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Modules: Taking the Measurement Methods Using Various

Spread Functions as an Example
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ABSTRACT

For many years, the widening use of digital imaging products, e.g., digital
cameras, has given rise to much attention in the market of consumer electronics.
However, it is important to measure and enhance the imaging performance of the
digital ones, compared to that of conventional cameras. For example, the effect
of diffraction arising from the miniaturization of the optical modules tends to
decrease the resolution of the image. As a figure of merit, modulation transfer
function (MTF) has been broadly employed to estimate the image quality.
Therefore, the objective of this paper is to compare the advantage and
disadvantages of the MTF measurement systems using different spread function
methods.

In this paper, a theoretical framework is first briefly presented and then, a
cost-effective approach is proposed. In this approach, we use pinhole, slit,
knife-edge and collimating lens to produce the point, line and edge collimation
light sources. Collimated light going through the lens module under test is
consecutively detected by the imaging sensor of the proposed system. The
images formed by the optical modules are acquired by a computer and then, they
are processed by algorithms for computing the MTF. Finally, the advantages and
disadvantages of the MTF measurement systems using different spread function

methods are presented in this thesis.

Key words: modulation transfer function, point-spread function, line-spread

function, edge-spread function
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1

k@ (2B F2R 65l %Eﬁ)ﬁﬁﬂﬁﬁﬁﬁ’i%%%

B 11 #5057 > 2 o (D)B] ~ (YR r2 2 ()]~ &) & 0t = fB R % < T HCR
MBI ) R EEAPTRERR > F kR en T AR AR BE o S5
P AR > FRE B T AT RASHOR o BIR A SR § H- B

Fe %, A (4 N2 N v Za (4 ;g‘
Mot PLeas IR 3d = (s i i e

14



(a)

(©)

B 2.10 #48t
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=% MTF &R 277%
AR ELESHRG S BFRY SMTF RS 202 MTF &80
% R RAE DB BRIt e
o R R MTF i £ 272 4 %5 = fA4h475 #ice bar target &
e AF F AW Hr*}ﬂﬂ*p AAMTF PR 245 T2 HEBEDZ2DR

- 2L IF”LZH 5 ¥F F‘f

3.1 ¥ #c™ 2 (spread function method)

L3F S R RIS EE T AT Hh 2 KBRS Uk e MTF & 0 @ %

X HE L

LY RURETER VNN

A

2L 3% %75 B> £ (point spread function, PSF) »
2. MPpH S # > 2 (line spread function, LSF) »
3. # 4% 4> * (edge spread function, ESF) -
BZ AR R RE A R K A R A 0 TH 5 MTF £ 1 AHE 3 0
WA RH KL Rplnikdh R B SR T RS - BRA S TiE R
R d BAS K kS ahifo T ARG BB B AT e s

£ 4o B 3L A

Sum of all point spread function

Individual point spread function

iy

B 3.1 ¥ 68d @ d PSF2pa &
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B1® S04 Fm s Ard flcs f AR 5 BB PSF o Bl 0 7 I e R
b chif 197 LB H e AILA 2 PSF 3 4p I e03] i - £ 945 PSF 2
MTF R e0id %8 £4F MTF & o 12 ™ 4% PSF ~ LSF ~ ESF & MTF £ ¢

AR

3.1.1 zhyE4c S B> 2 (point-spread function method, PSF)[1][3]

o Hli - BRSO » KR S i
PSF(u,v) » 4Bl 3.2 #7737 » 4= T o 2235 0% e ez, B enff 1258 5
o(&,n) * PSF(x,y) = PSF (u,v)
F RS ok sz, PSF ¥ B B oG § SR i chlicE 3 R EF MTF

MTF(f,, f,) = F{PSF (u,)} (3-1)

L‘Q;}“‘LEA I&m{r‘!ﬁ»vlo/},%lq_@—ﬁ lbgrf”l \—’m%{ ‘Q\."@:SZMT

7T oo Ed JTENGBDT A B MTRE E > RILF kR R 3 "
s Flp s R d Wid - BTt S(E ) gkkih o ¥ PRI SR T A A

