1F deg(v).
XEFA T BRI, — TR EE AT DA M A BRI, AR RIS 1712 TR A 211

o, RN, HERIPAZTH SO R . — IR, R ES
NJEZ A

* i (Edge): WA () ZARYERE, Bl e = (viv;). EHER
AR AR AR, RIS AR AL B 5 2 18] 2 n] A 2R o
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— ¥ i) (Half Edge): #£— /%% 111513 (Doubly Connected Edge List,
DCEL) a4t (Muller 55, 1978) v, 2@ AR Z BIEA a1, H b3
e B k edge (JGIIL) HPHEAR SO B 4. ZEAB 3,
A4 (edge) #RATHRR N -

eij = (viov;) = {hij hji}, (2.1)

Forpr, 2R3 by R vi BITHUS vy IR T30, JRTIT, ARSI, 78T R
Refmesct, FROES] b7 BIHEAS RS, AL

- FA XA (Twin): JrAHHE A S5HEREXRIEL, %284 2Eh
5H¢§WWSME\ﬁmm&ow — 4RI LT AR LRI AR AR I

, TR P28 f R AR AR 2R A

- B4 (Ray): ST —FPRRIRIT, BOUERE A8, 25—
5. Btz s, BEACE—A T, B S —4kil. B CGAL Az piiy Ji
AR E R RS SRR, SIS e E AT ST B, L Y)
F. H—im TSRS, XS AR TR A, BT RATRZ M
FIORTR B, X L R m S iR

* & (Face): FEJLfIH, face B— LA, 7ERTBUEB NG FRAE
YA s El e, — TR B 22 2k e BN Ty ) FRLARC A X3, 230 SC B A T A2
HHAM . BRiZED IS5 E A 2D XK. R 2R 20 PSS — M X
VR R BRI . FE Voronoi [ Hr, &AM (Voronoi BEIT) A UFAL S — s
(site)o LEIXAASPUEI N v, 33X A B Y. T A% 1 ] v ) R A4 BT

s FTH: EWTEREZENTE, FEROTSESIZETSEN TE, B
ERGliEuE SEavALliEuE S

2.2.2 #i£ B (Voronoi Diagram)

I S HEE R (Generalized Voronoi Diagram, GVD), kR 4EiE4M# (Voronoi
decomposition) BY 2k F1] 7 55 i #x (Dirichlet tessellation) (Aurenhammer %%, 2000,
2013), @—MrEI=S BB URIEEH , 7z 1 T V2 T 9 (Pehlivanoglu, 2012;
Lebedeva 4%, 2018; Wan 4%, 2019) . 7 —4EMHg & 1yl AL FROR (B ) H, BEAG
P RO ER L, DA LE R B A (site), FATATDAZE i v (Voronoi
Diagram, /54L& 54 VD, B Voronoi &), Ak &I f TR (4E# ) AL (480
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W) AU, RS RS A L AR BT (cell) o A 4E TR B BT
Wt AL A — AN, AR A S R TR B A T0 o X T — 2 4TI i &
PR R 408 DX 3 A A 15 R O s, R A 45 3k A 32k 2 T R A
S5, YEve RS HW B =AY R A R R B AR SR . B, 5L R CHAY Voronoi
BTN AR — R S A S BE BR KT 5 o Ho S B Rg. E2BR T
— ARG R R BORLIE, Herp i) SRR 5 i — MR RS B
TX 8 R Y AR B 2 P AL ) R By BN H TR A . FEA TR
R A, b P v R 15 3R AR R B T O, AR SCREER 2D
AR LI b A o5 T PR (PR ) VR v I i B R A 4T ] o AR DR
(10 A P AR e (T S LRI S B2 CGAL, 445 7€ 1 — ZE R A& b P DA J3 174
T AE R A A o

£ Reem (2011) H, Reem FRi+ T 4Ei# AL AR & M. Reem &, 24 A
(5L AL A A BN AR AL, A P ) BT ™ AR U NI AZ A o 3300 T LT R
At BAREIE), BAPLEE NS 2 R S ms A AR . e B
P B 422 2E L A RS ] L4 T R B T, B A AR 7 4 b ] AR T B A R
R, PR Ry A 2 [ A B M B, AR A S A A A 0 R £ S B A
(HeInBS A AN W] 2R B i ) VP 2 it s 4L, AR IR 4R TRl T 43 X
BE AN S bR ), X L6 48R T H T AR . FEAR SRS AE T,
RER P T A Al R 2 Vs T R A B AR R AT T4 S ) SR F N 258

F T R E LG, F6A718 ] CGAL ) Voronoi_diagram_2 2 (Karavelas,
2022). A THHIZEEA, FRATREMASHE I <5 H” 0Tk LS TE
KA, TERE, X4 2D fEME R 2 CGAL [ Voronoi_diagram_2
Ert A VI AR AER K2 )5, Voronoi_diagram_2 ZEEEAEXT Voronoi 1T
s AKX SR  F BRIC (FE CGAL e cell BRTAZ BAEAi#A face )
FHEATC L 5 site B9, f CGAL M 2D i J& 62 4518 VD K Hdnss
PR FRATIE R R TN R SR, DABEE B R R

VD = (VVP EVP, F¥P), (2.2)
Horr, ZEiR iAo #R W 452F 10 h (halfedge) A1, JHH R A 4 i T
v [ R AR

VP vIPYy = {n/P,hYP} € Eyp. (2.3)
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B EE AT $0 DR S R TN P T AR LI A b P DR

Site

P -4

Edge )4 _( -
Face e . : .
Vertex B

i

L NN\ T

Pel 2.1 —A pa AR bt el 24 1 24 5 Pel g — 850 DXSSUARTIBOR G W o G/ 2 el D D St
(Bt W SAOTRS ) Ay, JFREEIRUIE—/DEIXIR (SrfaityhIide) SETiOk . Kb
e ¥ HER PR R . AEik PR RN 2 Pl DX (face) 7R fil. FESR IR YT Z [l
2 BIHLEGPIRL, BERTOL B AR YER L 2 e il i

Figure 2.1 The details of a part of a Voronoi Diagram, which is generated from a 2D grid map.

The Voronoi Diagram is generated from the sites of the grid map (occupied cells), a patch
of which is zoomed in from the small green square. It points out examples of a Voronoi
Diagram vertex, a Voronoi Diagram edge and a Voronoi Diagram face. Voronoi edges
are created even between neighboring occupied cells, which means the edges go through

the walls in this situation.
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TE CGAL A iy tim i, B2k 2B R — face. face iy JLZ% halfedge
B, PR face RI—AN/NXIE, 4B face #RETESRE A Fvp T
g face 5 —A> site (FIAF P b7 FIERLTCAR (BARD) ) AHICHK. X 2L face
RHE IR S T 0 2 T Fh b PRI ) D

2.2.3 Topology Graph

Topology Graph J& 1 Schwertfeger < (2015) £ Hi i) —Fh —ZE s FhbIE . HTH
PR S (B P, R B B (R (RTEAHE]R ) B AR, B 1af
R —A Topology Graph 477, ] Ii, Topology Graph g1k T — 4k Hb ]

B ﬁﬁ@%&%m%Gmm%fﬁmmmem%@Wﬁ%L%ﬁ~%
SIBEAEAE IS o 53X —/ TR/ 4 Topology Graph (/4 iSAR3E X H I 451438
TR .

HoE, FAIEHE Schwertfeger 4% (2015) 124 Topology Graph & X JITE
F 222 —MEE S IR Ry 4Eia I, Kb RoRpyix R, w] A SO0 IR
KA DA ) B

o R KTR & (Dead End Vertex): Topology Graph F1 K 1 (AT &, BfHA—
SN EZAHE . KRR A E R Lk

* Ril (Dead End Edge): 5K SR IA

* Spurious Edge: 5/RITURAIZERNL, H HIGHKE/NTH—BE. X
LeHTE RS E R 2 BT, DAKGTR] Topology Graph.

* X (Major Edge): A2 Spurious Edge {301 W iy 3231

o L& (Junction): 5 /D=2 FIAAHIER T

FHZER EDEEART 2 T, B, 1E4 junction B dead end vertex #9747 i, iX
R I A 2R A4 Topology Graph f75 A
* Spurious Vertex: 5iZ 0 fmFHIEN 2 /0—245351°8 Spurious Edge, ¥¥E Spu-
rious Edge # 18 0¥ J5 i USR-S EAHIE, XK Lk, ok
Ji A Topology Graph HJ4¥ 5«
H1 2D A% A SR IR A VD i, A site FRSEAETRID IR, R —1 4k
WHIT. B, XFTHEESEm P site, BRI MRz g (S 0E
2.1), WS ansE N A R EE I R G . I, FRATEA B R S 5 o
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Junction X =

Pel 2.2 W55 — k4t v . b 1IR3 81— Wil Topology Graph, LPIPidfil%
JOGL (Rilife) WM. Mg (Tekkn) EARmJcysmny, Wbk baldiz
WL, BNk .

Figure 2.2 A Voronoi Diagram that is only pruned once. There are still a lot of dead-end edges
(light blue) to be deleted. Rays (light green) are unbounded, so no polygon can be created

from it, they will be removed, too.

(R B /NT BUER T 1, BT Voronoi BIHFFTHIAL. X 4Ei# K& it — R 5115y
BOMIEERE, fx A BH) Topology Graph G* = (VT ET), HJ1 i MM A 2= fL AL il
BT RS X — RPN RGBSR 2%, T O e g, X Bk
H1 — ZEA% 1 A= 7 Topology Graph [ —FR 5B (k) 5113 2.1 .

IOk, ASSUEE RHK BE TR TR S S5 DU PRI N 2845 N 3R (E2
TEMZ F, FATE SN R ZA P ER #2295 & 317 Alpha Shape.

2.2.3.1 Alpha Shape (a-shape)

Alape shape (a-shape) J2—A~Z 1T, M AR A SE TR a-shape 7875
W 2 BRI A AT SR I, A S A 5 BT A
a-shape P BT SHCEREEAOIFIZS I (AR ZE ) . J 2.3 R T
H A KM 37 alpha shape [ R : 302 SO T 2D WS FEIF 1T A
SE. B PHEE R o = r2, FEEIEUAE GBI A, TTDAGE ST AL
By r (I, (S5 BAN H  % A—ARf Ar e f EOAE AT S L A, KT

28



2w HESHTME

S (35) o
MR (Rewove ovruiers) | KR AL T

)+ (ALPHASHAPEREMOVAL) W2 — 4 & P xR A,
£1]#3 Voronoi & (cCREATEVORIGRAPH) | HAHFRS H &) A= 415 1K

FSH /L (REMOVEDEADENDS) W2 K S T .
Edge Skipping (EDGESKIPPING) k1 Spurious Vertex 2 i, Topology il .

Remove Outside (REMOVEOUTSIDE) M) I 2 P A 3 P s SR A 3 4
PR KBl (xkeepBicGesTGroup) | ANAR B i A BE LRI R K Iy 38 1A
EBRHT4E (REMOVERAYS) M2 B R Fg I e g (B4R .

4% 2.1 i1 T Topology Graph A2 iy s b Holfiak . — 26 pRB1ESI I 1P AT I
Table 2.1 Functions for Topology Graph generation and their descriptions. Some functions

also appear in Algorithm 1.

AR BN — 25 2R BN RIRF G # alpha shape Y%k, I A R ER B BT
A RX, RN E R AR TE ) 2 0 JE E) &2 alpha shape. BRI, JERL
alpha shape F XI5 2 1A =05 Y, R, alpha shape f4GI AT DA 4G 00 £3
NPT AS ] R SNA T PRI s a] b i R (FEHbL R il 7 2
Z1) . MH, S5 o SRR, WRIEERERBOC, ] alpha shape £
S A I 25 ) P e/ TR RROK

TEA SO SE 3, FeATEH CGAL 1) Alpha_shape_2 2& (Da, 2022) K17
alpha shape fFG, FEASEIAH alpha shape #ISIA T2 &bk . Hupd il
SR L R A S5 = Fh I E .

2232 ERHMERRESSHRY

1L B3 K (Over-Segmentation) g i1 141 73—~ H WL IR, Jd % o K HL At
e T B . 7E He 25 (2019) H, AT R T Chen 55 (2020) HHMZEAIHLAS
N TR BB TAFE . %5 IR 2R WA 2 BRI O B R e T4
AL AE = AE A P b T P B RAEBOR K BR BREE th RWr i 316, TR e
. e S PR A LI . A DR K iR T 2R M T B A AL B E AR5 H
THEMPE LA, s E R B AU A R EFRY) . RGO, R R
B PEAT—LE AL PR, G5 25 it P i R = A B L, A L Y
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Pel 2.3 Alpha Shape i i H TR 5L Z BIIFR %5 0] . a-shape [R/DII TS5 o, BREH
BT I 4, AP it 1 s R B (2 1 AMIRBIBE A Y9243 ] ). Alpha shape
VY 05t koo 1 280 e ok 0y s NV R BEXE+% . A P M4 HA IRy o-shape, A a-shape i
AR, N a-shape W el fh.

Figure 2.3 Alpha shape is usually used to detect open space between points. The alpha shape
size depends on the parameter «, which is the squared radius of disks (outside ones
omitted to save space). An alpha shape is created by connecting the disk-reached points
with line segments. The output on the right shows the outer a-shape in blue and the inner

a-shapes as red.

KELEIY) .

T kD Rl S RS, FRATTE ] CGAL 1) REMOVE_ouTLIERS PR AN (Alliez
4, 2022) M A EG )2 2 Bt ] B 0 /N, IR B IR A 1
BRI S S LR TR S RO S 0 BRI, R
GER BRI R o TP T4 5 e 908 F 14 5 e A i SRR (AR 1) 2 AR A Ry A 4T 1
{H, PASHE @ MR G BB A A e MM e — R, A A
Bot b, ARG T RE M o MR P I &S Rl T BRI AR R D, kst
S5 HGE AR BE BE S RS R K . [ 2.4 JER T R IR SR
0 o A i e B 2

BT, AT E R 2t (BIanF B4 T AR, AT
a-shapes Edelsbrunner 45 (1983) SR MU I, JH T4 i alpha shape [ 2400
N @ropor, X NSEHHLE N GEREDE - (T EEHLES A S8 RE Y — 2R 0 S8 R
E4 alpha [F &2, RIMLEE AT 25 (B #R b f0 5 7E alpha shape PN, #{2
FAEMSEC AN Y alpha shape PII/NRURE (BN T SEBIE M i) 4k
IWHRTTALRINZY, HIRETE R EL ArpnaSuapeREmMovAL HHECH, %R
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HIAERIR 1 18] 2.4c /R 1] alpha shape ZERZH) 5 AU HLIA

2.2.3.3 {&F] Alpha Shape &l Ein 7

b T D5 ) 4 e e e 38 e el 2 AN TC S5 S Al , R b 75 4 30 e el Py i R DA
M ERANTR 2R , RIS 2 Sb R e 1A it TR CGAL 1Y) alpha shape
R 5 (Da, 2022) S B AR A (SCILF PR %L PERFORMALPHASHAPE) .
WA AR LR R Y, B alpha shape S832000 3 P F) 120 SR AGHI AN T o] 25 1)
(E1a]) A2 AE R — R h A7 . MR AG I alpha shape [ S48 a., W ETEIG
ST R, FENZSEEARBRI S R T aE, B RS RS %
ZHJUf alpha [R5 B AR/ T EAIN 0 AR FE R, [RIRER T I HaEE  GEN
) BYTERE, XRERT AR RS TN B B R W 2590 alpha B4, BT 4S5
alpha shape , [7] it SUAN 2 (AN [R] ) DSR40, D224 (B 6% W DAL 2ok DX Il ) 26 3
b, BEAS RIS AT A — A XK. FEMCIRE R, BT Hi R P A I I8 DX T
PAG I E] alpha shape 2 4h, HIEIRYSMES (REAE TCo5E) ok ills —4EK
) alpha shape, it alpha shape W] AVE LI 1) 5 . 18] 2.4d g7 T fdi ] alpha
shape A5l 2] fry 1 Pl 1 7
R EI AR 2 5, 75 B R 52 S8 Voronoi THAS A .. 1
FeMMBR AN Voronoi ki, Bl M BRI X 26 s i & i3 (i), Ul
HBTREER AR 430 (A0 BRI, — 4 To il — X AUl i 22 A 2R 2 )
TEFERH I TN VD Tied, 584 M BRix 4530, RV Bse w0 i) i) 22 A=
3N IR N VD A, B AN VD A, T A
O VD it &2, CRE AR VD R, Beiy, TR T —Ff
FROR I EEH) 4 4% (ray) (Bronnimann 45, 2022). CGAL Y5514 )2 I —1
s, FRIITCIT A i I R MR R R TR AT AR ), SR AT
Fbil, PR A I, BAGERE . TEIGSER R, Xt
SYER B WO, (ELHG I B TR B S A T ot A ) 2 20 T I A

22.3.4 WEREFH{ER Dead End Edge

Wt e, RF(EH BRI %L REmovEDEADENDS M55 1 AT P ) B /T 8 B E
KEPAT Y dead end edge (JZ32), Bl BRI BR300 2 S5 R G /K T
AR S AR FE LTS . 2R MRS RS EE PUTZ R (— )
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(c) (d)

Pl 2.4 2D B HE I IG TALER . (a) AC &5 220 b B D5 A — A bR bl (A anIX g, (15 5%)
BEEI) . (b) &5 CGAL [¥) REMOVE_ouTLIERs PRELIET T 2 ZBRIGHLIE . (o) &8
WA HF Ptk . (d) fE)1] alpha shape KTEIERMMBPL Y (laherf).

