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Abstract After analyzing the traditional calibration model for target deviations of photoelectric theodolites and the
characteristics of photoelectric theodolites with multi-field of view stitching, we derive a calibration formula for
target deviations of photoelectric theodolites with imaging systems that have large collimation errors and zero offsets
according to the principle of coordinate transformation. The above calibration formula and target simulator pointing
are used to reversely deduce the calculation formula of target deviations of photoelectric theodolites with large
collimation errors and zero offsets. The pointing calibration coefficient of the imaging system is solved through its
actual target deviation. A verification test shows that the proposed approach breaks through the limitations of the
existing distortion correction model and can be applied to pointing calibration of the imaging systems of photoelectric
theodolites with multi-field of view stitching. The measurement system with a 2 X 3 externally stitched array
discussed in this paper has a collimation error of 11.26° and a zero offset of 18.08°. Both the horizontal and vertical
pointing errors are less than 1/5 pixel after the system is calibrated by the pointing calibration method for
photoelectric theodolites with multiple externally stitched imaging modules.
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Fig. 1 Schematic diagram of three axis relationship
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Fig. 2 Schematic diagram of coordinate frames of

universal photoelectric theodolite

0612002-2



E 2% F6H/2022 F£3 B/RFFR

Hoox filooy. Gl B R G40 B R E X f.Y

W—, W29 o x.y.z BIRRTE O -XYZ ¥R
FHREIE 0 -XYZ AR FRMMER S o 2y 2. bR
ROUMERIR I AN C, N IRHEZE; 0.2, 5 XZ V1l
Bdefa i 1L RNEA 2%,

fi B =5 6] — s M 12 LR TR 89 AR BR R
(Zsy,2) TERBE LR R TR IR H (2 yer2)o
1L 2 AT, i MOTE AR A8 B & R 0038 T 46 A 3%
JeLE Y MhTREE M C, 58 X Wil —D T

AR R Fe 7R
o 1 0 0
y.|=10 cos(—1) sin(— 1) | X
2z, 0 —sin(—1) cos(—1)

cosC 0 —sinC]| |x
0 1 0 ylo 4)
sinC 0 cosC z

B MR e R A bR 2T B ARAR N k. . £,

Iy
x cosC 0 —sinC
{3} =k 0 1 0 X
z sinC 0 cosC

1 0 0 X
0 cos(—1) sin(— 1) | |y.| . (5)
0 —sin(—1) cos(—I)] | f

BB 2 (] A5 M7 e SUURE TR B9 25 (] 4 1) K P
AEN A EEMER E, WA

2
cos A, = =

Jat 2t
sinCex.+cosCesinl ey +cosCoecosle f
22 4(sin I o y.+cos I« f)°

tan E, S S——

Jat 2t
cos [ «y.—sinl « f
i 4(sin I« y.+cos I« f)°

6
X,
A — c S . I—"
% tan(Aa) sin T+y. T cos I.fyfﬁ/\(@it,ﬂﬁ
JAOCAa
[ cos I «y.—sinl - f

E, =arctan [
sin ] ey .+cosl -« f

. cos(Aa)J ’
7
Bz EAEE A MECHEES LR ER

()55 [al 45 1) (M E S AL R ELAE S E LA

sin A,

Bl :arctan<cos E,cos A, — tan Esin E, ) ’
(8)
o AA Sy R DL T KT A i 5 B K F T A

., HA

JA =A,+AA,

< sin E,cos A, +cos E,tan E, ],
E = arct + cos(AA

t arctan Los E,cos A, —sin E tan E, cos(Ad,)

(€))

4 Z AR SN B 12 RO i 22 26 Y
F SRR [0 M IE 7 1%

T R 2 AR RIS B D R E AL AR B
4 5 1) A L[] P46 T 2 T R 22 (U i A5 A58 Bl ) 4L T
(BRHAE) T 20 22 R BB D D 22 26 R
ST RGEWAE R . ARG N A AR
S8, BT J0 55 w45 17 [ € 3 AR H AR T34 A
o B, FeA A BE AR Y R Al —d8 1 . PRI, 22 J A
B AP U L 28 2SR Gt B4 e A S I T 9 i
i A 0 P D' v 2 AU R B R B TE B L B i
1o O AL 28 25 AU KT JEE R LA B RIS R G
o 22 R A 2 0 1) g 2 ) b A R L
JAR R 58 A0 B 5 300 1) A B S () F A B 4 A
25 fifp SRR LS R 22 T A X W S 15 22 8 BUMEL 0 BT L 52
J 22 ARSI DF G L 28 A SR GE Y IR AL I