Rk g B2 MTF & B AKX hF % 4™ B 3.2 977 -

Image plane

Lens under the test

W 32PSF A & & B H#
BB E 0 B BB D W H R S A KRR EP KD
RAE W B TPIELRRI (SNR) M 0 F15 F & KB Epeng & o5 ek

Bk sz MTF > & F & 4lig — B3 000 0% frdn e 5(&,n) gk £ R[1] > » %

17



KRt RS RR A GT) 0 Ae FSEFREER R R DY 4D

Me3s o @ Fla Aot o JH A E RO (K o

3.1.2 s ¥4 ¥ 2 (line-spread function, LSF)[1][3][4][8]

RS R S SRR AT S RIS e AT Soi

i o MAFAT I B F {rd g A HAPSF 2 2L A F R N AR AT

-

Bk AP A ERERWE R T e KR, ,T,}c,—&!\'a VE A
BB 5(&,n) chlk & 4c® 3.3 #71 »

HONM kP

LYF{u)

-H?

@] 3.3 LSF f= PSF 2 fF b % [l
@ PSF(x,y) fo LSF(x) 2- B B} (57 10 & 75 =0
g(&.,m)=0(8)(n)

= 1(u,v) =[6(&) 1(1)]* PSF (x, y)

= Tl(u, v)dy = LSF (u) (3-2)

dHH S (32)¢ & W33 0 BIASLSF() LI U PSF(uy) ek £
R LS B R S R
OB 34 R 5 A K SRR S R R %% R
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Image plane

Lens under the test

Line source

B 3.4 Mypacaci ~ 2RI
RPFHICIEETH o B BRI EE R 2 SRR 2 A% A
ROLR B S AN ECR RIS F SR R L TR (74
17 0 4eRl 3.3 fefl 3.4 47w o KR T o o i ehg BIE R 1R F OAUGE RS
R LR S L SR § Eq

o EA R MTF 5 4 £ & & il B TR R R % o

WEEL TR ARG T R RADTIF S 0@

d bt el N3 (3-2)F e LSF fr MTF 20 B enbf % » 4o 28 3 (3-3)
#TIT
|\ F{LSF (u)} = MTF (f ,0) (3-3)

AP S BRI E IR S F § Rk Fde Trioptic 4o Optikos # & # e
% 2. —> 4§ 3.5() %7+ & Trioptic #74 B s MTF £ gk F %8 %> » B 3.5(b)
Pl 0 REBAERE > J B350)7 M@t RELLEd —BFR 7 RER
# e B ik (collimator) ~ & 4 ~ Bgicd~ 4t ~ p 2 2 ik (autocollimator) » 12
2 CCD#*tegmabe, #7¢ BE Giojdd & &% kA 24 & 5B shdE
o BB BB T RRUGF g 3T D FRIEED LG pRE Rk
Hede 44e CCD #7 /e & chB~ (e k SLBEB~ ()35 897 & chBs (i 45 o ot 3 2
o i BRI i 0 F AR R R A A )
BEFARR DR FlE AR R T G h FIRACRRSOT R € B LT

I

BE AR 2 B HE SR B R BR2K LSF % % ch SNR - p 10
PSF = j# keng » e B2 &g X [1][3] »
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E[:] | ]] I] image an the CCD

. Relay Lens

Double Slit Reticle

Callimator

Mi li'\I:II'\]\\

Relicle Changer Filler Chinger

(a) (b)
] 3.5 Trioptics MTF %

3.1.3 # % IS #> = (edge-spread function, ESF)[1][4][9][10]
d 30 i BRI AT S BB B 0 1 & MBI B RIS % 3 F SNR
LR R AT e Flpt @ A 0 IS BenS 2 > B2 R B G Ak
3P ESOLR > 2 H Ra® R A PSF R IT o H gt s
o seerh E e > B¢ PRIZG o F i~ - 1 5 di(step function) <]
F L SEE R AR E PSR T AR s B e R
ARFTT F 1 B BAHIFACT NS 2 R AT 0 R E Rk s
MTF > B 5 42348 i sp (50 45 > gt 8 p) MTF sz BIAEZ 5 B 4% 4k