Figure 2.4 Preprocessing for a 2D map. (a)Map before noise removal (the unknow region (back-
ground) is set to white). (b) Map after noise removal with the CGAL REMOVE_OUTLIERS
function. (c) Map after furniture removal. (d) Map boundary (shown in red) detected by

alpha shape detection.

2 2-3 1K) . UM A BE AR R K BIE: -k aioE— R R
KIFEE, PN MR T 4 1) ] rh B s, BTl AR 2 A
HIEZE, XSSOSR N HEXAKR. B 2.2 BR T4 —IR1E5 11 Voronoi & .
[[0E7 e ¢ ] e SEEORIIP=IRS =il 5= g2 M mi Dy SR v NI VLSS BN S LRI
KEEITHIAEVE TV, (22 1Y Topology Graph S By« Xt T4 4 MKk dead end
edge, #PffERi—IR Edge Skipping i FE AT, HAMPIRAE N — T =T
411

“Ho

2.2.3.5 BkiEdE Junction BT &

TEX AT A R, — 2 RSL TS RS I, Hah gl 2, s
O AR S A2 W (Junction) (TS R E T S EEEN &8 (Ril) M
MAFE NS, B, TSR R 3 48k 2 s/, A Spurious Vertex.
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Topology Graph i3 Edge Skipping i3V A% 84 junction 1 dead end WiFhTH &, H
JE3E - R 21 B AT THUR (Spurious Vertex) #R#ik#kid, 5 Spurious Vertex
R PSP EH N —5F. Bhd— AT %,Vmﬁﬁﬂmmmem$
AHAERN—A R, LS Topology A —#B7r. R, 2t e kit
VD T0 g A R Hla) s (waypoint) 53X 48 VD T AHIERY VD iR
Jit Topology Graph Hrffjii. "F3CHr, Topology Graph H il 54 #5 4 Topology
M, iCfE e’ Topology i e = (v/,v]) € ET Wity 1y i vl B4R A
(&ﬁﬂd>%,%Z%E%E%N@MV)=DO
Topology Graph ] edge skipping s 72 il ARl Ay

eiT' = {el‘ﬁ) el‘c/f]zQ VDJ}
= (vVD v,‘;D VZQD,. v,‘;f vVD)
= {h], hj;},
A¢{WD%R. VY Sk BB TR, EATIAN P2 Topology 211 i A,

U Haw 2 1 1
223.6 MBRHLARBRATFE

| G N s Bral ) NEO e % i ) e S ST D g = N D S R T = L B
GF YL, IX LU A I 2 i e i S T R A IS TR B o X — 2D R o e
AEPIHE, BRI S R i 1 0. (FE K%L REMOVERAYs H15L
).

H1 A T B 3k DX ) P e R T b A R Y, R 2 R B K
Eﬁ%ﬁ%LL@W%PmmwGmﬁfﬁ%%%ﬁﬁ%%mﬁLLgmﬁﬁm
I (X — 52T B %L keepBiGGESTGROUP ) |

2 i, Topology Graph [ B UEZ57E3 2.1 he & 1.1 125 IR I /s T 2D
AP 121 2F B e 2% Topology Graph, HURP i (8, HAh i 6 . T
MALH junction TH s SISk TH Al

23 EKENG

REEFEPNPERY o DT E GBI RN . MR R,
WP T DAZY ) — i . =4, ML TP e Ay 2.5 il (RfeiiE ) ;
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MFRT5 20k, MRS IE AR A . S BPIREL LR
o B ATEELNG TEBEAMESTIICR, BS 4 1 45 & Topology
Graph [WEFAAMAEEAR . XL TRAE, A BT 7 hFMEI B A LS
Fhy, R B S BRAE N — AR ) DR P ) 25 A AT R R
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% 3% AreaGraph: M\ Z 4t EIRREY IR
3.0 BRBESRTENE

R L LI R3], XIS (Area Graph) {94 AL R A2
— DY PRSI, BRI R — RN R A, BT, AT
H—DTCE GA = (VA EA),

DRk P ik 1 ) 1t ) 7 1 2 i 1 AE Topology Graph fyBEAl B A INAN & H 214
R JEMIRET, " LA 112 M Topology Graph IRl ¥ 22 1 HYAE (R AA B o 110
Topology Graph T2 5 J5 ) Voronoi Diagram (VD). STy M id 4E v &Y
ZHRIFIFFSIT UG BESS . 5714 Topology Graph (Schwertfeger 45 (2015)) G =
(VI,ET) BIFF5 LA S T fe: Topology Graph 4~ EMMZLIE. 20 H
Topology Graph 725 {5 ks ot 8 3 it 9 ] (Temporary Graph %, Middle Graph)
GM = (VM EM, PM), HTUSSEMBELE RS G GT iMF, BE7EXEE
FEPBCERT . B, W E RN EA G2 IIE, 3R R
B, X I E R RIS RR N areas, EATTRES A IR & P TR S . S, TR
BEL B, RN E IR RS

3.1.1 Voronoi Diagram

CGAL HYZEVR FISRIRNTF 2D A% i B v B B A o T BR T A DRy v P o
site (FEFETT2.2. 20 FRATE N4 site SRR UG S AKX R) R4 e
#il&l (Voronoi Diagram) VD. [&] 2.1 7R 1 AV & B A R 485 | . 4
AT, AEvEIE ] AR

VD = (VVP EVP, F¥P), (3.1

/\I:P7

ey = (v " v?) = {h” hjP} € Evp. (3.2)

HF4E— M T CGAL ZEA7 RISSMRRIASE I, AU BT A B BT g

1 (edge) #RHI—XAH B 7 T Y284 2114 (half edge) 480 PG, XA E (145
VD, GM, G*) WIFTA ILEREA AN 45K -

€;j = (Vi, Vj) = {hij» hji}a (33)
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Pel 3.1 Aom il Bt @i e MR J5 1l Voronoi 223l #4~ Voronoi V-l #ls eIk
—A~ face, M {UALE A site. £ioRREB: SRIBURHEHI R 10 5 site SEHZLLBIH
2. X2 WIBAK A28, BENAEHXTR Topology Graph i |-. 1%
VB )RR (4571 face Y2648 ) JEAEBI%H: Topology Graph i1 e ¥) EDGESKIPPING 21
BRI SE ki . B 2 IAIEAE creaTEPOLY BRI SEIR .

Figure 3.1 Left schematic: The green and purple short arrows are the Voronoi halfedges in
opposite directions. Each Voronoi halfedge has a face, which contains exactly one site
inside. Right schematic: Connect halfedges with sites in clockwise order to create half-
polygons. A pair of half-polygons make up a polygon, attaching on its corresponding
Topology Graph edge. This is done during the EDGESKIPPING step that creates the

Topology edge ¢”. The polygon created is done in the CREATEPOLY step.

Horpr, 2Bih by 2 CGAL WEHRESMRE, RMIUA vi BT vy B9 )34
M, AEFEN, EREISSCh, Rif 7 RIMARANEE, (Fh—
)31 .

TEAEVE B A T, B0 E — face . VD W Ir A face HRERAFAE face 48
Fyp 1o HA> face & — site ([MAgHLEITh ) SR BT (W) FHCHE. K 3.1
Y R T —4 VD face, WAGFHBCEZ L. —A face fiH AR VD
HE, N E—A site.

3.1.2 Topology Graph

M 2D Pk E A i A VDGR Z i, AR SEI I BERT  Z [A) 2R 1Y
B (S 2.1) R FEEENA BRI ZED . Hi, MRS E A 4EE R
JG, BRI R A TR AL, £ Topology Graph GT = (V, ET). SyALd#EFR
°A Dead End Removal , F-{}:Fi edge skipping. Dead End Removal M & 7 |55 5 %
b BT BR B N T BIE G . TEIRZ G, —28 VD SR E T ERN—&R
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NI AR Y. % X H (junction) Bl — 4~ HEA WA DA E B R TS, .
edge skipping i R i R FERE WS 2 8] 1930 8 2 132 B —> Topology Graph [1)
e

Z1f edge skipping BRI 4LFE, Topology Graph )il ef, = (v, vI) € ET H
— BRIV ADN, T HEVE T S8 Topology Graph i Ffi il i) JE & B A i) i 4
i, Topology Graph 1] PAFHIAR

G" = (VI E"), (3.4)
HW RN
VI = {v e VVP|deg(v) = 1V deg(v) > 2}, (3.5)

Horp, TSR REEL deg(v) FoR ) T S %%, T Topology Graph i1 1 #) 2
CIET)]

eiT- €E"

VD VD .VD VD VD
= (v Vi s Vig s Vi VS )

={eyl, el ell} (3.6)
_ {hT hT}

1j° "1

= (v], v]T)

ot (PP, LYY R A BT, 1% Topology Graph #1193
Zo. BATRRI o .

3.1.3  ImhtE

DXk P 1) DX 3 PRI EY Topology Graph i1 B Z BB ik, E X
FHin T 234 JE 1 Topology Graph A5 (& piset B G = (VM EM, PM), FDAf#RE
R T A% Area Graph [ DI A AN -6 2 TR ) AL BRI AR

1€ cutEpces IR B (A15¥% 1 Fiow), FH Topology Graph #1J4f kIl bif ]
TS A, B

vM =y EM = ET, (3.7)

B )5, 2l face A2 HIEREAE, BT EPE&D M BiIA—AN20E
pM e P, Wk EVL, K G 2A MInZ (s B ) Topology Graph ZZ{A
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Q@2 (%4 Voronoi face) J25:T edge skipping 5k K i
MK X TR A, SRS WY 1582 face HY site FIXIE site Rty

ij?

REZINIE hpoly(h) ). ZLFEMIE 3.1 Fin. —XZEERZ0IE {hpoly(h]]),

hpoly(hjl )} WEMIE— 2N, KHf—2% Topology Graph ifl e} , FiRH
pij = {hpoly(hj), hpoly(hj;)}
3.8)
= poly(el]) e P.
I, IGIE GM 5 R T AR R
GM = (VM EM pM), (3.9)
N I:!:‘
VM ={v e VP | deg(v) =1 V deg(v) > 2},
EM ={e;; = eji = (visv)) = (hij, hyi) | visv; € VMY, (3.10)

PY —{p;; = poly(e;;) = (hpoly(hi;), hpoly(h;;))}.

3.1.4 Area Graph

TEE I face IR )G, I G H IR & Z EROE SO R, (area),
PADCICA A mORAE UK G4, Fom

G* = (VA E#), (3.11)

HAp KRR TU vA e VA ZERAIEI i — X, HACReEERF

e € EA USRI [ H:, ALY BE R R AL IH 14 R E > DXt 1)
HUPAREIuR,
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B 1 DI R Y A
357% 1 Generate the Area Graph
Require: 2D Grid Map map; parameters noise_percent, @ opors ¥m

Ensure: Area Graph G* = (V4, E4)
I: map < REMOVE_OUTLIERS(map, noise_percent)
2: map <— ALPHASHAPEREMOVAL(map, @,opor)
3: VD < crREATEVORIGRAPH(map)
4: GM « createPoLY(VD)
5: ASpiggest> alphaShapes < PERFORMALPHASHAPE(map, a,)
6: GM «— REMOVEOUTSIDE(G™, ASpiggest)
7. repeat_count = 3
8: for i = 1torepeat_count do
9; GM « REMOVEDEADENDS(GM)
10: GM « MErRGEPoLYS(GM)
11: end for
12: GM « xEeePB1GGESTGROUP(GM)
13: GM «— rREMOVERAYS(GM)
14: GM « cutEpces(GY, alphaShapes, ASpiggest)

15: G* < MERGEAREAS(GM, alphaShapes)

3.2 Area Graph B ¢IEiT 12

Area Graph [{A1 7 23T Topology Graph (Schwertfeger 2, 2015) (1] & 4514
KJEMIRAY, HIAEF AT 2/, Wi P 12.2.3k H B e g, A2
T s R ) T PP IR (AR R AR AU MR LR AR AL
W), Ffa2aikid 7 4 Topology Graph i3l K HAB B L IR .

AT, VEFRF AN A Ry DI e A s 3500 o o R T A R A
HT: 1) WP AEREZRIY . R IR E T A4 Topology Graph [WHAEIAT
&2, FEA 8 Topology Graph FIES [R5 A2 2 T, X 2 T8 Bl i A2 Ak i3t
IR IR, AR ORI & UM R A & S B a5 £ 2% 5 2) (1] Alpha
Shape 45 I FFif X3 (J51H)) 5[] — Alpha Shape T2 HTE&IAE—EHN
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Figure 3.2 The generation pipeline of the Topology Graph (a) and the Area Graph (b). Com-
paring the generation steps of the two graphs, the blue boxes in figure (b) are the improved

steps of the Area Graph generation algorithm compared to the Topology Graph genera-

tion algorithm, and the blue fonts are completely new steps.

— AN, X —FB4342 Topology Graph #4 @ B FIE A 1), Bk KIS E ZARF &
TESC (FRERIERR) W I AE R a5, DR TR A b T 431 DA B ) =
E R A B IXIE . E3.2J#75 T Area Graph AE iU SFVA XS [ Topology Graph £ i
RS TR e, AR R T T RIB B S B R, WA R BT S
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BRI R ) — A I . T & 1) G R — A2 iJE . A Area Graph
SRR IR IR, -3 15128 T 3E T B R 4

32.1 E£ZiHE

X L3 209 i RE T AT H, Area Graph HUM I AL AL IR . kv & AR AT S
6] 40 2 b5 %4157 Topology Graph 617 72 6 T ) — B, 1 LA o 1l e (9 T AL
HL G AR IR beag Ja AR i DXk A Y %0 A2 3R, FH%ST Topology Graph
BT BRI . XTSRS 1 5 A3 AT PAF H, Area Graph HH A £
IERIE (%), 24T Topology Graph By i1 s A SN, 223N T
X2 WG RN 1) (G2 e (G228 ) 1%L creaTEPOLY
QT Topology Graph B R LA (4 ) KPR EDGESKIPPING, Area
Graph WG Z IBAE R — G 2) AEMIBRES RS T S B 5 A
MERZDIE, X 20 58w G R TR, XA AL TR
PR DA 23 TR i O o gt bl , ARSI IE T Topology Graph F3k 4T
ARV SK UG BR 22 B, B T 2 BRI B . 3Tk, AR 6]
PHAS/INTT PRI IR AR A A Area Graph DXk S9A H X S22 3K

3.2.1.1 BBk (Edge Skipping) 5 &R AR

e, SR A I A U SR AR 4R 1R VD TG E GM R
WIta Ak, I HMNER -5 R e B e ) 4 vl . BT TP 2 TR R AT
, JCHAE junction Wk, 1 Topology Graph AL siiid R rp, SAyaE i Bkid

X4 junction T AT . FRFTEERILAE A1 >R 4 A Topology Graph /il . M ATHE
AR GM B BRI MM Z R R A, BRI, FRAT AR R E A
A IR A T L SRR 2 R R A, X — R R AE SR 4L creEATEPOLY H1SE
W, RUHET edge skipping Fk. Hrr edge skipping B PR TERE 2.2 3371
HEANRRE, M E N4 HAE createPoy FRIERHEDT T . HE, AR
PAFE junction FY4EE TSR N FFIEBEX S TSRS (4EiEL) B
%, RAM GY Wi, X—25 edge skipping HREFRMIE, WA K36, B
Wz 8, BEISMR P B B4 X R ) VD face, PAAINZIAIE pi; € PM [
% Topology Graph i1 |, ZAFLFRAE 3.1 IR TR B K], DAy s B
fift: BEHET BT R VD 2 CRmR/NER) BRi%E, FRRER junction
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f1]# Voronoi [&] (cREATEVORIGRAPH) | H " Z4EAIHAE HL K A i 4 & .

dge skippi ; Topol
A @ Z 1Y (crREATEPOLY) ERIA edge skipping “E /i Topology

AR R EHEE 2T
%2 %%@%ﬁﬁj\ (REMOVEQUTSIDE) %J%éﬁi%lgﬁi&@iﬂﬁ»ﬁl\ E‘J%ﬁﬁ’ .
K48 T (i %) Dead End E
Dead End Removal (REMOVEDEADENDS) 2% 1 2R T BT Dead End Edge
I HRSK T A5

145 Dead End Edge Ji5 ¥ H:
R Z RS REZ DB A
MBI A% i A G @ shape DARG

E 92311 (MERGEPOLYS)

¥ a Shape (PERFORMALPHASHAPE)

T 1] DX 3
el ‘jJE‘\ =] fate

(R T (xeerBiooesTGROUP) R E IR (B KERK) WEE

e
L BrHI4k (REMOVERAYS) 2 B R e g i (B4 .
1] (cuTEDGES) 1) 5B DX I ) 3

K5 [F]— a sh NP Z DG
23 K1, (MERGEAREAS) Ff[A]— a shape XIEk N 1 Z L G5

A3

#& 3.1 JIT A DX Pl ) i B B LA AR, eR BRI I e T 50385 10

Table 3.1 Functions for Area Graph generation, used in Algorithm 1, and their descriptions.

