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Reliability Analysis of the Three-Dimensional Deformation
Measurement by Terrestrial Photogrammetry
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Abstract

The 3-dimensional deformation measurement by the terrestrial photogrammetry is consist
of 3-dimensional coordinates computation, displaced point detection and deformation estima-
tion of object targets.

In this study, at the first step of deformation analysis, the variation of the variance-
covariance matrix for the exterior orientation elements was analyzed by the increment of
the ground control points and the photos in the Bundle adjustment. And then, to give the
constraints for improving accuracy of ground control points, the concept of Free-Network
adjustment was applied to Bundle adjustment.

As a result, we knew that it was desired in the accuracy and the economy, the obser-
vation time when the numbers of ground control point and photo were respectively 6 points
and 3 photos. In addition, in the case of applying the concept of Free Network adjustment
in Bundle adjutment, it was desirable that the space distance for the constraints is dis-
tributed outside.

£ B
Ho REERES 93 3 RIMHMNTE FEERC AT SKTEEE ALtz olF Ax=2F
B Wi E Finzd BERIFE S 2o M ERAANE % WM 3 RTER IS5
s MR 2 BEEHESR A vE F AT & HRdAE AsdAE dExAY
% HEA LA M LEBRERSL REBS) S/t =2 SAREERRS) ST
e A%y 2z s bEENEMS] ERES FAAI/ A8 AdzAdE U199 dex

* EfA - Elfc®i THAR, 88
 ERA - Eirkmk KRR BLRE
e EA R - MECRE KBEE WLRE

TR EAP- 19874 127 — 139 —



Aol BEEAENd S =9

o 49 AREHOZRH A4S ALAFY FR¢ LAY EEBRHE 6B, HEK
£ 3k AU 04 gl =4 BERAS HGENEAGE A48 B 2499 A

L7 W

WERENEA o3 WESNTS Witk
AR 712 o] qqle]. ghbdol AX A4
2 9w 53] ke 4¥uEL EE 4y
Holzbe EHS] SOEN, =AA9d 3l
AurA e 2 AES AFALE AAFA %
'Wv}x‘:— Aol g3 AHE HYFH, =8¢ %
AQAl slol Ao o AEAAAY
WAEL A 5ol HEREWERED L] A7
F#Hg7tE Ao, AF7A BERHED %
5] & strain gauge 55 2L FA e 2
wERENEY o3 BMEBAEE HAEd 2F
A AAERA AH =v FHH] 4y
EAo} A5t o] Fgo] EAlEd A3
9 WFol %’ﬂ"—‘]?} AgE A =248 F 4
o A& o & 49 A% 4%=E AA
4 . = 2 uER dEE F2ATA
F&8 A g XY ARE 2AFAE] AEA
ez AEREAE At AL 2z
et
o]} 7L M LFEMES E LA we}l Hal
lert, B., Moser, C., ¢} Schriver, W. 7} F2E
9 Wy g =438y e Rochm, L.H., Moore,
J.F.A., Brandenberger, A.]. & <9 W3g,
Scott, P.J. & box girder 2.9 =33 ERE
-3}.93;].(1,2,3)'

=3} wong, K.W. ¢ Vonderohe, A.P. & 4}
Axd 3 Hde WrE 54895 Richard,
AP. &} Veress, A. £+ A4 HsglE &438
9l}. @ Hatzopoulos, J.N. # Stoliker, P.C.,
Gruendig, L. & A} ARG FHo o
g} Monitoring -2 @789 Fraser C.S. & ¢
3 ohel vtob ohshEr] e ddstE: A4S B
BHEFE Ny T2EA £ AL A9 ¥
Yol olzv| AR FHUHEA HEE 5+ YL

— 140 —

...................................................................................................

