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2) (hEEFE R, b5 100049)

(2016 4£ 6 A 16 HYEl; 2017 4E 1 H 6 HILRIER )

Bayer JES AR OB 2 B TR BRI 2 18] 0 W I L PR S50 ) S 40U, 1 1 Bayer JEI A & 12
CFHIALAR L B TR ALE AR5 7 TH 3 — 25 184k, W5t Bayer 389 2% (AR L SAR T A A0 B 25 & VP 2 B AT
R AR R B T R %3 PR B (MITF) SR AR LR PR RE L3 & PR IO S BRE T A, A% S8 1 ) 1% 326 bRy B0 B 75 v e
RSB Bayer JEB AU AN MTF oMl Bomis SEI . D8 10X AN ) i, ASCHR Y 1 —FleR ekt 7 0
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MTF (10554 Bessid =90, 4 guhid: POV f 1 a
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) 2 JOAE B 75 B o AR AR, D= AR
FHEC T B G875 2 BURGE, TIFE R R —2% 7]
20, XA AR 10 RS FE R, T ki g x
J] %Y (edge spread function, ESF) AT 4018 5
33| LSF, Pt i Bt A2 #19 3) MTF. AL
BERATRAEXS J) B R4 MR, SR B AR
ESF ZCRAE, FHUAHNLMTE v 5 45 5 7= A 5 Vi
& 197210 ik, 1SO12223 bRtk B2 A& T 5K F A
JITEDSEABHL MTF B9 77 3%, 77 3208 5 2R
SR I T TV A W EURL T W R A5 B SR
JIRREL, TR T BT 2 Frad B ) 8 (H 2
WG T R N B RG FE 52 SR RE FE R T 1 ) 3R £ R R
ZERA R 25241 g 1S A G AR B ] 4 328 o 5
BOTVEBEAT /0 AT, #AE IR T SR B A T T
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RTINS EFNL A MTE R ik
e, ASCHE 7 —Fh R e s T 1 B &R (A
FLMTF 875, B 1 7 sk
FEZRAN T IR A BE R 2256 MITF 04 2 1)
SR JE I e A 7] D EEKE T T 1 T) AR e i
FAFE, T FEAS 7] BRI E 28 50 SR I 45 SR 5
Wi g 7 0 W R ' 1 A S B R 49 A X R A
HLMTE W& 45 R m, B S 7R A=
B MTE AUE R PR, AT T 5250 € br. 18
T R e e BN 2K AU U XS BRAIE T AR SC P4
JTVERIAE .

2 HipEA

RN R AR 2R} T AL 1 < 5 28 5 1R,
IR AR E R L P2 A FIR, G, B=AE
R BRI, a1 TR, R EAHPLN T A
R 3 (1) 0 3 B8 B B.S F () 7T AR 7R MY B 26 30
step(x) HABML R & 400 S R 2L hg (z) AR, B

ESFg(z) = step(x) * hg(x). (1)

PAR F: 0] FUEE RGO, SREBE R T IEE
EREAMIMTE 1) E . B EEIIRN S v, v
WG 2 KNS P, T J1A S54RI 8 = 5 AL
B E I EE 0, ik 2 R,

LS ANRE LYAbUNENE RS IR e N T

A, kr NREBEOTIIARIZE, kg = 1/tan0; b N 7]
W5 y B BUE. KPR R T IR T7
455, 5177 1) b B R A p IR S AR 3R 06 B
T . 130 5 1) TRIBE A psin O BRFE 55, TAT 717
- TRIRE A p B PEASAH SRR FR O N B )34 77 7]
(B &M p cos O [FIRAE m. AHEG L T) F13245 21 7] pR 2L
FRRAETA) B p, R T) AT B 7] BR HR SRAT: (8] B
p =p-e. e

ESFg
I
Knife-edge /
—

R image
ESF¢
I
G image
Bayer image of ESFgy
kinfe-edge
I

B image

1 (TR E) R GARTUR SRR T D« 3gm”
K EOFEEAE R, G, B &0/ OEE

Fig. 1. (color online) After the mosaic image of slanted
knife-edge is obtained by the color camera based on
Bayer filtering, the R, G, B channels images are ob-

tained by the bilinear interpolation.

