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Fig. 1 Flowchart of 3D Surface Reconstruction
for Urban Areas

D FEAR LIS ZE 3 - X 5URHH BLF & 217 K
2 AR B AR E 45 2R MARBLZ 8] 1 A X L2
. SCHRE7.19.21 J%) SWDC-5 5URHAR BLF- &5
5 SR TF R AR SC R AT T 4

2) FFISUR AR BLP- 5 2R HURER B B0 A
TRLEAR RO KL ST AL TT R o R AR BILRR 2 &5
XGRS AR AT I AR A I

3 MAT AL S PR BR LT
P AR 1 RIS b J7 (2 70 R R AT 25 vh = DI &L 15
E2I A SIDE R TR IR v

O FH AR BRI SJ7 A0 R LA
PSS 25 LA BIL 22 8] 4 R 0F 8 25 200 1158 i) —
0 2% TR DN HL 2 18 A RIS P D7 LT R

5) M FIBURE AR BUE L 45 5k AR BN SN TT
1770 B BEA TR 5 DCTC . 15 21 2 DLBTURL 18 T
e 45

6) I PSR AR UC FO 45 R e B 5K R T
SR L TE R BEAT POS il B BURHE A5 Rk F 2%
3 BUBTR R R ARS8 50 7 A6 R

7D I FRBTREE GORE L B 5K 5O B B 1



5 41 4 6 1) A R A

= R HAE ST I = AR T b A 713

ST TG R AT AR VC L 15 B % 4 = 48 5 = OF
HEAaWEmE .,

8) FIFHC & In] 1 % 42 =4 s s A gt =2 =
F A5 3] = 4k = R LR (T BD

9) F R AR M HAEH AN ST e R
Kt W7 5 T5 1L 56 & L IE X = 4k = A M
F AL VEAT H S SO MG, e AR BT = 4
R,

2 fHREGEHER=RlE

2.1 HRFERETE

A SR i EL A2 P A AR} R AR PR
HEPCC AT IF X AR T P A (D B
R P oS BN R H p B, SCHRL7 DR b 1w o7 3
R FEE IO O %8 TR R A0 . e A P 4 52
() 5 R AH 22 BRI, s 18 A IEAS AN HERf . L,
ARICAEZ K N AR EAR N — A E o [ 44
ST 5 A8 3 T S b A e R O b T
IR (2) S TR s SR TR
FESR I B, Rl T BANAS S PR X 2 IE AR
PLHL Harris 7 5002 F & W 22 43 (difference of
Gaussian, DoG) FR-iE 5527,

il 52 AR VS BE Y SE A R H AN R

D MM BB CR RS
25 MR AE BIL 2 18] B AR 28 285 5[] — 8 i 4% 7 A
AR RIS SR 5 T &R .

2) FIFIAIPLS BB B b Jr 2 e R it
BB BRBGZHE P (W BRI KRR .

3) B DX M E ¥ m BAE Z. 4 P =

Cpr po ps po Y VMR B LR
JEIE Hp™ s
H, =[p p; «Z+p.] (D

4) XT%ijzﬁLﬁQfﬁﬁﬁ( 45— 2 IE B
Iy HEARL AR ENE M E ST AR BNAE R . A
2 TE 5L AR Z A AN AE RUBE TR e 5% 0]

5) XA TEARARE Harris 1 52 F1 DoG
flctﬁ 0 IR SIET il 10200 i i i 6 ¢ g

o BRE R R BB R B LI RIRTE R A
Lé%l}ﬁlﬁ 50 2R N IFHIE &

6) DCRECIT . S 1 DT FC 3 6 0 A5 24 50 L 32
TEAiff D PC 00T B8 6 5 I D /N3 2R DX, B2 e DL TS K
FORCA A FLOR N H 5% U
JRI I Bl PN R AT fE 3 M DU R R 3R Al kD)
R 7E [ 44 B B B 19 10 MR R N () F O 5 9 25

|1« x] |

FEVE L A s I = F X x, 7R £ UG it o5x 76 47 - Hh )
WAL sa R o' LR RT A DG & A A
HR X O [ 44 e A JBC(E 91 B0 ) o LR B8 () 44 45
T B 200 AR ZE N (Hie BESCHR (6 i1 H O B 1Y)
o= | xI—HXx, || <200, 715 H 5 xi ) B
{HLYE FED A DX 3k N 2R 77 k25 M DT C , 73R I — 1k
LA S R 2 A0 Sk S B 15 DT I, 45 3 VT
X

