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Abstract

Abstract

How to improve the scene completeness and computational efficiency has always
been a key challenge and desired objective in large-scale 3D scene reconstruction
community, due to various adverse factors, such as camera trajectory and view
angle changes, environmental illumination condition and occlusions, as well as scene
structure complexity and texture variation. This thesis focuses on how to use multi-
source data, in particular, aerial images, ground images, and laser point cloud, to
enhance the scene completeness and speed up the reconstruction process. The main

results and contributions of the thesis are four-fold:

1. For large-scale architectural scene 3D reconstruction, the models generated
from ground images are usually incomplete, while the models generated from aerial
images lack fine details on the building facades. To tackle this problem, a dense point
cloud based aerial and ground point cloud registration method for complete modeling
is proposed, which goes in a coarse-to-fine way. In order to improve the accuracy and
efficiency of point cloud registration, the proposed method synthesizes aerial-view
image via ground dense point cloud projection. During point cloud registration,
the proposed method makes several improvements in image selection, synthesis, and
matching to generate evenly distributed synthetic images with low noise level and
to obtain more point match inliers. Experimental results demonstrate that by the
proposed method, accurate and efficient aerial and ground model registration could

be achieved.

2. There are several drawbacks of the dense point cloud projection based point
cloud registration method, for example, (1) relatively low efficiency, (2) synthetic
image with high noise level and inevitable missing pixels, and (3) a similarity trans-
formation for point cloud registration is incapable of modeling the scene drifting
issue occurred in image based modeling. To deal with these issues, a sparse point
cloud based aerial and ground point cloud merging method is proposed. In the pro-
posed method, the aerial-view image is synthesized from the homographies induced

by the sparse mesh, and the aerial and ground point clouds are merged via bundle
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adjustment, which largely reduced the scene drifting problem. In addition, the pro-
posed method filters the point match outliers between aerial and synthetic images
via geometrical consistency check and geometrical model verification. Experimen-
tal results demonstrate that the proposed method performs better in point cloud

merging accuracy and efficiency compared with other methods.

3. The models reconstructed from images are usually not accurate enough due
to various factors, while the models generated from laser scans are of high cost and
low flexibilities. In this work, an accurate and complete architectural scene modeling
method by merging image and laser scans is proposed. The proposed method cap-
tures and models the scene using images at first. Based on the model generated from
images, laser scanning locations are automatically planned by considering structural
complexity and textural richness of the scene, and distribution of the scanning lo-
cations. Then, synthetic images are generated by projecting laser points, which are
matched with the captured ones. Based on the cross-domain point matches, images
and laser scans are merged by a coarse-to-fine scheme. Experimental results show
that the proposed method could give accurate merging between images and laser

Scans.

4. Indoor scenes usually have complicated structures but texture paucity, it is
hard to produce complete and accurate reconstructions by only image based model-
ing methods. This paper proposes a complete indoor scene modeling method using a
mini drone and a robot. The proposed method uses aerial images captured by a mini
drone to construct a global map, which is used to plan the moving path for robot
and served as a global reference for robot localization. In order to localize the robot
globally, the proposed method synthesizes ground-view image based on graph-cuts,
which are then matched with the images captured by the robot on the ground. In
the end, accurate and complete indoor scene models are achieved by merging aerial
and ground images. Experimental results demonstrate that the proposed method is

able to accurately localize the ground robot and completely model the indoor scene.

Keywords: Image Based 3D Modeling, Aerial and Ground Image Merging, Image

and Laser Scan Merging
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Figure 1.1: Schematic diagram of the pinhole camera model. The scene point X is pro-
jected onto the image plane at x through the pinhole camera projection center C. ¢ and
f are principal point and focal length of the camera, respectively.
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Figure 1.2: Schematic diagram of pinhole camera calibration from 6 2D-3D correspon-
dences.
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Figure 1.3: Schematic diagram of two-view triangulation of a spatial point. The process
is realized by intersection of the viewing rays, y; and y,, which correspond to the image
observations, &1 and @x9, of the spatial point X.
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Figure 1.4: The homography describes the correspondence relationship between planes. It
maps a point on one plane (x1) to its correspondence on another plane (x3) and thereby

describes the two-view geometry for a purely rotating camera (left) and a planar scene
(right).
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PR, TR B K RBEA e PE LA R 1107 1 L2 X — T A 7E, AR08
WARKE S SIS RE. f5EE Rzt TR T RRm =4t
I EE N, ERARRIRAATRT, TRKES SR,

MFENLEEAT AL i 12 2 B ) s M BEARNL G S5 e, MR H =
K,R,K'. MixtFHNCHRENHEN (K, 5 K, CHD , BMNFELN H =
Ry — ToNT | {55 AR B R (RS T, L TR BB K A T IR 9 I £ 1E
AAML, BEEF hgp = hsy =0, H hag = 1.

IMRILAT: AT T TR Al e R B T SR R, AR A2
THER MU, & n TR — B 5t R AR € 12 3 1 AL LR OC &
PR BARMLI R O C€1 5 C) AR UILELS).

NSEPL IR E bR, BT SOMR A MBI B TG AE T MR B

52, Al

e = Plcg,eg = PQCl (111)
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Kl 1.5: FEAKERE R AR S o o N AR AR . BN EER B A (e BN
FANEBERL (o), Hoxy BRI @y £ Lo B, AR Tk — B &
N EENL— B SRR LT 5 R

Figure 1.5: The fundamental matrix describes the constraint the correspondence conform
to in general scene. It maps a point (x1) from one image to a line (I3) in the other
image, and the corresponding point @2 of @ is on ls. As a result, the fundamental matrix
describes the two-view geometry of a general scene under general camera motion.

MFAE =4 X, BBHAES —RER LSRN o), ATLGEE MR A ey
5 x) MIESNRLL 1 = er x o KBGBLANREIRALL T A A1 37 5 HEAT SR R 45 21 4
Vi = Pl Hf PY oy Py IOhIE . ERL T I EBSOY mO R A
P E T G AL H D 2 1A R B P TR o AT T 7 55 8T T 22 2k 5E
SCT AL AMI R AN . AR T TT 555 S BL BT T A L B O ER —
R R P EIAN R 1, = Polle AN ERMEE — 5 X FEMIE K LRG>
BT IEANRLL 1 5 1 b ERAMRZREE] X 7258 iR B ERBGY x,
(VAR 85 PRSP I

0= Ty lQ = T, PQH = &5 P2P+l1 = iBgPQP (61 X :131) = Xy P2P [el]xwl (112)

ﬁ;‘q:]9 [61]>< y\j&;ﬁ‘ﬂﬂ\%ﬁﬁi, ﬂ%??@ﬂ?y%o
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WRYE EIRHES, SR LT 0 2 Al AR R A 208 LR

F{
F = P,P{le)], = K, [T5] Ry K{' = FI (1.13)
Fj

MEIE F RNIEARSERE, Ry, = RyRT 5 Ty = Ty — Ry,Ty 25 AW AL 18] ()
FEOS e S AR A o B AR R — i LG b 0 S S o — IR R M 2k . 158
Mefky 2, BN 7, ATRLERIER S OU NI 7 MR A Gl R AMR L
WRAEAE 28—/ R R (= SO Hk AT il ik . iR MERR ZE R — A=k
s, AT LI 1 1205 IR DT R AT E ARSI, SR 8 KX B i b S AR
B EAT fli T

F,
0=z, @xy = [Tluy xlus xl]| F, (1.14)
F;

ERTFRE RN A AR E R . EIRTTRRAAE AL E O e T AL (8 NEE
Ao TABHED, B TRRA AL, EEEHL TN 2 (AR RE ™K i
Ao IXI, Al THG B HE A A f B AR SRAG AR AN B L A T[] — AN A K
s IR AR AR E] A S A TR A RE R R MRS 2 AR RS o
A, BT EUERE AR, R BI85 RE L N8 5 B AT 0 AR AT [64].