By oo,

BENE o #HENS A8 33443
5 WeAdE: ¢ d¥FFAdez aA
ES ded £ A7 BERNY F7as
AZH 3AYHZYSAA A HEZAYY F
A& =3 A 3

HEZ AL EHRE o3 3 AYF7F
EE de yez HZ oyl ¢ 47t
B3] o] HA L Yt

HExAYY AE=F A7 98 #E
FE¥eRel A AFzAE F= 47 FFE
o] %3 ¢l+d Elphingstone, G.M. & SAPGO
2223 % o] &3 EHazFdA FARSYL
€ Agzrion o] YT,

2% El.-Hakim, S.F. &} Faig, W. = SAPGO
ZEaYE AAA A& FAEHY 2
%9 A, Fol, FE4 F& AgzxALE
0] §-3}g] o] 4141 Papo, H.B. ¢ Perelmuter,
A s BEEREES HHcR 4434 =

Aoe AE AGEALE o] LG,

£ dFdAE dEZA YL o) 43 3445
EA AR oA 1 EHEERES AR oE
SHREEEE RS} Check point o] 4] Frit—3ts>
BATFe] WEE $A%te dExg W Hhig
HEEHES AgzAdos sto] ENAZE )

Asge A AT WAYRE A
A,
2. HAEK -

2.1 HEXE(Bundle Adjustment) 0|2

HE2AY L 4 RAY ABEEEKG, 4, o,
Xe Yoo Zo)S¢ i REBBIEE(X, Y, 2)9 97
KABE Y49 F5E A2ATH o8 3
F3E AAdste el 9 kamel o
T FgEdAe (DRE Z¥HE RS
F(collinearity equation) 2 o] €8ke] (1)L Ik

KL AEE g



WP HER 22 Taylor Al ‘S DRE
$EF, -
T— T ——f

» ,(X X)‘i"'mn(Y"*Yc)“‘f‘M (Z-—Zc)
Mol XX “fﬁmuc?'“ AT

y—go=—f :
mzt(x X)""‘mzz(y‘“ )+mza(Z"Zc)

max(X Xej +ms z(Y"“ )+msa(z Zc)
€}
A7 A, &,y e AFEo|H, XY, 2 A%
lEdRE, fv A0 EAAE, miG, =
1L,,3)= AP g te)rt,
(DAE Taylor 73] @2 FA3 (2)
v i 2 A
T/'.'i+3.-f.5.-%3u3}=eu (@)
o714,
Vii=[V, VyJ7

s 4289 A

Bu=g5| g, g0, s ¥ ER LS BHE
Aele] HAE vepy
€ Asdd

Bi=%| 0 5 i AHES A47127
#usels FAE %
AdE Asgd

== F0% XNiy, 55
(o, o =
8T=[dX", dY{, dZf, dw, dg, dr] 3 S

WEERY) 22y
G7=[dX, dYj, dZ;]: M EXBET HE
Bio] AENAY

2.2 ﬁmﬂﬂﬂ(f"ree Network Adjustment) 0|2

B il Bjerhammar, A., Meissl, Mitt-
ermayer, E. §of o8 €= —gi{75(gen-
eralized inverse matrix) 3 Koch, K.R,,
Wolf, H., perelmuter, ol o8 A
classical adjustment 7} gloy £ HFdAE
classical adjustment & o] &8¢} usi®, 33
HEqojA AP q&ug 4L,

V=AX-L 3)
ol® A9 Rank, & R(A)E R(A)=m—d=r
olzh.

mg wAgFel® d+ Rank defect, r-&
27 Aol (DRA A8t X §d& Rank

R WA 19874 121

defget o} o) & Ehd,
V=LA 4] [X-']'—fL-' w
%
olo, Agwoe] full rank(d=0)Um st Tk

ERo] AR dt0d ASE rAY ¥R
WA RG] A FEHER] oAt

Heh X, & X, 9 Agustel o4 9o
X,=G/’X,
K | -
[Xz] [Gl ] [Xi] (5)
©%€ HAFIa et 2o
V=[A4; A,] [ IT] (=l (6)
Ve=A*X,— Q)

047]/‘], A¥= A1+AZGlT °]m] R(A*)T; full
rank o]t}, XTX=min 27¢ 933y 9§
G\T & perelmuter, A. £ &3} o] Aoy

.
GiT=(A,TA)(ATA)? (8
®OR2zHH '
A =A,G, )
oo (DAE (MRl MAFH
V=A4X,—L : 10)
A=A(I+GGT)=A,8 (1D

1% X X0 9 TREEES ATHATYN
& gt 2o

Xy=(ATWA)" ‘(ATWL) o
Qu= (ETWE)_lzs_l(AlT ‘Vz‘lz).lsnl 'l
Xﬂ:GlTxl '(

sz=G1TQ11G1 ‘
(12)

2.3 HETHHK HEEAEE 38

dutAd HEZAYAA A 471 EH g2 o
$59E AL o987 A TEEe] QA g
Aoz AT NPEEEES Aaslez I
qedst ol FEoAYUYPAMAE wzA &
FELAE e Aol AANEHLE o] 45H
&7 2A Atz Yok, weld B o T
Al R AR E Eolr] 94 HE
78] FAAENE A& o)ge AYzAow
FAEEA A¥E AL Fact

A Fz71L dubAl HEZH A (2R oA

— 141 —



WEEMR) N APl B b
W Fohetel AFHANE FARSF.

