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Abstract: For the issue of focus failure caused by changes in the shape of the focusing mirror during the au-
tocollimation focusing process of aerial cameras, a corresponding theoretical model was provided. By es-
tablishing the relationship between the difference in light intensity received by the sensor and the focusing
curve, the impact of different focusing mirror shape accuracies on the distribution of imaging light intensity
was calculated, and the effects of various aberrations on the focusing curve were analyzed. Combined with
an actual camera model, simulations were conducted using Zemax software in non-sequential mode. By

adjusting the temperature to control the shape of the focusing mirror, focusing experiments were carried
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out under different shapes, verifying the theoretical and simulation results. The results show that when the

surface shape RMS of the focusing mirror reaches 0. 048 3\, the peak position of the focusing curve ex-

ceeds the half focal depth; when the surface shape RMS reaches 0. 082 1X, the focusing curve exhibits mul-

tiple peaks. This has guiding significance for the error allocation, design, and control of the optical auto-

collimation focusing mirror, as well as for improving the imaging quality of aerial cameras.

Key words: aerial camera; autocollimation; focus inspection; curve fitting; surface figure error

1 7l

Uu\:

A2 R A T 7 6 7 2 2 —
AT G AR HEE 5 S B R 1 7
ML G A R T R A T, 2
A PRSP A% A L ¢ I B
ik F PR E 0 T 46 B 2 T A R o 2 5
L JESR R BEBB  BEAL A HLEE
7 A R TR B {05
I DR 2 A L5 2307 T 3 8 0
1 A 62 S T 9 6 9 S 00 55 5 0
ST K L R R
1 1191 22 B U RS 01 TR 1 AL
WA AT T

1 2 AR BL 2 B B o 7 £ 2 RS B
57 VB 2 1 R K 1R
R T L T PR B b T
FEEUA e 0 5 PE R B L A2 K A% A
B A6 TR A PR O 3 . O 1 M E R 2
S HDBI 7 B R0 MK R 4
e A B O L R PR LR 64 9 4 0 0 T
S U2 22 9 23 X0 A M JE X LA W SR
S 5 WA S0 2% G M 0 30 A e
AL 40 B 5t 5 = T4 A 69 0 £ T
SRUT IS T HCE B ;SR X
7 R BLAN 8L JE 4 M 3R 56 0 B ORI AT T 50 07
SIS

o B R T AL A HLG % R H , %
18 R BB R A R FC U FE ) %
T LT HOAS B T A A2 2 B0
A FLAR R T L A0 520 £ 1
e 2 5 0 B R L AR SO BT B 8
T RS FE X 5 698 43 A 14 28 0 22
L ] B0, 55 2 0 e

7 B 70 A A7 B, I 53 B AN ] 45 28 6 A £ iy 26
&R R B SR R . AT X G A B
(0 b4 RE e | SCAE A A BT DL RO T 5 A A
R HE B A

2 BELaRASEELENER
AR

2.1 RESFREREREAR

o £ GE T AL R 22 W(E, ) Al LU 2 R
FEHITIIE 1S3, B T Fringe Zernike $i¢ & 5
A G A sk 1 O HEF 43 B D iR 25 i
BhiBEHERE T WAL, T LA SCE ]
Fringe Zernike 2 5 =X £ 47 73 #r , o Hiy = 100 0 #
BTy R o R AR T Y RIS | 5 D I
e AR o R AR I TR OGS R SR v AT O B
SR AN 2 ) L 7 N s 1 Y T 7 o s 7
THT Y 5% 22 I 5 TG R AR B R T TR L R B AR 22 AR TR
D O S % K Fringe Zernike 2 3 2
5-9 T X A6 £ il & 1S W, A4S 25 08 . Z6 457
L SARIE DS CIVAEIE RS ¢ IVAEIE
R

KB B w8 A 3 7 R {H (Root Mean
Square, RMS) i# 47 & 1k , 4 {ff Fringe Zernike £
I R ERE 5 RMSE &7 X R, E X G2 RMS

ES i@

G,=|c|- (7). (1)
ot € F R4 T Zemike AL 27 ) B4 j 0
Zernike 22 T2 A2 8 A G i DX 39011 - 2541 2
SO e L W (Z7) W T . TR 4 b RMS

(EWR
o= /jGjZJrR, (2)



2518 b e

33 %

1 Z5-Z9 31 Zernike 2 X B #1522 T2 AR
Fig.1 75-7Z9 Zernike polynomial aberration mode maps

Hodr, R Ry & By Zernike T 5| A RMS {H, #£-F- 18
B XA MR T, BT 2R AN T
2.2 KWETEEXATR