AR A ZEAGERE AN AR E (WS K 5 Ky &8 KRR SN
BHREE 5 NMEBE, 3 ANIER, 2 MME DN RERTECTRE. £
JRAERE E LR -

F=K,"EK;' & E=KJ]FK,=[Ty.Rp» (1.15)
AT R, 2/DFEE 5 MR A GR/AME) . SHEAFE RS, Ao

FIIEIE 8 XX R Z PSR, T RAECR /DG EL ) T S, R BRI
TIRZ I [65]. ABUAEREA KA A S ES R SVD(E) = USVT 153 4 Fi]fe)
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FATLAR X3 25«
Ruy(£1) = URT(£2)v7
2 (1.16)
(T3] (£7) = URZ(j:E)ZVT
Hr, R, € 50(3) N5% z M e/
0 +1 0
Rz(ig)z F1 0 0 (1.17)
0 0 1

R VIA R —AAE U B A R R, i e 4530 1 = A7 I & 15 28 1) 2 1)
AT PIAINLZ /T S E RS, AR R R Z — D RER TR
SRE, PRl HeaE 3 70 ifp A R B2 A5 280 R AR L 22 ) R ARDRS P A% B B RUBEAN I E 1

1.3.2  AELRttfhit

bl T S E @ P AT T i, XERINIATH R AR R E
WA R DGREUR i B S PR S 45 . o 7500 A 2 2 5 DAL= 2 A e 7 ) 00 04
RPN E G TR o DGR M DL M P XA T SR R, A B R R TR
R £ DA R oxk I 7o A7 I B R AR S+ R K . B R HR O, TRk A
THEVEARE LR e A AR R 8, eV IR U e R ORA T E e T
Hrnse P AR AR BRI B KRR I B AL B0, PRJE A 4 1 A LI B A A vt BT e
PR, WAFAESP RGOS j &G TE,

1.3.2.1 BRIHEE

FEFATAEL AP AL TR, 85 1 00 T #0Rs =R A a8 AR iR 20 S B IR 22 BR
B, BUSREURRCAL in) @A B /N — it B/ 3l i SO AR eR B0 T
AR

6" — axgmin 3 | £(6)] (1.18)

Hep, Hi f R — R NIRRT 0L 6 € R™ AL &, I
&, B B AR BT B VF 2 R AR ME . B TR R EEARZRE B
PR BCBEAT 42 R R MR 20 BRHE, - B AR o A 2 2 (14 S 4 A e i
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Rl 2 YRR (K RS 55— 4 J g )5 VAR 9

ABEAT AR . 286K U, BBEE T BRE ARTaa il it 6 JT4R, @i aa A0 s 4
¥ J R A ST LA AR BN T, RVAZ A FEE 75 T+

9(6) = V50> = T 5(6) (1.19)

XACHT R B ATIE e, Hob, T = 6,£,(0) N f HIXT 0 SRk 3152
n x m [HERTECAERE . AR BRI — B e PRI N

F(O+100) ~ £(6) + J(0)A (1.20)
Al e dn R ek SO0 ot AT B ML
A6* — argmin = [ £(0) + J(6)A0|? (1.21)
N

it EARISRIL A S AR S A H . hTaa Attt 6p Ik, #E58 ¢ 2P 67, =
07 + AO; . LR, GORANRPLEE T PR KA T SR B TE TR A0 KK IOYIE
SEAE, PRI SR iR AW S A AE AN WS WAL S5 P 0 1 P Il A B Sl 2 ) 2k
T EERECE LM R 7 B & N 2 A0 KGRI R TTEE
o S SR

PR ZHN T U EE A, JCHZX T BA R, 2T EEEN
LM V% [66, 67] &R m A A EF, LM O8N LS sk
WA S G o IR L2 BIFIFEHEA, TSR R 725 W0 1 1 0y A -

J(0)TT(0)A0 = —J(6) £(6) (1.22)

T LML VK T 0 77 R By Eodk 77 R ) TS0
(J(0)'J(0) + A\D(0))A8 = —J(0)" £(0) (1.23)
Forb, X > 0 N—MNEBB LT RS s A Z A BHJE REL moxom B A B
D(0) H T sgaE A g, RISZeMa LR s arny, ZEEN S E# S
TR K. NI SOEE L8, Marquardt[67] & K38 AR HE D(6),

Bl D(0) = diag(J(0)"J(0) . X TR LA A B, - 4n SRR F 451 tn 7 B 40 6 7
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B E &R

R IEBEREXHRME TR J(0)A0 = — F(0) RIRKITE, MW RIRBL. X2
H T R HUBLALAL il BRI A A S8 S R T S 2 . B S ROR R Z K n i, @
W EARE J(0)TJ(0) MR RMAITIE. Blin, 76 BA W@H, SiEE
B# R REH WA = 42 A SR BN T4, RPN T 5 Rt S 40
B INFAEAR DG, SR FERTERT B A nT LU AE PRt 2 B 6

1.3.2.2 EHit

b T R A A AR BE ORURAG THERE, SR, R A
T RS (FFAEAP RO I, R R SE S S 80 2 BN E B AR UG T 45
o MBLXFE O JE RIS 2 FBECRKRZIT £(6), 1 HF31.219
AR R BN — RT3, iR ZE IS A THE R A BRI . FHXS e, —
o b P A 2 8 5 R 88 A 40 % R 8O0 L A1k s AEARAT R b BEAT B, DAY
ANHI TR T34k, 3BT DRI T RANSAC W5, @i is 03k
B KN R SR 7 Al e AR 2

EEIRRERE: RN I8 A IME RS2, KA R S R

6" = arg min SWAFACIR (1.24)

W SR REL p; - Ry — Ry LA MR Z TR . 205 5 A AR R
IR R IERIAL KB pyr X AR HRZE AT A e, A HAT & e i . 2
TR R IUE 67 I, XA R (Rl &6 RED £(0) 2%Uh, 1
XA ERSE CEm Bl R IRZET £(0) SBUK. KL, S i s8N 408
X BOR HAh S 22 PR X A s 4B PR, 6450k 2 th AR ey i) 52 R 20 A
A A . MR FESE pi(2) = o B, RSN SRR 1 s 3R I
BRI B B A AE R R Z I T SCRER U 8 A T ) i 0 L A% R S0 AT
4.

IRLS & —FrRE 2 T SR 0 Ah T X 2 R ZE T B AT IR B % . 224
HIE ¢ UGS, RET AR EIL T E—Jasr T

pi(x) = wiz,w; = | £,(0),_ " (1.25)

Yp=1K, ERXAEYTRDLERMZ . Huber 0 AE 1R Z MK TR 8 1R ZE BME 7

17



Rl 2 YRR (K RS 55— 4 J g )5 VAR 9

B RIS AE T I kAR, o SR

() T it <72 (1.26)

pi\T) = .
(Vo —3%) if z>7?

Huber #2401 A REURIRKE REEHA, HILEVI9R % %5 . Huber

BURA — FT L, Pseudo-Huber #3255, € XUNR : ps(x) = 7°(\/T+ F—1). Ji5h,
A —H Cauchy #12k, B BB &, @ an 7 it pi(x) = log(1+%).

HEEI T, FEBRZ I NAEZ M i/ — 3 n) @ b A 2 S iR AL SR A H o
SR, LSS B8 M A A B i i ) W SR P B T 2 AR A5 IR B I o 3K IR D T 2R
gt 0f FRIEFIRF RO AITE, N RTATRE SRR, 3 S BOS AL EE
M A = IETAR . SCHR [68] 4 H 3 I 4 % ek B3R T 22 s 4 s ) v vy BLge il b
R ZINEIE A E ARSI, GRS T BA A

RANSAC: RANSAC K H—H 5 4 AN a7 () R g Ak 388 e i o 1)
F ARG T —DRRY, RFA iR 15 e A AR e Y P e L A 2 i e KAk 8
1B, RANSAC {9 H b S KA B br e 2

. B ; N 1 if e?2 <72
0" = arg;naXS = arg;napr(ei),p(e ) = { 0 i 2 (1.27)

Horr, e NHAMMMERIZE, S X MGG € KN REE B BE « K O
EHE. 200U, A RUE S BE P RE A THARL AN b S DR R Dy B 1)
B RZE . fEm TR RS, A R B — DN IR 7 = 30, H)
AR A2 M RS (UL U 2 4 R RE A PN A

RANSAC REUSe BB a Sk 1) SRS K e KA H AR R B S ik R B HBBENL
Wl M A E G/ FFTH SRR, AR5 18 I A8 B A WL & e o vt
HUIGAEIZA Y . ZEER B AR R AE A Uas iy, 20F — B R /MES
BRI R B i NEE, RS — MRl AE RN
ROSCHEAE S T Ry B A B R Al A5 R

AHE T AWER N ADOIE, NP BEENLEI D TEoh mif R/ NE A ISR
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()
M) w1 (1.28)

RANSAC HEARE K kT =& ne, M:

_ log(1 —n)

s (1.29)

b, o ONTE KO IRREALGE R A 52/ — DI ) /NS 6 BLA DL B B e Y s )
BEE. f B, K~ 5 BEELT, BT FeirARE N st e, okt
BN ZEETE, RETEIERI R P — BRECE 2 P 2O R, BIX) e HEAT
BT AN EL IR LI B, SRR Al e D B I il T BB R
K, DONIZFE R BEWS S e i WL & T &2 R A m bl = . RELERNE,
B R NR S RO P A I B N R BASBERAIERE SR — N AR AL A 11X
& TR E SR, BT RS T TR EEAS o #15 IR
)RR, —Ff kT SR R AL AR [69) XA E MEHEAT B Sy — iR T
e KM R AR 7T 2K [70], I f/ NERAL TH A5 B BB RIS B AT 4R N R X
BEAT AL o SRR R AL SR PR AE S LI & AT I0AIE, R T OU AR LA
N, AL E IR, B NEZ AR, 75, SR E 2 RANSAC
MIASRPEE [71], AEESRCR, EomME R E DL MRUE D i e 3 (X