L5 LTIk L 2 BB B b D4 R B 2 A R
G 1) W 22 A T B 396 1 g 53 O FL 2 A SO B A
IERERL, Dt AT 22 AR B B 1 B 4 RO i 42 26
ASCER G 1 W 78 A2 I i B A ST s ) [ R 4 2 ] 1]
i Tl A1 20 0 i A AL L K- il £ 2 B 8 £ (L DO
S v LR 73IE L I VAAN RV VR L N N
AR Z (A Y SR G AR

R F 38 P D' FRL 28 5 A Y B A R AT, ] i

tan E,

= o 10
cos A, (10

4 (T

JAAO =A—A,

< tan Ecos E; —cos(AA )sin E; . (11)
Pl :tan Esin E, + cos(AA,)cos E,

54 (), Ty

A, = arctan[ tan(AA,) (cos E, — ¥sin E) |

{EO =arctan(ycos A,) ’

(12)
g (DL

0612002-3



Aa=C—A,
cos(Aa)sin I + tan E cos I

:cos(Aa)cos I —tan E sin I )
x,=tan(Aa)[sin [ « y.+cos I » f]
P (o y ) NI AR P AR FR

Wy 722 F) 0 ek R FEORG %5 D 3 L R R B AR AT
RN TCTT I H AR Ot L 28 A5 AU Bh A [\) #f B2 T
s BR . F5 h A s AP A B AR AL S, 2
ALE sxisy ) Hpi=1,2,.,n, FIHZNHG
BEHHM P A6 28 25 A0 R G2 i A8 BB A, i
T AR S PO AR (s y D s

HT T2 TE 1% 22 B A AE B BT 2, R R G
THT 2 5 K2 AU 40 T A7 AR B RE . A 305 i B A RORS
JE R o0 IR 2 W8 I AR AL,

5 SLEG R

“XX FEFIIN R RS R W A P BRI R
SR, PA— MRS R Gk ] A PR R
2X 3,1 6 ANELHN RGVE K- L3R E WA 1 EAT AR
PRZAn Ry, W 3 R . BN LD AN BUR R G R TR
40 mm, R IC R SF R 25 pm, BB R JCECR 640
(HD X 512(V) . H AR Fr 1), VAR T EH I m,
e 4 frs B BES I R 52 P I 1)
Mk 40°(HD X50°(V), W 3 s, izl & R4
WEET HMEZELAE 6 GLIRG, IR RGO
il 5 ADLRE T 1) AR OKOF R ED A3 an gl 4 B

Ve fq (13)

vertical axis

1# imaging system
2# imaging system

' e

| / o
collimation axi 4#1imaging system
5# imaging system I 6# imaging system

3 B BRI R G AR R G D R R A

Fig. 3 Imaging system stitching diagram of

horizontal axis

single array measurement system
AR SCH R B AR AT D6 A8 B8 e 95 1 H Bs L 't
FL 22 S5 AU B AN [R] AR R R0 SR IEMR S i ) 332 K
PEHNEE F AR B &85 5 38 O i 28 26 3000 50 5 18 1E

E 2% F6H/2022 F£3 B/RFFR

25 1 T /%' T 5
" i
20 | 1# imaging system | | o# imaging system
7i44ﬁ*\ﬁv -~ 5as b=z o8
15 | c=11.28° I+-18.08° |[C=-11.28 ,g:—ls,(s i
i ' !
\ | i :
2 10 TS VS — S ;
~< ' !
s b} |
T i oo
E=T] | _3# imaging system + 4# imaging system
= I C=11.28° I=0° | c=11.28%, 1=0°
S t
5
=~

_15 |

5# imaging system ;.. 3 ,imaging system ___}
920} C=1128°, [=18.08° | C=-11.28°,I=18.08°
-25

30 20 -10 0 10 20 30
Horizontal field /(°)
&l 4 B MR S R 40 0 P B A T
Fig. 4 Field of view stitching model of single

array measurement system
RO 255 H AL ADL AR 25 1] 48 1), HASE UL H A 2 (] 45 1)
AN (S AR 1) 2 o A R A bR ) . FH]
Z WAB RPN B H RO i 28 A AR G 1 g A2 AL TE Ty
PP e S YT T =0

AR SC3 B ARAL IE L BAR R G 5 e AR A E DL
Z BRI PF He B By 28 AR AL R Gedis ) B E T ik
SRS EAT TR AR S R TR LR 1 AN 5~7,

® 1A m G AN R

Table 1 Test results of pointing synthesis angle

) . Horizontal pointing Vertical pointing
Calibration method

error /pixel error /pixel

1.07 (0.038%)
0.44 (0.016°)
0. 14 (0.005%)

0.86 (0.031°)
0.46 (0.016°)
0.21 (0.008%)

