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Abstract 

Theory and expe:riment of the encoding of a co10r imag<θγja contact SCTeell pulse-width modula. 
tion on a single p扭曲 of high contrast b1ack-and-whitG (B&W) film and the reeonstrnction of the 
iroage in co10r fro皿 the :6.1皿 in a white-light iroag'3 processing system are described. The three 
primary colored components of a co10r image are sequentially and s巳parately encodod on a high 
contrast B& W film. Dnring the encoding process. the original image，在1tered by a primary fi1ter, is 
contact-printed through a one-dimensiona1 contac也 screen onto the high contrast film. The three 
colorcd components are encodod with the line cells of the scre8U oriented 且 three different and 
proporly separated ang1es. After encodìng and dev81opment, the B& W 直1m may bo placod at the 
input plane of a white-light iroage processor and ,an image cau thon be reconsb:ncted in co10r by 
appropriate 日出ríng through three pri皿ary co10r8 at tho Fourier plane of the procossor. 

1. Introduction 

Boginning wi曲曲。 paper by Ives[lJ in 1906, numerous schemes[2",,5J have been 

reported for 也he reoons古ruotion of polyohroma古ic images from their oorresponding 

enooded B& W transparenoies. In 尬。 1veS scheme ~岛 slide viewer is nsed 也o p l."oduoe 

color images by speotral diifrac古ion ins如ad of absorp古ion. Gra古ings (;)1古her of differen 盲

spa tial freq ue丑。ies or azimu由alor恒的的iODS are used 古o modulate 古he 古hree pri皿ary

colors. And a spatial fi.lter wi由他ree sui旬.ble a portureS wero plaoed 时也he Spa.缸al

freq uonoy p1ane to pa回也hree prima.ry OOlo1'S (rod, green, and blue) 古hrough so 古hat a 

color image oan be produoed 时也e ou古put plane. However, due to lim坤的ions of 古ho

geometrioal sha pe of 古he 乱perture， oorbin 皿arginal resolution was 10的 in 也is method; 

also，古ho color reproducod was dopenden古 upon 古he size of 古he aper古ure a丑d 古he spootral 

ba且d of 古he light souroe. La古or~ Mueller[2J desoribed a similar oolor image rotrievaI 

扣。hnique 曲的 uSes a trioolor grid screen for 皿age encoding. In decoding and image 

retrieva] 世lree quasi-monoohro皿的ic ba丑ds of light souroe are utilizcd. The 古oohnique

offors an advantage of a singlo encoding 的ep， bu古 i古 a1so suff ors from 也 drawback 古hai

asι古 of cross-produc古 spe的ra in the spa也ial frequency plane occurs. Only by caroful 

contro1of 古he pho也ographic a丑d spatial-fil如ring processes in his rne也od can 古he linear 

superposition be achieved, and 古ho oross-produo也 roprosen也ing oross-talk be eliminated. 
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Never也heles吃古he oolor reproduoed 的ill depends on the size of 古he limi ting a pe;rt ures 

and 古he speotral bands of 也he q uasi-monoohro皿的io ligh古 souroe used. 

Reoently Yu and bis colleagues[3) adop扣d a similar bu古的riotly whi也-ligh古

teoh丑ique for oolor film arohi val 的orage and faded color re时oration. In的ead of using 

li皿i古ing a pertures for oolor retrieval, broad spatial oolor fil如rs are used 古o preven古

marginal resol u tion 108s. 

In all 也he repor古ed 曲。hniques，古here is a 00皿mon requirement. Tbe development 

of 古he encoded film mu的 be oontrolled very oarefully 古o achieve a combined film 

gamma of 皿inus 也WOJ 80 古hat linear e丑coding can be a四ured and se;rious cross-也lk[4J

oan be avoided. The aoourate control of 也e pbo古ographio developmen古 prooess usually 

也kes a tedious two-film prooess and is n的 very easy 也o achieve. BesidesJ 古he 古wo-film

prooess usually adds noise and loses fideli古iy due 古o possible poor contaωduring 古he

two exposures. As a resu1古 resolu古ion may be redu∞d. 

More recen古lYJ for 也e 的orage a丑d retrieva1 of many different images on one film, 
Rogers and Sehdev[6J used a pulse-wid也h modulation 如chnique ins也ead of 古he pulse-

8皿plitude modulation m的hods as described above. Oon古aot screens wi他 one-di皿ensional

(or line) oe11 pa抽erns are used ins古ead of Ronchi gra tings in achieving 也e pulse

wid也h modul的ion. The modul础。d images were reoorded on a higb-oontra时 film. The 

也ech丑ique has 古he advan古age of being qui如 insensi古ivθ 古o any minu也e varia古ions in 古h8

pho也ographic deve10pmen也 prooess. However 也he oro回-talk. problem 的ill oan n的 be

古otallyelimina品。d.

