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Abstract: To address the challenge of flatness inspection for mosaic detector focal planes, a co-frame par-
allel dual-probe measurement system is proposed. To mitigate the systematic errors inherent in this sys-
tem, a multi-attitude robust decomposition-based error compensation model is developed for high-preci-

sion flatness measurement. First, the error transfer mechanism of the co-frame parallel dual-probe mea-
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surement configuration is analyzed. Subsequently, exploiting the differing spatial invariance of system er-
rors fixed in the instrument coordinate system and the surface profile of the calibration mirror fixed in the
mirror coordinate system, a multi-attitude robust decomposition error compensation model is established.
Differential measurement results are decomposed into a system error field, calibration-mirror surface pro-
file, and attitude-drift term. System-error calibration and compensation are then achieved through multi-at-
titude translation and flipping measurements. Physical experiments demonstrate that, with high-precision
Luphoscan measurements used as the reference ground truth, the overall slope and periodic stripe errors in
the original differential field are substantially suppressed after compensation. Quantitative results show
that the proposed method achieves residual PV, RMSE, and MAE values of 4. 400 pm, 0. 560 pm, and
0. 446 pum, respectively, outperforming comparative methods, including LightGBM. Moreover, the X-di-
rection trend error and Y-direction periodic error are reduced by 97.82% and 85.85%, respectively. The
proposed model effectively separates and compensates for fixed systematic errors in the co-frame parallel
dual-probe measurement system, thereby providing an effective approach for high-precision flatness inspec-
tion of mosaic detector focal planes.

Key words: optical testing; mosaic detector; differential measurement; flatness inspection; systematic
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Fig.1 Comparison of side-by-side co-mounted structure

and vertically symmetric clamping structure
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I A, FL AR K 3 H R AT A L
A, Y D e AR 25 | el 22 300 D K
iz S 1R G R AR iR 2 2 3 BOR R T =Z )
(25 [0 2 2R A kB AR Mk . TR, &5 0 3¢
52 Aa) MR 2R G BR R R 22 LA RCRBE M % [ 25 22 4
S b HMAT A E 22 . IR RIS
Y I 1) H AT R O IR 2R BN KT Sl
AR R R 22 s 3R AN 8] 3 s

K3 YR SRS

Fig.3 Y-periodic striations

3 AT S R5EH5Meyadg k£
> % AR 2 AME B ok

3.1 ZETESVWNER

hy S B AR 51 ) HOBUR Sk 22 43 D 1 R g
RGLRFEE W b 5 AME RSO L 2 B R
fi# (Multi-pose Calibration System-error Robust



2674 e K TR

34 %

Decomposition, MCSR) £ A . % B8 F| H & 48
e 22 [ TAL AR AL B &R L A 8 B R [ E T AR g
BARARNENALERES BLZESTERY
BTG IN & F R G018 22 b 8 B T B S A8 A OC
R AT 4 1 o
FESS kR 8 AT, AR Sk & 5841 5 345
R 1 H5® L 2 EE . NG — 25T, &
SCER TS I A B 25 43 SO0 04 R
D..=Z,,(p)—Z,(p,), (5)
o p, R ALER AL AR 2R P A5 A AT, kRN
SR AN R R R (2172 1| PO WVAC S A7
TRk TAR Sk 2 78 Z 0 A i i
W T3 TR A W 5 8 T AT PR i fl 4%
o R AR A AR R I A B B B AR E B AR bR
Fo W R LR N AL R AR R T, WA
qei= T:(p;), (6)
Horr s g, s AR SLTE SR A 225 F X 1y bR
FEBEAAR AN o RGUIR 2 E TALER LA R LA
58 T O] it 228 25 A8 e A AN A A A R b e A A
xR G E R 2 bR g B E BRI
T S B ATL MR 75 5, 22 S 35 2 43 I it 9 e — O 0 A
YRy
D, =E.(p)+H(T,(p.))+ B (p;)+ ny;, (7)
Hr . E(p) R [ TAUER A b R RS0 1R 2
H (T, (p,) ) R 5 28 55 16 X B T8 AL br b 1) TH B
8, B:(p) Ao kAL T AP R I, 0,y B
HILIN 2 e 75
BRI F Bl B I ke e iR
- THT IR RS A 1, SR ] — B TR R 7R R
B.(p)=a,+ b,3,+ ¢y, (8)
o a5 A IS R R BRI, b,F1 ¢, 57 )
RIZEA U X, Y 7 ) R R R A
B KA 28 0 SO 2 BT S, 148
— AR Ny
d=A;E+AH+A,p+n=A0+n,
(9)
Horbr s d Ry A A B LI ) B L E R H G350 8 B
MAGREG ShhEHEEIE ,fH&EERERS
B = ar, br, e "H I AT, ATHY AT 53 0 AL A
PO 5 32 45 R I 23 2 R SR R P R R S TR T R
MHEEIE X . BT =285 i Z W AF7E & B E A
F— BV R, 2 Q=[1,q..q,] FtrEHEN