$ralic > 4o [ 3.6 1 o
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B 3.6 ESF & PSF 2 fF crbd i @l

ESF ¥ r1g = #c® LSF chfk & > P15 6 & & ol SUiE “rip = o> Bt
ESF fv LSF B 03 g2 55 5 3-4) k& 7
ESF(&)~ Y LSF(E-¢,) (3.4)
i=1
d (3-4)7 T 1 Af chid dv ESF ABITS LSF thidfr o B3t » £ W 4v 1 ESF

605 R S A B B T A K S LSF » 4e(3-6) 5 41

d r o

AESF(@)}= [LSF(£)ag = LSF(¢) (35)
FARES) 7R AR SLSE i gl B e £ (32) (39 %

1o 4 4y ESF 4 PSF e % > 3 Jodt @ ip] & i e e MTF & o o 4 555 Bk

gk BRI Ao ) 37 0o

Image plane

Lens under the test

Edge source I

B 3.7 B ik~ 2R EH

B 3.7 e 2 A0 2o 00 (B ORIRE ~ BRI ks o g

241 7 8 (knife edge) [1][4]57~ 3¢ k& 7 ESF eng p] > 4o Bl 9157

21



R

[Nluminating radiant energy

N N

Knife blade Hypothetical object plane

Image of the knife edge

Image plane

B38 % 7 #HFHk > X g a
4o 3.8 1 o H7 A E ANk R om0 BN BRI E ‘iﬂ‘n‘b‘t&-?é
CRNHGT G 0 LB oR 3T chRILE —fEch PR & Wi — B
Fa 3L %i%l TR R AL e
RIS BB R AR EA A 2 B B FL R E N
AT B> 2 I SNR W R ’wmﬂméﬁ%sw&ﬁvﬁmd#ﬁ#@’ X
Te FR* A G ORISR R R APPSR BATE 2 2 G 3
o830 & (flux) » Fet 7 % 3 3 5Upess cnf® 38 > i R TR e

Y
3.2 H# = ;x-Bartarget = % [1][3][4][11]

Sin target f= bar target iz% 82 j2 - & iy > L & FRAAIF AR P

ez BPHE 5 BIR ki ik seen MTF £ 8] 0 4B 3.9 (@) B 3.9(b)#777
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S =6
= |||—1 n=e6

|
|
|
au-h-
II

2

i — |Il. —]ﬁ!';igf I|I|Il:2
3]
6

(a) Bar target @] t&

(b) Sin target Bl &

3.9 (a) Bar target f(b) sin target &l
& * sintarget X f MTF BI3EF 2 B Feenig * o i andied 54 (2-2)f0(2-3) %
ROt B BRI R S MTF &0 8 kB 3 e dr g B

Btk 7 5 Wi enp 2E[1] > 15 sintarget A s pr 2 F & § sy B A
Bop R A SR hA A o 4o B 3.9(b)#rm o ¢ sin target i et %’f‘*»‘ £

’

P4 enk % o T 5 osintarget shfE G R 48 A 474 1 bar target «hE p) =

A3 3 & A bartarget £.A1% 3 3 BE S e )
B RPE S ok SLen MTF > b 6 Bl % 4P #03% sin target =5z 4 Bl 7 5 %
Z i@ * bartarget kipliE S ik SLeh MTF B » A B e s 241 * &

* K

bar target f= sin target %

g 3w i PR 38 (2-2) 10 2 (2-3) et BAI R 0 e At e R R AL

B %(2-2) 11 & (2-3)3 fi #rit B en B B A ER] 5 A MTF & > & 5

## #% & fic(contrast transfer function)[1] » & At 2 #+(2-2)% (2-3);4 12 &+ 2 T 7|
S
C,
CTF(fy)=—" (3-6)
CO
o —0. I —1
C — max min ) C — max min 3_7
? Omax + Omin ! ]max +Imin ( )
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g