1.4 1BNFERGN

AR 3 TR S AR AN DS

Lo AP ST B R A e B ANGS, Bh R TAE JE I 2 A 4m AR A sk
ZREFLMANTT ), SR T Rh R B i R S i 2 X 55 e
R TTE . 1207 1K R RS A SURE SEBLYTAR 5 H IR R 5F . uaRe
RN TR 5 R, I VEIE I M AR B s BT R B DT NS B AR
BRI G . 72 R R TR, 207 MR IEE . & RS VLR =5 AT
T, EARERNEE A, BERUN, WP 2 ILECHN R S 4s
RYL, ZITE A RS HUA S TR R KRS R L R RO 5
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2. BT R m BOU I R XS INERCRBUR, B E R AL
T, BB A T AR BL AR e S 25 0 5 e i Ak B B IR A P [ 37 7 AR A
R, $RH T — AR TR R B ST S S B A TE . XTSRRI AR TR
A% B N T A TR LA BB, ISR PR U 2 1 05 s BT 0 5t
Roile, B RS T ISR N 58N, TR T L 2k
A58 AT LA A A B8 AIE ) 5 U UL RS Ab 2B AT I 08, SRBL 1 AR R S & BRI
ARV SRIRAIRERWY, 2R R a5 BRI T H e ik,

3. AP X T BB BRI A 2R, A BUR T 2 T o e Mol A RE VA,
AR R, SE T AR B S ROCEEE MRS S BER k. 2EE
SER Iy SR AT BB R, BT BB AR, SREH B R AR IRERE . SO
FEBEE UM E A EI, BAMRIBOCHMME. 25, SIrEEEEoL
RoBOEA NG, IF SR EREATILES. 3TN EHMER S5 HOCEE 2 [
PSRRI AR AL LS, R B, SRR SEOCER R & . SR
REW], IR o SRR S RO B RS B RS .

4. XA YR A E IR SOHERZ, T EIURREBE R AR AN
R, e 7 — Ml &R AT S BALS AR = AT 1205 R
AR AT SRR BB, T i yLes N s ie R A BIpLEs N . yseil
Wt LA N B2 R e L, 1275 0K 36 T B B 07 20 bl as AL A B8 I
ST L8y NREEUGEAT LI . f&)a, 20kl il & iR IR AT S S i pL 25
NEMGHITT, LIS A SRR ER @, SLnas RERHY, SIiETsLil=
PN 5 R T LA A FRORS A 2 87 LA R 3 St e B A

L5 IBNEEEHE

AL SR AT

FoBNERET, AT MG ZIRAEH T AR S =R PR
SRS WEFRBLR, R8T AR SO i 2R SR R DL SRS 2otk

BORERHEEMNNA TACINEAEE T, g (D ETRE S0
FdR S R Z X T, (2) TR = A Sl S m il e %, (3) @
HEBSBOCEIR ST e B TE, (O SRR AT SR 5P AN BRI =
N5

SN R4S, IR ARR AR AT I B
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55 2 B TR S A S I AR X 5

%28 BEFEZEcziininStmEEEdsT

21 3|5

BT EBR KRR =g HEBOR R AR, B, ARk Sy
s FERBEHLES A BT Bl . SO B L. VR AR SESUSIAT T
N IR, SINEORE EEAE R, AR 5 T A IR (10, 72-75]

B 2.1 AN FORIE R R RS BIRRAR (FRE R z). (o) M. (b) Fidmiisy,
Figure 2.1: The reconstructed models (dense point clouds) from different image collections.
(a) The ground model. (b) The aerial model.

N T ORI B KU 5 5 Se B, NATTIE R A P R 5 300 il ok
Yyt AT BGCR SR MR R EE e (1) 3 T REECAS AR B A 5t R R B b T A A s (2)
R UAV $EEAENR R BHUR E @A EA. BAR, 8 P57 2070 7o) S ik o
MR (B ) BIAPAE & B e . a2 100, A s R A = 5 14
TRFE, (H R T R . AL PR, AR I E A AR LT Hs b R TS S
(K2.1a). k2, MR EENER, Ed R EEIRr s E e g, [E15
PRk = S LTI A (EI2.1b) BRIk, Ay DL DR oy Ah s R 50 55 1 05 3K
RIS B SR BOVREA . e B = 4ERT,

AREAR T — M S S RO AR SR R 5 . TR A
H A4 55 T PSR 2 ) BB A5 8 O A4 5 M T = A RS e R SR T R R 5%
F[FA AR R T E5E, MRIE GPS (5 ERHYTIA 53 m A 73 5l A2 # 2 3t B AR AR 24
N SEHUBAL KRS S 57 o Hk, ARPEATIA - 3t A A ) = 45Xt 7 A T 2 )
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HIARA A o 22, SETURCRY RORS A0 55 o ey, = 2R B 38 1 X A4 PR 5ok
A 5 R 2 PR 2% AR R AL A & i B AT DL BC R . A58 5 3 1) 2 2 o
[INSELT IR

o ARERW T PRI RN SRR R 5 T
o ARFSRH] TR AR AL i AR A s B R AT R AL B R A R

o AREINEAEBATHEAN I RA 7= KPR, afaEGERE. BIREMK
5EBILE.

o AREWIET M T SEATAL LU IHEN R E 'V R

2.2 J3ikHhA
NFERIE, KRR SWMENR.

® 2.1 ABPHR /NG RIWAFER, E&PRSH AR M TRy IN oA,
CA FoRfIg ATy, FA ZoRRHXNTE, 1S Rt EHRIEI, FS Fom 4K
BIEEL, CS R MHINHAEGER: N n WREN o RARHUAFANL/ AL, ¢ RKoxHh
FAPL/ETY . RAE RS @ FoRE8 @ MHL.

Table 2.1: Summary of symbols and notations used in this chapter. Depending on the
situation, the superscript M of the symbols in this table could be: IN for input, C'A
for coarse alignment, F'A for fine alignment, I.S for initial aerial view selection, F'S for
final aerial view selection and C'S for current view selection; the subscript n could be: a
for aerial camera/model and g for ground camera/model. 7 in this table denotes the i-th
camera.

AV E T s it
NM FHLE =
) K&
Pl PBRCAE R
FEAL {K ) Ry chlny WS RS ROGOALE
smti Hb T AR A 5 T AR
%W Hb TR AR B 45 R T AR B
00 R AAAEALARAD £
it MM AR, RIS S
B {SM RM TM AE TR LR

g NGV R ER {0 = 1,2, NGV B NgY iR EUR {17 ]5 =
1,2, NJ¥V, ARETHERH SIM[73] SREARILZ B (N E K K4S R, o), Ky
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AL {K G, Ry, el i = 1,2, NINY BAK (), Ry, elt]i = 1,2,..., NJV}
RIG, AREITIEFRH MVS[75] SREBUGTIABIAL MIN J2 i 5 A MgNo @EE@EEZ_&A
FRI 2 1EE MVS SRER A B SOk mfE BE Sm . 735k, AREITE R
DLERAHIA S I ARALEY GPS (58, BIEMTR s Asks {cSf0i = 1,2,..., NJN

R {cShS|j = 1,2, .. NIN}o 45 BT T wibh oy 23K

o 1 GCP ##15%3), GCP Wi ALbRH 24> GPS M5, T &k EllE .

AR (D SEEE (1)) CERBEER (10D (2 fif
BB (KN, RIY, N}, (KN RIY eIN }: (3) i ST MY,

g(5)»

MY VLR () S HEAIBLE GPS (58 {cS("), {7 ATTTTENEEA

a(i)

it v e FE R SR RO S A M4, MEA.

2.2: REINERIEE
Figure 2.2: Pipeline of the proposed method in this chapter.

