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Monocular non-calibration method for dynamic pendulum angle measurement

Fei Zhengliang Li Jiatian He Feng

(Faculty of Land Resources Engineering, Kunming University of Science and Technology, Kunming 650093, China)

Abstract: In dynamic control engineering, precise measurement of pendulum angle is crucial for achieving swing suppression. While
binocular pendulum angle measurement methods rely on camera calibration results, changes in camera positions can introduce
measurement deviations and pose challenges for efficient and stable measurements. To address these issues, this study proposes a
monocular non-calibrated measurement method. The proposed method involves several key steps. First, continuous target image capture
is combined with Kalman filtering and color space transformation to locate marker positions. Second, coordinate transformation based on
cross-ratio is applied, comparing the current position with the initial position to calculate real-time pendulum angles through trigonometric
transformations. Finally, a smoothing process using a combination of Gaussian and mean filtering is employed, and the results are
validated against attitude sensor measurements. Experimental results demonstrate the effectiveness of the proposed method. Comparisons
with binocular methods under variable-speed and constant-speed motion states yield the following findings: In variable-speed motion, the
maximum pendulum angle is 1. 871°, with a maximum angle error of 0.184° compared to the sensor. This represents an accuracy
improvement of 0. 018°over the binocular method. In constant-speed motion, the maximum pendulum angle is 3. 075°, with a maximum
angle error of 0. 259° compared to the sensor, showing an accuracy improvement of 0. 021 over the binocular method. Moreover, the
computational efficiency is enhanced by 133.3%. When camera position deviations occur, the calibrated method produces maximum
angle errors exceeding 0. 5°compared to the sensor, while the non-calibrated method maintains errors below 0. 3°. This non-calibrated
approach effectively eliminates deviations, enabling accurate measurement of dynamic pendulum angles.
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Fig. 1 Schematic diagram of the system structure
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Fig.2 Marker point detection region

T HESRAR IO AREAE SR 0 SR AR B Y R AT
AP LA AR SR AR AE DR I A R RO LU B R 42
E BB ML 545 (red green blue, RGB) {655 )54 e
AP AN B 5% B (hue saturation value, HSV) 25 [A], LL
Yhp sy B th 2L s . RE G S R0 A, SR
ZLAA DX, SRR JR 2 0 9 A0 X 20 8 DX v i
ATHRER R R GRS T BRI 75 7 456 1 i DU 4 {EL
FTGEIAEL , 328 VA oAk TR — B 20 AR DT - T e 75 -
T — i SR TR R (1) R



12 3

S A DN B A B ARAR E Tk - 83 -

x, =Ax, , +Bu, , + W,_,
z, =Hx, +V,
K, =P,H"(HP,H" +R) "' (D
-i'k =x, + K, (z, - Hx,)
P,=A(I-KH) P,
K x, N YETHZI RGARE & x,, E—BZI
RGRE I A RS ; B ¥ il i A B ;
u,, N E—BZIE SRR, W, 8RS 2
FEFE 5z, S SRR 20 00 (] &5 H WA RS s v, R
SRS 5 K, R SRS 200 R R 23825 5 P, b 24w
RS T B 22560 ; R AW M s i 5 2500505 5 %, M
2 A RS B FIIUAR 5 X, A 24 1T A Z20 DR 285 1 B 11
P, R SRS 2Ry 200 5 T oM SR AR

R 15 7R 2 8 U5t A T30 25 2, 76 T — it Rl v e r
AT RE BT AR ic i 1Y X3, IR % X IR P 4 T R B Y
€2 3 {43 R 285 2 A B R 1 B2 B0 20 b o 1Y
AR
1.3 SriRFEiR

R R AR 1 TS RS g ST R AR AR R B R
G5 —J 5 LR A A AR T 15, AR i R R A A
SRR R AL AR 25 A LB, (AL A 5 0 ) 25
I SE S ATCE , LV 1 ML EAR S T4 R M
RONEAL O(X,,Y,) IR RS 1A 50 2 Nl
FESE 1M 7 R FRIK IR RS 55 3 AN AR 2
AR5 A TR B R 5 4 AN SIS 1 MRS
AKEF R R, DX R 3 N A A A SR AR R
WNiE 3 iR, DR A bR R X Rl Y hd sy —4E R R
MEFRER, DL mm A BT XL 4 AN AR ARERAT R (X,
Y, (X,,Y,) (X5, Y5) (X, Y,) o SRIBGHEEAR XS 4 4>
FRR R AR (o, y0) 5 (25,05) 5 (%5,03) , (a,y,) L %
FAZ T AT AN AR 2 A AR R A B 22 1R] A B

A5 4 A s BETE — 2 T AL B BR AR BILAR 1
W AE
Z,
0 &, Y) (X, 1)
X, %’X
(Xz’ Yz) (“(4! y_,)
e y

K3 g A bR R S F

Fig.3 Establishment process of the image coordinate system

HRPEAE etk i, v sy 48X, sk (2) P,
(xl _x4>/(x2 _x4) = (Xl _XA)/(XZ _XA)

(2)
(yl _y4)/(y2 _)’4) = (Yl - Y4)/(Y2 - Y4)