e - 6 7 515, B 243
TE=0,Q H=0,Sg—=0. (10)

Horp s 5 — TR AE AR G0 1R 25 I 1O M G v R A
5 IR B B DT E SCN £ BR R AR LG T T
Jo BT 5% 22 5 5 — Il 8 I S BUUGRIE 4
WA Z MMM A, LR AR IEFE W T W
B — B S A AN ME—
Sy B v ST T LA 0 B0 R M AR AR R F A
—AfbIE
X=X yi—y

Ti— » Vi—
Sr S

(11)

3.2 EBRMEBEIHRERKE

e () FA X (10) WL H T, MCSR il
i R R E AR S AT R AR 22 Y
bR SR BRI E MBS R B L
min 2330 ) | L [ Lt |

Co=0, (12)
H Lo fLy, s 8 2250 51 A B A R E
AL AL T, € g 20 (10) X 17 9 48 M 2 s S . 46
AN BB A S AR 25O
ro=D.,—E.(p)—H(T.(p,))— x! B

T

r=[L7.3] . (13)
Sk B e 07 M R A TR B A TR R RN SR
UM BE 7, & 4 40 2 R Huber pREK
%rz, ¢
os(r)= . . (14)
ol 8> 5
B 2= RO SR A 04 5 i 2= A 3, IF s
4 38 R A AL R AL
c'=1.4826 median(‘ ri) — median(réf,-)) ’),
o' =o',

1, ‘rl(’,[fJ <§m

w}c,ii é\(/) (15)

>5</>'

(1)
|’ ‘7'/“'
‘rk,i

Hor e TR R B, A SO =1, 345, /IR 22
PR A5 B AN, Rk 2 A I R {4 O s /)
DI B A S LN RS 2 e or a5 2R . & W
R e UGB AR B X A R [ A E B 1B
MZBER TG , R 2ET 0T 5 1E WAL R



%517 5 P, 25 < 5 T 3R BT 9 OB Sk 0 B 28 49T 1) P T JRE ARG I % 3R 2 A B Y 2675
7 e TR - R o MR R MAD R Al i 28 25 5 R 7 34 1Y

(AW AL+ 2 LiLy ) E" V=
AW Ad— A H—A,87).  (16)
[ 5 R 40 b 22 ) bR 8 B2 IR )5, 56 R A %
BB S NG T 5 15 5]
BUU=(XIWOX)  XIW L (17)
Forr sy R Y TR SR 22 I AR E R TP
e R 22 1) o BEJE TR E R G IR 22 M SR
F I, b o2 e T
(ALW Ay + Ly Ly Ly ) H" =
ALW(d — AE— A7), (18)
B ER R N E AT £ ERE N HR
17 B AERLA P 52, JF X 20 g AT B A%
B, g 250 (10) . 52 \MAD R
J¥ \Huber AU K = A7 i MR BT, 5 2 AL -