A% B BT S A R 5507k o PP AT SRR AT S AR BLAY
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AR RS, B el 2R AR R A e A B AR bR AR T

MEA = SCARGAMIN 4 TCA
(2.1)
CA _ qCApCA IN CA
M7 =8, RAMT +T,

Forbt, MOA, MOA 43 BN ZEE RN 7 AbTHUERARKR R B 5 AT A
(S04 ROA TOAY, {SCA, RCA, TOAY 48 41 15 HUTHT 55750 5345 6 5 ML B AL
FLEHILAE . S, R, T S BING, Vebk P, RIS ST R o
$11 5 TR AT 53 90 b R 5 M B A R TP 7 B AT, 33T RANSAC[26] 34T
e DUBTABIR A, 4 B4 thHATHLLE R348 7 2 5 M AR 2R 1 A
[eIN} T {cCPSY, AR 7i% I R BN L R A T = 4 = 4 S5 10 LML
HHLES RN 3D S5, RABUN — 63k [35] (i iHE A2 AR DA, T
(BRI ZAR S Bl 8 A, Sk, PR SRIR SR B SR T i3
FREEAL 500 VKA SRIL P 35 50RO — B o SRR, PR 5L X 5+ 0
AR {SO4, ROA, TCAY S JRIR A — SR A — i [35) 51351,
PSRRI 5 RO A e {SO4, ROA, TOAY it A R 75 2R«

534h, TR SR B G (5 B, TR A (S R R E
2 LI R 5 O B, PR, WAL 2 2 B 45 B
AL AR 5 S M A R DR (R P B R

CA __ IN
Ka(i) - Ka(i)
R =R @®RIYHT  (i=1,2,...,NM) (2.2)

¢G4 = SOARCACLY 4 TCA

o, (K5, Ry, ¢Sy NER MmO S5 AL Z 4L

BEHOT, T ESRRBART R, R GPS 13 2RI X 5545 51 O
2R RE . SR, TERELEIEILT, ORI X 5 I 45 A 2 LLA JE B2 IR RS 4t %o
FAREEAF MIME. B0 GPS 15 B 7S i K el i S AL GPS 5 Bk
PEARTF o S5 — Pl Ol 32 B4 12 WA B BUAR S th 225> GPS KEHIIE 1Y GCP i
AR AT RH B 0T 55 T M TR A A AL A B GPS A5 EEAT A S X 55 . (S ER
i, TP LA LA 5 T R A A B L, KR DR AR G T b A, AR
G IR GCP BB £ .
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KA TR . 7k, AR JAE MOA s A TS MO B4
TR, IHIHE N MOA . SRR, RSB IRI M 5 MO iy, 8
T MOA b5 MO I TR 5 05 MO RE 0 A1 b 2R 3847
KEER A RAREL . 534h, B TR0 5 AT 55750 18 L 2 s 5 ZE B AR R 24T
B0 E. R, R 54 0 45 SR T LUARAR CLJRIR A BT o K5 e
I MOA HEETBE MOL T

2.4 FBHXITE

X HL A AR 5 R AR 2 A CL e IR X T RO S e T A Y | R T 5
() =X N, I TP R TR A AR . 25 f8 B0 I 5 T R ARG 1 =
YR EROR, ERM SRR ARG EANEENSE S5 L ERE, A%
SR FH 3 I 2 AR UG P I A F % K = AR R DG e 1) 7 2 SE DA 45 e T A 2R
AN FFe Fih, ERER| AR ATIA S i R AL 5 R BB R 22 S, B
X IR a6 MR DL RCEAT ORI AN AR . DRI, AN TR 5y — R R DL R 5 sCBL o B
VLRSI n PR S 2R frl . BAAORUE, BEeRh i R SO EN T E G A N G
R, AR E xR RGBS G R R AT BB IUL ., SRIEIE 2 18] (1) — 4EVLAC AL
A IR 3t T A PR 805 25 T4 PR A DAl Pl A1 =1 AR s P Ji K] 2 A 7Y
S BB R T HIR R Sm . 54, BEITFZHMEGREL T LT
TUAR M TH A 2R A5 R B 78 A A5 8 S R A e 0%, R, FEBEAT — 4E MR LT
A, B IR B IEAT SR . BRI, AR rh R A R UL E ) = 4R Y
FEANRS FE TR & A T RBEHOR

o TERRURHE PR o 3 IR AT R T 4R
o TERRRE IR SR S BT BB T LA R

o ERRIUE BRIER S WA R 2 TR —4EDLAC .

241 AiBEBGRIEE
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K 2.3: ﬂn?ﬂ@@‘ﬁﬁﬂl 0L, A AR HER R HNLAL A <a>ﬂmréﬂ°%i <b>m%mﬂn¢al§l
184k (1) 1]i = o NaNYe (o) MIBIERUIAA RS {11515 = L NISY, (A

e {IES [k =1,2,..., N5},
Figure 2.3: The result of aerial view selection, where the red cones denote the camera
poses. (a) The aerial model. (b) The captured aerial image set {Ii(NZ)h =1,2,...,NIN}
(c) The initially selected aerial image set {IL{(SJ.) j=1,2,..., N9}, (d) The finally selected
aerial image set {Iﬂi)]k =1,2,...,NS}.
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Flgure 2.4: Sketch diagram of the p1tch angle 9 ()" Here, 0¢ = 2%y%2C is the geo-

referenced coordinate system, and oa(l) x&‘%y&ﬁzﬂg is the i-th coarsely aligned aerial

camera coordinate system. [Rg( o — Rc(f‘) a(z)] is the transformation between the above
two coordinate systems.
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Figure 2.5: Projection distributions in the aerial view of the ground models. NC, YJ
and FG are the datasets of Nan-Chan, Yun-Ju and Fo-Guang temples, respectively, which
are detailed in the experimental section. [N, is the number of the projections onto one
aerial image pixel. (a) The entire projection distribution. (b) The enlarged version of (a)
without the case of N, = 0.
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Flgure 2.6: Sketch diagram of the set of pomts {zli =1,2,..., Ny} with depths {d(j l7 =
1,2,...,Np}, normals {n;|j = 1,2,..., Np}, and visible angles 05li = 1,2,...,Np},

that are projected onto a particular pixel of a selected aerial image 1 }?S) w1th camera center
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Figure 2.7: The aerial view synthesis result. (a) The captured aerial image. (b) The syn-
thesized image without visibility filtering. (c) The synthetic image with visibility filtering.
(d) The constructed depth map. (e)-(h) Another example of aerial view synthesis result.
The red rectangles in (b) and (f) highlight the artifacts of image synthesis.
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Figure 2.8: Four sample image matching results of the proposed method. The blue seg-
ments denote the putative image matches.
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N R b PRI —HAL.

Table 2.2: Details of the three image collections for evaluating the proposed method.
a : b: c denotes a set of numbers, whose beginning is a, ending is ¢, and step is b.
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Figure 2.9: Image collections for evaluation and the fine alignment results of the proposed
method in this chapter. (a) A sample ground image of Nan-Chan temple. (b) A sample
aerial image of Nan-Chan temple. (c) Ground model of Nan-Chan temple. (d) Aerial
model of Nan-Chan temple. (e) Fine alignment result of Nan-Chan temple. (f)-(j) Items
similar to (a)—(e) of Yun-Ju temple. (k)-(o) Items similar to (a)-(e) of Fo-Guang temple.
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K 2.10: FIMST AR SHINL (ALORHE FEAX T4 R, (a) L5, (b) I3,
Figure 2.10: The fine alignment results of the models and camera poses (red cones) for
Nan-Chan temple. (a) Zoom-out result. (b) Zoom-in result.

K 2.11: AT EEERIMEELIR . () IR, (b) AiAfR. (o) ZFE4x 55 1
Pt 5 T AR

Figure 2.11: Surface reconstruction results for the Nan-Chan temple. (a) The ground
model. (b) The aerial model. (c¢) The ground and aerial models after fine alignment.
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Figure 2.12: Examples of reference points for quantitative evaluation. (a) Reference points
of Nan-Chan temple. (b) Reference points of Fo-Guang temple.
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Table 2.3: Parameters table of the proposed method in this chapter.
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Figure 2.13: The experimental results for parameter setting evaluation. The parameters
evaluated here are Ny in Section 2.4.1, « in Section 2.4.2 and N, in Section 2.4.3. NC, YJ
and FG are the datasets of Nan-Chan, Yun-Ju and Fo-Guang temple. The left and right
columns show the average and median alignment errors (in meters), respectively.

AI$RTE SIFT ULACAS R, SRR A o

39



Rl 2 YRR (K RS 55— 4 J g )5 VAR 9

* 24 X211 0y 5 0 BFIZER . K, 2 5 & 505038 DK AL IR0 5535
HIRZESTHERE.