'V1 B Bl Eg Bs fs. 'Ll
(Vz = O O Ax "12] e Lz
ilo), lo o er—-1)| 7 0]
(13)
o 7] 4,
3: A% pAel A qRIALEY 2AY
(6
6.3 AAANEAFHEY 2AFBMH—E]
A A7 EH

82,053 XTX=min 270] Agd *
of thd 2AFGH
63 Rank defect(d)o} =&
()
(13)F ¢ Rp#EEA L) 25 J=F A
Ag dgebd ohgst 2
v ¢B B, B[ %L
[Vz] 6 A] 5} [Lz] aw

1
i
g

ARAERY 2

74, B,=B,+B.G.T
A=A+ AGT
A& A QOFRLT ATE$AHdez AL
w (15), 16)&S} Zols ™ AFHAAS T4
Y& 9oz FASNE 28 13 2

BWB | BTWB, BTWB, R

BTWB  BIWB, 0 3

s T .
BIWE O BWEt % )
BTWL,
BlTWLl l (15)
BzTWLl‘{“ {
. ATWL, .

(Nll;le] AW(E}
[ (16)

NoiNo) 3 E

A (Nzz—Nu N7 lez)‘l(E—’NszrllE)}
4’1 N7 1(E N, 4)
an

— 142 —

Prato

a8 1. A3 g4

3. BRI

IKTWHS W 98 A% 4=
€ 549 AN AAHY dgen o
A+ 1.8m o] %ot

A7 R 482d o] 104¢ £2
ARor ZAZAATEST 3 3AYFHE
£ 9z - FEBEELY ¥7-A 2 E invar tape
of o8 NERSFEHA HFge TS HEE
Ao FFa g o7 349 e
BERA AL AN EATS AGE 2A Fg
4 uheoh,

E dTdAe AREEERE I A%
Ha o bEBEM 3AE IEoREY 1047
A FAIN Y AWEEER oS SE—3ks
BA751(@xx, variance covariance matrix)}
HEE F4 3 E .

23 29 X 1o vehd A} go] HpEE
B3R Qxx %2 AR EATI 364 107
7R FIge] weh zhaEz 9lo] siEEhy Al
Aol oAz Y&¢ ¢ F gt A E
A7t 3NN 647K HEAY o Qpx 3o
e X, Y., Z.7F 47 96%, 98%, 95%
ol w, ¢, £+ 27 98%, 96%, 83%EA =L
A zrastz At

EG AN EHAT 6 AellA 102 W E
o SEEEERS Quusge X, Y., Z,
w, & &7 37 40%, 15%, 24%, 16%, 42%,
36%% “veElH. olgie EAL wHE u
AR EH B5E AT ABL88 AAA
AN ERATE FAE o] B} FHe s Ru

P RN e



i~ —l% gﬁa{ —
i -t radt -
—--—:Zc ; ———
w4 T f
\\
SN
A -]
o] \ hai 16't
VN
K ' S G 2 - e e e g o
" R P 164 N
10 . \\
‘\_‘_
\ = e = 3
mi't T e 10
. P— J— s L : —r
3 4 5 6 T 3 9 (¢ T 4 5 €6 Y B8 g IO
NG E 4 ~abnE T4

@ X, Y, 2.9 4%
og 2. shmEEEERS W

) o, ¢ £9 B3

E 1 A4 &4 48 HEREERY Qu i

AFAERAFG A
Qxx Omega ] phi Kappa X, Y. Z,
. 26032D+00 SYMMETRIC
.18694D +00 .46892D+00
—,28299D —01 |—.26988D —01 . 34516 D02
. 32618D +03 .82463D+03 |—.47175D+02 . 14504D 407
-, 47447D+03 |—.34560D+03 L42797D 402 |—.60311D 106 .86499D +06
—,10780D 403 —.14149D+03 .11613D+02 |—.24779D 106 .19722D +08 . 60176 D +05
A &R 76 1)