Y y=krz+b

Projection

Pcos6

K2 (MAReH) & RECTIOREGIFGRRNE]
R IR M BOEAS ) LR TR ES Fr

Fig. 2. (color online) The super-sampled edge spread
function ESFR is obtained by projecting the sampling
points of R channel image in the tilt direction of the

knife-edge.
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6: {sin9 (0 <6 <m/4), 5

cosf (m/4<0<m/2).

T A T) O )R 0, BRag EaT DU
FUE RN EERAT ARG, A2 EANL R 26 F
KAETI R B ES Fr(u). A — 4ERTIR B8 B0 3l
B, 75
ESFgr(u) = (step(u) * hg(u)) - comb(;&_)
=(step(u) * hr(u))

X <p6 i 6(u—n-p£)). (4)

X RIE® TR ESFr(u) AT I8 AT 45 1
RIELA R LS Fr(u) N

s (5) R ie HE B S RIEARIE N

LSFR(U)
= ESFR(u) <5(u + ps)Q;:(u —re) ) . (6)
B (4) AN (6) A5

LSFuu) = | (steptu) « )

e 3 sta-mer)]

. (5(un;;?)2;€5(u — pe) ) o

XF (7) ZCREAT A ERL A 45 ERORSE 45 38 8 o) 42 328 B 40
MTFR,mea(f) y\j

MTFR,mea(f)

_ \F(Lsmm)

| (2esnneny L (5 L)

x Hy(f) - i 5( _;)]’ (8)

n=—oo

X, FO NE R AT He (f) AEEOAAHEILR
e AR 0 B pR . MR AR Y 22 W RF (Nyquist) SR
SE B, SRAEAS 2 1 e N 2

e <

2p - fe B (9)

A, fo AAHAL 22 TR, an SRR R 1
e 2 (9) I, W MTFg mea(f) FIAEA 2 K AR
B, i (8) ATk fEA
sin(2mpe f)
2mpe f
_|sin(2mpe f)
2mpe f
SN R I MTFR(f) N
MTFR mea(f)
Sln(?ﬂp&‘f)‘ '
2mpe f
E (11) ot EAR BN BAHHL R 226 MTF
SRBIET My EHEI AW, [F R
(2)—(11) AT 43 ) v H AT 2 B IR € AH L G AR
O MTFq(f) f1B 3t MTFs(f).

WONAN ) K (1) B 2 (8] 2 P2 A E AR 1, 1%
FEA REARUE R AL 50 A s R R R4, @
i (12) R R, G, B =FE04 MTF 45 B8 3%
AL FIL R MT Feoton () N

MTFcolour(f)
_ 1 (
N Cr+Cq+Cg
+Ca - MTFa(f) + Cg - MTFg(f)),

ﬁ':h, Cr, Co M1 Cg %%ﬁé*ﬁ*ﬂR, G, B =3 AL
= KT

MTFR,mea(f) =

)

‘ MTFa(f), (10)
T4t 0

MTFg(f) = (11)

Cr - MTFr(f)

(12)

3 BB E AT
3.1 RHEMNMTF iHELRIEMN

TG R} T] EHEXT 7] 6 8 ESF () #EAT PR {H

B AR 4 (FFT) v SR, 0 206 H 28 M 1 51 K AE.
MNP 2 AT LA H SR ) R il A2 2 5 &R

{pcos@ =m - psin6

psinf = m - pcosf

(0<6<m/4),
(/4 <6 <m/2),

HCRFER m KT 1R 4 (13) XT3
TI BB TR A L 0 55 KA m ) 5K R 2
(0<6<m/4),

1/tan6
m =
tan 0 (m/4 <0 <m/2).
AT D EL )70 5 RN 255 R AL S AR A
AR T, AT AR AE 28 m BUAS [R) 36 3, AT S BIT 7
B R RE AR 4R m S 29

(13)

(14)

074204-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 7 (2017) 074204

(R H, BRI 07 BT SRR O MTF tH 5 45 1 1)
S AN IR T R IE A3 S 6IE, T BRI
1535 6 B 23 IR FE A R 1000, A3 't 38 43 % B {8 M
100, FRMEAZ TR F D A 10 pm, RPTiR 48 0 07545
# f. 50 Ip/mm. BTG P bRtk ] 1048 R
I 3 (a) BTz, J1 1 HE 7130 5 4R 00 8815 R 41k
FIFIAS AR EE 0 M 14.0362° (m = 4). 4K FER
m HUE N 2—9 HEEE, MTF F 545 a3 (b)
s,