Ze = <10, Kb, oy 22 i i

SV a—a) (b —b)

I @ —ar D) =5y
a0 5390 D DETRE 500 Hf A S 3 ] i 9 TT
Fsa b SR A A 6] e v A5 T R P (s
y(asb)>0.75,

y(a,b)=

2.2 MPEEHEEREFEE
2.2.1 SAMAHIE AR ETEZBA

22 I B SR A T AR AR b T A0
2R DL SR AIL =2 ] P A Xk 228 25 3 3 o A B2 AR 1 AL
W ST L IC R S R AR VEBC S 4 T AT S R S8

RV 22 S BOER AT OL AL P 25, F 28
L gy
X x X tation
Y| =ARiRuio| v |1 | Yoaion | T
Z — I Z gtation
X, X,
Yo |4+ |Y) |t (2)
Z, Z

Ho (XY, 2 F R AR s (s y) Fn G 15 4
brs f M AHLEERE s R, 227 B I & ¥ 50 (inertial
measurement unit, IMU) A #5 2] ¥ J7 55 6] AR B £
Z 1] BT 2% 6 1 5 R 32 78 A5 25 ] A6 A5 3R 31 IMU
AR 2R 2 18] B TE S FE B 5 (X aaion » Ytion » Ztation ) 3¢
7R GPS R BUI B 3t AL 5 (X, Y0 Z0) (X, Y,
Z) 3R GPS fhuli AR I R IR ZEUESEG
FeoR GPS 3R BUHR sl AL A5 A B[] s 4 Ay LB R 4K
XFF N AR R =AM JC R 9 W) 55
FRUEBIN T RT R MITE . AT
B R 1 = A £ I8 R W WIE 55 T WAL 52 A48 50 T
MG RPMMILE., T FHEAE Xowion
Y cation » Zewwsion) WIRIE % T F MSZ AR SN 7 L0 &
M TE s X T 52 18 s (Xwion » Y station » Zstation )
MAMESE TR T AR P IR R .
WIS (XY 2D BHIE . A (X, Yo Z0) .
(X0.Y1 2 ZD) K R F = A AITRIPME R 0.l it



714 i) Gy = 2= 2

fz B B2 R 2016 4F 6 A

T 22 BT (1 32 05 AR SR I R O AR 1R I
R A 2 i OE B O T B2 AR 9 50 7

FIICE) o HI R Rui KBRS T AT R 1Y 411 I
X station X, X,

.l | Yo |+ Y0 Yy | KRR IN I oT
Z giation Z Z

ZHMLILER.

2.2.2 WA ESHHKGMAE BRI REF
EARER

D P, ZMEARSE BRI 2T
PR —FPAR ™8 1T 22071k o (HJRAE SEBR I 4 5%
AT 55 — R PETR E E AR BEAR 2
Pz B R A S 5 2, T R R 80T 25
W N =i

T SR A AH L A A R 22 25 AE 25 AT AT 5
R RIR” X — 25025 JEAE N HA AR BLAR X T F
PARHL AR SN R 2SS His 5 XM
TEH 15 22 7 FE I [F] I 20 B 56 i 5248 KA F ALY
BN ITCR Z 5 22 R KA T AR5 5
PIC RS RE RG22 )5 s 8 T g
&AM T 1 70 38 FHAR R 25 28 ok 7 46t [m) 15 Z WO T 1)
MR SEAR I J7 L IC 2 AR SRR Z gl A A R 25
AR AR O R 7 2% .