The purpose of 古his paper is 古o desoribe 他e 也eory and experimen也 of 古he enooding 

of a oolor image via con恤，的-scrüen pulse-飞N"id古h modula古ion on a si丑gle pieoe of B& W 

transparency and 古he ;recons加uc古io丑 of 古he image in oolor from 古he encoded fìlm in a 

w扭曲-light image prooessing sy肘。m. The enooding pa时 ofour 怡。hnique is similar to 

that of Rogers and Sehdev and 0古her half古one 古eohniques repor古ed previouslYJ howeverJ 
our goal and 古he recons古ruc古ion process are different. 

11. TheoreticaI Discussion 

We assume 曲的 the po1yohromatio in如nsity t;rans皿站tanoe fun的ion at a given 

point (X; 引) in 古he plane of a oolor t;ranspa:renoy may be w;ri抽。丑础出:

T(ø; y; λ) =Or(λ)Tr(x， y) 十 Og(λ)Tg(ø; y) 十 Ob(λ)Tb (匀J y) , (1) 

where Or(λ); Og(λ) ， and Ob(λ) are 古he spectrai transmi抽anceS of 古he red, green, and 

bluo primary color 血古ers， and Tr(~， ry) Tg (侈，川， a丑d Tb(øJ ry) are 古he trans血i材a丑oes

of 也he oorresponding primary color componen古s of 古he imag主时 (ø， ry). 

In 古he enooding prooessJ as shown in Fig. 1, an original oolor 也ransparency is 

sequen古ially 直1tered 古hrough one of 曲。古hree primary color fil古ers rod} green, and 

blue. Each fìlteroo. image 坦古hen con切，ct-printed 古hrough a one-dimensional con ta创·



708 光 学 ;'ðL. 
寸→ :m. 4 卷

screen a古 a corresponding anglo e (where () equa1s (}r for red, ()g for gree丑， and eb for 

b1uo) on古o a high-con也ras古 (ideally wi也

infinite gamma) B&W film. rrhe 古'ype of 古ho

high-cOI世ra时 recording film ca丑 ei也ho1' be 

pOSi也ivo Or 丑egative. The doveloped fi1m 

becomes 也ho encoded transparency which, 
dopending on 也he 古iype of film used) may HIGH-CONTRAST 

8LACK-AND-WI-I ITC CII .. 
n'''''-VYMIlt: tlιM ei古her bo a posi古ive wi古h a tra.nsmi材ance of 

t fJ (X, y) 0 1' a 丑egative with a 古r乱nsmi材ance

of t玛(X, y). 1 t con tains throe half古one町"，8J images with amplitude (01' in扣nsity)

trans皿i材ancos hr(x, y) , hg(x, y) , and hb(x, y) corresponding 古o Tr(:v, y) , Tg (侣) y), an.d 

Tb(x, 但). If古he gamma of 址10 film is assumed 也o be in丘ni古巴p 也he encodod transparency 

will bo binary in transmi材ance; i. e. oi也her 0 or 1. rrhe binary image is a pulse圄飞vidth

modula也ed version of 古ho original 古hrough 世10 ono- dime丑sional con切的-screen process. 

r:rhe amplitudo (or in.tensi也y sinco 古ho imago is binary) 古ransmi枯ance of 也he imago 

t '[J (X , y) can 古hon bo wri的on as follows: 

tp(X, y) = 1二弘(X， y) = h,J X} 1/)十 hg(x， 1/) 十 hb怡， '!J) 

← hr (必) ry)hg (X, 自) -hr(x, y)hb(X, '!J) 

-hg(x, y)hb(x, y) 十hr(x， y)hg 怡， 但)hb (叽 y) ， (2) 

Fig. 1 The encoding pl'ocess 

whoro 古ho las古 four 古orms in 古ho abovo equ的ion ropresen古 cross斗alk componon相 (see

也ho Appondix). 