Table 2.4: Evaluation of parameters o, and 6, in Eq. 2.11. ¥ and Z are the average and
median alignment errors (in meters) respectively.

et LN WIiRrS A1) 0 25 A2 11118 04

z/m z/m T/m z/m T/m z/m
NC 0.0783 0.0671 0.0966 0.0898 0.0866 0.0796
YJ 0.1139 0.0834 0.1311 0.0992 0.1261 0.0957
FG 0.1166 0.0839 0.1321 0.1251 0.1211 0.1063

2.14: =0HiAn 5 EHE R Z [ MR ILECEE R . (ad, (o) 55 (e) SIFT[1] EHMRILAC
Zi. (b)), () 5 () ASIFT[2] KMGILHECSE R, o, WLk BER s IEAf VTR A 40
L BR IR FTR LT A o

Figure 2.14: The image matching results between three ground and aerial image pairs.
(a), (c), and (e) The results of SIFT[1] matching. (b), (d), and (f) The results of ASIFT|2]
matching. The blue segments denote the true-positive point matches while the red seg-
ments denote the false-positive point matches.
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Figure 2.15: The results of the FPFH][3] based model alignment method. (a) The result for
Nan-Chan temple. (b) The result for Yun-Ju temple. (c) The result for Fo-Guang temple.
The ground models are colored green for better visualization. The alignment results are
completely incorrect.
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Table 2.5: The comparison results for model alignment with Shan et al. [4]. Z and & are
the average and median alignment errors (in meters). T is the total time-cost (in seconds).

N rRrS Shan et al.
z/m x/m T/s x/m x/m T/s

NC 0.0783 0.0671 426 0.0919 0.0907 1715
YJ 0.1139 0.0834 441 0.1331 0.1158 1754
FG 0.1166 0.0839 455 0.1287 0.1075 1877
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3.1: BHRSE R G S T R DA R = o () s Bilfiiin S (b)
i S S s B (b)) EA—FINE (b)) el —F BT X O .
Figure 3.1: Ground and aerial images and sparse point clouds of Nanchan Temple. (a)
Example ground and aerial images. (b) Ground and aerial sparse point clouds. The images
in right column of (b) are the enlarged patches in the black rectangles of the images in
the left column of (b).
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Figure 3.2: Pipeline of the reconstruction method by merging ground and aerial point
clouds in this chapter. The method contains three main steps: (1) pre-processing; (2)
ground-to-aerial image matching; and (3) ground-to-aerial point cloud merging.
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Figure 3.3: Schematic diagram of the proposed aerial-view synthesis method in this chap-
ter. C, and C, are a pair of aerial and ground cameras, and F,, is the fundamental
matrix between them. Mg, is the co-visible mesh of C; and Cy. f is a facet in M4, and
fa and f, are the projections of f in C, and Cy, respectively. H,, is the homography
between f, and f, induced by the facet f. Note that each facet in M,4 induces a unique
homography.
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Figure 3.4: An example of ground-to-aerial image matching result. The first row is the
matching result between the co-visible regions of the aerial and synthetic images, where
the blue segments denote the point matches. The second row is the original aerial and
ground image matching pair, where the black rectangles denote the co-visible regions for
image matching.
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Figure 3.5: Schematic diagram of ground-to-aerial track linking. A;, (i = 1,2,3,4) are 4
aerial feature points and Gy, (i = 1,2,3) are 3 ground feature points. T, is the original
aerial track, M;, (i = 1,2,3) are 3 pairs of ground-to-aerial point matches. T; is a new
track by linking M;, (i = 1,2,3) to T,.
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Figure 3.6: An example of linked ground-to-aerial track. The first row contains three
aerial and three ground image patches, where the blue segment denotes the linked track
across views. The second row contains original aerial and ground images, where the black
rectangles denote the image patches in the first row.
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3.6 SCIRZEER
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WE N AT AT IAEPR YA Bl S, e, EREIEESE B, AR E
S AT 5 T A R DL C K rd 2w Bl & T AT 1 PRI

3.6.1 #HIEE

% 3.1 HT 7 NPE B SR A .
Table 3.1: Meta-data of the datasets for method evaluation.

HAuE EMH MJH NCT FGT
78 5 AR 600m>2 500m>2 3100m2 34000m2
kG E: N, 208 579 772 1596
W G E: N, 2439 2619 2790 6978

9
Wi EE B o #E%E 14.29mm/pr 16.07mm/px  8.4Tmm/px  15.96mm/px
Wi EUE S 815y 3% 0.77mm/px - 0.97mm/px  0.73mm/pr  0.88mm/px

RS T 0.69M 1.56 M 1.15M 4.81 M
WAL S = 0.79M 0.71M 1.54M 2.36 M
b TE A 6 PO A T 0.46 M 0.35M 0.94M 1.31M
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A T [ AR KB (EMHD 53R BE (MJIHD BLK A F [ o A i i e
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3.2 fRiULECH e IO R VL RC A5 R . I, ik DL BT vl se AT UL IC ) R
XF s e B UL ECR i i UL BC X 12 B 325 3R B G s DL HC BB Dy mla e fi 4 5 i i 18
RULHEC 75 S ILUL E ) B XS

Table 3.2: Candidate matching pairs selection and image matching results. Candidate
matching pairs are all possible image pairs for matching. Selected matching pairs are the
image pairs selected by the proposed candidate matching pairs selection method. Matched
image pairs are the image pairs matched by the proposed ground-to-aerial image matching
method.

B EMH MJH NCT FGT

G ICEC T A0 : NyN, 0.51M  1.52M  2.15M  11.14M
prit i VNS a = SR 726K 14.90K 6.50K 45.24K
Lt 5 1.43%  0.98% 0.34%  0.41%
FCEEG T E: N,  2.04K 517K 246K  7.23K

*® 3.3: AFHINTH S BUR VLIRS 75 7% 5 R LU VEAE VL EE N SR8, RpAE 2RI DL A Ak
R X

Table 3.3: Differences between the proposed ground-to-aerial image matching method in
this chapter and other four methods for comparison in terms of matching pair type, feature
type and outlier filtering scheme.

INFYSRrS VLECXSIRA RpfibsRY LSO R YT

KFETTIE S amE  SIFT JUAR]— S5 56 B2 A7 G A8 4 56 11
RepMatch  fiifa 5 & ASIFT  DUfc— 3R I8 S A S LA 51 Sl

ASIFT i ShmEg  ASIFT NNDR J¢ 3 AKE BRI IE
Warp+SIFT  fifa 54 kK% SIFT NNDR. K¢ A5 [ 36 41E
SIFT i SHmEs  SIFT NNDR J& 3 AKE FEIGIE

BT B DT BC AT, A 7E I PP A A2 Foh AR 3 1 41 45 1 T LR D
JHERA R K DL AGSCRBEAT TV, 05 e DR VAT TX . X7
AL HE SIFT. Warp+SIFT. ASIFT PAK RepMatch[90]. #3.3%4H T A& 75
Foe PO b ik M X Fod, A G R AR A o i a A A B A
BT B T MR A e 540, T B R U C SR A6 411 i T G 45 R SR R
DT AGAZ R R, AR T SR 2 L mT L IR R U -5 T PR g A S RT L IX 3
X EUGEAT B e, SR 5K Y 1 M T G B R 22 B3 I 0 R o e
IR ERAER B 02N T B PR R 18 R 22 S 0 H R BRI R RS B
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3.7: Wi S BB ULECR R aE R A RlE. By R VLS BB 2 e G
XEHE 2, o BERRULEC A S ECE X A

Figure 3.7: Ground-to-aerial image matching results: recall rate. y-axis is the ratio in
percentage form of the number of matched image pairs to the number of selected image
matching candidate pairs, and z-axis is the interval of point matches number.
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3.6.2.2 HBE

R 3.4 i S BB VLR EEAE R KSR B RCR

Table 3.4: Ground-to-aerial image matching results: precision and efficiency.

Hg s AT RepMatch ASIFT Warp+4SIFT SIFT

EMH 98.29% 1.12s 93.85% 8.53s 89.79% 38.37s 85.29% 0.96s 78.89% 0.10s
MJH 98.59% 1.03s 92.68% 8.03s 87.05% 39.34s 88.11% 0.91s 74.19% 0.12s
NCT 98.14% 0.90s 92.83% 8.34s 87.51% 36.31s 85.06% 0.79s 75.71% 0.08s
FGT 98.50% 0.96s 93.11% 8.27s 87.83% 38.02s 86.31% 0.93s 76.52% 0.11s

ok, AT A T E S 2 VT AC U 158 IR VT AT A3 5 2 A A
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FLARSRUL, A1 S A E SR Rl 10 % 454X b 7 vk 35 ] DL RE ) 4 5 b
T G, AR FE N TSR EU E B GOxT R VT A B 04 45 R 51 T 3R3. 49 . k3. 457
N, ST ULFCRS R, AF 77 > RepMatch[90] > ASIFT ~ Warp+SIFT >
SIFT. FiR&s Ry AT i i) 5T JUA — SR 3e 5 T U AL 5k (Y DL RO 4b s
JEITE 2. T RepMatch[90] 5IN T UCFEL— B AR IE 5 4MR LA 5] T 3E
ZITE RIS T B IO VT ACAS B . 3X B VT — B 48 102 a0 R = AR5 1 Bk
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BV, ST ET T 2 IR AR . fEFTA AT, SIFT UULAC R i e,
ST EH T SIFT ANBE R i 5 i UG A R A 22 e, DUBCSE SR (R KGR
B, Shh, BTFARZBIEREE AT RANSAC M55G0, Hal
R T Warp+SIFT,

57



Rl 2 YRR (K RS 55— 4 J g )5 VAR 9

G LI, AR AT T PR DT o 7 73 15 15 6 3 T L L
AR

3.6.3 AiASHERERIGER

BTk, AR DU AL VP A A A R (AT 5 T 5 25 A T RIEAT T
WA B2k, AR A Z Rl 5 P R A . K, 3.3 T 4
AR, LIS 55 A SRS 200, 7T RE SRR A A O 45 L. DRI, AT AR
L 7 VO RELIR T 5 L B 9 i 240 L O R MERE AT TP R, A A
A TR S ST EAT T BT L.