Qxx Omega phi Kappa X, Y. Z,
.61631D—02 SYMMETRIC
.23537D—02 .17314D 01

—.74738D—03 |—.14989D —02 .58369D —03
.38776 D +-01 .30180D 02 {—.25542D+01 .52680D +05
—.11197D-+02 |—.44280D +01 .14370D +01 |—.73101D+04 . 20406 D +05
—.26405D+01 {~.38925D+01 .53877D+00 |—.65766D 04 .47620D +04 . 29216 D +04
A A 4410 )

Qxx Omega phi Kappa X, Y. Z,
.51634D —02 SYMMETRIC
. 14360D —02 .10079D —01

—, 60308D—03 |—.75420D—03 .38194D—03
.23187D+01 L17770D+02  |—.12645D 401 .31384D+05
—. 94498D +01 |—.27049D +01 . 11588D+01 -, 43794 D +04 .17338D +05
—,22678D 401 |—.24765D+01 .38007D 00 |—.41899D 04 .40898D +04 .22313D+04
MTH SALW- 19874 121 — 143 —



P Aol MbENR oz AgE 54 o
HE o Jhed Fese AR EHE A4
= ol Fo2E M EXBEEKE 642 =
o) A g3},

Hy¥zde 4= Y AYEE F4
A717) 98 AAsE S P A4
ZIEAZY FAAHE #ZF8o A 27 (con-
straints)& H-38l&= Wd & FA4 34

HA, AAFE FAHAT = e 34493
EE UG HaARF 2 Fo A 534K F
7FAF 2 ol check points 9] ##—ItsHKk
T71@x0)8 W3e 29 33 ¥ 29 2 A
A4 7ke] wE check points 9 Qyy W3lE §
AT 2 Mol A 302 I A Q, Qy, Q2
v 47 60%, 86%, 96%E =LA it o,
3ANA 5 M2 WAT e Fago] vy
o ARG Fobol w2} ZHEY J9%H A
HE7t A% 2A e 2 e Y
3#E, X34 oz ey,

e —_

frefy 8;

IU‘- \\ -—-—:Ql

1

IO \\\L"\o-.-

T S
iyoo~

10

I T

38 3. Axl4e] wWE check points 9] Qyy 83}

B 2. APl 4o) =& check points 9 Qxy ¥ 3}
- Qx Qv Q:

A

rlJ‘

A& Adzrioz o) ddte A #F
d FAY FExYe] =& check points of
A BEAFZLAE FAGEd 2 Ase
E 33 2

B3 F7AEE AFzdo2 g 4% check points

0.19667D +3
0.79165 D+2
0.60057 D+2
0.48844 D2

U > W b

0.78706D +3
0.11108D+3
0.81679D +2
0.67972D+2

0.12580D +5
0.64747D +3
0.55970D -3
0.45649D +3

AT F7bel o E Qpx S A E 9 AR

7t 3AL A 2A I TE 4, 54404
THI}G BIATH FAAE 25 F @) ARG

— 144 —

& RMSE
check points of 4] &
case RMSE(mm)
x | v ’ z
L
[ ] ~
case 1 . . 0.10 0.11 0.13
» PR L]
" 4
case 2 e " 0.07 0.09 0.08
Tl
case 3 ¢ ° 0.05 0. 06 0,07
case 4 n%__ 0.08 0.09 0.09
N
» i
<>
case 5 * —P \\: 0.05 0.05 0.06
Nt

€ d7d4e A4 ey AFzAL
F7 A8 b LEREE 1048 25 A83t9d
case 1 2 AGz7AE A¥FA F& 74 $old,
case 2& HAANFor AYHA FPRAHE
#53d AFzAE F AFoln case 4 & o
7 a g PP e e AYzAE E A
olth, case 3L F7ALE Yo WA A7 A
2.2 case 2} cased 2o} HFAFELAS) A
A vebvda gk

o]AL WAARFoz FEAVNE A 2o
AFzAE F+ o] uFd e A¢ 24
Fi vk case 5 ZE M5 AdE 2
Aoz A F& ARE Yz glev
#&A ko] wgot v A A AE s case
52 Yo A ZHE case 37 B A
Fzrio] A s AYY YU ¢ 4+ 9
=