In goneral，古ho 古rans皿i抽anco of a half古one li丑e image of any one im民ge component 

may also bo wri抽en[5J as: 

h岭(仙X， Yω沪)= 主 土 白叫[阳阳…切帅(ω岱叽， y圳)门Jej泸户户川f如阳阳叫铅阳叫叫削刷叫o(…+自归川…吕M山削I恤旧叫u叫0
n=-∞ 'lb'JTi 

whereω0=2π/P， P is 古ho period of 也ho con韧的-screen) and w (x, y) i8 古ho normalized 

wid古h of a transparent lino dofinoo as 古he actual wid古h of 吐10 line di vidod by 他o screen 

poriod P. 'rho anglo () roproson臼 the orionta古ion of 古ho half古one li丑。s. The normalized 

m吐th 切怡，但) is a function d的ormined by 古ho origina1 imago transmi抽ance T(x , 自) , 

transmittance profile of 古he contact-screen ce11) 古ho film oharac也ri的ics， and 也o ph。如

graphic developme时 process.ln 古ho prùsent theory, w怡， y) can no也 be olearly speci自ed

since the con阳的-soroen coll 力ransmi抽anoe is kept in i也s ge口era1 from. 

rro illustr础。 the principle of 古he encoding process in a spùcial case J we a阻umo 古hat

the oncoding anglos are chosen [(jJ aS () r = 0 0 , () g = 90 o
) and ()b = 210 0

• rrhen h rJ hg, a丑d hb 

can be wri的on as follows: 

hr(x， 护主 J二归[l'JTi R(x， y)Jeil叫，
1=一∞~JIj

hg (x, y) = 主」-sinhπG (x, y) ] e}mω<N 
'1. =-00 仰t1f;

(4) 
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hb (必3 但)=主土 sin[仰B(侣， 但)J产·ω3Z/2-1J/到.
n=-Oð nx 

By subs古ituting Eq. (4) 'in也o Eq. (2) we have 

tp (ωJ 到)=1一乌 (x) y) = [R十G十B-RG-RB-GB十RGB]

+ [(l-G-B 十 GB) ·一叫xR) ] eiw•x十 1 (1 -R一B 十 RB盼) .二←←S剖副i1 , r 
X L 

+1 (l-R-G十RG) .2.. sin(何B) lej叫-vâæ/2一川+…higher orderbermS. (5) 
L X ~ 

For sim plici古y) 古ho "(匀， 但)FFa田ociated wi古h R) G, and B aro 。皿i材ed in tho abovo 

oquation. In Eq. (5)) 也h0 F'o町ior transform of 由。且rst term ropro吕onts 世10 zoro-order 

sp巳ctrum and 毛ho nox古也hroo aro 曲。自r8古-order 古or皿s.

In 古ho docoding 0).' im ago rocon的ruction proC0SSJ 古h0 proviously encoded 也ransp::t

rency is placed a古古hoinpu古 plano of a w hi力。-ligh也 imago processor as shown in F'ig. 2. 

A古古he F'ourior plane，古ho throo fir的-order spoctra in Eq. (5) aro 且I力。red rospo的ivoly

with 世1roo primary 00101" fil古o).'s ha ving in古ensi古y 也ransmi材ancE'S of Or(λ) J Og(λ) ， and 

Ob(λ). Consoquo的ly 时也o ou古pu古 p1ane of 古ho proce回01" a eolor imago i8 fOl'med. rnlO 

i口古ensi也y 也:ransmi抽anco of 也he co101" image may bo wri材on as: 

T(x'J 但 λ) =Or(À) Itr(x'，的 1 2十 Gg (λ)ltg(x'J y')J2十 Gb(À) I tb(X'J 白') 12 

=Gr (λ) [(l-G-B+GB) .si叫XR)J2/π2

十Gg (λ) [(l-R-B十 RB)sin(πG)J2/π2

十Gb (λ) [(l-R-G+RG)sin(πB)J斗切2

=Gr (λrFr(X'J 的十Gg (λ) T gX' , 的 +Ob(λ) T b (x' , y') , 
飞
，
/

nu f
l
t、

Pl P 2 
P 3 

~/ 
\\ 

•- f 一←- f 一叶← f 一叶一

li'ig.2 A wbite-ligbt image pl"ocessing systelU. 8-Wbite-lÌght sonrC6; P1-Input pla旦时
L1 and L!)-Fourier transform lellses; 凡-Fourier p!ane; and P3-0Utput plane 

w horo t~ ， t~ and 乱 a1'o 由o socond，古hird， and fOU1'也h 古orms of Eq. (5) rospoo也ively a丑d

T rJ T g , and T b a).'o 世10 rocons古1"ucted C0101' component咽. Sinco sin(α) =Sill[(l 一的] for 

O~a~lJ ono can soo from Eq. 何)由的 if any 01' a11 of 古ho normalized ，vi出hs R) G, 

and B oxcoeds 0.5, co时阳的 reversal wou1d occur. To avoid contras古 revorsa1) wo should 