2) 2RI, A Y GPS/IMU Bk

G2 BCE AL W 2D B R A B
SR St ZOR AL R AR 2 1] AL b R L e B T

%J‘E ARG =S (8] AR bR 2 A T AT (2) o 5 AL
FEAL BRI 15 2 18] A8 b5 28 A O — A 3 1 4R 25 1] A2 A
B2 AR 2252 BRIy 25 AR BIL A 45 25 1] A

PR AR B XA FEE AR AR R A S SR, A

AR A AR LS 23 8] A A 5 3 3] 3% AN FEUE R 1Y o6
AZAN
X station x X/ml
} =Ry Y (3
Zstation _ f Z /rel

Horr s R AR X 2825 ff1 0 A5 50 10 e 5% 0 1
(Xras Yo Z'o) R AR B 28 00 R 5 (L ion »
Vatation + Zuarion ) N HEHEALBR 2N B4R 43 [A] AR A5

B CORAK OGS EES N
Bopsia .
X X'
[:Y Y
z Za

X

’
- min]Lan]iS Rrel

Xsunmn
Ysmtion
Zsl;\linu

1
+— “F

—f
X
Y,
Z,

Xy
Y,
Z

+ + t 4)

AL AT AR A X RS
RS AR G R IE B A 22 Hs A (H R TR R
KA ARBLAZR 25 ] AL AR R 5 IMU AR A 3 2Z [] A1
XF & ZR B B, BT B A AR G B R R
ARG 22 1A AR AR 2R 5 IMU AR AR 2R 22 (8] 1 722 B
J B 5 R 0 A AR HIL 55 90 A BIL A4 AR X 28 25 1Y
AR L 3X 58 4 AT DU — A A S R A
WAL AHBLAG 25 (8] Ak A R 5 IMU AR R 5 22 (8] 1 56
R WA M FEAGAG 25 [0 4 bR R 3] IMU 4 bR
22 I0) Y A8 4 0 0T DL R R N Ry R A 45
TCEN R [ X Y ZuJ" . b K i 60 A1
BLA% 23 1) A6 7 22 3] IMU A% bR 2 22 18] (1 £ 2 8%
BI mis 2 80, 7 3 B0 AH X B & b H Ry X s
Yo ZaZRon o lf A AH N 235 2 800 B R R AT
DL BT R8N

Y, Y,

[:
Z
Zs\a\ion Z(J Zl

A R \Ruct + (Xeat s Yeat s Zea) « (Xation » Y staton »
Zewio) (XY 2 (X, Y0 s Z) (X0, Y s ZD) B H)
{BL 538 3 3201 22 B 1) ¥ 5 AR I R () 50 A
i A S HA S 800 SOE B, X RE kAT DATH 3R s 5
BB HN 7 AL TTER RN s ) T AR AT

chl
Yrel
Z

x

- min)Ll Rrel + +

1
Y A
—f

X,

Xslalion Xl

+ + t (5)

3 XWEHHR

3.1 ¥R

SR - 5 05 SWDC-5 5 ARHAR B $5 X
A 5 BA T 4 BH BT X G b X DAY e 0B Sy 32) .
X IO S 38 K Hh 1) RAT AL R DA 600~1 000 m. i AF
PRI O 150 mo fff 47 8] [8] B0 500 m, ®ATHAL
2 TUMLR AR B Oial 5 & s BRI A 2 i

<
O,
600 mgpo 1 000 m - - .
m
i1 2 3 4 5
(a) &ATAiZ (b) AL 4 5 W11

TANUB B R RN

B2 g2 B i )

Fig. 2 Description of Experiment Data



5541 B4 6 FUECA R A S

= B AR SR T B = A A R R v Y B

715

HFZEMR AR B GR RE 2, A
SCHEBGZE B T 6 S Al (20,21,22,23,24,
25)MER A3 AR AT L B, o R AL ET AL A& 13
ik JE A 15 5K 220 A LA 16 9k, 38 73 BKEE 4.
X 73 GRS I X TN AR (13 5K 1
SO LA 23 F 22) , X [ B 20 B 6 19 T R
AR 65 3k SR 1 iR,