NEBVFIIA T Z G PR, AR TS0 [34] i — AN A
Jride T HUH P A A X, FIRBHEN ny, AT IR S R R
CIIRIL A X0 S5, AW X, B X, HIRA n, IOREHIR d = 2 e X,
R AWGHE A ST d DT no (A E A HIFE R CED M (1), A
UHHLEZBEB KT 100 AN F—200, KEMRME 1o 4. RE LRI
IEA A R B R, S U RT LU 5 25 R SR A — N A R [34) 3k
R, (EMEATRERE VPO, NI R B B0 S T R A A0[RI, AT DA
SR FE s VPO 5 35 R LA 877 05 5 R DA 0 1 2725 0 57 7 B R P
T3 (3.6.32753.6.3.4%7) ISR B 2T VA 2.

3.6.3.1 HHEEMER

AR IR 5 MU A 2 Rl S AE DU 2O b B e PR S SR AN 3.8
FAh, ARG R R AT TR EE, FHES R T B8 s
Hl. il E R s ALEEMK IR, SBEMREE T &, JFHEd ST
B AT RS BT B IR s A

3.6.3.2 XTFRABEIISTAOME T

AT EMH ¥ 48 E 1 AR 5 R 25 il G D7 200 R X 554 R AR AR
n3.3. ik, RS T R 4 5 i A TP =X N R AR, AR TR
RIS LR, AR R UMK X Xk N e AL B =06 P T T 2 R X 5
BRI AR R N MR R =, AT TR T IR U X0 B A AN R,
FLUCHBE RS FE HRE L AR, 1IR3 9a Fros. ¥a, A RAAER R ailaH

58



55 3 F ARG KA S0 S

Kl 3.8: AFmMMM S A mMEFEEEES R, N LS. £ EMH. MJH. NCT B
N FGT itk g R, WARG: RmeldmSHmEg, iibss, finds, s
Fozw PR il s 2 2R T E AT S P

Figure 3.8: The qualitative ground-to-aerial point cloud merging results of the proposed
method. From top to bottom: the results on EMH, MJH, NCT and FGT datasets. From
left to right: example ground and aerial images, ground point clouds, aerial point clouds,
merged point clouds, and meshes reconstructed from the merged point clouds.
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Kl 3.9: EMH il dE b HAS B h 22 BlG 7 VE R R 0o 55 K FE MO E ) se i 25 R . B (ad
I Coarsed, (i = 1,2,...,5) H5E (b) F1#) Proposeds, (i = 1,2,...,5) 7 A3Rn TLUCH
B R E g R . B Mg BRRRES AN, Horb g Ry S R
FRE/N T no o5 B A MU T AR E 20 EE

Figure 3.9: The result of dependency on coarse alignment accuracy on EMH dataset.
Coarsei, (i = 1,2,...,5) in (a) and Proposedi, (i = 1,2,...,5) in (b) are the 5 trials
of coarse alignment results and proposed ground-to-aerial point cloud merging results,
respectively. The curves are the cumulative error distributions with the y-axis being the
percentage of the ground points with errors < no.

Kl 3.10: EMH ¥4 48 b B AR 5 5 25 RlvB 77 R0 A% 93 b R ARt 1tk ) s B 45 2R . B ()
DRI XS 55 A AEAS [F] R RS 20k b N B Rl sl 45 2R . B (ad TR Ey RAUR 2 0 Al
ek, by OSSP BT IR N T no S PTA T S EE . B (b) JNAE
ANTR] DR 239 L SR HCAT DL A~ 24 k] DA DG E ) PR 4

Figure 3.10: The result of dependency on mesh reduction percentage on EMH dataset.
(a) The coarse alignment result and proposed point cloud merging results with different
mesh reduction percentages. The curves are the cumulative error distributions with the
y-axis being the percentage of the ground points with errors < no. (b) The average time
for visible mesh extraction and the number of matched image pairs with different mesh

reduction percentages.
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Figure 3.11: The quantitative ground-to-aerial point cloud merging results. The curves
are the cumulative error distributions with the y-axis being the percentage of the ground
points with errors < no.
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Figure 3.12: Camera pose differences before and after point cloud merging by bundle
adjustment on NCT and FGT datasets. (a) Camera rotation differences. (b) Camera
location differences. The curves are the cumulative error distributions with the y-axis being
the percentage of (ground or aerial) cameras with pose (rotation or location) differences
<no.
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Figure 3.13: The dense reconstruction with merged ground and aerial point clouds on the
NCT and FGT datasets. First row: results on NCT dataset; second row: results on FGT
dataset.
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Figure 4.1: Schematic diagram of the proposed complete scene reconstruction pipeline in
this chapter. It mainly contains three steps: (1) image capturing; (2) laser scanning; and
(3) coarse-to-fine image and laser scan merging.
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Table 4.1: Details of image capturing. a : b : ¢ denotes a set of numbers, whose beginning
is a, ending is ¢, and step is b.
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Kl 4.2: KRR ER S . F—5: %HIE GigaPan Epic Pro L] Canon EOS 5D
Mark IIT, F T BUGRAE 55 =71 %35 4E Microdrones MD4-1000 ) Sony NEX-5R,
HTF Wi EG REE: B =%1: Leica ScanStation P30 Scanner, T HufiECEIEKE.

Figure 4.2: Data collection equipments in the experiments of this chapter. First column:
a Canon EOS 5D Mark III mounted on a GigaPan Epic Pro for ground image capturing;
Second column: a Sony NEX-5R mounted on a Microdrones MD4-1000 for aerial image
capturing; Third column: a Leica ScanStation P30 Scanner for terrestrial laser scanning.
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Figure 4.3: An example of ground-to-aerial image feature matching result. First row:
point matches between the cropped aerial image (left) and synthetic aerial-view image
(right), where the blue segments link the point matches; second row: original aerial and
ground image pair with large viewpoint and scale differences.

Kl 4.4 —XEN CEED 545 CEERD ERILECE KRG, HA il g B RILE .
Figure 4.4: An example of outdoor(left)-to-indoor(right) image feature matching result,
where the blue segments link the point matches.
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Figure 4.5: (a) Schematic diagram of the virtual cube for ground-view image synthesis,
where the blue pyramid denotes one of the virtual cameras. (b) An example of ground-view
synthetic image. (c) Depth map of (b).
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J% T RLER B, sl 5 PR .

Kl 4.6: —xfaae CEED Siin CHED BHRILERS RoRfl, Horp i & BERILI A,
Figure 4.6: An example of synthetic-to-ground image feature matching result, where the
blue segments link the point matches.
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Figure 4.7: An example of synthetic-to-aerial image feature matching result. First row:
enlarged synthetic-to-aerial image pair of the green rectangles in the second row to illus-
trate the feature point matches, which are denoted by the blue segments; second row:
original synthetic and aerial image pair.
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Table 4.2: Meta-data of the datasets for method evaluation.
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Figure 4.8: Examples of captured images and merged SfM points of NCT (top) and FGT
(bottom).
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Figure 4.9: Laser scanning location planning results on NCT and FGT. First row: result
on NCT; second row: result on FGT. First column: merged ground outdoor (green) and
indoor (red) SfM points; second column: outdoor (green) and indoor (red) potential laser
scanning locations; third column: outdoor (green) and indoor (red) planned laser scanning
locations.

4.6.3 EREHICRIGER

TR, AFRMAAT P IREN BG5S RO T i B A & . €
Ve EAIR I T R4 .

46.3.1 TEMYHLER

NCT 5 FGT #¥ask LR EtEa RUNE4. 1107, N 7 ALSERCR, A
XFRRE JE B SIM 55 CRERAE ) WOt iz i85 U5 ik [7) #EAT R g i 411
iz 5% P ) R R S RO BRSO R S AR 1 . T 4. 1P ks R T R
AR RS R AL 9 S0 5 S5 R 2k X BE SRS A . S B St A5 R
b, ERRE VRS RIE 7 AR T R EHR S EOC R RS A A R

4.6.3.2 TEEER

AT BB S ROt B G T kAT TR BV, B, ATWIIAT M T
S ENVFREL S RGP AR . AR5, ST ZdRbs, A5 BRSO & i 24
w MIBCERAT TPl A, AR ERG HIR S WAL (12, 13] 2547 1 HEG

80



% 4 & AE RS ROCEEE MRS T AR

4.10: (a) - (b) E4.9% EAE ORISR XER SIM f= () 5EOER = (b). (o)
- (D) E4.9% FAEEMEIRF I RXER SIM A (o 5H0tR S (D).