U SRR YY) face FHHY site M EHI7 AT, FAFXLE VD il
KIRAY site F MBI 7 EHEE R (B site AR IUT 5 H SCHRM 4BV S () 7%
FWUF RIS, G —A site 55 #BAY junction A%, RIAT6#—4>
FEINTRr ) GM AR NI . FIRR R AFA

_ vD VD VD vD VD VD VD VD VD VD
hpoly(hi;) = (vi "\ v, s vig s - Vi > V7> Sk Shomsom® Skom-akm1 * ** Skrko? Sitey )
_ vD VD VD vD VD
= (hijy ;7 SE Sk e Sk 587 )
(3.12)

v, syR | FoRGERAR WD ORI face T site.

kxkx+1

42



%6 3% Area Graph: M ML R BT RN RN

L4 L4
Y a° noGt
a
‘@
- -
= S v ) S
g ”””””% \ G—— " Mergepolygontoits & [ 4 <
= =
g i © nextneighbor next half-polygon ~ Z ’— .
g ! v, S ~ nextneighbor
o T b o
= & = \"
D Qg P
3 INCHHHHHEH =3 \
< & < )
<] NS S y
3 N < 1 |
] ¥ E
V, :§°
S .8 N »
AR &
Sa o
Polygon for dead-end < - -~
olygon for dead-en ]
Ve Next neighbor's half-polygon
(@
G
L4
Vi .’ R
e, “ay &
Iy S
2
3 v, v, = 9 v
o i n . I /
‘% —— Merge polygon to its % C—— v,
9 last half-polygon ‘ﬁ’
s 3
= Iy \ §
T $ | &
3 $ ] £
< & I~
Q l < {.g &
S N 570 > 7 4
& ek §
S o o
N s Y
7 '@% 6'3/1? $o
= r N p"/yg L BN
& % 8
Polygon for dead-end <

(b)

3.3 BRI T ROL ) 2 30E A IF BHERERE 2 0B PRS0 (X LR eq; RIMIER
PL B MAIEEA MBI ZLIE) . Hb, Z0014U4#K Dead End Vertex, '35 Dead End
Vertex AHZERLPURE R, %10 i 03K Junction [iixi. (a) AR, R
W28 poly(eq;) HIRENZIAIE hpoly(hy,) £73F. (b) AL DL poly(esy)
JFEIEMRNT 2008 hpoly(hy) W, WA hay RR BB — RS A.

Figure 3.3 The two cases of merging polygon of the dead-end edge into its neighbor’s half-
polygon (here only shows half polygons of e;;’s neighbors instead of the whole polygon).
Red points represent dead end vertex, the edge connected to a dead end vertex is a dead

end edge. Purple points represent junctions.
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/ P~

{ | i |
/ | - 41 T — .\! .‘ :
LT,_ 7, v_{J fJﬁ‘ i‘ﬁ 7i 777.7—\ [ ]

(b) ()

,7 - - ’
oo palmw
T B T

Pl 3.4 (a) Topology Graph WLk ¥ 20, W hBamXi. i Dead End Edge
ik ek, itk junction IAUIL R TREE G, X2 IB I PEIRGH2E. E
LR 2 304 I Z i X, (b) fE)1] Alpha Shape Kl UM Il Pl v i b
Plast Cuitaohfige) RoFcaEm (0) Ceas b2 s siERM 2 AE) . (o) Hilb
Alpha Shape P IX I 24T 1 &I

(a) The Topology Graph attached polygons for the edges, shown as colored areas.
Dead end edges are shown as light-blue lines, edges connecting junctions are shown as
dark blue skeleton. The polygons attached on the Topology Graph are areas have not
be merged. (b) Alpha shape detection to get the boundary (blue line) and open space

(room) (red patterns) from the grid map. (c) Areas within the same alpha shapes have

been merged.

TR, FEHENL—4 P by BZEAR B by B, ZRAE R R R 2 E
hpoly(h;;) WP BIE (Bh hy XKERHEZ I hpoly(hi;) WZEAE K ZATE)
J5 A S — X 22 A i 2 2 B — 200, 4T P, BRI GM izl
EESGT. — N2 RPE—% G i, R GY 1yili. BbastmT ik AX3.8:

pij = {hpoly(h), hpoly(hj{ )}

= poly(ej}) € PM.

3.2.1.2 Dead End Removal

pOpLE %m&@mwﬂmm@aﬁ?mﬁmﬂ%mﬁGMMEMWMEL
KRR T X EIEATRIfL, R AR B R I 2 ek 4 GY h—4%
BRGERIT, FEMBNZAR Z DA TR R, 15 W 2 A JAY DR AT gt A
ﬁtﬁ%%iﬁ%ﬁlﬁﬁé%iﬂ? WHHSBZ IE T (%L MERGEPOLYS ) Ay T (i T FHfi#,
VEBETER 3.3 IR TR AR — AR eyy = {hap, hja} TREGMR, B
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2N pa; = poly(eq;) R A HENEWH DS EZ DL —. KR
haj %S UF AR N —252B30 hjn FRICH hay (B eq;) 1905 B ¥, &0
IETMTTE hia BI—SFAHIER 2 by WIFRR hia (B eqy) WATEF 2. MiATE
F 2 DA B EX % B MAWFAHN N E Lo FESF T, AV AR
Z NI poly(eq;) BIEH G EEZ AL hpoly(hjn). QIR hj, H32— %4 Dead
End )21, B2 poly(eq;) R A I EIERWAEIEEZHIE hpoly(hy;) W %K
AT B Tk G R 2 R R A XSO . 1 3.3 R 1 B IR SE A 2 BRI PN
L. BP2RR T2 WA SRR D,

Bk 2 BRIt G HZIE

%4 2 Remove a dead end edge and merge its polygon.

1: function REMOVEDEADENDSs(e,;)

2: haj, hjq < half_edge(ey;)

3 hpoly(hg;) « hal f_polygon(hy;)

4: hpoly(h;q) « hal f_polygon(h;,)

5: hy; < last_hal fedge(h;q)

6: hpoly(hy;) « hal f_polygon(hy;)

7: hj, < next_hal fedge(h,;)

8: hpoly(h;,) < hal f_polygon(h;,)

9: if IsDeadend(/;,,) then

10: hpoly(hy;).polypoints — hy;.points  + hpoly(hy;).sites +
hpoly(h;q).sites + hpoly(hy;).sites

11: else

12: hpoly(h;,).polypoints <  hpoly(h;,).points + hpoly(hy;).sites +
hpoly(h;).sites

13: end if

14: end function

tEged BB M Z i UG B a2 S I o Hk
B, AT GY M lBEA PY B, WEB4 K — T RN T
— A& GM BRI R B, A At R SRR 2 4
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ZH o, BRBRNFIEE. RATHAES MBS EAES R (AP R4
P s R A A5 G P AR IR AE ) o A I 28R P S A A S U A
TIPSR, SRS 2 B R v s [ ) RO B —A> alpha shape 231
.

a-shape F&: £ )12 5 A TR S [ ROA A e 1) o ] RARSEAGE I 210 F) s T7] Y
H/NHFREGR T 280 o, B2 AT AT I 2 14 5 18] 1) fe K =5 B 4 A
75, Wt U @ s P SR f/ DK RN . O, AR 2 BRI
a-shape R (A I F F) doe /B TE) O TEIRRGBROA: ) S UDAS: D03 ) s i) e o>

a WERRIE— D SHOATER LN SE W, Wn] AE2 B AR, H
RN FEVE SR R B 32 20 i A (BT TAGERR) AYSEREDERY . BERf b7
AT A — A B ) DRk, i FE A — U2 BRI A S AN B ] UL, [
PARNBE/NT T I SERERY— 2 Wao TN ZERE RN TE R 73 H A — I, 0[5l 4%
HARNNT B BRI SEE Weo BIE, 24 Wa < We I, W G PR R 2 1 12
Wy <W < Weo FEA53.3 50 LI 0AT T HEFF o (HAY RS .
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DTS

w

RV?ISQIution (3.13)
2

Wpixel

TEE 3.4 (5 R T, AR T M E 32 HiU alpha shape (@ shapes )

Sk 3 )| 5Bk X7 alpha shape.
Hi: 3 Cut edges across the alpha shapes.

function cutEpGes(GM, alphaShapes)

Require: GM = (VM EM PM) o shape listS,

Ensure: G'M = (VM E'M_ p'M)

2:

10:

12:

14:

16:

18:

20:

EM  EM
while True do
for e € EM do
for s, € S, do
if e and s, intersect at point p then
toCutMaple] « p
end if
end for
end for
if toCutMap.isEmpty() then
break
end if
for e € toCutMap do
p « toCutMaple]
e1, €2, poly(eq), poly(es) « cuTEDGEANDPOLY (e, p)
E™™ «— e,e5, P'M — poly(ey), poly(es)
E'™™ remove(e), P"M.remove(poly(e))
end for

end while

end function
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H7R B, BRI £ Y alpha shape 2T R ML I Z AL RIS .

Pl 3.5 PR ¥ —Akil e 6% 3008 S5 4 alpha shape [R5 HIZHIBIT-, PIPELZeRi
TRMIX 1) alpha shape i85, S5 el GV rb—ZBkiES 24 XL, sLileks
AT IR VIRV E R 5750 Ja T A DX Bl B A MR8 2 3K .

Figure 3.5 The above image zooms in on an example where an edge and its polygon intersect
the boundaries of two alpha shapes. The red curve in the figure is the boundary of the
alpha shape used to detect the area, and the blue curve is an edge of G, which spans
multiple alpha shapes. This edge will be cut twice to generate three new edges belonging

to the three regions and three corresponding new polygons.

3222 {IEEXIEHZIOE

TEid o shapes Frlll ok TG4 G, TR GY BT [/ — ] Y
ZHRAH R— D RERFTR— DA . Rz s, T G B ARl
AR (BN, ZEid1]), FRERrxX sl M2 B AE K He A Wi T

MR — 45058 T o shape B A, BIER— i S7E o shape BINFE, 75
— N SUTE @ shape [IANER, F HIZA K JERT BIER R, WX &R
i it &, (passage point) R YINPIEL, FHNHL, BEWZHIERPDIFAW A2 0
. Hr, il SU2H @ shape AR A

s X3 i e H 22 R ) B SRR AE B B cutEpGes HSsl, FALBRDADY
KB BRTERE 3 e A TR BB PR DI HI, HA FRATRT B
VIR HAP IR TR . 7E8 GM h, — 2% A AT #E 5 £ alpha shape 1)
NFRAMAE, I—FET 2K, Wizl HEg ko s, FATE R
G BT A R IC S 5 K AU A R (59 356 4-10 17) « PAKI3.S R,
PSR TR T, GM R i) —45i e i9—i v ZES51RI A Y,
— ity v FEFSIE B P, S A AL BT T, 24X A B [ BE i alpha shape
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R E], 220 5 46 X WA 5 1] Y alpha shape B3 S A AN A, 73331
LT pa FEL poo WIBRERFPA po FTHERIBLE R 0 XT3 e 43 3EA 718, 51 A
XA RENLFT TR va € VM, JEFORIGBEVIEI AP0 e, e, HIE
Z WM NI E 21008 (534 355 14-1947). BiJE, AT —IK
while IR PAT- #2847 15 alpha shape 1H52, IF-FION X L gEATU)H

3223 AHE—XIEBMZIBH

B eIATXT T A alpha shape #8745, KR Es 2R MD)ET
51~ alpha shape ey H:Z HTE /AL roomID , J&T [6—AN bl BT £ i AR ok
SrEE TR roomID o SR IEFATRERAMIE roomID (2 0IE G h—A2 il
B, RE—AREK, ZIRELIT KA MERGEAREAS . 8] 3.4 HYHR 5 — IR [ 2 /R
TSEME ML AIF IR K. TDAR Y, AP i DO e e 145 6 s ) sl R 45
SCESHERY o 2498 , FRATAT DARRE AN 1] F) 75 SR G Ao eSO G0 ) 2 000 (o A g DX
REAFMESL, Blan— DRI OIS BAGE R, & e i 20 3L, dal A
B X ARGERE, W—ZE A 2 XK.

323 GIEXIE

S LA BB, FRATE GrF i B 2 E S AN TRl B DI, p e T DAY DXk
G+ GM P I X ] G B TH v, HARFMBEE G4 il Xz
(] ) T A1 X A G i e, TER SRR IXIETY i IBSRAS Y 7 SOR
Y, JETE A IR AR Z AL, FART], S i )l DA [ Y X . A
B G, GEER R RICT T AR, BIEHAE GM IR vM B,
WA — 2R BB, B DI 3K (R 2 5

N

AR TSR AT o SEUE T HL P 4> B S5 RG50S AT i
AT NS E a. A, FAVEH Matthew [1)4H ¢ 7 %L (Matthew’s Correlation
Coeflicient, MCC) (Mielle %%, 2017) Xf Ll A\ T.45 5 i 5 R &5 R AE M E{H (Ground
Truth) #4740 FIS5 R B P . MCC BT EANF -

MCC = tprin=fp*jn (3.14)

Np+ fp)tp + fn)(in + fp)(in+ fn)
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lab_d

lab_d_scan_furnitures
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\—sistD
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Pel 3.6 Rl AI S8 W kA7 B SR 6 I Mielle 55 (2017) fiybsifk MCC 3474 B DF
fili. EPRAESE W, gdve ¥ &IPS E o, At hi%s 8™ 050
SR MCC 5 8. T scihge, £ W =W, (RWEHRIE) Mw=w. (R5E0E
WRYENE) Abit) MCC 5380y 3 “x” Hl “o” hiid.

Figure 3.6 Use MCC score from Mielle 25 (2017) to evaluate segmentation quality according
to W, which decides the o in our algorithm. The MCC score at W = W,, the widest
door width, and W = W_, the narrowest corridor width, are marked with “x”” and “o”,

respectively, for each curve.

Horft, ap,n, £, fr A BURASR A EIGERARA IR, REAMRE S B
BRI GERHA BP0 8 TA%KIR) . EUM (T S0 R 8 T% Xk ) |
TR (B RHA R T KI) AR (B 810 R T ) .
1, MCC T DA S AL HE BT 33 55 145 5 5 ELA R &1 . MCC 438
TR 1 5] 1, BRSBTS MCC = 1 (4. Bl S B g
N EUSEER RO A BT R, A BB FAEK B Bormann 4 (2016) fY
Bormann ¥4 T4 b, ¥ T4 %% T Bormann $elfi 4 iy \fidbre (A s
Hi P B Al A LSRR AR I P ) | LA A P A S L s
BAN, SRAR AR TR E A AR IO (MU sisD).

SIEF IRAAT 0.5m, TRMERILTERL G 10m, &S 5H
IR E I W = 0.5m 5] W = 10m, A4 B RURX— I W 5
HIRA o JEATT A4 IR ARSI F MCC 49K S P61 45 B8 SR AT 4
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(@ (b) (c)

Pel 3.7 J Alpha Shape K355 B8 AN AWK S B W AR™ A%t lab_d 153 FIE5R
(a) BEWE W = 0.5m TP K531, 85800 MCC 1135353 0% 0.035 (b) W = 0.8m 4y
HERRAF, SR MCC 135750514 0.74; (c) W = 8.55m It} alpha shape 347K i £
ez 0], FEPAROL s, 85RI MCC 153401k 0.23.

Figure 3.7 The segmentation results with different Ws for the alpha shape room detection of
map lab_d. (a) W = 0.5m leads to under-segmentation, whose MCC score is 0.03; (b)
W = 0.8m gives good results, whose MCC score is 0.74; (¢c) When W = 8.55m, alpha

shape doesn’t find any rooms,which leads to over-segmentation, whose MCC score is 0.23.

A, IXEBEAFENZE R MCC -850 . S50 Wil 4 &l 3.6 B .