H 6(/7”_ 6(/)
— 2, (19)
ereo

Forb seo sy B 1k 23 BF 0 Z B S0/ IE S, € Dy WS
fE o LIS R X £ A 2 80O L1k 56 & |, Huber 3
2R R T D T K4 A o R R 5 2 T 24 TR R
23 ) BB T e 1 AL T R A PR, 290 H AR A
AR 5 25 ) P AR 2% AR ) A T A oK
figp iF, IRLS 5 75 B 5T il — A QB ol BOA 3, OF:
Wi 4 22 24 R ] R £ o — e (I A
3.3 RAMBERH AEERERBR

B n0 R TGS B, Z R 29 R R 25 1] ker
(CYIy—Z Fe ) & 2 E WAL P 51 AR e i 29
S, AL I 4 R HE IR K, MCSR £ 29 3R
2 () P M — 7 fifk ) 708 B 2R RN

rank[é}— n,< rank( AZ )= dimker(C )&

H g(z)

o (AZ)>0. (20)

IR R 22 8 75 W SR R B A 2O I 5%

FORFFEE JF AR 877 A AR &0 1y 25 i) 3

Heo /DN RAH 0, K, REGIR 2 5 R € 5

T E 09 73 85 RS E 5 2 B AR s 2 M R B ™ 4 2

B 24 ST B 1 05 S AR AR o, B E TR AR

R TCVE AR AE R . 25 B WIS - 1 4065 38 1
il 2

rank ( X,/ W, X,)=3. (21)

BP B A 2 38 2 DA 3 AN S 4 i A &

Fe g M, TR S g i A2 5 0 ik 9 A3
& s FbR 8 B2 R A% i HA AN T 3 A BB S
I 5 32 R Jm TR E P A iR = A 2 (20) B
N R — R ST AR
TP R Sk BRI e M P AR A 22 23 0l o
o2, MR BN p12, W 22 50 W R 7 250
Var(nk,,-):aerd_f*2,0120102. (22)
TELNEAR TN Sy HoAth 43 5 © 15 B 52 il it
AT L R GEIR 22 TR 4R ¢ AR 11 A A
PWIE=SIR VOSE
A wa Var(ny,)
Var(E,-)~Var(n,m) ‘ o= ,
(Siwss) Kot
(Seawe)
Dwii
2 A [v) 3 25 M 75 30 AL Sy, EL AR R B0 I B
LI 7 o 22 B A A8 AR 1/ VK BRI
Huber il T+ 19 52 Wil of B0A 5, ml gk — 20 B /0 5
ERGEEROE S e IR (A
MCSR & T 7] 78 S = 4 B {8 v 2 37 HL
TERFE RUBE N JE SE 8 AL 1 TE o 38 T8 i 4 i A
P T M 1% 22 2 38 3 Jm) ¥ AT R A6 B Ak Ay B vy
JEARZE o 2 G 0 B KRRy FRE JE , T 36 3 AT 250
) i 22 S0 e, R AE I 65 3 Ry o, B4R A i A oL
N O » WU — I A ABL T O 5 A2
eas] < G (| 0 | A2 |+ | 07 ) <.,
G = max | VH(r) H} (24)

Xof 20 g —BE A5 I B B A B BOF B
JE ST R O 2 T G I 28 O B 3R AR B O A )
A, T ¢ B A B 45 300 ] A I ) 58 R o A BE A B B
T KR BEIRAS RN L, UL L AL

Ko = (23)

leinel << L JA7l << €., L,= max

1724
— . 25
&‘ (25)

A2 R (25) 45 T OB HE L
R RE A 2 | BCE R 22 B I ] A 2 TA] Y 4t
— Y, ARV R By 52 98 AR SR A R A D7
S B I R B R SR BRI B R 22 E . X T
BE U 3 B W SR8 i SR 7 O P R T AR R B IX
s, B S HEAT o X5 TG AR R R IR PO R 2
I3 i