M 3 (b) AT BAF H, 4 RAE 26 m (D 2 B,
1623 [ B (0—50) 1p/mm 5 P MTF 75145
HERAER 2 0.08, BEE S AR AE K, % 57

1.0 A

0.8

0.6

|
MTF

0.4r

0.2

SRR, FETE 2 AT 88 1p/mm &b Hi BLEL 1F, X
& T 7] R B ESF JORAEE B, 24 RAE A m L
B KT 20, MTF 15 45 5 AE =% (8] 5l % (0—100)
Ip/mm 0 B N % 25 8 0.01, MTF i+ 545 R LT A
SERAE R

SRR F S R 52 M P IR S, £E bR T T
F1RE R B I A [) & 4 1) s B g 75 {3 e L
5 N 2050 dB. &4 (a) 24 7] 0 HE B % (S
6220 dB IFRAFE 2 m % MTF T 5 25 31 52 i
Kl 4 (b) Jy=47] HEE KR A5 B Dy 20—50 dB I, K
BEZR m BUAS RV B8 30U 1) MTF 545 A5 25 (A
(0—100) lp/mm G N 5 Tohg A TH R 45 R 22

L [ T A T
© 00~ O T W N

pofeg]
33333333

o,
1 1 1 1 1 Y

1 '-'\
20 40 60 80 100
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B3 (TR G) bR 7T C R (a) FURFDRAER R0 MTF #5458 (b)

Fig. 3. (color online) (a) Standard knife-edge image without noise, (b) MTF calculation results at different sampling rate.
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0.10}
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B4 (MTIRE) R MTE RS R (S 20 dB)(a) AARFEYE LR R 20 MTF tH 545 R (b)
Fig. 4. (color online) (a) Impact of sampling rate on MTF calculation results(SNR is 20 dB); (b) impact of

sampling rate on MTF calculation results under different SNR.

MAH B R CUE H, S EEAE gL KT
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MTF fi {28k, 4 EEEME LR 20 dB, KA

mAE N 9B (1) MTF 1545 1 5 B oM 1 MTF
B 228 0.32. X2 i T B 5 7] RECR AR R m A2
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JEEITE 30 dB 2 50 dB Z [A] K}, MTF 11545 8 2 [8]
P Z2/NT0.03. N T P47 SR AE 2 RN HR N 2% i 7 )
MTF iH 5825 RET5m, SRR m B UUE N 4.

32 TR AEIRENMIFI+EL
S
M4 (14) 2, 24 7] DEET) i SeBRiRL S
REBRAE A FE CRIEZRE m WD) fEE R 2 AG, (15
SEBRTRER m' Ky
, ) 1/tan(@+A0) (0 <6 <m/4),
{tan(9+A9) (/4 < 6 <m/2).
W (15) AL R B BRI, I 20 a0 5 159 21
BARIEAN
W~{mﬂ+WyA9m<9<WQ

(15)

m+(1+m?)- A0 (n/4<0<m/2).
(16)
B LR REERE m/ 5 AR R m 2 W 220
N Am,

Am =m'—m. (17)
R (16) F1 (17) 2NAr#4
Am = (1 +m?) - |Ad). (18)

Y BT B AR RIS A A R ZE I T) D BE T3 Rt
J5 R 15 BN ARS8 SR T] s ESF, b
FRARREHOCR AL 2 m (HAR K, JT VR ) 1A 00RH B R
ZENT T RR B 26 1 5 MRSk RO, Y BAR R AR
FEZR m BUE A 4, J] 1VEE T]30 005 A B 5 2R AR AR v
B R ZE A0 E 0.1° Ju I, Ho6 MTF i 545
2 5 B R,

1.0

0.8

0.6

MTF
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0.2F
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Fig. 5. (color online) Impact of angle error of knife

edge on MTF calculation results.
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Collect Bayer color image of
slanted-edge

Step 1

Step 2

Step 3

;( Get Ig, Ig and Ig with
bilinear mterpolatlon

each line of R, G, B color

Computer d(i,5)
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Differentiate the ESF to obtain
the super-sampling R, G, B
color LSFRr, LSFg and LSFg

|

image to obtain LSF;

( Project the image date )

( Windowing )

\

loacation of each LSF;