3.2 MR EEHETZHR
3.2.1 AL ERER

B SWDC-5 £ HHHLZ 5. T AR 51 J5 ot
F TS 0 A AL A X B S SR R —
ol 5 375 A0 A A6 14 T80 WA S A5 D TG B8 3 6 A
B X (A QB E 47 VC T, 75 313 422 25 3C1F
Bl 3Ca) Xt 73 TR AR I DT R 45 R . AR S0k

B 5 A RAEBLX Al — X3 An 8% 0 5 k24,
HPEEC AR AN 3(h) fif i, B 3 H I s Y DG e A5
g2 BERUL B ERE S . d B3 n] g A Skt
BT A% 5% 52 G T 2 32 45 380 1% DG JC s %) 43 A 19 59 HL A
HEEAE . DUSE— kTR ) BEE B e O
RUEBCH 38 B, SEFR A 4 AU ECH 22 B, 10
BEDL BB EHE S A 696 .5 BELL B EE S A
71234, LR I E 4 E?/To

XF3REREBR. S5 ZWEENH
1016 575 (AN Hh 3 082 798 M), =4k
RWE S Piw. B S /.S 5% =M E s
AR A X O 2 R T R AT
4% U

1 ZBRHEBEXR
Tab.1 Relationship Between Experimental Image and Its Bottom-View Image at the Same Camera Station
AHBL A% HAR % HALEAR KB/ 7R L [ i 2 B T AR 4 Xof I He
A AL 07025AR0031~36;05020 AR0031~40 16 07025ER0031~36;05020ER0031~40 25520
B MHL 07023BR0036~42;10022BR0035~42 15 07023ER0036~42;10022ER0035~42 23322
C FIHL 07024CR0043~50;05021CR0031~38 16 07024ER0043~50;05021ER0031~38 24321
D HL 07023DR0023~32;10022DR0027~32 13 07023ER0023~32;10022ER0027~32 23322
E F#L 07023ER0031~37;10022ER0032~37 13 07023ER0031~37;10022ER0032~37 23;22
ROk 7R 73 65

(b) Efi'%‘iifﬁ‘iﬂ%ﬁ!ﬁ’lﬂﬂﬂxﬁ% CIElH “+7 D ULEE A ) [ 44 2D

K3 iR AR T Bl
Fig. 3 Matching Results of ()bhque Images



716 KRR

(CRSREE 2016 4F 6 A

B oA

e Yew indow ook

PDPoaamn s CHRRAB4N BEN%e &N

& 100220R0029-22-Detaik1:) [ =5 i | & 1002268003422 Detad 11
>

L .

%
8 070236R0035-23-Detwil1:1 c o

4 -
© & 100220R0032-22-Detaik1:1 S (@ o

P
8 o etsi 11 s & 0702388004123 Detsi 11 5 MutPhoto
< e q| e P
1

B4 —A> 22 BEREH S (22 38 B + "Rl
Fig. 4 Same One Tie-Point (Red +) on 22 Images

Bl 5 ZH2=ME 100 N EEAD
Fig. 5 Point-Cloud of Aerotriangulation
(Around 1 Million Tie-Points)

3.2.2 MHABBE=4R
AR SO 22 AR B2 150 3k T 22 B R (I
2251 1D R A AR R 225 2 5O R &
JCHE A 22 B RO - 2207 16 2) 20 3 %) Bk 73
SRECARDEAT A 22 505
HopSF2207 36 1R 73 sk BUREE B0 51 J7
fir %ﬁﬁ?%ﬁ%ﬁﬂf TG 225 2T
{éi 2 B 73 SRABURE R AR I (R i 20 B O 65 5K R
LRZ AR B A0 J5 A 00 2 L K 4 A 150 RR LA XS