HeY CTF 2%t @E# Slic f, 23 ABBEPZIEHF > C ~ C, A M5

W

t

G2 R e B oo 1% bar target A& B I ke = ikt CTR @
MTF > iz & %] 5 > /};»Ké’};?‘aé/}i"h*)‘z /kvg,ﬁ\“rE’G\:’“ﬁ:‘Jﬁgﬁg Hﬁ%}’
w5 Hw gk ehS i o F I+ bar target £ |1 ke CTF #icdfp iR 2 & k@

WH(EFFFSP) 0 R FIF IR L MTF & - CTF 3 2 MTF

2 A BRI G FREEoofrERRaTN BXRF - ZFHESG gim
|
bar target B8] > 4-®] 3.10 #771 :
X 1.f‘:fg’f‘
B 3.10 7 A4 & & gi 1 bar target B
f
@ bar target 7 CTF & MTF B el %58 40 2157 ¢
MTF(E=35,) MTF(E=5¢,
CTF(ff)_—{MTF(f &,)- (3 ;) + (5 -f)_..} (3-8)
MTF (¢, =38) MTF(E, =5
= MTF (&) = {CTF(éf &)+ (i’ <) (55-/ <) +} (3-9)

U F(3-8)% (3-9)¢ enF ARIE o i) o T MH gk s Tt CTF e MTF
2B enfd a5 (3-8) izt h

CTF(E,) ~ (Y )MTF (&)
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= MTF(E,) ~ (%)CTF(Ef) (3-10)

Flot 41 * bar target = = Xk £ P = ik seen CTF pBF > ﬁ/ﬁfgd (3-10) 3¢ &
MTF & {817 i 4% o

% * bar target 53> ;£ fewn it e PSF 3 ;2 ~ LSF = 2 11 2 ESF = 2 & <

7 F BLH_f 3t o bar target 507 2 F R ¥ EF R e TRk o 31,?] = B A I

AR R Kk BRI AR RIE R PR E S o

3.5 MTF & B e73AE

AEEL B LG E AR R MTF 8 D o dl (T 7 B
T AR A B 5 0 MTF 98 i 4 (cascade property of MTF) ~ & ] & 5t F e
B4k B i 20T (auxiliary optics) ~ F R R kR R (44 PSF 2 2 LSF

S k)% K RIE R -

3.5.1 MTF g B+

—3 MTF 8] s ad ¢ 34 35 5 cndf 4 2 12 4ot fod 2 % (objective
generator) ~ e+ K B A 2 (dotp BB R~ B 4) 1 2 CCD #F8 > i
B SR e B BR] R Sufe RRI e ok Bt g BB Rl %

¥ 4o 2 [1][3]

_ * * * _

measurement ' “object h;fuxiliary optical components hDUT hCCD (3 12)
H e L AR RER A r >
a hmeasuremem‘ ot SLE ’Elj P * oo hobject A hauxiliary optical components A hCCD rA hDUT s

WA A R W LS A COD MR 5 R B G -
IR 2 (3-12)5% o gt BB R A FR] = Mk L BRI ep

Bt 1041
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MTFmeasurement = MTFvyvtem x MTFDUT (3-13)
B2,
MTF;‘ystem = MTE)b/ect X MTF!uxllza)y optical components X MTFCCD (3-14)

d(3-13)2 (3-14)5% - 7 @R p] L AR R Y kehg %k o A p e F -
Bt Al MTF @Ak ehig & > @ § 220 Fpl k8 2 & MTF & 0 4o ]

3.11 #51 >

A a= MTFDUT

b b= MTF_\_V:‘tmn
C =MTF]’)|_JT- MTFH}'.‘H{I’I’I

o o o O

02 0.4 0.6 0.8 1 Fou
B 3.11 & p|k segr Fipl sk & < 2 MTF 2 B (% 5]

d B 3.11 ¥ o A entd ek Suarpl I R en MTEF B (T 4] C) ey RBFAE 7wt
Fpl R A kR EAMTE @057 35 50 g F 3 8 e MTF % HHR