ABLAEAETH



4. ® W

-G EBR 3 IRTEEMFTE A
# RS BREKE AN 82
Hel ARz AAYE 2Ydte] AF2AE £
Az &3 gL AESE 24

AA, i EEEEEES 3H0A 6422 S
A7 A% smEeERe SB—RoRTII
o] 83~08% 2 =A ZAaFPow 6HAA 103
AR v ad taE 2grh webA i REE
B gl we Agaest FueAst x3d
Aol #y b EHER o2 A83 s AE 2HEH
Ao ALY NEAFTEE ¢ F AW

4, BEABE 2444 5A7AA F7AA
7% check points o A8 7] 384 AUEE 3
A W 60~95%7tA FAH A, 47, 5
A= oA F4Hs FASAS =2F A
R&Ze] B X, Y, ZHEY J8TH A
g wWaassk Z, ¥V, XAZELE ve
Z#E7 ARAGFE e w2t AR 24 F4E
<+ & F A+

A, ASzAA # LEENS] FREYSY
L 9% AFzAo 2 HHEEABENILE =98
o] A4d A} Az o&H FTAH
9 £x¥dgE dAAGde et g3l A
7} F& A34E el

® B

& RES WETERTFRRER A3 19874
B WRREiEd Jd9 fee SHReRa R
o i HBE Dok

g % X R

1. A. Chrzanowski, “A comparison of Different
Approaches into the analysis of Deformation
Measurements”, Fig. XVI, 1981, 602.3

2. C.S. Fraser and D.C. Brown, “Industrial Photo-
grammetry: New Developments and Recent Ap-
plications”, Phofogrammetric Record; vol.12,
No. 68, 1986, pp. 197~217.

3. A.J. Brandenberger, S.K. Ghosh, M. Bougouss,

WA T 19874 127

10.

11,

12.

13.

14.

15.

— 145 —

. C.S. Fraser, L. Gruendig,

“Deformation Measurements of Power Dams with
Aerial Photogrammetry”, PE & RS, vol.49,
No. 11, 1983, pp. 1561~1567.

S.A. Veress, “Measurement of Structural Defor-
mation of Electric Transmitting Towers”, FIG.
XVI Congress, 1981, 6.4.1.

C.S. Fraser, “Photogrammetric Measurement of
Thermal , Deformation of Large Scale Com-
pressor”, PE & RS, 1986, pp. 1563~1575.

“The Analysis of
Photogrammetric Deformation Measurements on
Turtle Mt.”, PE & RS, vol.52, No.2, 1984,
pp. 207~216.

C.S. Fraser, “Limiting Error Propagation in
Network Design”, PE & RS, vol.53, No.5
1987, pp. 487~493.

S.A. Veress, H. Youcai, “A Method for Im-
proving the efficience of the sequential estima
tion procedure in Photogrammetry”, PE & RS,
vol, 53, No.6, 1987, pp.613~616.

C.S. Fraser, “Optimization of precision in Close-
Range Photogrammetry” PE & RS, vol. 48, No.
4, 1982, pp.561~570.

G.M. Elphingstone, “Large Block SAPGO Pro-
gram”, PE & RS, vol.41, No.l, 1975, pp. 101
~111.

S.F. El-Hakim and W. Faig, “A Combined
Adjustment of Geodetic and Photogrammetric
Observations”, PE & RS, vol.47, No.1, 1987,
pp. 93~99.

S.F. El-Hakim and W. Faig, “The General Bun-
dle Adjustment Triangulation(GEBAT) system
Theory and Application”, presented Paper, X1v
Congress of ISP, Commission 1, 1980, pp. 296
~307.

S.F. El-Hakim, “Results from a Precise Photo-
grammetric Densification of Urban Control Net-
work” The Canadian Surveryor, vol.36, No.2,
1982, pp. 165~172,

H. Papo ane A. Perelmuter, “Free Net Analysis
of Storage Tank Calibration”, Presented Paper,
XIV Congress of ISP, comm. v.1980, pp.593
~602.

H. Papo and A. Perelmuter, “Free Net Analysis
in Close-Range Photogrammetry”, PE & RS,



vol. 48, No.4, 1982, pp. 571~576. Photogrammetry”, University of Washington,
16. C.S. Fraser, “Simultancous Multiple Camera Ph. D. Dissertation, 1979.
and Multiple Focal Setting Self-Calibration in (85 11987, 10. 5)

~— 146 — KA SaHn