%Fﬁmmmmﬁ DS EAME N 22 S kAT
Fe k22,

FH T AR SO R0 ok /0 4 4 a5 TR L A B3
P BT 2 10 R S 25 5 1% BRORS BE I SR T

DU I 43 BIAE T A28 5 A0 52 458 N )
AHIF A LB 8 T 25 ANk s 4 S A5 [H)
P REAT T T5 2 st R O A bR Gl W) L X
AR5 A5 TP 7] 4 05 HEAT 10 5 238 23 1B O A
RN W, il 1 A FR 228 (W, —W, | £E =405
moE o4y B OAX. AY, AZ) FEE B %
W =W, DR HC R B B RS . PR 22 07 1
PSR A RN R 2 R £ 2 i AXAY . AZ £
AN AR 55 RO AH [F) S0 A AR 2508 . X F P Rt
AR T 2207 15,25 ML 5 R A ) S
FRE = LA R LK 6.,

R2 AMARZEZFEFEINET=
LB (RTINS 6 pm)
Tab. 2 Comparison of Aerotriangulation Accuracy for

Two Bundle Adjustment Models (Pixel Size: 6 pm)

FETE T 2
BARIREL/ K 3 3
FRALAL R 2%/ pm 2. 740 505 2. 743 400
G B KGR %/ pm 11.2 11.8
1§ 5% 2/ pm 1.610 909 1.612 831
AX KAl /m 0.518 332 0.523 301
AX FHI{H /m 0.117 331 0.118 542
AY K fH/m 0.233 792 0.236 428
AY FEH{H /m 0.094 365 0.101 304
AZ e KAH/m 0.500 458 0.506 545
AZ FH){E/m 0. 160 64 0.164 913

1% 2 BT, R A AR R 2 2 50 A
GO 25 D7 A Z B B AT S =S
2 SRR R ZE R 2. 743 400/6 = 0. 46 T%!,\,
R 229 1.612 831/6=0. 27 R %K. X



i

5541 B4 6

&.

RS SR 1R A B 28 = RO AR T L = AR A b T 717

0.8
0.7
£06
@5
Ho3
02
0.1

0

11 13 15 17 19 21 23 25
RE RS

1 3 5 7 9

6 PRIk 1D 5207k 2401
N AR5 T A A R 22
Fig. 6 Coordinate Differences Between Side-view Image
Forward Intersection and Bottom-view Image Forward
Intersection for 25 Checkpoints (Blue: the Result of
Bundle Adjustment Model 1, Red: the Result of Bundle
Adjustment Model 2)

ZERRW L AT X SWDC-5 R AL & 8 4
FHX 2 25 2 B AR AL A F 22 07 TR RE B 4R
PRS2 =R SCHKER 2 M 6 ATl P Ah
(UARE R 18O TR 125 1 22 05 5 14 EL e 00 1 280 82 A 24
H. 25 A K6 A 50 A AR 22 (E R B 2 22 (SR A W) 5
H1 T Z BURE R B0 Rk P 22 AL — R AR 3™
W BURH R GO AR T 22 Bt — PR T AR
&t 0 AR 23S S RO IR O IR 2207
LR AT AT PR AR Ak

FREIR DT

D) PIRRHBURHE AR T 22 07 11 22 2 080 1Y

Pee . X F— AKX, e ity N, 2
WA AG R IE P 22 7 A 6N X 5 = 30N
ANBIN T LA TN 2 B A R R 22N 2 B R 5
BB 2 EAHE 6N + 24 A J5fi K A
SR V-2 RN S BN R KD