[ Computer the derivative of }

( Computer the centroid

Fit a linear equatlon to the
centroid loacation and get

Bin the mapped ESF data
to obtain averaged
super-sampled R, G, B color |

ESFgr, ESFg and ESFg

Computer the
MTF meas with FFT

the slope of the R, G, B color
slanted-edge kg, kg and kg

A

MTFy, MTF¢ and MTFy

[Correct the R, G, B coloﬂ

Step 4

S
( Computer color camera
L MTF color

Rotate knife-edge target with

angles in 0.02°

t increments surounding the

original estimate

Find the optimum angle
corresponding to the

maximum MTF color power

J Super-sampled MTF color,

T

Integration of MTF color w‘
power

h

6 ROAIHLIE B3 o i SRR ]

Fig. 6. The processing steps from the Bayer image of knife-edge to the color camera super-sampled MTF'.
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(21)
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N B B
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oo <2Tc(u — (N + 1)/2)>’ (22)
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X, NATIRE ESFCRE S HL #5153 5
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WA} 7134 5] AN MTFE 785038 1 e 4 dE 47 12 0E, 12
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MTFeonr(f) = MTFr(f -¢). (23)
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55455 Bk b3 b R A H sl 4 ) e ) 1
TE 46 At T+ 7 B 40.1° 5 B 4 4% 0.02° 18] B& fie 5%,
FARYE LSS 10— 256 301 ) R T RS
7] 1 B R E AR L MT Feotour,, 58 HEAE 25 18] 55
IR (0—f.) VOB ALY, 19 3R AN MTE #L14r
BEEMH S N

fC

Sl‘ = MTFcolour,i<f>df7

0
B K S BT X B JT 1R 7] 3l R FR R R B HE AR
B, J1 SR e i B A B AL TR B VL B
MTF 45,

(24)

5 Wl K
51 R, G, BZ&#&MTFREETER

R AL MTE 338 25 2R 32 01806 POk 6 4
SReE DA PO\ B EENLR, G, Bzﬁéﬂﬁﬁ\“
S(N) RS, 6 Z5TAE I 1 5 YT o 4 0 R
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Abstract

With the development of optoelectronic technologies, color cameras have been widely exploited in space remote
sensing, earth observations from space, environmental monitoring, urban construction, and many other fields. Currently,
most commercial color cameras use a single charge coupled device (CCD) or complementary metal-oxide-semiconductor
(CMOS) sensor that has a Bayer color filter array (CFA) on its pixel surface to obtain red (R), green (G), or blue (B)
samples. As a way of evaluating imaging quality, modulation transfer function (MTF) can provide a comprehensive
and objective metric for camera imaging performance. In the conventional knife-edge method for color camera MTF
measurement, a linear uniform sampling of the edge spread function (ESF) must be completed before a fast Fourier
transform (FFT) can be applied. As the sampling rate becomes large, the number of pixel points on the line which is
parallel to the knife-edge become less. So taking average of the pixel points to obtain ESF can be strongly affected by
the noise of sensor. Therefore it is necessary to balance the influences of sampling rate and sensor noise on the MTF
measurement, and the recommended sampling rate is 4-6. When the tilt angle of knife-edge has an error, the non-
uniform sampling ESF can be obtained by the slanted knife-edge method. This leads to a variation in the results of the
camera MTF on a spatial frequency scale and early cut-off. The best MTF results of camera can be obtained by rotating
knife-edge, calculating MTF power under different tilt angles of knife-edge, and finding the maximum MTF power. And
we propose an algorithm for Bayer filter color camera MTF measurement. The algorithm processing includes extracting
R, G, B colors of knife-edge images; projection; differential operation; Hanning window filtration; FFT; correction;
weighting combination of R, G, B colors MTF; MTF power calculation; optimal tilt angle of knife-edge estimation. To
verify the accuracy of the proposed method, the weighting response factors of R, G, B colors are calibrated and an
experimental setup for color camera MTF measurement is established. The knife-edge target is rotated in angle steps of
0.02°, and the MTF results are calculated under different tilt angles of knife-edge within +0.1° surrounding the estimate
position by the proposed algorithm. The maximum differences of MTF results between the proposed method and fringe
target method are 0.061 (Nyquist frequency f.) and 0.043 (f./2), respectively. The results show that by searching the
optimal tilt angle of knife-edge, the effect of non-uniform sampling on MTF result of color camera can be eliminated.
Compared with the conventional method, the proposed method is superior for the measurement of the super-sampled
MTTF of color camera. Meanwhile, this method can also be applied to MTF measurements of radiographic systems, such

as X-ray imaging system and other systems.

Keywords: modulation transfer function, color camera, knife-edge target, precision
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