2676

e KW TR

34 %

3.4 ZNEBENRSIREME
56 LR G vk 22 Y bR g Ja, S B B A LR Sk
25 H N
D,(r)=2,,(r)—Z.,(r). (26)
A S A bR 5 bR E RS R o8 A — 30, LK &R
B 15 25 Sy 7% (8 3] S0 A

6] 20 £ 22 4y Y o #2354 B3 b i) — Bk
81 mm X 61 mm I &t X 3, H] T B3 bR o 55 5 F
FERM 5 1 [ 20 0 4 25 3 i . SR HU 5 AME Y
HORAE S S FE R 1.5 mm.

R s F o A AR IRE R
FAM 1R 25 A% By 4% JR) 103 P 152 2 R4 Sk Bl AL e 7 45

E.(r)=J[E.(p)](r) (27) PR B, O R G iR 22 th AR O RO 3 A
R RGR 2G99 — WX F L5 , MCSR W PE 2R BOBC A XY 55 08 5 B Bl | Jr I 558 W A A B
B B A TR A BG5S ] 4 A
mam: W-f I 159 22 4 L 1 7T 2% K

D,..(x,y)=H.,(x,y)+ E,(x,y)+n(zx,y),
D, (r)—E.(r)— Z[D r)* r)]. (29)
(28) Horb o H, (2, y) AP B H S E (2, y) A

ARG REY n(x,y) NS . RS R 250t

4.1 HERERE

SRy AL S B ) S A A AR R 2 AR IO S iR
ZEAMESg Al T DN AR 4 R 25 B B S P R
W e e e . Horp 48 B0 o 120 mm X

E,(2,y)=F i(2,y)+ Epica (2, y)+
E e (2, 9)F Er (2, 9), (30)
Hd E (o, y) R X7 18] 28 A (045 B 2 35
B E o, y) FRUE Y T 1] JE R 09 S B0 22
E. i x. ) FR X, Y TSGR Eu(x,y) R

90 mum (130 £ DX 3k, A5 bR M 58 B 1 22 A 2 B 1Y 7 Jry S 58 W A 5 2, WL IUAEL J it s N T 4 s
200 200
100 100 -
_2(220 50 2020 \ W
0
Yoim. 50 7-50 /\(’)/mm Y/mm 50 50 X/mm
LG FLILNTE 43 Wi
Hyxp) Diea(x0)
L [ Do (x ) FH (X V) TE  (x,y)H0(x.) ] 4
A
- N\
I ; e T e 3
I_100 100 100 100 L1000 o !
£ 30 £ 50 £ %0 gsg {1530 ‘ :
N -50 N .50 N 50 N 50 11 N.50 [ !
| -iool -Took -Tool -log] RS < i
b 50 7 5 50 B 50 | - 50
0 ‘ >
i Y/mm 50750  X/mm Ymm 50750 ¥mm Y/mm 50250 X/mm Y/mm 50750 X/mm i Hfriing R:SO X/mm i
| I AR 24 AR e S22 N A 55 i LR :
S Bedow) Bpod) Beowow) Boalow) IR ney) }
( B ) Eent 0 Ererd 6.9+ Eent 69 W Ercs() )

Fig. 4

B4 SULINAE 5 s &

Decomposition of observed values



%517 5 P, 25 < 5 T 3R BT 9 OB Sk 0 B 28 49T 1) P T JRE ARG I % 3R 2 A B Y 2677
4.2 EESHHBMSNT 7 1] P B B AR [, PR A 5 L R Ak 3 v fe R F-