A= (2) ARG R L a ¢ , W15 (3) FR .,
a=(X, -X,)/(x, —x,)
b=(X,-X,)/(x, —x,)
c=(Y, =Y)/(y, —y,)
d=(Y, =Y,)/(y, = 5,)
I DL A BRRHE SR R A 4 3 RS A A
m=(4) Fim,
X=a(x -x,) +X,
Y=c(y -y, +Y,
1.4 ZAtE
W0SR N — iR ER AR IE S B AR AR Py, Z 5 1 R — 5K
EMG e sk P(i =1,2,3, - ,n) , TS F
T A AILEE 25 AN AR AHHLARBE RAR I FRBLAA 5% ) 0L
S [ 1Y, RLHRT LUK S TR AR e s A X T Py fEiE
o) AR I RE B 5 SC PRI B AR 25 N AR R - 7T
L AR AR, BN 9 em, 0N ¥ P, URSERIG
P, U KABNI GO BT TR 5T 82 i — A 12 40 DU o 5 72 4
&l 4 iR,

(3)

(4)

R

B
b

|
P /=91 cm :
16\ /=91 cm
I
g 4RI A
m ERAAEY)

g2K: D=92cm
REK: d-125

K4 1A R A

Fig. 4  Principle diagram of tilting angle measurement
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Fig.5 Experimental environment diagram
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Fig. 6 Results of marker point extraction
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Fig.7 Accuracy analysis of marker point extraction results
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Fig. 8 3D motion of the marker points relative to the camera
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Table 2 Tilting angle measurement
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Table 3 Comparison with the binocular stereo vision method under the variable speed condition

T B EBCRAE 5 0 AR R BB TR PR E] /s BRMEE/(°)
ENIETRS —A~ i TR E 1.2(0.9) 0. 184(0.259)
WH 3 EZ2N =4 T R bR 2.8(2.1) 0.279(0.312)

V() A AR AT O A R L
F 2 3 RIH, AR 95 7 I AR Wb T 7S () B 244 R ) 3
Bl b R IR R R RCR IR 133. 3%,
3) e KIEA MR
AT Yok Ee AR A P ERR M, T Tmage-J #0740 2 e
FKARF  Tmage-J J&—FN R K A FEHR AL B, RE 05K 14
e A R VPR R R B B R K R, AR AR i
S B ANAR T B A AL Tmage-] T2 JF 50 H
JE A I 4 SR b, B, 2 SR, A5 R
F4FR,

®4 BRAERRWIE

Table 4 Verification of maximum tilting angle
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Table 5 Verification of universality for
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TEAR Hit/ kg KM/ (°) SFYRZE/(°)
D5 A+ R ER 0.7 3.075 0. 092
i A 0.2 3.246 0. 098
[HBZSEN 0.5 3.097 0. 082
BRif 0.5 3.115 0.076
ASFII e 0.48 3. 146 0. 089
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N SEBUANR] F A A ()R DR A A 0 4 A o 0
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Y E RS AL B A AR 75 A R R 12 B A
Fr B R ANV AT Z2 R R 525, R AT — IR
5 ERRARBLIBCT 5 BT A e . AALAL T ) 1E
E77 Bk e R EGE B TR, DAL IC D G Y
O, O 5 F BEVE AL VSRR B OF 5 15 TR
PR R E ZE PO PRI T vk RORGE 1 | 22 R )N 0
Jrik Ml EE . PIRRE ST AR IR 7.8 P,

HIZR 7.8 AT, A8 A 00 Tl i A T H R S
ek i R 22 T 0. 5° AR B0 R RS HARbRE 7

®7 SFREHTENGCELLI o« BRI

Table 7 The influence of camera position changes on angle measurement under variable speed motion ( Angle o )

VRPN SLHUEL Tt 5 R 1° TR 2° i B 5°

H1 0.279 0.352 0.387 0. 442

FRE ik AL A oK i 2% %2k 0.278 0.410 0.395 0. 497
3w 0.276 0.316 0. 456 0.584

1w 0.184 0.186 0.184 0.195

b 7 ik S R R A 22 2w 0.185 0.187 0.186 0.193
3w 0.184 0.187 0.188 0.193
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Table 8 The influence of camera position changes on angle measurement under constant-speed motion ( Angle o )

ik M 120 Te w5 e 1° T s 2° s 5°

1K 0.312 0. 412 0.453 0.572

PR Tk SRR IR R % 2K 0.325 0.396 0.463 0.616
FI3W 0. 365 0.476 0.517 0. 580

ERNN 0.259 0.258 0. 259 0. 261

JRhm s Ir ik 5 s oK A 2 %2 0.258 0.264 0. 260 0.256
3 0.259 0. 254 0.256 0.253

IR ZEANEE 0. 20, 513U G0 T 18 i bR T A (E
SRS R 2E i 0. 50 MG B0 T R o 3 AR E
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TCHM

3 & it

Y SO Y- T 128 2y 47 1l s S5 LB AL 41 Bk
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AL FREAR K PEWTT L AT A MERA I, JF 1T Image-J
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