PERERPE I - B EFEFREALTE R MIFHE > P2 JF 8 ¥
SRR ke MTF By dotg 4 e 313 es £ 8 5 2 e MTF @ [1][3]
4o (3-15) 38 47 57 ;

MTF,,, = MTF, | MTF, (3-15)

PR iR I R AR R BARFELD (TG A
AR ) TR MM diRIE o 2 MTF 2R 327 % &b wfenif i2
P R g N (3-12) 2 (3-13)5 o Bl Wik A B s LR B RE
A R A Y 5 S A R PR L otk o T ML R s

B edoM 312577 0 28 BELEHF LA MTF B4 (% F i)
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GBI FMOMTF e § - 53 R GeF o 5 S8

$ I (ApiE) Hnk o F o g8 % R E i 4 MTF che B o

Object Image

OTF OTF OTF
Lens 1 hLens 2 i‘ System
X
N £ 3
4 & NS g %

Bl 3.12 3 #5473 % LMTF p Bfengr s

P B R MTF P2 Jf & FEsL B 0R] 4 S B~ 2 chjh = (vt » &
HE et b F R fo@Fplas B kA E T L2 ek 4 Atk

MTF =g B o

352 ffes kAt eng i

BEAEE A e 5 3T kel B A BB Rk AL R A 4
A B U E AR o kB AR A MTFER Y ZEY £ R
—%o ER AR P R R AR G § BT RS - F
FTRABLER wE LR AIZLI g ALRZR A DT HPI TR RS
* R E e ok L] TR AR RIPE R FRI R AR g b

Fa(dr fi)im¥ o8Pl g% 4oB 3.13 477 -

27



Collimator lens

Object light Objective Image

source /‘\\ ]ﬁ ] sensor

B 3.13 &7 % mh‘lﬂlﬁ’w’ kB AL TR L F RIS A

oI R R A AR B eIt T R B A [1D R A € L
CHIEE SRS CE R W S Gy R L N SN
Bk B L R ARIT T MR R kB A A D AR iR Y
(FEFREDGLABE) PIHER FRDEPRPEET €7 F TR E X
RAEFOEMARET AL DL FTROFARRBE LV LR A
BAMEE R B R F A T AR SR R § Tl A2 A D

4

£ E s R R BT R o T B R MTF 2 R

A
i
Cmu
&
\m
&~
é..

LB A R E R

353 F "t F ek R4 BHITI S 2 2 APPSR 2)
PR E AT BEIR AT R RIBACR RS IR 0 RIS (3L &

(3-2)3% #77% » U B Aié * BEIBAT S B B OAPB AT S BBk ok R 2 AR K R R
B BRI BIEERREEIZEIIET o B Y 5 UG R TR
Pro B g FlR R R el 2R FRBEE TR 0 T e
TR (e BB K R 82 SRR R e R R o AR S 0] BBk eh

Bié t BEIRATE MFACR B E 0 RIR T R AP RN E 0 KR
zﬁﬁ¢%gﬁ;maﬁw%@ﬁw%yggﬁ%%mgﬁﬂiwﬁﬁ@ﬁ

o2 4@ E S hkR 0 BB Ef FR kR AR EIE D
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BEM S R B R R[4]- BRI - B FRSEIVE S
D EBES £ %R E 5 A0 2 BRIFFATY ShlR R e R 525 - FFd iRl =

sl e s BRI KR E i]&‘,’? PR E A A A YRR P T pE R

Jﬁ?_ﬁ o, f;;\ :

o0 =2 -1 (3-16)
A IF#
ALK R AR S(0)
S(w) = SNC7E,0) (3-17)
27é

F NGB E - sine Sl HApEY % - BRELE A

2,= %, (3-18)
1945.(3-17) 2 (3-18) 3% » 1 & % BT i E 12
a)s > a)c (3'19)