3.6 LW, XTRI/PRTEE W, 1T alpha shape AJPAZEIL], —> alpha
shape RFFr 1 BE 25 (0], 73 1 04 BT 38 0 BRI - & R — A DXk (D [&13.7a):
B, R - OL A AR, RIRE A2 20 B0 AN ] XIS 78 53 4 91 A [l — A XA

MRS — W, BERRA W {H 2> 52 alpha shape f6: | IR 5L 2 5F
FEeasTa], AT fe 20 D B A i X2 4l 5L T Topology Graph 19321 4= i X I,
XU I A la gL %) (L. 3.7¢ ), BI¥ARIZBET— A0 R0 T
ZAX I

WZLPE3.OFT KB, 24 Wy < We I, SERE W B RAE R E A HeHb B vhasc )
R TRTT Wa > We BUIEDL, MR IE(E H IAERS N T We 1 W Ak, THEAE
Wy < We IO T WA E 5TTIEM2E Wees — Wa IPEIE, S 0.1m; PAK
TWHETHE Wa > We IWTEBL T Woeyr — We BIPEIIME, S -0.1m. HI, BTEREE
W IR E RIS 2 T Wy < We B, W = Wy + 0.1m, TiiHE Wy > W,
ML RS W = W, - 0.1m.
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Figure 3.8 Comparison of the segmentation results from three methods. Higher is better.
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55 (2016) SLELAYALGEEL T Voronoi fY X EIFEA TR FLSEHY . B 1.2 L IR SNG4 T
XPRITIA
3.4.1 FEEEAYE M HE _ERyXTtE 2

ARSI R FAT I AR VA — R L 215, 5 R Y H Bor-
mann 5 A SR 3T 4R R 43 ISR AT MAORIS B3 304 T4 18] 43 1) BT 5 1)
FEBE . 8RR MCC 2380, X o4 5 1] 4 B BB A R S B A5 SRR b &)
Gy ENR SR AT AL RS v AR A A3 RIS AT A e SO A Y
RS BT ENMMSECRRBIER, T A, ARCEIEMEHN W = 1.25m 3k
PR SR, Horp 1.25m @ AR AR F i EE R4 W EXEXS HSEE
PSR THRE E—2 (F153.3) iR SRIRICE D) W S8 B 5 HI4E
R, ABIRIZRME IR

A FLHX HSE R AE Bormann (#54E (Bormann 45, 2016) AR FIFRATHEERY
o1& sistD b 435217 MAORIS 73|53 . Bormann SZILAY T Voronoi 153

IMAORIS #AHS 2 FFJFAE https://github.com/MalcolmMielle/maoris

52


https://github.com/MalcolmMielle/maoris

%5 3%  Area Graph: M —ZEME b RGN R

BRI SCHR 1) Area Graph A SRR 7 A2 4 H R L 43 BISE AL . X 28] 3
oA 16 5K, RAUEFE R R, B EFER M EAR A . T
AR SCAE AL BRAE IR h 2 Bk T A K A B PSR A, T AT, A
ST B BT =R 5 R 2 AT A B M R K L W A R i Ao ok
THT S AR, SR ] Bormann S 7 BIEAE (REdESE P
AHALEAE) , XFTRJET Bormann ZiERAHIE, VEF1ESIZITH Jo X224
X 1 P HEA T 43 B 25 SRR B

2N SC P S AU S A1) 1 Tl R vl ) B 0 1 3 R g A e s L g i A6
WS FEEME R, WACHAEK AR AR RS T O 6, SRR .
VEFAE Z W WA ST A B T K 635 st RV M AGB 1T T Bk =
Py BIEEIEA TR EE S0 . (HE 2 J5 R ST T SE g b, /35 K B MAORIS
SAF Bormann [ Voronoi 43 BISETE (4 F S LK R Ti 22 I,
HH 5K A S, X P EETE A O s BRI, X2
R X AN AR A R I A A, BRI 8 5l T T e it AR SEE:
FEABA TR RP A HEA T ORI IR AT T ML T 1) R L 55 o A S v (08 P 81 1) i A
EEAE . PARIRATHZ Y Area Graph (42 U RIASE IR C AL _ETFE2.

NA 5 SCABEI 4y B BB A RS 0, ik MCC 2808 R L fE— 1 1
BER. WTEANER, BT RRSSRIZAE MCC 734, FATELER 3.9 h
JEIR T S8l X =R E A L A RIS R AR S SO A R T T T
MCC 53-8 R 5 AR ] 3.8 AR A, FFAESR 3.2 ilidT T 4h. 7F 13
B b, AR AR E T E S W = 1.25m (% DL T BT Bormann
(175 ¥ MAORIS Jryk. 2001 553 3 AR RIS E 1 W S8BT
i, ARSCHTIETE 13 B LIRS TR MCC 4340

HeRsErh, SBIE £52. F79,5 . lab, . labipas Fl labey, 52 MM, AL
RARFRE, BRI N, RTEELAEFYIE P2 LA . BA
X LEM AR /N K A AR /D el R DA 55 Jo S 4 b PR 22 ¥ He 45 (2019) B Al
AR BRI ERFAG, HAEEEREOT, R EE S ERNEA,
— HAEHD PR A AR R R, AR AT E SRS R A AL B A A TR R
AL I EAEHE Labipay F 52 143 FIGE R A0 AR 32 2002 i TX W~ H I

2https://github.com/STAR-Center/areaGraph

53


https://github.com/STAR-Center/areaGraph

B P AT 304 D 2R 5 B3 P e A A R e D e

1> FISREER BB FMRY . TEREE W SEIEL T, b Ta@smb T HEE
Vi, NGB labe. labiyap 1 labesy, PTG (A2, H E—EiEH
(SRS T E S W UG 4E

Hi F101, F101,s, . lab,. labgy F1 sistD W25 A5 52 2452 LR se B, {5
BATE SRR — B A R A & AR BESS Y i R h4), BT Voronoi
Graph [¥) Bormann [ 5534 2300 2N BHA M SCHE AL, 117 MARIO Sy 254 I 1) 58 44
MR R EEAE AL, W 2 FEOTHCE R K0S % d1 T 1] alpha shape
KA A I R, B9 A SO RIS TS R 08, AERE T BDE R W S ECRIAR
PRI E S RGO, ARSCH T RTE X b & E -T2 70 il 7 20
19.10% F1 34.15%.

WHLIE f79. f101. intel I laby,, iXSEPEY G S ARSI, £
TR . LG HIE laby, , Hg i S EE 2, K245
N T AL NI IS Laby, HIEE . L BRMESAL B S R HBEI A L IR R AR 2
JEHIE . ATDAE AT B RRHE R, (Eb IR T T S A A DA 25 e i
B, 3 0 o DA i & rh i XA T e B 4, R 3.2 (BBDUS) FEi%
KRB P B, T B =y VAT e S b IR R R A 4 14 43 1
SR A SCWSEE 4 B G RAT 0 A s — 4k

Hil&l lab, . laby, Fil lab, RASERERIIAEIARE, X255 [7] - 2o & 1 X
SYEIFIE RE Ay N 3.2 MBS —H TR, B TR S T DA I 3] 78
Gyl I HAS MBI R, B mT DUREA SE B e Tl e ) S st F e 4] 5
ARFIRIE (5%) RAFFR . AIBTEREFERE E S 80l 2 HORM RSB L T
BATENE, AR SCHYEER S FIS R R I B 00 T HAL I

HLT Voronoi [Ef#)4#| ¥4 Bormann 45 (2016) ) MCC >34k 0.49,
MAORIS J53% Mielle 55 (2017) #) MCC f-F-3553 %00 0.52, FATW izt T
[ E W FIHR ISR RE W PR B0 T ) MCC ~F-¥94343 5112k 0.56 F1 0.63. [HIHt,
SEER s AR AR SCHY 7 YA He B Voronoi Graph /) Bormann (7574 . MAORIS EH 4
Moo BB, BRI R . RIS AR 2 B A P I

HeAh, g T SR EER S TR, W9 3.3 R, AR
IR o BITAT =07 AR AT D IS [R] o B A f101, sEHEAR T, HA S
Frlal, A MEE e K A . MAORIS FIAJ AN HIE lab_e 15 HIFETR i 2 I TH] .

54



%5 3%  Area Graph: M —ZEME b RGN R

26 3.2 MRHuP 5 A Pah: (1) scgmdule, sHA, AU RIIFREM (2) 528t
Pl, SR, HAS KPR EEM; Q) KPR P ) A5 .
s MR IEBATTE ST AN R R R Py 53 JI S5 R 6 MCC P35 8.

Table 3.2 The maps are divided into four types: (1) complete maps with few furniture and
without big open space; (2) complete maps with few furniture and including big open

Then

space; (3) maps with lots of furniture in area middle; (4) incomplete maps.

we compute the MCC average scores of segmentation results by different methods in

different types of maps.

Complete, few furniture | Furniture

MCC average Incomplete
Small space | Big space | in middle

Bormann
0.593 0.463 0.420 0.363

Voronoi

MAORIS 0.592 0.570 0.406 0.385

Ours (fixed W) | 0.546 0.678 0.428 0.478

Ours (strategy) | 0.620 0.764 0.506 0.587
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H T A S 2 2T Voronoi BIZ5H#E T3R8, PRIGAE 22 S % 11 Ab
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Table 3.3 Runtime comparison of the three segmentation methods. Besides computing their
average runtime, the table shows these algorithms segment which maps with least or most

time.

Runtime (s) Average | Min Map | Max Map

Bormann’s 6.29 0.73 101 | 22.32 intel
MAORIS 17.50 291 f101 | 55.78 lab_e
Ours (fixed W) | 1.31 0.25 f101 | 3.84 lab_e

Ours (strategy) | 1.38 0.25 f101 | 422 lab_e

—NRIRR . ARSI AT 2 () AR SO I AR U 5 BT Voronoi Graph [
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Figure 3.9 Comparison of the segmentation results from three different methods. We paint
different areas of the map in different colors to easilyer distinguish them. Additionally
the MCC score of the comparison with the ground truth segmentation is depicted in the

upper right corner of each result.

57



B EE AT $0 DR S R TN P T AR LI A b P DR

(a) BiA (b) Bormann (c) MAORIS (d) A5k

Pel 3.10 ERARANI] J5 1R e Py o330, A P390 MURS EA T8 R s . BT I Sk A3 ]
T ARKRSE W i, A80USE 1 alpha shape 5 K NFEIL .

Figure 3.10 Comparison of the segmentation of the different methods on mazes, following the
style of Fig. 3.9. Our algorithm uses a big value for W, effectively disabling the alpha

shape room detection.
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Figure 4.1 Illustrations for the steps of the Passage Graph generation on the example map

64

from Figure 3.4. (a) The polygons generated from the Topology Graph edges. (b)Areas
within the same room, which detected by Alpha Shape, have been merged. (c¢) The edges
of the Passage Graph are visualized as red lines. One can see how all of the passages
of the big blue center area are connected to each other. Each of the edges is attributed
with a path, obtained from the Topology Graph edge, and the length of the path. (d) The
red bold line in the figure shows a path from the start point to the end point searched
by the topological map-based path planning algorithm. The path is obviously formed by

connecting the start point and the end point to the offline-saved topological skeleton path.
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Figure 4.2 Perform global path planning based on the Passage Graph, which is constructed
from the Area Graph. Given a random pair of start and end point, the path searched by

our algorithm is shown as a bold red curve.
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Table 4.1 Comparison of planning time for A* on grid map with A* on Passage Graph under

different path distance.
Path Distance (m) || Planning Time (ms) Remark
Grid | Passage Grid Passage || Path in Passage Graph
17.53 21.53 1.706 0.212 In same middle room
56.81 67.44 5.497 0.456 In same big room
25.87 33.84 11.834 0.263 Cross 4 rooms
48.65 49.87 14.079 0.494 Cross 7 rooms
130.07 | 137.00 48.979 1.292 Cross 11 rooms
102.17 | 112.16 88.726 0.784 Cross 17 rooms
210.48 | 235.75 || 127.758 1.772 Cross 23 rooms
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Yy, JLPAAE IR ], SRR AR AR BN (I, (H X e ko
IACKS, B SRR DA PILA A B SEBRA T B AR e S A SR B SR A . I
HIATR A TR B B AR5 N SAE LI P AT E e A A L.
TR E , FEARRE AR, R38R A e s A 0T S8 R rpox X
Sl E T 2 1) AR EA T E— 2R A, 3R BRAT AR A I R AN o A 114 %
(G UERES
P4 Ui Ja— AR AR 55 A Z RPN A AR AN 4.3 R
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(a) (b)

Pel 4.3 LAAERIMRS SuP Rl i Pl L0y A ¥ A RLRIGE I . (a) FERIMS P 120 A* BLIR RS,
S, (b) 1€ Passage Graph |-[f) A" &L .

Figure 4.3 Compare A* path planning algorithm on grid map and Passage Graph. (a) Result
of A* algorithm on grid map. (b) Result of A* algorithm on Passage Graph.

43 KRG

AR S 2 R T DX ] ) S A A o Xl el ) — A 2 S8 1R 1 o
A A 3 DX 3 [T X 5 P Passage Graph SRTUF X3k P 4. Bl R ESR (A
AR RRER, WA A A R I T BT B CAR AR AL, AR ] X
Sl 1) B R TAT AR AT IR AR AR, (RT3 M 1 A R AR LR SR T
SIS A] ST M AR e 1] 0 B A LR I TR 2 1 SR
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F58 ETEREENMETE
5.1 BEfET

b Vel A 3 v ) — 9 B AT S5 SR DE LR N b IR, X Sl P RESR H el
LR K EPLES AL ST & CAD 23181 . DLt 2 AHi 4 7 2R mT A
ek BT, HoRIEL A (MBI &) (Huang 4%, 2005). #L#% AL (Badino
4%, 2012) s & P4 (Schwertfeger 45, 2015) . A SCHE 1 PR Pl DTSR ——
& % RIK K ik (Hypotheses Clustering) F1 4 K AR & % (Neighbor Growing), 1] AR
PN YEHB P A B F RS Area Graph A RGBT ECPI > 2D Mg LK, FFAE
TR Z AT P R X PR L AL YA PERE . 1 1.2 Jom 1 X 1 AR 180
S A THOE DE R R JiRE o &1 5.1 527 1ol FH R 180y 2 W T A T e T 1) /s
Bil o K LEHb I PEELT) F¥ EAE 208 S Hou 45 (2019a) F1HAT]E SCHou 45 (2022)
N
511 iR

2 E PR IKHBIEL, HoA G R — AR R S S T, XX I SR P EA T DR T
SR AR R -

L 252 1Y 2D MRl 7 Bk, AN SCAE BT SCHR 31 Dt e 1 Sy s P 7 )
IR TT 5

2. ML 73R DR R BBURFAE o T P I A AR G DX T AR RS | 3
18 19) JE & FIl b 6L 3k KVE % 55 .

3. SRR RE B AR AT A R T A 0 X [ Y PE R A, I
DI DE E A SRAE AL SRR Mo

4. AR T PRI IA AT AVEE A48 E BB B A AR ISTR I AR A
JEik

5. Bk EIEE (Hypotheses clustering):

(a) XF TV lC AR T4 B XIS, AT e v AR L e X I, FeA]
i il Kuhn-Munkres (KM) 3.¥£ (Kuhn, 1955; Munkres, 1957) X3 /™ DRk 1) B 22
QB IEAT " DU, HRF DU AN T R T R ) DEBC AR LA Meose
KAAE (BN EOR PSS PERC A ) A8 s
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—————) kK Area Graph -—> S —> HEKIBPLAL A
P g ok

BRAISE Uiik—) S VAR A (A K A L AR A PERE A
T IR e 1 > s YRR AL T
RAF ARSI

Pl 5.1 i A& A BLES A\ 23 Bk ] — SR BRI b, WA P Z [T 43.73° B A g

o S5 AT th WA HIAS S el 21 ity DX Pl o vt T RAT I8 IR R R R U5 1k, Wik
RIS O 2 TR DXRPEAC . %0515 hiZ Ve RCas RAG vH e e il 43.99°,
b I A N RS 68 ST P 2 AT s - SN U VR R &l SR 2 I A o ) T
AR 44.74 . X FABIAR P, BAA VP A . ] DL WA Wi v
WE—ANJiik, WA BT PR T AR AF Sy 31— A 5 ik el

Figure 5.1 Two maps of an environment partially scanned by two robots, respectively, with

70

43.73° rotation, are the inputs. In the second column, we can see the Area Graphs
generated for the two maps. For our Hypotheses Clustering method, the blue lines show
the areas that were automatically matched by our algorithm. The method estimated
rotation of 43.99° for the matching. For our Neighbor Growing method, the blue lines
show the area pairs in the biggest matched subgraph, from which the method estimated
rotation of 44.74° for the matching. For the broken-map matching, we don’t calculate
the map transformations. We can see that the two partial maps can be well merged into

a complete map, with either of the two methods.
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(b) AHRAHF DT Sy IR 75— Skt rh 4 21 5 & AN Sl B XA
WA I Z I k DML R Z —, WA E AT VERL R B A TR A
TEH| 32 best_matches 11,

() AT VERC LB AN, , Al AT Z (B B e TR i BE PRATA T AR 3
] A 4, BB — M ie% i (Rotation Hypotheses ) .

(d) W BEREARREATIRE (FHIER(ESRE N —5%) , DABCEIE I A 2
() IE A et P AR T o A0 5 S 2 R (BRI — N R AR SR 2 7% (Dest cluster) .

(e) TEfmcfEMEl PIEAS, AhTHVCEO 2 B e, FF B e B 1 T
A2 P 1 B S R/ N AT S PR T ) e R AR H

6. A4 K AR JEYA (Neighbor growing):

(a) AEHAHFVCECHY XIS T AR IFAES 2 best_matches 1 (5 _Fi& 5(b) H ]
R TE) .