Figure 4.10: (a)-(b) SfM and laser points of the region marked by blue rectangle in top left
corner of Fig. 4.9 (¢)-(d) SfM and laser points of the region marked by the blue rectangle
in bottom left corner of Fig. 4.9.

FEMFEAR: BT 58 N8 S VEIN Al ARG FE I AERA B BT R, 7R AR R
FH—Fha A & v T e 20 BRckSE, A5 %rE SIM 5B0LSA = EA
THRE— e [E] S N . KT NCT 5 FGT HdlE4E, HIFREL 40 WA XS 15 5) Hi sy
MIE =P ISHE A, ENE 20 X, E/M75 20 Xt EERGSEOEEERME
G, BXSE AEADRS TN ES . 7EHERX S5 5 2 (A1 FE 25 135 75 iR E H
VEEE 5 WOCEAE R -G8 BE AP AR, T35 (R B AG Fl 5h PRk s

SEIRE: REELERL4 10504 115 N K EE S LLH R E R 20 2
)R 72 T2 (B FE R 5 e B FE P AR, SEAFAEE 7 b — A % B R 1A
B R R . ZR R AREERG ARG Z AU S 50w S A R ER 5 R BUER 2 (A
(UL BB R 2 R, BORFERE Esgm BRSO B mm & R . Azl 5l
NP B H e (R4 1291 w) 177 Uk Bk ) . 72, A5 H T —Fh E

81



il 2 AR K R S5t = 4 S VAR AL

Kl 4.11: NCT 5 FGT #dafE LWEIG SEOCEIRR & e M4 R 8B—17: NCT Hiass
Foam s, WEREWRIN (BN ZAM5H) SIM fx, (BN =40 BotR =, fl
G SIM 5B0GR s (R ENEOCS =, SENNN SIM fz, EE i SIM f
=), HEA SRS, 58 4T NCT FdlE i EUE UL 5 7 ) EUEAE A ZRAC
W, A N d s A SREFE TR R AN, AT A E A B A
TR N2 XA, 238 = AT ARG IUAT: 55847 DLRCE AT RAUNAE FGT #dlifk L
UERE

Figure 4.11: Qualitative results of image and laser scan merging on NCT and FGT. First
row: long-shots of NCT; from left to right: (outdoor-indoor-aerial) SfM points, (outdoor-
indoor) laser points, merged SfM and laser points (red for laser points, green for aerial
SfM points, and blue for ground SfM points), surface mesh generated from merged points.
Second row: image examples and close-ups of the surface mesh with similar viewpoints on
NCT; left two: an outdoor region of the green square at the top right corner of the figure;
right two: an indoor region of the blue square at the top right corner of the figure. Third
and fourth rows: the results on FGT similar to those of the first and second rows.
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* 4.3 /£ NCT 5 FGT #¥i%E ERIA R WIIR E AR5 = 2 50086 7 (8] 1 Z A HeE
re = Cs(w)/Cr THRIEGSHOCEHER SR (BITTRRED.

Table 4.3: Image and laser merging accuracies (RMSE) on NCT and FGT with different
ratios of initial space error cost to initial reprojection error cost: r. = Cg(w)/Chg.

1g(re) -3 -2 -1 0 1 2 3

NCT/mm 22.88 20.39 20.17 19.42 20.22 21.06 21.46
FGT/mm 33.02 3229 2824 27.68 30.76 35.62 39.98

4127 AL Rl AR AR B LR € 5 306X 55 Z R SEDL T R ~1- 447, 38 1 vl DAAS 3]
B ) R S OB B S S5 R . ONIRIE BRSNS AR, ATl E X ATAR AR
REAM SRR ZA I

Cr=2_ > r(Er(jF))
Cs(w) =wd_ (Do p(EEG.m) + 3 p(EL(in)

(4.14)
Wi R Z AN FoR iz A N 1 2 p R A S B HME T AR 2] RS E)
FIME 5> Sl et SEML DA R 0 5 R s o) 5 3 A SRERT, TR SR R ) A 3 AR T
HERf . ATTEYIGEARM L Cs(w)/Cr BN 1oy AFIM) r. 7/£ NCT 5 FGT #4E
BRGSO AR RSN R, v MES o MERIEL.

H#4.37 A, T NCT 5 FGT ##ESkil, bE r. KK, ERS5HOE
I Bl RS BE S8 R S B RGN o 24 BACY v, IMEAL T —/NMBOA B3 13 B P B
(g(re) = —1,0,1), EMRSHOCEIRRA IR B S, IR T Z AT RsE 4. Rk,
AEESWE w FME, BRI AR 2 5106 E AR A0 5

z]‘ Zk p(ER(j7 k))
S (S p(ESGm) + 52, p(B4G,m)) )

w= (4.15)

STEEZER : & Ja, AT AR EIG 5HOCEE RS 77125 771 Knapitsch et
al. [13] 1 Schops et al. [12] HEAT T @& L, XA RUFRLAFTR. Hd Coarse
N BAEALIE X 55 R R AR, T Fine NEA % KG 5H0CEdER & 5 i fl
EHGEE . ESTHR [13] 1, i BB AE U i il — N REE R ICP J7ik
[107] X FEHEH . Ao, BT 43, 44] 57k [13]) REE EREBK, H

83



Rl 2 YRR (K RS 55— 4 J g )5 VAR 9

® 4.4: AFXHITEAE NCT 5 FGT #ask L ERIR SHOCEIRR S (77
#)o

Image and laser scan merging accuracy (RMSE) on NCT and FGT with different
comparative methods.

K77k H2k: Coarse Knapitsch et al.  Schéps et al.  AFiJji%: Fine

NCT/mm 22.78 20.79 19.88 19.42
FGT/mm 32.96 30.47 30.64 27.68
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Figure 5.1: Pipeline of the proposed method in this chapter. It mainly contains four steps:
(1) aerial map construction; (2) reference image synthesis; (3) ground robot localization;
and (4) indoor scene reconstruction.
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7N A AR ARSI S S SR T, LA 12 7 25 PR S il R
(IR AT -5 AF TS 1 by B WA T2 [ (R AR BA S 7E — A S & Y L o B A i,
KREIEE GBI libvot FE [120] AN —WRIH— & v, IEE—WIER
HCAE p o TEFRWUS AR, RBESHTES @ WIS I, AT I EIRBGZ M 5 S
IR EIRAE 135 {sisli=i+1,i+2,...}, Hb s =vlv, Rk s, 5
T AIAIAARE BRI ¢ AT ERAS, AR ¢ =010 B sij- A {55} T AN
RN ARER: s <t M 7 —1 Wi (AP —ANHE LR AR E—w) AT
— /NIRRT, R FREAREAT, BRI E S AT A LA .

Kl 5.2: B R =41 s ] AT de BRI B 1) = 4 /AT Ae B X I, B DU A1 RS =
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HF AR N, R R A B, AR AL R

Figure 5.2: The first three columns are the aerial image examples and their corresponding
regions of the 3D aerial map. The forth column is the entire 3D aerial map. The fifth
column is the robot path planning and virtual camera pose computation results on the
aerial map, where the detected ground plane is shown blue, the planned path is denoted
as yellow line segments, and the computed virtual camera poses are represented by red
pyramids.
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5.4.1.2 BEHE

TEAS BN B HAINLAL B LU, S s i) 407 W, 55 ZAE AN EAUAE AL
AL BN EZAG0MHEE BRI ERAINL [12]. AT, BT 2R eSS
N BN A AR AT T P T, 78 0 R AR KPR A R AR L. 54k,
HEHLEEANS &M EGRCAREMRBE AR, ARG RV (82
HO BOASHE NN, fEAE S, A BN E ETCE 6 S EAEL,
REFLARBLZ [ (1 s AL A3 K A1 60°

Fi4b, FTHUTE AL 38 N2 30 10 8% A% A0 a0 AR 7 1 P T R T BRI . A R
] BRTEAL A NSO 732 [122], HOA W2 A BRI TT SR [123, 124], HTA
BIPEIFAERAE T AR L 28 A S B AT, 8 SE A 00 P e ~F T P 28 AR
PLES NBRAT, 1% 4L b A sk [125) 2730 (ILEL5.2),

542 BETEEIREGSHK

Kl 5.3: FT R EBR G BoR B Hrp f Oy — A =4i2ali A, AR T O B
Cy, FNL BRI e =M nhicdE to 5ty BURA MR t, &3 f B2 ¢,.
Figure 5.3: Schematic diagram of mesh based image synthesis. f is a spatial facet, whose
projective 2D triangles on an aerial camera (C,) and a virtual camera (C,) are denoted
as t, and t, respectively. The image is synthesized by warping ¢, to t, through f.
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Figure 5.4: Correlation between feature scale and image sharpness. Left two columns:
Images with two largest median feature scales. Right two columns: Images with two
smallest median feature scales. The second row is the enlarged images of the rectangular
regions in the first row.
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Figure 5.5: One example of graph cut based image synthesis. From left to right: Image
synthesis result by considering neither the sharpness nor the consistency factor; only the
consistency factor; only the sharpness factor; and both the sharpness and the consistency
factors. The larger rectangle at the upper-right corner of each image is the enlarged version
of the smaller one in each image.