W&%&ﬁﬁ%%%iUEWﬂ%ﬂiﬁﬁiﬁ%’ﬂé&ﬁ%%ﬁiﬁ
R Z A ER A A AR SR R 0 4o 8] 3.14 Pon o

1.0 o —
0.9 E—
08 .\'\.
0.7 P
0.6 :
0.5 S
0.4 -
0.3 : el
0.2 . N

N
0.1

S '.\I 1
0 COC*}/?F# \.@s* 2&
0 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0 22 24 26 28 3.0
Spatial frequency
Prefect lens MTF  —. — . — Sine function of a slit

Bl 314 AT RSP~ SRR 2 7 T
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o2 b BEEBACICRBAC BRI RZ R RS E B D
[1][7][15] » 4=(3-20)27 (3-21) 5% #7177

MTF,, ..ones (fy ) = FiniteSizeSource(f, ) x MTF,,. (f) (3-20)
MTF, (fx)

measurement — MTF 3_21

FiniteSizeSource(f ) por (/x) ( )

H ¢ FiniteSizeSource(fy) ~ MTF,,,(fy) "4 % MTF,, . ... (fy)~ 5 5 %ikh5 BAR

W FRIEE MTF 22 kB pl% % 0 [(3-20)& (3-21):8 ¥ (FAri@ * BLiF4T
{Vﬁ% BRI RE R EERRR Ty ¥ g p‘&#‘—"f’i i I EFRIEET
e MTE & -
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Fr R FHEK

PR PP SRR IE P A B F A ez BB S ik MTF 293

# Rig T CCTVREEHE R = fa 7> 2 4 B 5 1 BRFAT B B2 ~ R
HoS e Rl 2 RS B R R R R

41PSF - LSF~ESF &ip|= 2 2 R % % H#

BEFRACS B MBI B 2 BRI BRI F LT RER T H
X - B GRE S EE(infinity) g 1‘# T 5 (FRIELER A - ¥ RenCCTV
BLER AP FOFRES TR T ERNE- BAES Rk 5D
BFRISBPPRE . AR TR E D= AER G2 B RIS IE
Bl BB A gk R Trioptics #r i Brenp B E Kk
AT B E G PR DA B D iE S Sk
ZHETRDFXEHLIERG P QFERR S HIOR - REBET L 10X
Mot~ LE L BABANM 4 FR Y~ fOBE R~ 26 CCD #8108 e

© Z FEIHATIIE R i 2 F R F A BHAcR 41() > (D) (€)7o o

Pinhale
(10 2 m) Collimator - e Ffrerrrr——
TR “ i I ective Collimator
Dritusser “ lens #1 DuUT [ lens 47 Relay lens C (TJ
-

Light source /JI _|:|:
§
'
b

Color filter
(546, 1nm)

= e A fee—ee o Sensor
-~ i =
- Rl P

t\=3th:”1 .'- .........................
(@)

Objective Collimator
Aautocollimator DUT ; lens lens #2 Relay lens

Y T SEMS0T |
————— : - H
P, = - :
i S H

cep
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Difusser T 7 e kT Collimator - i (}h-jELll'-e Collimator cc D

lens DU : lens lens #2 Relay lens
Light source . - -—= i
’
{& >
L
T

Filter
[ 546. 1 nnn)

'ﬂEI'I'HlH

(c)
Bl 41 F %47 LW QB ICS H » (b)SIH 1T S B () 5 He S Hic

b G AL TR e R F A (b4 BE BB MRS BE) 5
R * &R EBE % (instrument-grade) » = % A £ ek fE i E e g § ohig
o B MTF EAp B - hk A, PALL - BAEGL A (R HF A
MR ) F AT &Y 0 AP AR R RS ek k4 ] Mk
SSIRGEE St B 0 N RN IR AL E R S N YR
4ol 4.2 91T 0 - BT BRI E Mk E e A2 (RESR
) B MTF E{d > BT AR R Eensk 8 A o F)pt > & AP 4 sen
FHL TR RFB ORGP AL F o R % FE B
Fop st bl e kB i 2 SRR 0 (BGEA EE R A BTG P
MTF (& % AB:T>t 1) FEet i g 2t b F 2 2 2 MTR $E Rl % h 5

be(4-1)38 7

MTFMMWE_ MTFDUI‘ leTFijemé’ TFA!&J:.':JM amr: = MTFCCD{.&:}

(4-1)
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Maodulation transfer function