S HE, A AR B R R 2 R

Removable

Rotatable.
~

Square grating

Focal mirror ~ Optical system Light

K2 Jerl B e G s R 2 A
Fig. 2 Schematic diagram of the principle of photoelectric

autocollimation autofocus

K £ I ) 7 DA I T Ol o AR G R i
BiF I, A SE DGR, R 2 W O s ot
RO K BB R R — IR &t R Gk
Yy 07 e AR A FE I B A B TR B R Oy
A, 475 YCHI 4 15 45 T S 44 O F
PR, A X A o A v G £ B S T G A 7 /)N R
JEAB) , JEAE R 1) ' i A 30 A ] Uk A
TGRS A AR IR LR AR, A 3 TR

Photovoltaic Scanning pendulum of

cell voltage focusing mirror
EENENR I NN
ENEN

K3 e A R E th 4eon B A

Fig.3 Schematic diagram of focus detection generating a

sine wave curve

HL AR VA OV B 4 T g Bk A ) 0 O e i
TEARBLOG 2 2R GERT I 4% 18— %E A2 R A 3, W n] LA
AT — R IR IE X B i Tl 2k, (H iy T H ey
FERE AR, AN [F]A57 B W0 07 A A8 o O JEE A
[] , 5 BOIE 5% 80 AL e il 2 Y e 0 RS [A) 3 2o X
A (RS B TE 5% T A 5 A g e (L AS: 0 mT LA B —
2 U WG {1 - D' b 07 B ot £, o TG L Bk R B X
e LR I A R A B e R G AR T AL

H P 3 AT, T 5% 8 gt 4 0 e (B ROl e
Bl MR SR Y RO B IR TR 22 LI Tl
PR E% PF R 1Y fe RO 22 o Dt 25 2 th K
A BT 45 8l il 9 05 06 M B AR AR T LA 4
PR A [ S 2, &l 4 pie s, B bR @R 7 R s )



% 16 1]

TRAR I, A < G £ B T RS 2 AT A AL A AR A 6 A B R 2519

J7 et 5 BORAR , 2 AR IE XR 07 el A B
I, 42 W' R i K 5 > 0 BRI X O S I 2% L
i OB /)

eI K77 e R/ NPT SEAHE
B 5 BRI
0 L 2L 3L 0 L 2L 3L

B4 W7 St 2 SUSRAR BRI e £ 7 B
Fig.4 Bright fringes of the object-side grating imaging
are blocked by the image-side grating

DG HE I ELARG B AEH BOE A A Ronehi SEA,
D5 B e 1) 1 A OB L O L SR iR R Rk
2 1y fx KOG 5 22 2 W 7 DG M BT AR O 8 43 A A
FEARBC XI5 I AR B I O R 25 AL TR T i
.

A:=ﬂ>L(x”y)dxﬂyx*

ﬂoli( Jc,,yV)dI,dy,— ﬂﬂ L( x,.,y,>dx7.dy,, (3)
,E:tP:I,-(xl»,y,-)ﬂﬂ%ﬁﬁ'ﬁﬁﬂﬁi@ﬁ'ﬁﬁﬁfﬁ,Lﬂﬂ
M 20 4R VE A R G IR 25, &,y RO T
AR o TG B R M B KO R 25 IE T
B2 58 SR BUMUARAE 5 SR B IX Bl 5 I 25 B0 X B
Ot 22 K] 3, PR AR 2 R A 4R B T A 4n ] 52
e G £ ok AR, DU R R A AR B T AL X ) U7 Ol
W A O 5 A A /Y 52 e, R X (3) 1D
R 2E
2.3 REFHENKEMCENFN

P B RS s OE R R G R T4
PER G, a8 'A% RS8R WA I 52 4R R 43 A
AT LA Ry 2% G2 1 ol ks o 15, 400 BT A AT LA A 2
B 1) T AT R A AT G R R A AR AL A
itz A HLE T AR AR T U R 4 AE 4 1l 2z
J& T om AR B R R G, WEOLER R E T

BRI
L-( I“y/) —
k ﬂ Ig(fo,&o>51(1z - io’yz - y~o>dl~”od5/o, (4)

USSR ORTIIE Y S Y
BE SRR T, 5o R T AR AR 0y, 2 1R T T
LA O SRR o O S A R ) %
PRy TR A7 B B SR S A 0
5 ARG BRI L A
=il (5)
T R TS {2 R R G 10 0
M 15 ER 1 B A2 , LA LA 1 A
P H S5 O AL BR T, AL 2 O i R 3
AT R P 5

Mirror

Surface error W(&n) !