皿gko R~ G~ and B less 也han 0.5. Bu古 in order 古o mini皿jze cross-ta1k J 古hoy shou1d b3 

reduoed 古o abou古 0.3. However) by comparing Eq. (6) \vì古h Eq. (1) and as analyzeù 
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bülow,onû can 直丑d 也hat a high fideli古y co10r image 凹的oration is ex甘emoly dì伍。ult if 

丑的 impossìblû 古o achieve. I-Iowever, i古 also can be found 古hat ovûn 古hough a complü加

recovory of 世1e origìnal image oanno古 be ob古ained， a fairly satisfa的ory color image 

rosümbling 恼。 orig..ìnal can be rûcons古ruc扣d if 也he cross-协lk terms can be minimized 

or 世lOir effects compensated. 

r:rhe condi古ion for high-fideli古y color image recons古rU的ion is 古hat all the co10r 

compono丑如 aro li丑oarly reproduced 80 也hat 古he origi丑a1 color balanco and tono ohange 

can be maintainoo. This cond.ition can bo ana1ytically doscribed by 也he following 

oqua古ions.

主L=ZL=Zizc(7)
T r T

g 
T b -, 

w here c is a cons古ant. Or, equivalen古1y ，

[ (l-G-B斗GB) .国n(πR)] 且… [(l-R-B十RB) ·国卫 (πG) 丁 2

T r T g 

=1(l-R-G十 RG) .sin(πB)]2 时 (8)
.L b 

UnfortunatelYJ 也o require Eq. (8) bo sa古lsfiod for a11 (且J G
J 

B) i8 vory difficult if n的

impos3ìblo. 

rrhol"e are 古wo ways 古o obtain a roasonably good co10r imago recons古ru的ion. rrhe 

simplo8古 one[õJ is 古o keep 丑， G, and B i丑 Eq. (8) 10SB 古han 0.1 and 80 古hat Eq. (8) is 

appl"oximately 阻古i8fied. The disadvantage of 也iS method is 由的古he brigb古ness of 仙。

imago becomes 古00 10w and light efficioncy becomos 古00 sma11. A strong illuminating 

ligh古 source is needod for 古he disp1ay of 也ho color i皿age. An的hor way to reduce cross

talk and 古o satisfy Eq. (8) is 也hro吨h a masking process叭 Normally，如heωlor

correc古ion masking proooss i8 used in color prin古ìng for 古ho oorrec古ion of 古he unwan古ed

absorp古ions due 古0 古he impuri挝es in the cya矶 ma吨a古a， and yellow inks. If古he masking 

process is n的 used in making 古he color sopara古ion 丑egatives} 古ho un wan tod a bsorp古ions

ca used by ink im puri句T may dograde color balance and 也one change. The resul古 iS

similar but simpler 怕也at caused by 古he cross-恼.lk effe创 in 古he pres巴n古 G础。. Wi也在he

masking proces8, each half￥one negative is d的ermined no古 only by 臼 ow丑 color

component b时 a180 by 仙。的her 也wo co1or co皿ponen臼 so 白的 a dosiroo corre的ion can 

bo made. 

Byapp1ying 古he masking process 怕也he encoding proces明 each normalized wid他

can bo i丑creased in proportion 归 the 的her 古wo co10r componen臼. The increased wid出

ca丑 par古ially cancû1 古he cross-talk effeo古 which 也onds 古o decrea胁。ach color component, 

so 古hat a more fai也ful reproduc古ion of 古he original image can be obtainod. The 

disadva时age øf using 他is me古hod js 曲时也e ph。在ographio prooess is q ui扣。omplicated

and very good alignment be古ween mask and 古he orjginal js required; besides, a desired 

，correc古ion is hard to achieve due 古0 古he cros圆-也a1k effec力 is 丑。古 li丑ear.



8 期 在单张黑白感光片上多色图像的密着网屏脉冲宽度编码 711 

111. Experimental Demonstration 

Ân experiment has been done 古o demons在ra怕也e feasibili古y of 古he 也eohnique . In 

b。他 of 也he' enooding and deooding pr∞ess，古he 古hree

primary oolor fil古ers used are 也heKodak Wra材en gelaiiÏn 

缸在ers No. 29 (red)~ No. 61 (green)~ and No. 47 (b1ue). 