(b) DA best_matches %1|4 H i) X0 AR U IR FE AL Se 1 2R, T
P AR T I <08 i DS i R 1 PR S 1
T ATIEA X LR . FRATTAY IR VT EC 5 YA R DR Fe AR s B an 18l 1.2 By

7N o

52 EEMEMKRKH
52.1 KI$FERIRENG B AITE

AT VLD 52 BT AR L R, 5, FRATH TR AR I AR Ak
O3 Xt 2 B ] X TR P R B A X, AN T R & A2 KD (areassize)
R 3% 8 K (perimeter). i i8 ¥& & (passage distance) . i@ i& ¥ (passage number). 9
W % h Fdy A2 KD (convex hull area size). 9B &b 6,44 J8| ¥ (convex hull perimeter).
9B O 6, 84 5% 28 5 (convex hull longest distance) . ¥ 42 J8) ¥ Ye. (area circumference
ratio) Fl Hu & (Huang 45, 2010) VERBEERHE, 43 BT3P~ I X6 AR 17
LPRVERRFRE B . % K 5% % & (Iterative Closest Point, ICP) i% % HA/E R 5 AiF
B BT A PR DA R] A PCPC AGAR o ARp Ik 22 B/ ) B DG P s A B ), ) 5 Y
AP TE T RE SR VEHC A, P RAAR X ml iy G e st A S 0 IX el iy P RC R JBE . A
T, RS T IR SRR B R SR TR B TR B VT R PP Y S R AR B 5.3.2
HEAT AT, e — LU AR R e ] T IR 2 XL o X SERRAE I TN (5 R
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FHFE AR BB Hh A T i
52.1.1 RIFER5EHK

Hu P vy DXt oA 522 I AT LT R i o B BT RBUR /NI K e
HA HBA TG SR LAESE . BT XA JLRAL , FATHSRATR ZHE P
SRHLEIR RBELLG (3% o EAERAE, T TRBN AR m?,
MHABZER (Blanfa) BEAie m, IKIVLECE A 2 B A RHAE R AR,
TORFFIASCRIEY 2t DAk IR/ MY RFAEZE B o A BRATT R AN 2 02
X IEAT PO P22, VA — AR 2 B AT AR I o T J K AP A 22 0 L 5
FHPIAS Dk ) S AR LM, PR BRI T — Ak R, DXIER)
R R R AE 22 TR -

o — VNI e T (5.1)

cfy REH TR AR ¢ A KIRAY IR NG 5 KR R A I T AR
INRFAEZERE S of SRS — KB A | A KR S K e X
BRI Z TR AR 22 . FE @ BT @) 23 S 5 — SR B R 5 1 A DX 26—
S RS G A KIRTEAR AN pe M p) il s — 5K 2R i A XA 2R

THRHBPE S AR R
5212 MOZHEHMEREEK

R TR R AMNEN 2 (), ABEEE A TR CGAL [ 2D
Convex Hulls 2& (Hert 4%, 2022). #8554 A1 A i) AR /IR R AR Sk PEIE
DAL o 0 B LATARFAE TS 2 XSk 2 i TR 1) B R 2, i 2R
ErH B ) R g X3, i B4 TR T SRR PT RE S L TE o — Tk I o
B B P () AHPC I o o f T AR R K R BE B VT 307 YA 5 5.2.1.1 B2 i o,
el Al .

52.1.3 SPEOEMEREKE

DRk ) FEEAR RT RE DAR P E A AR R e TR (EL P 07 AR5 A A B A T
DAy —A> S A0 5 R ) B AR AR . IR TRIRRE N R, K 27R .
SE S A7 J8) K W] DA SRR & 2 B i Z HE IRE R R TR R
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Pel 5.2 BLES A A ertsdelel () Shmiid il (£7) RIVCAC. HuP sy A AR XA, A
Mg don. WAL b g s, JRAT PRI T 1l — DX il 8 M 21 2 1%
K, IR BRI R 2L ety KB

Figure 5.2 A robot-generated map (left) to be matched with the corresponding floor plan
(right). The maps are divided into different areas, which are represented in different
colors. The passage points are highlighted as yellow points, and we connect the passages
belonging to the same area with red lines. The passage distance features are computed

from the lengths of the red lines.

AT
JA vVR2
g reajrn VR (5.2)
sPerimeter /m R

XA, HmE Ky
VArea/m VR? _q

TPerimeter /n R
PR, TR Tk x B2, HOEBRR 07 e 1, 2l
BRI . FATRE IR ZEBE T

(5.3)

P el (5.4)
= TT—ap Jap<- .
Y max(r", )

52.14 BEFMESXIEHEIKEKE

TN TR BB EE 2 [ THGE R FAL , ZEER . HAA, WIEZ ERH
BEURE R o P, ARSCHR T DX e ) a8 5O 2 [ P A R A
K IEEC XIS AEIA . TER 5.2 i, [l — XIS I s A 20208 82, R4
A DI R A S TR R BE R DXl A T P 5 DX e T P 2 ()
[ d/ NE AT RN L RS AAS cpd -

pd minn,m |pdin - pd;m|
¢’ = . (5.5)
Y max(pd;,, pd; )
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FE BT, Xl IEZ W EEHC N pd;, , Hod i 2K ID , X2 X i
HERES n ASEIEEE . A, N AN s R B e A {pdy, .. pdiy Yo

HIERCR G — X P E R (RPE & P ) o R R 22
(WA RS E R 22 ) TT5EA

pn __ ’
Cij - |pnl —Pnjl, (56)

Forb pny S X0 BT TE R KRR A AR P BT i B A P ) S
AR e A B s XA S B, DUSE T HA0n] BE AN S PR ) L S T 4

A DI A S Nl IE . ORI DL T JC YRR A1 2 DI ) 3 B A
R FRATINEE B PR I I ) fe K SR B BE AR AL, IR TIAY 56 56 12
N, PARCOAFIEES 0T E i s e . (H02, Rk & 2 2 A
SEARTERY R, PIRA VRl E M VRO VERCAFAL , (1% XIS 2 iiE
PAVT SR 38 B B AR AR I AT S e K g DO KB 2 I i R R B
R EIAIE, ARG PR B R AR, B AFRATT A S T A Hh o
AR B, PIA DI ) A A K R B i T 5

|; = 1]
cl = ! (5.7)

Y max(l, 1)
Horpr 1 )2 D i R R R B
BT T DO VS R UAS R, A R B A B K R B R B T BT
DA TR R ES T A

5.2.1.5 lterative Closest Point (ICP) BJiR =&

EARIE R (terative Closest Point, ICP) xg—7#™ {2 (I i) il AR BCHESA , 7l
DA 55 S B S w2 AR e . ICP S2 B AT 08 DURE 5 2= AR
fRAS 4. BRSNS FF HA A RIS R A AR . VR NS ST AT A (B 4n
Horn (1987)) , ICP i [m] DLt s AL SR Y A i 22 . A XA ICP 1R 255k
Al AN I T AR DL AR BE

o TR RIEEA B S XIE A8, WA S ok A . Ptk JEad )
— ORI T B UL, AT AR ICP SETEAGARIRE . AR SE I
20cm FA KA K2 WTE St T R (RORB RS T RIER) . 407k
{87 F FFJEU2E Point Cloud Library (PCL) (Rusu 25, 2011b) 35281 ICP 114, X T-Hb
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P, I o T SR A . 24 LCP IS, 0L LRSI A3 4 ol
WO VCIERE RS, TR0 PRI Q 2 0TI BLgs i P A xR S
C, BT EN

1
cler = - Z(Rpcp +t-qc,) (5.8)
ceC

HtpeP,qgeqQ

ICP XA LA AR BURE, WRER A ARl i/ ME . S T %A~ i),
A 12 SRR RAT A AR bl (R4E) TR AR e A i ks A7 ICP B33 -
M 30 B2 360 B2, KN 30 BE. aXAE, WS RURRY ELSLIER S BRI IR A
[ B IR ZEACH 15 . AR 12 1K ICP 1247 i i/ MR ZEVE N RHIE 220

52.1.6 Hu%E

Hu #fi (Hu, 1962; Huang %%, 2010) @) A 1 TR LB ¥, AT
B FR% . ORI AR AS R [ 4% . Hu S0 TR oD . A
AT HPIAS OpenCV pR%L: moments TR AL, SR )5 REL HuMoments H]
FAHRRIER Hu 46, VEAVCECRHE. TEARAY Hu B2 —H-EAME. XA
AR, EATR-LAS Hu ZE(ERF AR HE . PN IX IS (B Hu FEER 25530

7
e = 1hin = hjl (5.9)
n=1

Horp by 2 KI5 n > Hu JE{E. A0SR PIASIXIAR BRI, R 220 [T

2R/
5.2.2 X8 H o fie s

TERTH AT PRl 7 KRR A Y o« FEPE A SEBR LSRR A, AR
T B AR P DX A A DT E BAS o

il A RIS B g Ta m A T R . Xk
Pe, BN, Xl ARG E SHE B X IR T RS, ST
VR AR ZE R E A VRAFAEAT IR B P 85 e R 0 XS A R Ak 22
[ E R EL ) B Wy AHBRAT Dy I A R M A 4 TSR A 183002 DX 3R 22 ) 1
VERCIA . HulEl A BYIXIK 0 55 —5KHE B BT m AN )Y VT AN
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AR G

i1 Ci2 Ci3 ... CfF| (W1 Ci
C21 Co2 C23 ... CofF | |W2 Cio

C = = (5.10)
Cm1 Cm2 Cm3 ... CmF| |WF Cim

Horp e @ XIS i A1 —5KHIE B i IR j 2 (RIS f MRAERE RS (0 XA
TR F ML) o Gy 255 — KA 058 § > DIBAIEE 3K R b 2R j 4
DRI AP DR PE AR o AL SRR Meose PRAT 1 IR 20 E B P BT AT DX S0 2
[P DR E I A -

Cii Cip -+ Cip
Coyy Cy -+ Cop

Meos: = _21 ‘22 2 (51 1)
Cnl Cn2 e Cnm

TEFEAT5.3.2 MIFATS.3.39, AEE R THEEHMER A E =i E. F—T17
BN R B, S 2.4 FaiR 4R K AR e

523 Fix—: BEXBEE

52.3.1 HdEELE

N T AR ENEAERTVCHC R DX, AR AR T (R A DX 3N i
SKAE matches_list W, DMEAER — 2 Pt FE 1m0 < AU

5232 [EE4REXIE

AR Ve AR B 5 TR A5 i i PEBC i — N R T 48 F
R, A SCHY P BERAAN UG AE B0 DR AR , 17 k2% & T BT 1< fa Y
PERC A o

Kuhn-Munkres (KM) 3% (Kuhn, 1955; Munkres, 1957) J&—#F0] PAPAFR /MY,
ARVEEE o AR . X3 A M By AR e IS A Y SE & AN BN, 15
SN —> " o X matches_list H ) —XF I35, (A, B;) i KM B HRH
WA . A5 (A By) BYVEECHA -5 LA <0 i) DEBC A AR e 41
BT PEBC A o AR B n] PRAR, 24 B PEBC R LB el 2, mlad <08 F g A DT g
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Tk 4 TR R R8s PEECHES
$.7J: 4 Find the Best Neighbor Matching Permutation

function BESTNEIGHBORS(A;, Bj, M o)

Require: Areaiinmap A as A;, area j in map B as B;, M,
Ensure: MchAN, MchBN, M/, (i, )
2: AN = {any,...,an, } « A;.neighbors()
BN = {bny,...,bn,, } « B;.neighbors|)
4: short_size < min(AN.size(), BN.size())
MchAN, MchBN «— KM(AN, BN)
6 Ml (i) — Meog (i )
for i = 0 to short_size do

MI

cost

*®

(i, j)* = Mot (MchAN[i], MchBN[i])
end for

10: end function

JRASR ]S U2 XIS B4 DERC A N o T IRAESRA 4 ittt Ho
MchAN F1 MchBN 535132 XI5 A; Fl By i—Xf—ILRCA &R S . SRR A58 —
AH AL MY, Bl T KIS Z AT IEECAS, HA AL 1 4R
FRIPCHE AR o

5233 S#HEETAE KX

XFTHLPE A g K, FRAICSRAEHLE B b 5 HE AR & A (4N
k=3) X, BJ5IUCHCBAS BARAY kNI Rz, WA B Hri R AR
Ko DI A WO 2 AH LT PO D HLA Y DI 2 X 1Y kARl e
fitz — 3 H X3 j e XK 0 1Y k ANt RRLZ — o KT AR B VLD X aEe
SRAEVERCXS 5148 best_matches Hv, I TAE UL IR (8] i) e AR ik o
5234 MELRXIEITZ BRIHEE TR

Y 5E—NTULELIX IR (A, B;), A; Fil By 2 JAIAYAE e 2 R AT o DC c A 1
() 2R Bl DRk P e K R BORAGTE AR . XN R NE] 5.3 7R . ERE A8 45l
A LB MM REZAAT S, 08 o, HA B pl A1 pl, B0 R A 51 R
PIAS I e holy, MBI A Wiy X A, Rfd e oo 5 X By 5%, IF
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Pel 5.3 (a) PHEEMIADXIRZ AR B . (b) B HATE M DX A: B JEPERCBER P 5 i
S HPCREXIR B . Bedk AL sl s

Figure 5.3 (a) Compute the transformation between two areas. (b) Transform the area A; with
the given angle and its matched segment’s midpoints to its matched area B;. The passages

are highlighted in red.

TR FRE af, RAZHE| A B AP I B o X HLAKEL p), Ron K i piliE 2
[P 2 B 2 B b 5 XA v A P R B R TLVE T — 4% ID Ky n 1Y
ZRBG B, AU, p, 2R PR KRB ARFATTTR
MBI A; ZE S AR DAk B A By Z IR E R, F-RFHAR R A A~ DX 1
VEPCIE AR FOARE o SR J5 I Ity DT I XSk 2 () 69 e £ BEEAC SRAE S S b AR g m]
IETRR e AE B, BN (R o

5235 XnEEE LTI

X AR AN [ VT JE DS At eSS B A T 2R, DARE 13l
Bl Z T e . RISTVEET b2 vl 1 4 b J1 iy 1 DR i IX iz [ 17
figk , B AR O AR R S5 R R AR AE i
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7 VU DRIk 41 36, RAIIAR B Yol 213 PSR — e Be B T R L
L. SR — AR, R B I O s KT SE R
JEEE (B, 3°), FRATBIE—ALAEHLRIBRE, B0, FFedsma .o
ESEREEREE T, R EZEN L. BTG, R RZ R
MR, 1CA Clusternax, RN NRAT IAb R e A BRI R 2K

523.6 HERREREEMGIT

I E e IR R SRR Clusterax , WP B MREAS: XFFREAREA
(@i (Pis Ph)) s AR PIIFTA S THIE A BB E R B I, S
HICRL A B R KBS, RIS TR TN ERET O, HitEs
FERE P T TCREXT AT 2 LU T A e /% oy MRS, T
W pi A ph, b2 IR . XTSRRI (A, B)), HHRE S
a; M a;, EAIESHBEH OP i FitH

B Overlap_Area

OP = (5.12)

min(ai, aj)
IR IR A S e B P I (E R AV I 2 R 1) e R AR AT I
524 FEZ: £ERKWPEIE

TR R AR, A RS BOE MR IRSE I A, AT RE S RAGHIR Y
Mol o FERXAE LS, MBIIRATHE P AN [R] 3 70 21 1 PRI AL B8 T g 2
B o A5 E 1 (8 P 48 Joer A A P FC A o DL 1 A [ B (k11
VLRC) SRALPLX ARSI HREE , Tl AR E DU RC SRR S 4 A P
XSRS T PSR T 248 XIS K Area Graph (431
&, TR SR T — A X RO A R AR AR
TR A PRI R AT SR ILEE BT, BRI E A TR, T
RZARVEECE TR , 5 HA I U A ELVE RS, R AR iy AT
o ARt — 20 A 1 Q08 o LA DR E AR L B (0 IS 118 P o 55873 51 h
HulEl A R E B Az Ik A, AT Y AT R R
D3RI Ay e 9t Pl 61 8 P 7 X g 2 1 1
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Bk 5 AR RA Y
$7: 5 Neighbor Growing

function NEIGHBORGROWING(best_matches, M.,s;)

2: while best_matches is not empty do
pairi,;, < best_matches.min()
4: best_matches.remove(pair;y;; )

close_list = {}, open_list = {}

6: if close_list. find(pair;,;,) then
continue
8: end if

open_list.insert(pairin;, )

10: while open_list is not empty do

(A;, B;) < open_list.min()
12: open_list.remove((A;, B;))

close_list.insert((A;, By))
14: MchAN, MchBN < BESTNEIGHBORS(A;, Bj, M o)

for i = [0, MchAN .size()) do
16: if (NOT close_list.find((MchAN[i|, MchBN][i]))) AND (

M_o5(MchAN[i], MchBN[i]) < Threshold) then
open_list.insert((MchAN|i], MchBN[i]))

18: subgraph[pairn;] < (MchAN]|i|, MchBNIi])
end if
20: end for
end while
22: end while

end function

5241 #K/IEE

FEX AT AR AT, B e ol 82 I V8 BC ) DXsont 1 0
TRl AHCRAERENTRIARRE . AEARRIAT, (HFETS.2.3.3 M RTE R 5E ML
THRIEAER ) T EE IS PR AP 9K RV, Sl R AR T2 [ PR R A P P A e
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AR DS RN TEAE R PEBCXT , HRFEAIORAFAE best_matches VE2h T B4
AR

5242 BEMRERFNSEERKFE

M VETC A S AR — XS BT AR VE Y i (DAMBIE tp— AR — A ) IF
I, HHETS.2.3.355A0 KM gt HAR I UL, B 5 H DT AT A T 15
BRI RBSERT (AN, BN;) BB open_list. open_list JeARAFHE T K7 A i) DX Ax
(W52, close_list ;2 ARAFT VTINS5 open_list N R=as, AL R
open_list WA AR R A= K ILAR SR UTHL . 24 open_list =S iy, BRI )
S A VEE IO VE R R — 465 RO AFFIG R — Ik T IRA A . T A
WA TR EIL, TPANEEXIG T SRS — a3 7K AREHRATETTH
A=A B S A T AEK TR, b g4 BEsTNEIGHBORS
TS 4 WPk, Threshold B & XIWBIE, RIS R AGVCECIT

5243 NAHFEITEHE T

F T AR 4 e ] 0] I b Pl ] BE B — A AR e, AERX A DL R BAA
(BOIER: S RN [ung AL (i Mo S A = R SE S 2.0 UM Ui o] e o/ S g (i e [
AW RENESE RS A EA 22 IEATILE . HATT B 4R,

XTI ST AR B, AN A T A — B A e Bt AFRATRIPAM
ENTRERR AT B i B Z A 4R e (HIEX TR . Jo— g it
FRy i Pl DR PE A 7

53 hEEESLI

ARENUAT T =AER . B ER R R L, fEFY 5.3.2 it
FI e o SEH U T AN R RS XIS PE EC A S B7195.3. 30 SEIAR R ICP 1%
ZW . FIS, BB TS SERRRR A SO RS HAt e Je R SRR A T HUAK
—ASRAEEY 5.3.4.1 ik, SRR R A A URIGE S BT AN e
PRI R VCEC YA AT T HUAR . FE 5.3.4.2 A5 AR 4 T AN B S A KA
JEIR S AERIMAR RS HE A ERT T, /R T AR QB S A E VT FC A A Y 3 P
R B AR L
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Bl R i ) -

Figure 5.4 A segmentation of a broken map of an environment mainly containing corridors.