f=1>9(<)0 mm
S R AR BT AL 0 T 0616 3
Fig. 5 Light field propagation under the influence of the

focusing mirror surface figure

SE P (2, y) R ORI bR B

P(x,y>:P<x,y)exp[j/e2W(x,y)}, (6)
oo P (o y) OB BB W (2, y) 205 K
T AL 22 o f1 2. 171 Al R AT ] Zernike £ 5050
BEAT LA RT3 2 07 BG40 A, %
A 22 T L B B 3 45 1 Zernike R BOK 15 2
K 2 G5 11 I3 AH 2

W (x.y)=

[G;,(x,y),Gs(x,y),---,Gg(x,y”XZ,., (7)
Ho .6 h 2w X 288K, 2=
[ Z:, Zs, -+, Z, )"

G HL B o R A R R AR i 4k SRR
F10 2 A 8 T 5% A 5 W 06 B A A o 8 0 A8 4k, 7T
LA 9 05 e MR 1 52 15 2% B0 5 22 AR e ki 4 1E
SZAT T LR UG DAL, AN [) T 8 6T IR AN [m] ) T
BRI, T AS T) A G 5 A7 8 Y 06 06 {1 5 B A A0 L



2520 b=

K % TR

33 %

PRIER A B A RS A B AR 25 THBRDR IR 25 A
[ 2 A 057 B A Ak 6% 52 4R R Dk o ) 3 b S RT A
TN

h=F{P(z.y))=
FA{P(x,y)expl jl2W (2,3)+ jkW oo 1} o

L= b

g
Ad,;

(8)
FoA s W Rn B ERGIABAMNAL 2, W (2, y)
P K A BT R 5] A A A 22 . ] LA Fringe
Zernike Z2 T2 IU I R 7, FR A L -
nd
8AFY
Hp . C, # /R Fringe Zernike 22 1 20 27 DU I ) &

C, (9)

I,(l‘,y)z /Jg(fo,yo)

3 (12) A9 75 6 Al U AS O 5 43 A7 32 K
FE B A Zernike R G, M E B E d W
Zernike ZE G, T A0 (2) #4  RMS{H . H
JE i T2 (12) W5 B 45 % ek B0 B s Yk I Y 1
W AR 48, AN A7 L BT B0 A A, ol DA SR A5 A £ il
O T T RN B %) 22 38 2, MO SOR FH BB R 43

FIHFET Bk A7 B Ak i s R v, 75 82
AT RAE SR A0 28 N 20 2 A 48 e e L
Ak 2 il R R N 2R /0 Ay eRBR B R AR Y T A

Original data points

nsit;

Int

(a) EERE NERE N AYEE A 4

(a) Optical surface characterized by dominant spherical aberration

9 d
F{P(x,y)exp[2jk2G,(x,y>Z_,+j/e87;FZZ4}}/ oy

i=5

B dFREERE AFRNERK , F ARG FEL
WIAE B BLRE £ R b GOt s i ik 3 A
= (10) .

W)=k || 1(0.5.). |i] dzdge. (10)
Hop
h=F{P(x.y)}=

F{P(.T,y)exp[Zj/ei:Gz(J‘,y)Zj-i—

i=5

M M,

d
ih——Z. L, (11)
] AR’ 4]} Ty

Hp . d FTREEE NERERK,R IR,
¥ hFERMRAR(10)75 .

dz,dy,.  (12)

YT (12) 02 26 T2 5 m B T00 1 4 55 ek B8 Y 1
LA, R T RE Bk R T R R 5 A e i
R SR AN AR SC T RO HL b () 4% O 30 Hz,
IR R AR A 150 Hz, i B8 0 3l B 20 % % 20 (12)
VEATBUE AL | 17 BB RMS {EAE 0~0. 1A Z 7] 5 5
i dAE —2~2 mm Z 8] £ 3E47 1 000 WK 4l B 1R
o 2 CAWNE IR E 2 PO AP K (0 N
(3)IH5 AT LLAR B AS [ 1 28 RMS A T Ot 8 2 bl
B AR AR RN O X SR A ] 6 BTR
(A bR b 5 1 o F RMS AH, D A8 B3 g 1T — 1k

Original data points

0.5

Intensity/W

o O

4

2
0.174 Defocus(x)

(b) EERZE BRI EE 5

(b) Optical surface characterized by dominant astigmatism aberration

FI6 BRI T HA B 105 15 A AR AR B 1A 2 RMES 70 A5 4]
Fig. 6 Plot depicting the relationship between the theoretically calculated light intensity and the defocus distance along with

the RMS (Root Mean Square) value of the focusing mirror’s surface
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9:1 0.058 3 0.0790
8:2 0.056 2 0.0795
7:3 0.057 4 0.080 3
6:4 0.054 2 0.0814
5:5 0.049 3 0.0816
4:6 0.048 7 0.082 1
3:7 0.047 4 0.082 2
2:8 0.044 6 0.0856
1:9 0.042 2 0.087 7
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