Non-correction
Distortion correction

Pointing correction

o uncorrected pointing angle
H standard deviation
--- Vstandard deviation

-0.05

-0.10

Vertical pointing angle /(°)
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Fig. 5 Distribution map of synthesis angle

without correcting pointing

I 1T AL, 22 BB B AT B 1 O v 28 45 AR
AGAR WAL ETTE R E A B IER R, IR S TR

0612002-4



MR

GRS AT R T e B OE I B A R A B E

0.02 + pointing angle using distortion correction
--- Hstandard deviation
0 V standard deviation

_ .

o

<

< -0.02 g

o0 P . et

S Tl gl

g -0.04 HE R
N T3 M g

é Tty :"J!'" ,"1': b

£ -0.06 RS HER

8 o ‘_é > iy

- T D .v‘.w'

= -0.08 . B Rt

< e el

g .

£ -0.10

-0.12

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Horizontal pointing angle /(°)

Wl 6 W AE AL E & AR 4 A
Fig. 6 Distribution map of synthesis angle

after distortion correction

-0.02
-0.03
-0.04
-0.05
-0.06
-0.07
-0.08
-0.09
-0.10
-0.11
-0.12

pointing angle using distortion correction
A standard deviation
E standard deviation

Vertical pointing angle /(°)

-0.04 -0.02 0 0.02  0.04

Horizontal pointing angle /(°)

P 7 95 1 A D A A 43 A A

Fig. 7 Distribution map of synthesis angle

0.06

after pointing correction

6 4 7

(2]

[3]

[4]

(6]

[7]

STURSE R LI AR XX BESII A R G A X
KHEEMEZE N 11, 26°FI R F AL 2520 18. 08° 11 2 X 3 4 (8]
P MR 5 i R G SR 22 LR H A PF 4 B
AL R GEN AR 1 RS OE 7 i T AR K OF TR B )

R 1) DR 22 ¥ /T 1/5 pixel,

AR SCHE S 1) 22 UGS B S B4 RO L 28 A AR
GERYAR I MIE T L R T B A B IE AR, & ] TAE [9]
AR AT SR 0B A L T N T I A A6

A WA B IE L H 52 56 45 2R % W1 B £ 07 75 U

R RCR

2 % X #

T

[1] Zhao XY, Li Y C. Optical measurement in shooting

0612002-5

5542 % 5 6 H1/2022 £ 3 A/RFFE
range[ M. Beijing: Institute of Command Technology,
2001.

R, A S (M. bt AR
FERARFEBE, 2001.

Tian S W, Li Y C. The
photoelectric theodolite [J]. Acta Photonica Sinica,
1995, 24(4): 370-371.

/S, 22304, St g {nigmi 2], JbF
4R, 1995, 24(4): 370-371.

LiuBS, Liu C K, Du H T. The measuring equipment

directional error of

accuracy appraisal on the range[ M]. Beijing: National
Defense Industry Press, 2008.

XUPFR, XA 6, AHOE V. R0 35 A0 I R AR B S
(M. dese: [EEG Tl kL, 2008.

Wang M, Song L W, Qiao Y F, et al. External field
stitching technology for high speed target measuring
and its implementation [J]. Optics and Precision
Engineering, 2010, 18(9): 2069-2076.

FE, R4, REW, S ML PHED B ROR K
Hs gl % K% TR, 2010, 18(9): 2069-2076.
Jin G, Wang J Q, Ni W. The three error axis of
theodolite with the utilization of the coordinate to the
variation[J]. Optics and Precision Engineering, 1999,
7(5): 89-94.

@, ERUE, Bifh. BT A by A el S 20 2 AU =
w2 b2 K% TR, 1999, 7(5): 89-94.
Hartley R 1.
with a rotating camera[M]/Eklundh ] O. Computer
vision-ECCV'94. Lecture notes in computer science.
Heidelberg: Springer, 1994, 800: 471-478.

Wang F, Jia T, Zhang C L.

photoelectric

Self-calibration from multiple views

Dynamic correction of
target deviations for theodolites by

transform[J]. Optics and Precision
Engineering, 2009, 17(12): 2939-2945.

FI5, B, TR B AR e S BB IE L 4
UL R [J]. JeoE R TR, 2009, 17(12):
2939-2945.

LuC H, Li HF, Gao T, et al. Virtual reality head-
mounted display with large field of view based on
stitching[J]. Acta Optica Sinica, 2019, 39(6): 0612002.
Righze, g0, @ik, . T IHEN R &
MLk woR B ® [J]. SR, 2019, 39(6):
0612002.
Geng X L.
large static scenes[D]. Qingdao: Ocean University of
China, 2009: 9-15.

BRIGE s . KAL) o 4 5t BF e Or ik wR 592 (D). 5
& PEIEERS, 2009: 9-15.

coordinate

Study on video mosaic construction of