There is a area overlap near the bend corner (circle out).

53.1 HIEESTNIRE

AFERVCEC LI T =AM RS . >k H Bormann 55 (2016) RO AL
FH A 5 1 1] DC RS )RS Py b Pl DR E A 08100 B3 4R v Ay g — e ]
A 508 ] — BRI — W 5 1 T e B b P R — B AL s AT, AR
g, Mo — AR D PERE LA DA A AT DAL T AS IR e 1 100«
X TRy B R R b R PERC SE s, WISk B Carpin (2008) ¥R SE . Hh a5
—2H Andrew Howard ) Fort AP Hill £(#l54E , Z A — 4063 5 DU XA [ 20
BERAR R A P-4 i H A — 2 EE AU IA (Howard 45, 2006; Howard, 2020), DA
Jo—H B PR HLEs NARZR [ — B BN (R AR A W AR b 1] o X451 PR 1 ]
%) DEFC S 55 B F A A5 € ISk | Birk (2010).

IEAIAE 5.2.4 AR ZI Ry, B TR b e v 6 2 X0 R AN — B i As 46
MRBER KL R BERAR RAEe , ERE SR E W ILE . B, ok
FyscE Y, RFFE Bormann {9 (Bormann %, 2016) I Carpin [ (Carpin, 2008) £
8 EAEH R K AR ISR AT H B D AR T B P TR Y 4 Jmy e 48, TIAE Birk (19450
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P Al P A A 08 F VR 3 R R et PR T 1 22 S T D e, oG S ] ) % 7
3o XTI VE BCEE SRR 500 W Y LA (ground truth) JEFT HEEL .
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B Ir AL RIS A 5 DA A — E R Bk SEERRPAR ST A LA DL S R
FR 73 FESR AR SR s R g 4 PE ST YA

532 $FEIEFESE

IEANFATHE 5.2.1 Fy A 21, T AESE M DIEC R 45 DRk B
PR R EE . ARRAEL. ICPIRZE . (LAY TR O HRAE
KA H LA R XISl S . BlS, SE55.2.1 S A48 TR B T 3Rk
i B X VEBC A A o ARSI b (8 T AR e A oAy DU RS M Y R AR 2
(PR i ] o BT 3t P K ] BB T — P A E SR AYIRIE R . ARSI T, X
B wbziessitlsioha e b N RS O B M b DR E L SR R KR (o S UM LN o N ST v
PP 3 ] P ) B DR PE e, B3 DAk DR PR T 5 (LA X oz DE e g DRt
T R A A LR IR A T 20 E) o 2 5.1 FRAE T A R BT B AE AN
PABE ST 1) ] v ) DXtk DR JE IR A R R B

53.2.1 IRIEREEHBSIT

S — P A N TR SR IR A PR . FEIX G LU T, alpha shape 5[] £6;
SRR I AE S TR AR DS, DR IR skl 5K 22 3808 G2 Voronoi [ P4G
e DA S DR R D Al (KA EAL) « 18] 5.4 R T — X
REFEERBT. M S.1AYEE “ RIS =S A, AEX AR T % BB e H
SHERT DAk VEE 2 P AR IR A 1 o 32 PR PR DXk R 2 0 Al - EUARMEAE Y
A5 1AL P PP DR DR 3 Y — S

AR SRAUR IR . MR BT AL AT RS h AL B Y RS BUE
MRS DER, SERIBRKIEA /NRYEE. & 5.4 R T BT R EE
BRI, 1% T ARAE I b TR 20 € [V 5% i (2 7is o B 47 S S50RH 408 DRk A ik
A2, Foh, EERSEEATEE . TEXAMFL T, BmUEECH) o BRAR, &
FRANTTEE o AR SR DU S TUA R ASCHRF XML IS INAR (e S AN RETR =
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D3 C P ) I 12

S =P [ b T [ A XA D i i, Bl U 3 B 4 MR B
e RFREMEOL, KIKPCRC R IEfR BARR AR, I H, (A mE S Ta T
HOL IR AR IR T o

TP B RS SE B L B SR 0] o X PRI ) s AT B A ] A
SHBEE R, BB R bLE A . 18 5.2 2R T —A R Bl
i P ) AN RS AT B 2 52 i) D3 20 SR P — B30, Ll o o e e Pl 5 i 3
PR, RIS . AEXAEIL T, SRR EHGE T4, MR
g PES TR R FEUE 1 H2 RIS IR . 3R 5.1 BB IS SRR ILEN e .
5322 IRIBFFHEREE ST

PP R TE B B AT R 5.1, RTDANRER ], WAL, i AURE K
Xt DA VEC A AR AP 200 , o PR Ao o DX P C IR AR I RRAE BE 2 . ZE T 26
B, FEAFIRASEICH ARSI T, BT IEE 24k 30% Y IEffH%.
B ER . fKB. Hu 4. ICP iR MIEHUN T VLB A T3 1 2 31
SR E AT K IEAR LB I Pt AR A . S IR B R T IR 2R N 20.25%, 1
KA B IE RN 31.19% . (I ARAE Hu J DTRC A 83 81 (0 X8, I R 37
20% DA bo R, SREAFTE DE RO P T X SRR B AN, l TR T
I R B AN K AR T SR IS e oLy, B DA AR IE R B TR R
S X SRR (LB

ICP {RZEAE—SEHh P h AR A5 TR M 408K, 7E 39.57% LA L, BIAnHi SRy
FIRNE S A . SE R s ] ICP R 2230 LI IE AR ARG, i
i TAFBES R E (Glandlgs A EFIGRE) FERA, WA~
TR SE A2 VL o TS RIS 17 b ] DEFCAEATL A AN rh o U B2 . ICP
DR LA, EESAE T —7 (557955.3.3) PRI e I L o i
I ICP 5222 )45 7] DAK IR $i o b T DC FC e vl %, AT s 2 5 ot 5 st )
DAKRE G 0 A A S 2 ) o

JK, RHE K, AR IR R s DT s A 30% DA B IERRR , iX
A2 PR IR I v AL S — B BAS A, I ELBRER B ok B g I L AR [
TR ARG 2 A T, 53 SRR 0 oG O ) e DCSBAR DL BE , SRAS A T Ay o8
1T 30%.
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ST, NI R R AR T TR ILEESE e : A, (i
A, Hu 2B, GEEE R, s Eg.

5.3.3 ICP iRZE XX i [T Fg By 2 B 22 Al

R ) W IR N AR B TSR DR A A A -, ARkt
B TEAR/N. hEE ICP iR7%E . MWiBME. HK4&B. WiEEUM Hu FiiX
BORFAE PR B AN .

IEAIAEEY 5.3.2 iz, ICP RZE7E I UvE I & b SR 0 R 4. R,
ICP BE R AR E R SN A] o A S RF o AR A RIS ICP IR ZEAE A H
FEEE B PHFRE G0 T, PCHC YA ) D JC T 58 0 T 53 s [) o o i 2 75 7 DX Je T
BeH i e

Az, Wi YA (f A RISEM A KA EE) #REH AR M)
HUCERIZAT. FAEVCEEATE B P ICP 22, R EREN W, =
0.10.10.010.10.10.010.1], Hrf ICP {2294 E N 0.01, Al ICP 2,
A WO = [0.10.10.00.10.10.010.1], H ICP BEHIALTEH 0. 1]
HIUR WL BEE RN T LA RRAE 2 A 1 R AL AE Rl — A 22

% 5.2 R THEA R B GG T A0 A 1 B B R 7 R TS IR R
DA ZEZIHE ICP 22 A VLRC T S B ARFRA T SRR IE A 2, AFEx g & X
REFMAERL EE. mH, FEICRAE TS ICP R A S EAE L
IITE] . PR, e ok B LRSI, VA U ICP 22 A XIS DT L i)
AT
534 SEREHMBATREERNLEES
5341 BERBHEE

R TR T e SR VA A T R P DT -5 3 P A T T g YA AH R D 3
PR AT Y R BCHE T VA T XA OS2 3. SR — e BT R A e
{IEA5 47 (Scale-invariant feature transform, SIFT) 4 fEHE 1A 7. FH B BEALIMAE—3
(RANdom SAmple Consensus, RANSAC) B LR &% Vit (Fischler 4%, 1981), i
H} OpenCV #EATSEHL, I AL AERRAE S BURN DL BCAE N R BAIZ 1T I Ta] . 26
N7 AR RARVEIC A I AU 5% ICP (Iterative Closest Point) , i i
7= £ PCL (Point Cloud Library) 528 (Rusu 2%, 2011b)., 52535 5.2.1.5 ik
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Bormann | Carpin Birk
Dataset Time (s)

(HC) (HC) | (NG)

W]E] 100.00% | 88.89% | 77.92% 241

W} 83.33% | 88.89% | 74.79% || 24.68

4% 5.2 %1 Bormann, Carpin il Birk iP5, PERCTRTE A RE AL HO) A K4S
J5ik (NG) 2y HIFEATRIBEAT ICP BREM W RRAERE BT 0L B iafr. AT 51 ICP 3%
FBATSGEILAS. T ICP VSRR FERE, Fefl T (DXL i AE ] ICP 2% .

Table 5.2 The matching algorithm, Hypothesis Clustering (HC) and Neighbor Growing (NG),
are run with and without the ICP error as feature distance, for the Bormann, Carpin
and Birk maps. We see that ICP error does not improve the matching. Since the
ICP computation is quite time-consuming, we decided not to use ICP error in the area

matching.

) ICP ERZETTZEML, B, M) 12 W06 MR IEFT ICP, AR5 X 12 1k
ICP iz 47l [l HA e IR 22 1) e AR PE e AT e & DR 2R . XT3 ICP
%, 2D AR I PR T BRCRS AR R — e AN, ASSEIR R 1R ek
PLHiC )7 ¥4 Shahbandi 55 (2019) 55 A A REVEVEAT AL, 25 iR O T~ X I
IrEIR TR .

AN SLERAE R 45 "Bormann” (Bormann 4%, 2016) HI%#i 4" Carpin" (Carpin,
2008) bHHATIHOEE . R4 "Bormann" RVEEY 3.4.1 1Y 43 #1520 8 i £ im 4
HALEAH —Le5 5% m]—FRBE AN S B 1L &, BIAN lab_c #1 lab_c_scan. lab_d
F lab_d_scan_furnitures. lab_f il lab_e. Carpin [EREENFRALE B4 S
(AL T VERD, BPoR B Fort Hill 5 &8 i) P 5K i A PR R # 1] o % Fort
Hill by 4 i (Arich 0. 1. 20 3), AT dkAT 6 L5880 2
1,2, 3; 132, 3; 23] 3 3% 6 XfHuEHILAL.

S R PR AR SR VE R A5 R £ — 2P il ad f PE e S5 R AT R AL, R A3k
1 e 1] DE P S A I o X AR S BT i AL 5 B, TR A SR 0 79 s P g DE
BEL NN B FMEEH R I . 7 M AR X6 55 B B /N T e T #% 1%
Ze, IMAK R UEEL ST . BEEh PR EC R R A o3 e R e SR 5.3 e A )
VERCHIHLIE , A W TR ess 22 errr o WERTEFEHERE R, esu, H1 ground
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Dataset Bormann Carpin
Time (s)
Methods Correct errg Correct errg
SIFT 00.00% - 77.78% | 0.0191 0.28
ICP 50.00% | 0.0224 || 33.33% | 0.0351 13.38

Shahbandi || 50.00% | 0.0581 || 55.56% | 0.0394 16.70
Ours (HC) || 100.00% | 0.0404 || 88.89% | 0.0380 3.06

A 5.3 MbPAVCRCE R EEES . AT IR AR AR I ST SIFT FREM PR ILCE . ICP iz
HCHdEZL AT Shahbandi 5% (2019) 1 LAEEAT 1 ERER . BATIM I3k EG 1 I wa i VL fic 15
P, JF H.Eedz JE3ER) Jjik (Shahbandi 5§, 2019) gk

Table 5.3 Map Matching Comparison. Our Hypothesis Clustering compares with SIFT
feature-based image matching, ICP registration and the work of Shahbandi % (2019).
Our method obtained the highest matching correctness and is faster than the state-of-

the-art method ((Shahbandi %, 2019)).

truth FEFREIE Ror AN, W ReesuRGy NZZIEET RO HIE, B
) B R P 8 MR SR o e 1R 22 -

1 T
errg=——e 3 Recats Ry ~ 1l (5.13)
CorrecCtum correct_matches

Hrpr correctym & IERA VCIL I R R B .

BT IER R AGBATIN A W2 5.3, fEX ek, AIpAMESH, Bk
RAEAE B PR E T R M IERR . T AR errg BUME, I
AT EAETER R ZEME A 1°, 1.5° F1 2° (BB, Rresuns FH Ror Z[BINZE(H errg 1]
HYE NS 435120 0.0247, 0.0370 F1 0.0493, KfE 5.3 FFR{EXS X LM, T
PAEH], Jo Rk RIER AR EAT 20, WA EE0E: BARISERS T
b ] DG R A A R

B5.5 888 TP iR IEEC A A . X T A RIS B, 5 ARk
W (HC) H 53 4K45 7 %8 /s HE 50.00% (1 PTREIE B o 32 PRk ey sk 32
RVEE G — e[ E B R R, AN I FE R]. 7TRAME%EE], Shahbandi
(5 A HA 5 HAHRIE R I ERBUE L, A EFER TR RS MR SR
BT 58, BV VO IX AT R A AN & PR R B R ] o 8 Ak
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RIEAE = HAUE B EASRR IR 4, 1247 (A Eb Shahbandi (7740152,
s I A SR VE AR E A IE B Al h A TR

YT K E R HLIE (LongRun F1 LongCorridor), [T A XEEKE, &
A—NHERRIERICELE AT FEiX e, M SURHE AL ARTE , X B TRRE
() HE YA NP RFAE PR U M TR AL b, TGS S JER Ll AH B2 TR /N 43 1Y)
g, WET/NETESRHIE . 7 PE I A 58 8L R R e E 2 S
DAVERE, FEVALEH I B AN B s Al AG

XA RS> B R R R A TUCEE, T T L Zilas A E &9 (M
FlfE) o BTSRRI S 55 T4 B L M ERE R R, Xa@me &
REVEMVCECIERRPE . JR107, X Fort Hill Za AR ulAl , Hb Pl b iy XA 4
wHERRR, FABTICE, JLHZET SIFT fILhc. i Ea s
&2, (LongRun. LongCorridor F| Fort Hill 44 ) , Frh 7 AE X 4
R = (HREARE R, 8RR IEEAE VL HC /) B B 1 1] i
RIS, WA SSEIR, MER T ARBIEIEZ Hlds A b & G i 08
PEo H2, TR RIEER KRB E AT P Hb & 2 30— Bk . X
MRS, AR R ISEARRIE VCEC HE X, B Fort Hill £ 4
i 2 F03, W 5.5 WE—1T R . 32 PR K IR A B S KR e %
B R B A EIA— 2L

ICP SYAAERR > B AR FRIUAE, PNl f R BRI A &L N A E
MRAFHPEECH A . ICP ASIE T HA AN [ RS 1 b PR B — LU X AR e 1)
HiE

SRR, AR JE AR IEE (HO) LEP S 5 rPER AT T i i 1R 1
FRIFBH T RGFHIHERRTE . BT HAEAFBSR A ERM B E RIS, Bk
A REILHET SIFT AYPLHCIE & vl A2 eAh, B ARIGEM ICP mi
BCHEDT IR B S ER J7 ¥ (Shahbandi 5%, 2019) AHEE, B 5 & HY IE A 28 H1 B AL
AT SRE I 1]
5342 HK4BBE

AR AR JEYE (NG) S ] TICHCRIR R I, AR — b se ik . mIrikse s
AT ER B SE G R FEESER T, M2 IRER I B S R AT (R B
AR AR AT, S5 Fp AR 1 1 1 v S S DC i DR ek i o 1
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Pel 5.5 SEERAR R T ANRITEIEM VL ACER . SRR, SHAbTIEAIEE, TS RA
TAFRI.
Figure 5.5 Experiment result to show the matching results of different algorithms. The result

shows that our algorithm has a better performance compared to the others.