5.6: FI M —LL R G A IR DLACR DAL A T I N B .
Figure 5.6: Some other synthetic image examples and their corresponding ground images
with similar viewpoints.
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Figure 5.7: Image matching results. The z-axis is the number of retrieved images and the
y-axis is the logarithm of the number of matched image pairs.
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Figure 5.8: Schematic diagram of finding potential matched synthetic images during robot
movement. ¢4 and n 4 are the location and orientation of the last successfully localized
extracted ground frame. cp and np are the coarse location and orientation of the currently
extracted ground frame. The blue circle denotes the searching region (with center ¢p and
radius rg). The triangles denote the virtual camera poses. The green triangles are the
selected synthetic images while the red ones are not.
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Figure 5.9: Flow chart of the batched camera localization. It goes in loops and each loop
contains three steps: (1) camera registration; (2) scene expansion and BA; and (3) camera
filtering.
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K 5.10: (1) BT UTEMESHLE NS P0E, (2) (T THmE, 3) T
PLES N B It E AN UE A S R . B o SO R AP UE RLEA IR y BN
JRIPERL RIS . ER, 2 o = 0 WX R y B ONFES.5. 270 s A AR L
Figure 5.10: Batched camera registration results of using (1) both aerial map and ground
tracks, (2) aerial map alone, and (3) ground tracks alone. The z-axis is the times of
camera registration loops and the y-axis is the number of registered cameras. Note that

the value of y when x = 0 is the number of registered cameras during robot localization
in Sec. 5.5.2.
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Figure 5.11: Batched camera localization process. The red pyramids denote the localized
camera poses. The 0-th iteration is the robot visual localization result in Sec. 5.5.2.
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Bl 5.12: B0 AT SR AL ©AT 38 S AL NRHIE AU A o B . B, Ci(i = 1,2, 3)
NRATHANL, X;(5 = 1,2) % RFUCHC A s S AFE ST 25 (8] A, ¢ R X 7EAH
WL C; FIHRES, thy — to; — ts;(j = 1,2) A 5 MBS CAT B I RAE SUEIZE

Figure 5.12: Schematic diagram of ground-to-aerial tracks generation for aerial views.
C;(i = 1,2,3) are the aerial cameras. X;(j = 1,2) are the spatial points corresponding to
the matched synthetic feature points. ¢;; is the projection of X; in C;. t1;—tgj—t3;(j = 1,2)
is the j-th track across the aerial views.
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5.7.1 HIEE
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Figure 5.13: Data acquisition equipments in the experiments of this chapter. From left to
right: the TurtleBot on the ground, the DJI Spark in the air, and the DJI Spark on the
desk.

% 5.1: Room 5 Hall £IE4E 055 .
Table 5.1: Meta-data of Room and Hall datasets.

G/ Room Hall

KATERMINKE /s 218 494
MlEs NMAKE /s 61 113
B /m? 30 130
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#9 1080p, Wi Jy 25FPS WA . SRAE B PIAN 2 A 5 5t 80808 46 70 70l iU Room 5
Hall. —££5¢T Room 5 Hall B#EENE B 1K5. 10175 . Room 5 Hall ##545+
7] AT B8 S 5 AR B = 4 AT SR o il n 5.2 5 B 5. 4P . G255
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5.14: Hall ZmgErh (s AT S R 5 AR i) =4 AT as ] Bl =210 s &
A7 # BRSNS B ) = 4 AT as B XA BB DY OB =48 RAT AR IR . B8 LA N AE K
17 dR B BRI NBR AR 5 RSO 2ot S 3R, L P As vl €, BRI R A
RO OB, MEIARDLALZ A R R

Figure 5.14: The first three columns are the aerial image examples and their corresponding
regions of the 3D aerial map of the Hall dataset. The forth column is the entire 3D aerial
map. The fifth column is the robot path planning and virtual camera pose computation
results on the aerial map, where the detected ground plane is shown blue, the planned path
is denoted as yellow line segments, and the computed virtual camera poses are represented
by red pyramids.
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Kl 5.15: Hall di 4 CAT S LA _L A B 3l V5 15 45 R) B by 7 VA X EE SR IR 45 2R . /e
Bl EERAE AR COLMAP 558, Horl 98.61%(41) AL S IhizsE . i
FIAG P SR B L AR () COLMAP 4558, JLrh 97.12% (2670342 (0 S j h b
€, HWOT AWM. I EA B IR N 2 KR gt SR XiE. EERS5HK
) R B R T AE R — 4 AL BORS EE SR

Figure 5.15: Comparative results between the proposed adaptive frame extraction method
in this chapter and the method of frame extraction with constant interval on the aerial
frames of the Hall dataset. Left: COLMARP result on the adaptively extracted aerial
frames, where 98.61%(%) frames are successfully registered. Middle and right: COLMAP
result on the constantly extracted aerial frames, where 97.12%(%) frames are regis-
tered in two separated models. The middle and right figures correspond to the green and
blue rectangles in the left figure respectively. The black circles in the left and right figures

show the comparative results of the same turning corner.

5.16: A Z W I%AE Room 5 Hall B KAT &8 5L ARSI (0l EROWE i) 1) g3 204
Figure 5.16: Interval distributions of the proposed adaptive frame extraction method in
this chapter on ground/aerial frames of the Room and Hall datasets.
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5.7.3 ¥R ABIEMER
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Figure 5.17: Qualitative comparison results of ground camera localization. First row:
results of the Room dataset; second row: results of the Hall dataset; From left to right:
results after image merging; results after batched camera localization; and calibration
results of COLMAP. The green rectangles denote the incorrect camera poses.
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f¥t) RMSE.

Table 5.2: Quantitative comparison results of ground camera localization. The results in
the table are the RMSE between the ground truths and the localization results in location
and orientation.

Bl Room Hall
Tk tEEl KEEE COLMAP #MtETEN HEHRE COLMAP

fi® RMSE/m  0.0177 0.0124 0.0235 0.2529 0.1403 0.9979
I RMSE/° 0.3591 0.1995 0.8871 1.0334  0.6394 2.0167
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K 5.18: BN R EBEMLS R, H—5: Room HIRELER; 4. F—Fhaih
ﬁ/EﬂZE’Jﬁﬁjﬁ@ % =%|: Hall iﬂ}?ﬁ’% CE SR AU ””#ﬁJEF'?Ié%Eﬁ/EiﬁE’JEﬁKIEI
MEZITN: UANES AR, DOH TS EE, ARS8 AT SHlas NREBRISE R .
Figure 5.18: Qualitative indoor scene reconstruction results. First column: results of the
Room dataset; second column: enlarged versions of red rectangles in the first column; third
column: results of the Hall dataset; fourth column: enlarged versions of red rectangles
in the third column. From top to bottom: Results of using ground images alone, aerial
images alone, and merged ground and aerial images.

K, RE BT S ARG O RIAAAE, A R A AT iR e Bk T X
s, AN TACR A oA R AT S T E Sl AR E AN E
SR N E R

5.19: Room #fEfE LI T E BN NI R EEGRNLRBE. L, 46, %
OHE OB AN NBIFLEE N TSR AT S AT SR BRI A\ 2 R BoR .
Figure 5.19: Experimental setup for the quantitative evaluation of the indoor scene recon-
struction results on the Room dataset. The red, green and blue line segments denote the
ground-to-ground, aerial-to-aerial and ground-to-aerial segment examples respectively.
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Table 5.3: Quantitative results of indoor scene reconstruction. See text for more details.

HiEse Room Hall

i AT T RERA T o R Al T R
KATERE KATES RMSE/m 0.0357 - 0.0203 0.0563 — 0.0324
Pl NEIPLEE A RMSE/m, - 0.0811 0.0430 - 0.3121 0.1104
KATEREINLEE AN RMSE/m — - 0.0341 - — 0.0578
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