AT L T TR A 0 O R 2% 4 U O R 2
BZEBNNE 3BT, % 58435 B8 X MCSR 2 22
PSS 52 m

BT R G008 2 [l TALAR Ae bR &, 1 b 2 52
11 [ 5 B2 10 AL bs &, BRI Y b e R A AR AL
I, 2R G008 25 5 R R AR A8 b o 5 T TR 78 (X285 2
br Z R A T HE R B AR R R AEANRIESTT
iR 2 bR E B BE . B AR E RS T 208
Pt e H
D.(x,y)=E (x,y)+ H,(T,(x,y))+

B,(x,y)+n,(x,y), (31)
Mo H AR BE T , T, 58 R A B2 250 I HY)
Me bR AR, By (x, y) NIZ B ST B F SRR MK
BRI, n (2, y ) R BEHL IR

b R L G O 2 A E R (S
BARPAT N . BA T RE—DPOBER
fitlh b0F HCHEAT AR R B 6 X A B A R O )
WEAX, X, +Y, YN F I EBES,
RIS BE B — B, S 25 B2 B AL A R A N,
Yoot , X RN K=1+4N,.

LR SRV E 7 BI04 850 X A
HR A AR S o LS R 25 A E
29120 mm X 90 mm P & DI, £ 2 920 375 0 81
mm X 61 mm Il &5 X 38, & A B ff B XS R A Y

Residual PV
2.6F —— AIK=S) 0.375}
= —o— A2(K=9)
S04l ——A3K=13) | g0.350+
z —— A4(K=17) E. |
322 20.325+

220t _/\\/ 2 0.300-
I~
1.8+ '—'»w 0.275"

2 4 6 8 10 12 2 4

X-trend reduction

——AI(K)
—e— A2(K=9)
—— A3(K=13)
—— A4(K=1T)

el
~
T

X-trend reduction/%
O
[ore]

—— AI(K=5) L
—— A2(K=9)
—— A3(K=13) 0.28-
—— A4(K=17) g )
o 0.26+

Y-period reduction/%
Nel
hed
b
N
e
%
oo .

BB N br €Y 592 Y J5 10 R/NZ 2508 —
gy 22—, B 14,5 mm, Sy 348 52 0 3 5 A 5 3 34
FEA R R SRRy 12 mm., 7R 52 FR
b BRSSO N — YO SE R SRR Y
S o0 AR A O TR S R 2 M S G O O Y
[ 25 90 o Sk i G O R 2 AR R AR
PR R B RO 4 RIVAH ) ~F 3% BE B R A9 B K
BHBONTA . BESER LT RS EAE
K1PR.

x1 ETBHEE

Tab.1 Parameter settings for poses
i = HimEHRs BERK FRESJE
Al 0° 5 2,4,---,10,12
A2 0°,180° 9 2,4,--+,10,12
A3 0°,90°,180° 13 2,4,--+,10,12
A4 0°,90%,180°,270° 17 2,4,+-,10,12

KPR AR B S S BT B AMERCR A SC ik
5k 22 PV, RMSE, MAE . X [i] & $ &K R f1 Y
Ii] J 09 IS 38 L 008 bR R AT L3 . b X )
PR AR AN Y 1] S 0 A1 2% 43 531 2 1 MC SR %]
AR 2 R ) 0T 15 25 1 00 )

RNAEEZHCF I MCSR #2485 | 5

RMSE MAE

—— AI(K=5)
—o— A2(K=9)
—— A3(K=13)
—— A4(K=17)

0.30

<
= 024"
O ) s»é,&
6 8 10 12 2 4 6 8 10 12
d/mm d/mm

Y-period reduction
99.97

=

——AI(K=5)

A2-A4 zoom A2(K=9)

T ——A3(K=13)
——A4K517)

8§ 10 12

2 4 6

99.51

2 4 6 8 10 12
d/mm

& 5

2 4 6 8 10 12
d/mm

NI Z S ZHCT MCSR 124

Fig.5 Compensation results of MCSR under different posture parameters
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Fig. 6 Three-dimensional morphology of compensation result and residual heat map
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Tab.3 Comparison of results for five indicators
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Fig. 8 Physical diagram of experimental setup and object

being tested
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