AR TR SRR IR PERC A BRAR . AN SR RF R 22 KT TA5 Ma 25 (2015) 1Y
TAE RPM-L2E PEATICES, Ja# it —Rhiiad o mOu 5 A AR KA G Be e T3k . 5
TS R BCHE ST R 2R BT 2 A B h 1A DL FC A BRI T
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Methods || No Rotation | Rotated Maps | Total

RPM-L2E 68.54% 2.5% 35.52%

Ours (NG) 77.92% 75.63% 76.77%

% 5.4 MBI A K (NG) Jitkt Ma S5 AT (RPM-L2E) Lh&uf i SR Pl iy L fic fié
J1, i WA P Z 1] BHPT RS 4 PR PEAl o

Table 5.4 Comparison of our Neighbor Growing (NG) method with Ma et.al.’s work (RPM-
L2E) on matching broken maps, evaluated by the percentage of parts that are correctly

matched between the two maps.

SEE ISR B Birk (2010) MR R4, Hh A5k B A IREE
Bl XTTRAIE, FRALEA — AN IR 0 56 B R LA B S i ok iy 45 38
(R SEREH IR . VR RE TR BOR 0 2 B BEA T A Ao b e A . TR 5.4 1811
A YTAL I AL G B 28t s, b — 28 IR . D, AR IR TR
P TT, A S TS P AL R R BE R A T, 2 SR S b I 4 B SR
—HR I IO 8o HE TR, B TIR S VA R VT IC BT A 45 R Ay b el 5 LT Y.
M IEH M .

[l 5.6 @R T AENI A S HE )y vE RPM-L23 FI4R s AR K vk (NG) [y PLRC 4SS
o RS54 BRTHMINENFIRITEIER R . £HEER, SEAEKITE NG)
KT ELZW ST TEBA BEE A TR OL T, AR AR KO B RE IR
R H RPM-L23 23 5 9.38% H1 73.13%., AW RPM-L2E J7 V32 3] e i 3
M LB E . AL 5.6 FTDAE M, 2400 Y i 2 (RIS e i, RPM-L23 Jy VAR I
BT HZ, bR A i, SRS oA R A etz ARRIAR v
T TOEBC RS M A ARG , &P RE A K I yEATI AR Al DARF—Se s i
DIl 5 T b P A 0 B A FEA TR C . A R, 26 BN TG VA B A T
B, Bilfn"Robot_cast" i “Jofigh%, 3 B XAFEA YA EARSy . SR, BT
DA AR A SR e e g X S R TR . (R, AR SEIR SR, BT X Y
AR A s B A I R0 A A T PRI AR VT 5 DRk Pl O [ 43 1
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54 AKREING

AT T IR T e N Db A g I PR BCSRR AR IEA
AR AB IR o X PRI IR S0 DAB A2 — PO ik B ISR, TR AR 7 YA R
AR IR AR A DI BB R A T b PR TR g X PE I . AEIX PR TR, B
e S 1 P 23R A S DA SO A S B A A IEL S RS IR A TR
AEFREL, SRS 0 R e 1] ) By DXt e A fE sl AT PSS, 7 DX g DR
AR T B2 BIE, WIBEA 92 T REIE R VCIC . Y5 A Z (A — 2y 42
gt , IS A ORISR A THU I DT IC . o A R IE I A vl BEIE A P I AY
DI S K A1 (PRS- SERe ) e, SRR 28 He 2 2 4~ i ]
Z 1) e P B 1 D U B B RN A, i e SRR T Y e T Yy e 1
IS . 2 AL 2 ) To— B 4z Jm e e, OO L 5 IRIE, m] s 2R 440
JEIA AR VERCHE B AN ) B 2y o AR QB Sk iy IR B il IR A M R AR, JE TR
RO RS & ey [ AN/AS o /A S RSP (REZEE SN S e UL LS
X2 SR DL EC T 95 o R, ASEE I S X i DL e 5 345 70 ST i)
XSRS, BN 1K PR AR P IE AR R R R AT
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Figure 5.6 Comparison of our neighbor growing method with the non-rigid transformation

method (PRM-L2E). Areas in the same color in our results mean that these areas belong

to the same subgraph.
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$6E WEHFRNSEREH-EEERT
6.1 ZERIEI-ERELHRY

FA A T XA Area Graph, BT KIS EFATE— 2 T 2R RN
Ih-FER BN TN R E T SR R, R IEBDA =R S ]
A A RE 2 P ) 0 R DR R A N o T IR L R R BRAE AT
iy LTI o TR AT AT, 07 YR ASRAEAR AL A B 14 22 4 S AR 4 A
WS VR . AR, IR (1) AR & AN R 4R Y 5 (5 R
MR, FEFIRE M T AR (2) AR - X2 R R A &
TP KA Z RN, GFONRE 2RSS . AR EE A=
HEAER A SR U PR 2 TR, i A e AS Rl R i . A2 T st
ISR AN L, RSB Area Graph Az B ofe ™ A B 1) DX Sl 7 B 45
P aFE L B TRIUETTE] S N YA N e I Y E TR 1 = o 1 BUBC L2 E A e -9 I
e T AR NI S R A R = 4 s R Y I 2 SR TR AR
Pt T — MR HL I 2> BIENE AT RS B — RS S R AR
b L4381 A PR AR b e M P e R R P DA

6.1.1 ZUEHEEER

AT = 4ER b B AT S 2 % #Blochliger <% (2018) (y)H %, AFT
EAEE Rk F s, FATTEE ALk P R b S R R K . %3
Ih-FERE IR AR R FRR ORBIEILIG.1) o (HAERRE, g 4eEn
Hu PR R T =4S B, BUARRY “HERE” S B R UMD AL S A {5 B 4k
€. (1) 0D FoRg2d— M aimdhthie, HEm N =4S Ko H 2 [T
AN K AR (2) 1D Fn i — AT mUg 2 IR T =4 R i —4
mheo (3) 2D FORHRYEATY RUCR IR X, 1N RIS ERAL I LB,
AT LI NAE RIS RS o (4) 3D Fonm, HAT TR =4S [a) ik,
HUAZ Bz R 4 (25 PR3, WAL A n] DA A
7] 225 T R X - i AN ] ) = 2T
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(c) (d) (e)

Pl 6.1 fA —dExizs (a), AT EARYEERSL: (b) 0D fHhidbiibd; (c) BEHTdH
T AEBR eSS G 1D Ml s (d) BAXUR Y AU 2D Ml (e) il
15 KA 3D M.

Figure 6.1 Input a 3D point cloud (a), then different results with different dimensional metric
information are provided by our method: (b) 0D topological map; (c) 1D map whose
vertices are points with coordinates; (d) 2D map with regions as vertices; and (e) 3D map

with volumetric information.

6.1.2 ZRXHHINGH

A 2 E R - R R RE B R 2 4R (A E—T76. 1157
), MHIRFNE R Z E R SRR MY R S RGO MY R R
ForFnaheE, B, SR ANY AR 2 MREIRNT RAY SRR, (1) FER AR
FONRFINFOREL, W RICRAZZE MR (volume), AR —BRZSIHZSTH] . 23 W] BR
fE AT EIH RIS B R, B s =i m], AR
AIEGERR. (2) FEUARGMEL, HAY (0N K3, (region), ARFRHT H AR IES
SEREMI G SERR. TR A A A3 E) 3 R0 o g B DX e, TR AR A4 /)
Dok, PhRic A IERZAL (connection), ZEXDIRZ (B4R . i TR 5 1R A
FE BRI 7 A I AT RE AR R, FRATHRFX — 2 B DXAR K X8, (big region). (3)
SRR KA THE— 2R 53, MRS 2NN, M T2 . (4) A%
INITIESRAZ JZ RS R A, s PRI LA — 2 (storey) /E N —
AN R I, AFORIZRRETHILZ - AR R R IK-1 XI-2S Al R
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[TTT1]
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[TTTTTTIII
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Region1 +—— Region 3 +—
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Passage 1

Wall Region2 «—
Table Wall

i
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Column 3

Passage 2«—

Passage 3

(T T T T

Floor Floor Floor

(a) (b) (©)

Bl 6.2 (a) SN RIS (column) 73 EH (PP R ¥ =5081) , scbs basblrb Aiiigh
B, (b) RATHILBES ALK — A 22 M1 (volume) . 3 [ M. 2 ] 42 fk i £ 4y i 385
(passage). (c) PP g v = ANDXHR, JErp XA 2 ST IITARI X . DX AR 3 (UKL b3
M, ikl (b) A volume 1 fil volume 2 A J)FMimk. — AKX W47 WA~ il i .

Figure 6.2 (a) columns in an indoor environment (only three example columns are shown).
Actually, the free space is filled with columns. (b) Columns with similar top height form
a volume. The contact surface between volumes is passage. (c¢) There are three regions:
Region 2 is a door; Region 3 is a room, formed from volume 1 and volume 2. There are

two passages between the three regions.

6.2 tHEHEX

AIEN=E G s, BE—RUEZ I EENEREBLS, &
AR 2 Z RN, ARZRETT AR S B, 2 3R
JZ . RIS R S TR R Z R IR NN SR A R B AR T
KK HEE, BRI SAREMEE . Hd, RS 2 A XK (1]
wm, B, mEAFEE B ZSEER (volume) 8. N T HEX AL Z IR TR T
X, WNTRH—BERNS S, BRI ERERER MR, E6.2fER TR
B (1) B4, WP aaE S A B Ie——F) (column): ZS[H] i B H 5
] b FELE R AR BT, IEER (X y,222). (2) RETUEARBIAIA
ﬂﬁéﬁ@~m@mo%W@mMmZW%iéAﬁﬁwwwm R —A ik

NP5 S5 i AN e 2 P N[ o TP Ut ool W B S AL M T R < R
%WmmMﬁ#ﬁgﬁgﬁoB)ﬁ%mmemiﬁ%% AT ZE K 1
PAR] R XA AT e —25 731 o
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6.2.1 mETALIEREEWN

X AR BRI S, B Z RhE Ty A B e By, Al
PAsE i S 55373 M7 (Principal Component Analysis, PCA) S35 48 21 S ) 5 L7
. Bl , o FFUE Y 5 284 %5 % (Point Cloud Library, PCL) (Rusu 45, 2011a) [
voxel filter R 35 Z 5N Z A Z S HHE (ZZEPIARHLIED) , % BERR T Sem
PR M P a s, WRn)— D F LRI OGS B TE I b
IR, A PCL 21 Euclidean Cluster Extraction S35 F 1805 0 AT
R EEE B/ N T BI(E 20cm 19 00— D RERE, AP AU T 100, XL
AR 2 M A TN 25

sz Armeni 5% (2016) RYJE 4, FeATRE AR BA R IR . hTH0G
AN BB R Ay B A R AR AN R AR, 25 oA S8R 2 B B ARFT KA Z (] 2
A5, MTHBAR R RAEAR R H i S A . AN E BB (Z 3h) gt AR s
JER AR, TR E B . 25580, 8 R 2 PG H AL 2 AR R AE AR i
FER @ BE, PRIFRAT AT ARSI ) RAEAR RN AR . BTS2 brif ol dr, R/ N
SUHBAR R IR B TR, AR FRAT B M AR 2 7K P

FAVE N —FRIVE UERAs, 456 Otsu (1979) 175 VK 5E r RAEHUFI L
HHAFTENLBE B R v AFR A

1
gc(s) = ;I[[Isl <] 6.1)

o, TA] R RRARRREL, AT ASHEINER 1, BN 0. K63 () f
AT IBAR AN ETT B AR, TEHARFL, A SA 2 NEE, X
e P R A S P My T AR P E R . AR 1R/ NS SN B )8
PeasReR (JLIE6.3 (1)), PRICASERF I DA T Sms A s A R AR
S th B 2 o RS A AR Y S B DAIK SR 17 11 7 1 RN/ Y &5
. PEABONE D PR R . K63 (£7) R T il i Zrms e i 1 i
R J= HUARFT RAEA -

6.2.2 IIRIERL
“HERFR 5 M LB (3D voxel occupancy map) 1, M EIT (voxel) AT DA

APIMIRE: 2905, Eax W R s GO A FRRIALE, RZERZ
BEA—E RS Y, RN 1 1 5 2 R i = 425 ) R B TS 25 R 5 ) o AR
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Pl 6.3 Ji: i MIBLE BB B ri s Z g vt s B e il v N R 2F 0 ks ik
c€{24,---, 10} cm WE DEUEAE R . A: KIS M 5 RAEBR (bl b ¥i (ki sR) -
Figure 6.3 Left: The side-view of a point cloud and the histogram to count point number along
the z-axis. Middle: Window filter results, whose window sizes from top to the bottom

are c € {2,4,6,8, 10} cm. Right: The detection results of ceilings and floors (blue lines).

FEN T RN SR 2SR 25 8], F5 SRR A —ZE Rl AL = 4B 5 b
&, X — IR TR sdf_tools (Hayne 5%, 2016) RSLH .
FMIFIADI (column) XA, —ZFMIZHAHIE x My Aabs b Wi 2
J7 2SR —BOELL AR R I, 1CH0 (x, ) 21, 22) o FTA BRI ERICAR 1)
B (ARG #RMFR, STRSMIHER. JIIRELZ (xy) Hbs
PSSR R ERER, B (21, 22) EASEACRYIN N E R AR
1%16.2a 38 i =4t ] Y MU RL I R T =B il 1
W BT IR, ATDARGEI 23 B A R R AT AR, R A XA
GEAR A G AT A AR R A B o ISR I 46 , i ik sl iy B TCA%
R ERRANL, BB AR E AR EES, R TR
(x,y) LRIRERZ I, RO = 4e2sa) Pl GEA BEfed) & IR 2225 T RS
(BN E R R 1) o 7350, WERPIN TR R o , RN 2R
NENHEA IR T E NS

6.2.3 FTEREGBEIER

ZS (B3R (volume) J& H5—HIELL S N A R =4E=5 18], B H G
MIPFN LR, EI6.2b/8/R T AR, E6.4bJE/R TIEH LN &
ENIEI IR

ARFVER AR AR AT R A A R B, REDLHEE ISR
FANT, WE R AR RAABINT, LI G bR A AR Tt

2B
i
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R (2o K/MHAZE/NT 10%) , FFHII A DS IR . ZZIRTA AT DA A3t (7]
— TR (BN, —HA AR H R KA ) TSR 2SR Y —
P, BT ENSRSFE—LARY) (FIIMFEH) BUNERY), P9 EGIFm
FABER BT BT . AR BB [N 2 5 4 A 1 — K07 1)
JUP-50 b3 R B R S 1R, SsXRE R R S TRIHRORE A 2 Y X, Sty H g —
AU — AR

(H2, SARAEBAF R FEEA RGN THmbLgs A, BT
— A RBRZFIRINA, BRI ST s TR I R LR
23 [A] L A passage ARICIH P A) 25 ()R o B A2 ELE I o 3 MK Y
PRI XA IERE P25 (RIS AT, AR ViEIE (passage).

ASCRFE A HLZ SR (volume level) IIFHFMAIC N G = (V,€), Hr V 2K
WAy RS, & T RyE. BIAEI AT A BRAE BGEIE , A E R b A
il . A b—2B s TRl SRR I A S, e — AR bR R
JEI AR S (D). T F-4RJE TEER S, BRI R o 48
REHBTIADS, 4R IFPIIEHLAESE (E—5H5) FrEa R TS5 AR
[, BRI HA AL (%) MR R BEITAR A ENTZ [l passage H1.
PATRF I § 23 j 2[R passage il Po I P, HH) U 2T AL
PRSI Eefltii . HP R Z TR 1 —EE R, A s e 5k
JERZ AT, BB BRA A — ANl vl BRSPS AN RS . It
FAT B A T SR I E M A O T 7 AR Al 1 R 23 R R
WIE, eI HINA PRI e, BRSSPI E SR
MR — AT, B EEE RN R B — S5, 1 6.4a nIALAL T — I i it
J7 AR A S [ B Z A AT

6.2.4 XigntaeE

AZZRIINIR T, XIZ) (region level) Y4 h-J3E i P RO HE H AR 2 1
Y U AR G a2 — SRE P R 23 IR) (B an— 52 8 pia)) AU
VS TR X R R XIARIC o B TE]” (room) B “TERAL”
(connection), H:Hr “F{a]” AAFRSEHEN f7 A BGE R, “HEHEAL” WACSETT. [516.5b)#
AR T A= B A B T DX, AN TR B DR A [ B o e 1]
PR XS T EE A /IR DXSRBE S 1T AN K A2, BATIHE &1 6.5a X [ ] Ak i) DX
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(@ (b)

Kl 6.4 (a) ZEMmBRgeiydndbiel, HrpkBUR T 20m° WMy Wi . (b) M=
23S JUPTE U S D RS IE 38
Figure 6.4 (a) Volume-level topological graph, where the vertices whose volumes are larger

than 20m> are visualized in blue. (b) Volumes generated from a 3D voxel occupancy map.