2) N EE RS PV 4y Hr . & =g g5 R W
N PR R AR 22 7 L A =R BE R R
H 25 K02 i i A b 22 (H R0 E B8 2 (H LA W) &
DAL 24 AL =2 T R 28 A5 A ol R L 45 AR L g
FEIEIR /N BT o AT LA A A S SR
JEHTEF- 22T 0k o X RE AT LI R S8 (45
il TN E » HLWT DAGRUE B 8 A 25 =ORG B L ik
e — B N 7ok . AR ad, i AR —
JEHER A KA AR MR, 33 SWDC-5 il
WAL S T IAH AL Z (8] ) AH A S S 80 AT
H—E WA FE 2 M AHNL B 5N B AR L
E BiAHL D 5 FMALE B AHXES S 54
K CHAR LA 2 WL 3R 3. 50 b A %
BEEREALE T H A AT Z T R SR
28) AFAG A H X LS S BN R GO AT 22
L TRUNE B W AR T 22 AR A5 S 17 25 B TR K
o B R R Y A0 RS AR LR Y AR AR K B
H T S B s H A Al B A 2 A 22 R TR A
F14) 53 W) 45 A CRD A L 1 A X S8 285 7E 28 o T RAT B
ANBEE VT A% 0 WA B 2 8 75 2 38 F 2 A Rt
ARG 220 RY T RO 22 B A A I s S
FHEHE L 4.

£3 MRCE/A R/ BRBNETRANZBANENESSHFENREILL

Tab.3 Comparison of the Relative Attitude Parameters Between the Two Side- and Bottom- View

Cameras Before and After Bundle Adjustment

T —— A MHL-E L C HHI-E AL D HAHI-E FIHL B MHL-E L
PR {E ZE{H R ZH B 1A EH PR (A EH
X/m 0. 146 —0.0514  —0.111 0.0585  —0.027 0.242 8 0. 045 —0.236 9
Y/m —0.004 —0.0039  —0.014 0.0272  —o0.121 0.268 2 0. 149 0.186 3
Z/m 0.003 —0.022 9 0.037  —0.006 9 0.018 —0.293 8 0.026 —0.3334
o/ —44.800 2 0.0000  44.91333  0.0000  —1.43779 —0.004 3 0.230 507 —0.010 7
w/ (") —0.58143  0.0000 0.499 547  0.000 0 45,147 42 0.0387  —44.6078  —0.033 4
/(") 90.153 45  0.000 0 —89.844 4 0.000 0 1.183 133 0.0157 —179.615 0.004 9
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Tab.4 Advantages and Adoption Scopes of the Two Bundle Adjustment Models
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Oblique Image Based Automatic Aerotriangulation and Its Application
in 3D City Model Reconstruction

LI Deren'? XIAO Xiongwu'? GUO Bingzxuan'? JIANG Wanshou"? SHI Yueru'
1 State Key Laboratory of Information Engineering in Surveying, Mapping and Remote
Sensing, Wuhan University, Wuhan 430079, China

2 Collaborative Innovation Center of Geospatial Technology, Wuhan 430079, China

Abstract: In this paper, we proposed an automatic aerotriangulation method based on SWDC-5 oblique
images. First of all, we designed an improved viewpoint-invariant matching method for oblique images
based on the perspective transformation. Secondly, in order to reduce the amount of unknown adjust-
ment parameters (overmuch unknown adjustment parameter may weaken the instability of adjustment
solution) , we offered a new bundle adjustment model for oblique images which took the relative atti-
tude parameters of cameras into account, and also gave the application scope of the model. Experi-
ments conducted on the typical SWDC-5 oblique images demonstrated that when the relative attitude
of cameras (on same camera station) are stable and their cameras exposure are limited within a short
time delay, the aero-triangulation accuracy of our method is high, the unit weight error is 0. 46 pixels
and the average residual of image points is 0. 27 pixels. Thirdly, we applied the results of aero-trian-
gulation to PMVS (patch-based multi-view stereo matching) algorithm to gain the dense point-cloud of
the experimental city, used screened Poisson reconstruction algorithm to get its 3D mesh, and recon-
struct its 3D surface with 3D texture algorithm. Experiments showed that the accuracy of the aero tri-
angulation met the requirements of applications, and the obtained 3D city model had a natural, real
texture, all this proved that the idea of automatic reconstruction of 3D city model is feasible and made
a good reference for the large-scale 3D city model reconstruction.

Key words: bundle adjustment; oblique image matching; PMVS (patch-based multi-view stereo matc-

hing) ; Poisson surface reconstruction; 3D reconstruction; 3D city model
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