Y
Ideal
e _
v Instrument-grade
\-\ ; (neglect diffraction effect)

5, ",

*
.\
.
- H ¥ ".I
Practical ~ '~ . Diffraction-limited
- 5 s "

Spatial frequency

B 4.2 et k8 i higsk i 22 5 LW
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R T ST T RRTR S ST S SURRTEI FE T gu

wopt = B R SR AT R R iR Ao ] 43 S

SEFEA R R

e

FH a8 R ERGR Ao S AR

$4%) 40 % CCDHh ¥ H47 §
B ey PAT R (B
i~ AR A 8 AR

WL B 5 1% R F el

W20 E FERME
R4 SRS - B A 4K
HER=dBHEAL

¥

FI R 5 it 8+ &
SFEHEHE AR
P A G2 R

ek

¥

s
r

O35 1R A2 F e

B ERT FREEAEE R

B 4.3 PSF -~ LSF 12 2 ESF % 2 428

4.2 x ik

(@) CCD #H @48 51 & it
FAEHAFHY S 2 9 CCOMB S MR i » £ CCDH %

55 B PR L LM R) € BT Sk gt > F] 2 B LR
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MR ER D FEREE S SRR GO it o 7 CCD#RH
SRR ERF %L R ZJ* 2 7 F F aoneutral density filters (ND filter)
% w2 R[] - ND filterstt 4o & 19777 - @ F B 78 HdcRl4.4(0) 7 77r » 2R
2 R FREKBEST A B FEFSNDfilter » 4ok 1977 ¢

% 4.1 ND filter %425 %

Wi | ®AE | 55 (%)
1 0.1 80
2 0.2 63
3 0.3 50
4 0.4 40
5 0.5 32
6 0.6 25
7 0.7 20
8 0.8 16
9 0.9 13
10 1.0 10

FEd 7 Rt NDfilter k2 2 % ks R 2 Rl LR (AR RIS
M) EEFR Y CCDHEPSIHBF 5 BT CCD 4>+ 7 o k3 B h
BEoB4db): FHREE KR 7 EFop CCOHERB MR L A 245

HRESEFAPPRAT L > BT L7

Meutral demsity filters

1
Stepping 0.9
TR
0.8
COIY ciamers =2
2 o7
£
o 06
2
8 o5
@
04 r
Stepping | RS 232 y 03
motor driver BRMRE 02
% L. 10 20 30 40 50 60 70 80
Transmittance (%)
@) (b)
Bl 4.4 (a) CCD #&: g s i2 & £ 01 % M= 2 (b) R irl i %
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(b) *tsen

A R A R A SR 2 AR L LR 2 R T
B0 R0 F orrant R L fE R R

ERE S IEEE SIRE N AR
TR SR o F AR
+

Yo FRm)]-} K%ﬁﬁm

'g%%’%'l“‘*’ﬁ@mg BlEF o T o

£ (a) AL AR Bl (b)) AR ]
futa o 5 i RS ALEEE B

BRI LR S Aok hEL 0 Bt
e R{eT ke iER

431 BHpicad 29 %E B

4oB 4.6 #1750 5 PSF# e R B Ayt @ % 3442 5 10um <hpinhole

mal®T >om FpEe S LE
8mm 7 CCTV £8f o BEIF 47 S B Sk 42 0 (& o i e[g) 4.3 T ARiE 7 5

* A BE Sk R e R 2 B EE 30 o A i Sk

BAZTAN pEE RRT (FRRD > WoB 47 477 5T FRRE T %R
PoRFREFREEHS » R

2R

B TEAREHET S Fap B RE
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N
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=
o

110 Bealgb A BEARABS T Sfoz 7 B 4E
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