(a) (b)

Kl 6.5 (a) XIRGFndbIe. bbb gebsic hakt. (b) Mgk b T4 )K
iy DX
Figure 6.5 (a) Region-level topological graph. The passages are labeled in green in the map.

(b) Regions generated from a 3D voxel occupancy map.

[N SYIEE S

TERE NI, R e 15 e DI e iy, 10 1R o5 A D o
/MR Z . BTXA35E, ARl B Hn 4k TRl 8
Ab- ) FEEAE R A DI AR NE o B S MR B an, BE SRR
Ao BE R/ INERy 2 TR A S 2B B TR XS b1 PR o 1) DX 2 ) b 20T 4
AL DRI A I, 2P TR 2 ) — 2 A (AR I B 2510
BRIAIRE 1> passage #filtifi ) , WIKFEAIGIH, HMEHH—DFT, DA
EANTRE RA A1 AR T238 MBI 1] S AN W 6 A 48 28 ) e —A4
i, EEIEES— R TR S RISAE L. B6.6/8/R T %A H E RN
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Figure 6.6 Generate regions from volumes.

T

B RS FEU IR A5 [ R I T 2R DX e 58 s T B A
JG, B2 YR B B BRI . SRS A S — X
T, WK BT 0 KR R, RN — A B Xk, Asic AL
6.6/ 2SR5k 3 J/s T IXAE— R Bl BRI E I AT 2 FIFpT 4 Frdl]
FERE ) DX, PR TN 14 R[] P 1A DX e 230 o 1 DXk 2 A 4, BB X
I 3.

bR R AT S B BES R an, RSEORE S LR Tk
£, BRI ISR AL BERVL, IS KT 1, T IARRERCN B
[ IR RIAR, 7 EEEE— DT B/ /D s Rl AR 1Y
{Eo FRATI AR W BB EX AP TR0, HRFE R 6T K67, &l

C
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A T (R EAR) 2R TEIFECR, BIE an /DT T TR RBI R 75
Z, Wi an 2K, FPEcE SR N HASIAK, 24 ay, REHEREIKT S
R, BRI WL, TR ag KT TTROABIR SRS F, /M
AR THOCT B E R (LLEKPL), X TREEE S b
ZoRMM T FPEaLs (RaR) Sad TRRaREmr AT T,
TEREN L2 IV N BB BER AL R T, Zead TR FR2 IR, PP R AR 2 A
ER) (SR T HIERRIED -

Dataset 2

501 @ === before filter
o after filter

ey
o

number of seeds

10 A

atn(m?3)

Pl 6.7 B o XERBF-Hcisgm, SEEPTBL (Ritaxl) MIREGITBL (WEal) 23 hiERk 2
AFFET . SRR BOR, 2K R ] DX R

Figure 6.7 The influence of threshold g, to the seed number. The blue polyline (orange dots)
and the orange polyline (blue dots) are the seed numbers before and after the filtering

step, repectively. The red line is the ground truth room region number.

6.2.5 FJ Area Graph 4 R E %45 FX 15

e b AN A, SR TR RV RE R4S B 4 FA ST
K3 FA2, FEMREBL R, P X Sl kil o (1) %K
FRIANEL, BRI B M i I (2) 2 i — 2 BHE I B ikl
AR A TERE I, (ER X T HSE R Y, P i B AR A 4 FI T 1) AN ] 43 S
F B X . FATEEA Area Graph Az i3k SEEL1 DA R 43 . [&16.8ar1 2
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(a) (b)

Pl 6.8 (a) 3% ¥ JLA- KX Area Graph A pRELIERIS i1 1 XU R Bl (b) -4
PN e g SV E (3 B A

Figure 6.8 (a) Lists several example big areas that are divided into sub-regions using the Area
Graph generation algorithm. (b) The 2D segmentation result of a big region is applied

to the region in 3D map.

TR IR GE— R 2 A1 K s . o, B 1 481 p K IX
WAL T AR, X R A e ) ) i S AR R R B EE AT B, R
JCRR AL A Rt B AR L, PR B SRTRRF I T LA o [ g 7 i ] — A X
7= T 70 #IA &2 (under segmentation) [ OL. 2470 B fs [B] A 1] 5 KAEAR S5
I 5 th B A O . Area Graph 53R 7 ISR E/RTER el , FOERfHRF
JUAS BRI BRI A7 i K. 6.8 (il 3. 4. 5 RiERZ BRI H
IR, K DKIRGR 74 ELRF I 2 R A 70— S BE B IR I 5 G X
T RIS A ST, S5 ) Z A ) R B AR AR SR SE 22 TR (1R R
T B E R I AT R R PR R T RS RS E R ) o R340 3G
$) 53 A IR A R AL B PP ) B AR I R AR, T Area Graph F 1S
A T B A P 0 B I G i T R 3

S NS U U E NSRS BUB B NS T 7 E 2 a1 A e R R
JZ4 (sub-region level) FIFHFNEIR . BIRXTITA L 20m® B R DI S 1R — 48
THuIE], T Area Graph Az sERAE I EXFRIKISGIEAT — 4k 1. —ZEfHs b
B AR B AR AN - SERI A — KT A BRI IR ) it b A
IR il Iy Dk P ) BE—A (x, y) BROGHS , A BOCHS B — 2RI AL i oo
RASHCHZ I o BT AR IBLS 1) —4Eb R 5 5 -, Bt Area Graph
TRAE H 2SR R XA ) — 4 7 B IR R B . AAI6.8bFIR, —
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ARBIRSE = T4 B H- (] Area Graph JEAT70 &), 20 FISER PV T =
AEHBPE], R DRI 7 22 A X3, AR D2 A MR A . X
WA, passage, HA S IA S E16.2.3 A ZAN T IR, S PAS DRdsk
B

63 KKk
63.1 BEMEAENE

ARSI B SIS AE A, RO2BR T AN RRETN S,
HopBdRgE 1M 2 kAT BRI 8l B B0 A SEE % (MARS Lab),
Hednseok H R R 2 T 5 2 RS =

02T T AR SO R — 40— I B2 SR AR U 4
FNBE . AT LA AR B A 2 B DA R B R AT R, SRR 1
TEAE B S S350 M A, 2855 Area Graph (PR, 33— 14 DX dek 1
A ESAET . BdREE 1 il ], X2 T Area Graph ZEAES5 4 1L
DAk 2 E B, 2R I T Bk . B 3. 4 e iR R
AR, (FRTESSIREE R, AL AR RAE AR 3 (BT 43 1A B A X 3, A,
SEIEAHBA ) RAEB A —E B . AR —if AR Y 4R
B #F N ELREAS TR 4 DX S abe ot , (AL 1 DXk 1) 4 e R m] B3 1 o HE 40
B 1R 2 AT AT RO BE AR INAL, X2 BT O SRR
BAREE 1A 2 Pk B BT T I0 F O R, AR i ek
WA, IR TRV A W, B 2 NIRRT,

IR AR BRSNS S, R AT SCm AN, R EER S
B, WR62WE N, A WS T RATMEE SIS HIET 5 B4,
S A2 BB [ 1 R 3R 2 2 S RSO = 2 IR 3% 5 T L ) 40 . B4 1
S| 6 (s F R A) 5 B A BT . Ak 4 OB gE 5 BB )N, (202 5 ]
B, OB THMAH TAPERE R (BRITREE/DN) MREHE.

6.3.2 FtLLICIE

AR EAD ) DR BT R 1 Yot 8 B 1) 1 = 4R R AT R 2R
B, A HPINERI—— PTR A E— b A BIEE , ARSSE R AT A
SR A BGRB8 el ok 5B B R E R . R63R TR
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MCC Area Graph MAORIS Ours (Projection)

Dataset 1 0.606 0.498 0.532
Dataset 2 0.589 0.615 0.976
Dataset 3 0.783 0.840 0.993
Dataset 4 0.747 0.279 0.975
Dataset 5 0.781 0.377 0.997
Dataset 6 0.930 0.646 0.993

2 6.1 Aoy BUGEAEA R B4 B MCC PGSR

Table 6.1 The MCC evaluation for the different methods on different datasets.

FESHE 44 %1 7% (Area Graph 42 &%k (Hou 45, 2019b) #1 MAORIS &
¥ (Mielle 42, 2017)) %% Py PR ) — 243 #1145 52

AITER AR =i, HEW6.31P LR EMF, BR-ITER.
FOIPEE—FZH A YA HL IR, MR =4k i s BT R R, ©
PR S OF RIEFR =4 Ry S, (E Z4EhgRR) |, MR HEIT ik
Area Graph 4 3.3 (Hou £, 2019b) F1 MAORIS ¥ (Mielle 2%, 2017) ff)#i A .
P =BT AR RIS R . FAEEE ISR A R AR (S
Area Graph J3E )1 I #d AR ) o BB A @R HIM S AR, 2
PO A e AR VITTEAL EA TR 7y, B0 2 4

YEZAH ] Matthew [HAH 5% 2 %4 (Matthew’ s Correlation, MCC) {E k) #1145
RTAEbE ([ &53.3513.4), FK6. 15 H T =R EE A EdiE4 Eiy MCC
S WRTATI,, ARTERA AR BRI HAERZ Bk dE | MCC
o . ATTVEERIEAE | EARRAG R, e OB v — v DK
() 2 () ASCPH B 385 43 81, AR ALk TE YA RN B 1) AN AR I RE-45 B 18] 43 1 A Bk
(DI . 17 73 ANFAN  ERT BRSR e M E HEA T, RS2 BEER . BRI
B2 A, ARTTEAEEARAR 1 R E D ST B T e i o) 545 R AR
WIS AR, TEERAE 2-6 EHFIRTE 97% DA EI MCC 4345
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Dataset 1 Dataset 2 Dataset 3
PN =4 12,956,732 2,929,680 5,099,751
KI5 169.9m/ 104.41m/5.0lm | 73.57m /28.97m/9.33m 11.25m/6.98m /3.23m
X3 70 18 7
Ay 0.15 0.15 0.15
TBFIHA] (s) 2.10 0.73 0.058
PR a,n (m®) | 20 20 2
WARS
3D Hb & 4]
IR AR T E
Dataset 4 Dataset 5 Dataset 6
LTI 5,096,515 291,701 1,199,532
K585 16.24m / 13.90m /7.02m 26.46m /24.79m / 8.39m 24.15m / 16.03m/ 3.37m
X 3%k 4 3 11
AR 0.10 0.15 0.15
iBEIHA] (s) 0.48 0.27 0.31
RFUBAE ain (m®) | 20 20 20
MAS S
3D Hhi & 43
I AR T E

2 6.2 XA Bl AR A S

Table 6.2 Evaluation experiments on different datasets.
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X PR 4 D3R 5 BT D B AR LA T ] DR

T YR T N
(A =46 ) | Area Graph MAORIS

" ,““‘.q.ﬁ\‘ -

=
i

8
¥

¢ 6.3 5P Je ik Jii: (Area Graph generation algorithm & MAORIS) 1%} 205 .

Table 6.3 Comparisons experiments with two state-of-the-art 2D segmentation methods (Area

Graph generation algorithm & MAORIS).
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AT N T4 AR SR BGNENR AT TR, R A
YA+ M PN 4 SR AR KRR DR IS, e i T AR R Bk . LA A
FEAL 55 TP A I, S PR BEAUBCR  BO A oK, #hes S Elik
TR R KR R MBI i SR A BSOS A M, 0 AT AR &7
Hufp o BE I, 5 I8 B AR T SRS S M VR 30 1 R i T ALY
WEHT, Jeds e A sk, VR B Sei i T LA ] SRIERSEA R X
R R ADIA - AR AR A, BRI RN ROR dr 4 o X
Ik Pl (Area Graph), -3 B DI P ) B A AL ] o i Pl DEPRCIX 4 B2 T 1
GLo HETKRIE, B3OG2I TR SR BR =4 R SRR I 2 K
RN, DMEJZ- -1 I 2 R MR 2 )2 BRI E N RS R
T, A3 AR PUAS I AT 4G, FF R B R T RERY B ST 5 1] o

(1) SH=E g 7RI RMER, DA 4 R P | 3l A 1 DX 3 el 5
QB MORIRIR . KRR, FRUEHT Voronoi K i} Alpha
Shape J R PR 73 A7 BEOSCAY XS (B TP RDERR) « H DTk 2 4 i 1
—FEIFTEIIh MRS, SRR MR AR T BT A o ETIR . S
HAt 73 BT IR0 B S BB, DRER PR] A B BRTA NS S2 i BETS SR A 10T LAt 5
R RIEER . ART7R ] Alpha Shape 1 STAA RS I 1 4 1A 84 s ) A1
FEREE AL, (T B H) DA BE AT A NS X3 73 ) o SOPRHE , A R0l B 7% T
i XA 2 oo i i e (1]98) RRES RS o, AR00
K53 TR, e 7 RIS RIS DL . ARSA A P 2y 1 45 RAR AR RE R
KT =N e, BTG EIEM RN, 8585 T AR, R4
W E. SRR TAE R A 22 I KIS ATE . RREZ )2 o S8,
SRR @ R KR BT, PO B/ o JE LA R 14 /)
PRSI AAN R — A58 B r DR 3

(2) S 00 ERE DA PR T B A ] o Ry s A T X el R A 1 e
Passage Graph, FilfFZEtR T IXISIAI R EEAE, KR 74 Rt iR it 5. A
AR A, A8 AT AT R DR P I T S 2 Sk, T BT 3l D A
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RIWEIE, 0 KRR MBI By b R /M

(3) BB, fEEARI T BT DI R i PR PERC 735 R &t
RIGEMERABSEE, 70 5 T Hu R A 4 s — B oM o 42 Ja— BUE i 3t
FIDERC . FEREEE R, VR A DI AR B 25l m] e T DAL . BRA
BESAAZTERIRRAE , I8 B0 A [] b 151 37 S A8 S50 78 7048 1 & MR R X
I VERCIE ARSI E 0, S A e R ) T — S0 DR (AP ) SR BT+ X PRI A
AU, TTRFEIM B YRR AL T DI ICIE . e M2 i o i s Ak A T
MR R PEECRIBEST, PR, ASSCTARR)— Kot Rt 1 ad o e B X dsy
AL #h 4 1l DR FC e L B T A RCR . 8 R R SA N [ 2
A e DS D PR VT B30 S v A T ) A, P e I A e i) R R BB I
AT 5 TR0 0 L 4 B o i A R 8 S YR A D — b b FE T IR T B R M AT A DT
FEREM A T It i S5, i DT e DX ) 98 J A R HY T I I 9 5 i ]
WA ZITIRE G T AN T KIS UATRFAE . S5 MR FhEI S5, 3
FIAETC— B 1 1 P TR DEAT VE AL H A o AR SCH I B DU RC 5 5 i 2 AT A
DAY R AR DB IR« BT DU IC A, b IR PERCASCR 52 IR T X 2010
SR T AT B XA R — 2 (B0, Y oA e 2 HLALE A A%
Pyek KA SEREIN 25 2 Ko ) SR B i b, i 2 S it e e 7 I
A0 AT PEEAN BB D o R SR B AR 0 — 25 40 3 B 22 1) B BRI ] 4
FIRRAE ] T VR HC , PAZR SR DA — Bl 58 B 5 B0 X DL e AS BB 1 )
FAN A IURHEAEVEBCH BT AR 24, L A e > B 7 v R I
EpLlibyrac e

(4) SEANENGET NZ ZHEFR = 85 AR 22 RS, AT
FEHFOAZ 2 AR . 2R S e i, A AE— AR Y
RIAHANA (0D, ERRHIMNERXR) . PASRIFR A8 miplE (1D) |
THYERIE R (2D) . =HERIEE (3D, Mo RUR A o R Z R R
IEREAGIUANZR, FER (KSER) MR ag: B2, KK
Bk, IR A EE %R BRI 32 B AR = 4R R S R A R
DRI, B0+ e A 00 A AT il A2 5 e A 0 118 2 e ) s ) A
FEER; @it Area Graph A A ANFE IR HE 70 X5l ad & F R T g 25 IR =5
s [ SER RN, I = AR M B AR o il S i X3 55,
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HLPE S BRI (5 BRI R E RS IR £ ) ST 0 B S v Al — 4
R, T A YRR A I 4 BT A R AR B R 2
i), 24 TR TN AT A 2 IR e 4 4 4 25 5 2 S B R AR 52
M (FAEWND) IC T Tevi il 2 K, 2 BRI AR 1]
HERSSEATIE , MIEREIR AT, SRR 5 R 4 K. Ty
B, S0 TR % I 5 BN, 5 R R se e AL IR , DA
R A B B A Y MR S R

SISO TR QUM SN . DA f s
MR« ST 4 b T LRI DU « 8 T E T B
TAEEAIIUA TR vk B, FER M T, AR tE A T 7
FIFRTAE: 1) MR (I, DESRIEEE) SRS, M X
SEOMFMBIE, T THORHLE AT KU X (L5153, La2sh M
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