The high-oont:ra的 encodi口g film is a Kodak B& W shee古

缸m No. 2568; a gamma of about six of 也he fi1m if3 

ob协ined when i也 is developed at 68 0 F for 2.5 minu古es

in a Kodali也h developer. A one-dimensional oon阳的·

screen wi也h triangular shaped 0011 古ransmi协anoe pro:fi1e Fjg. 3 A miC1'ophotograph of 

of disoretβ S也pped 古ransmi古恼，nce is usedC10]. The soroon the contact-sc1'een used fo1' the 

frequenoy is 150 lines per inoh. A micropho古ograph of encoding process 

the soree丑 oe11 is shown in Fig. 3. Unfor古unately~ 古he dynamio range of 古he Polaroid 

也ype 107 B& W ins协丑古 fi1m is no古 wide enough 古o record 也he shape of 古he oell pa也如rn

complø如1y and therefore 古he low transmi材anoe par古S of 古he cell are no古 recorded.

When 古he encoded 直1m is p1aωd 的古he objec古 p1ane of 也he whi如-light image prooessor 

as shown in Fig. 2 and 古hree pri皿ary color 缸拍rs are properly positioned wi也h respe的

切恼。直r的 order speoiira 削他e Fourier p1ane, a oolor image can be recon的ruoted at 

古he outpu古 plane. The original color image，古he encoded B&飞V transparenoy, a丑d 古he

recons也ruo书。d oolor image are shown in Fig. 4. (Sωalso 他è. inser古 of colour- 7, 8, 9) . 

1 t should be mentioned 协的古he one-dimensional oonta的 soreen used in 白。

experime的 is n时也e most sui古ab1e one beoause 也he base of 古he 忧iangular嗣shaped oe11 

pat古ern spans over 古he fu11 wid也 of 古he cell and hence very high 古hresho1d must be 

used during 古he enooding prooèss so 古hat 古he maximum normalized ha1f也one line wid古h

of 古he encoded B& W 缸皿 is Jimi也ed to about 0.3. The high 古hreshold of 由。直1m will 

prod.uoe a narrow dynamio range in 古he reoonstru的ed image as 古he 丑umber of s也'ps of 

the gray soale is reduoed. The ideal oon阻的 soreen for 古his experimen t has a oe11 p础。rn

like 古he one shown in Fig. 3. Wi古h an ideal oon协的 soreen~ a high -oon tra的缸mwi古ha

ýery low 古hreshold oan be used for enooding. Sinoe 古he base of 古he triangu1ar shaped 

cell p仙也ern is about 30 peroen古 of 仙。古ota1ω11 period, a wide dynamio range of 古he

imβge oan be reoons忧uo古ed.

It oan be seen in Fig. 4 也hat 古he 古hin lines and sma11 oharaoters in the image are 

not well recons位ucted. ThiS is because 古hey are spatia11y "un，dersampled气 The faot 

他时也e f;reque丑oy of 拙。 1-D screen is about 6linesj mm whioh means 恤削他e highes古

reoon.s古ruc古able freque丑。y oomponen 
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bO oxpoo力。d.

IV. Conclusion 

We have prese时ed the 时leory and experimen古al do皿ons仕的ion of oolor image 

storage on a single pieoe of B& W film and 古he i皿age rocons古ru的ion from 也e encoded 

fil皿 in a whi也-light image prooessing sy时em. As oompared to 古he gra古ing amplitude 

modu1ation 如ohnique，古he oontaet-soreen pulse-wid古h modu1atior且也eeh丑ique ean simplify 

尬。 pho古ographio prooess and save reoording films. The 古echnique, similar 古0 古he gra古ing

modulation 古echnique， 阔的ill 丑的 froe from 古ho oross-talk: prob1em. The brightness 

effioionoy of 也hiS teohnique is abou抽 60 percen古 of 世la古 of 古he grating 右。ohniquos since 

the maximum line wid也 iS 0.3 in卧铺d of 0.5 whioh 扭曲。 line wid古h of a Ronchi 

gra也ing.

How to op古imize the desig丑 of a soreen for oolor 的orage with different oolor ranges 

of the primary 0010r8 丑。eds fu时her inve的igations.

Appendix: Calculation of. the cross-talk terms 

We assume that two binary images hl and h2 as shown in Fig. 5(α) are sequentially exposed to a 
bigh-contrast positive .fi1皿. The deveIoped transparency h1:J should aIso be an i皿age of binary form 
as shown in Fig. 5(的. From the figure, it can be Ee:m that the portion of h1.2 is opaque if th3 
corresponding overlapping portions of hl and h2 are both opaque, otherwis9, it is transparent. This 
relation is equivalent to the logic "OR" operatio丑. The relationship between h12 and hl and h2 may 
therefore be written as: 

h12 =h1 (OR) h2=hl-hl.h2' (9) 

NNNNN 
hNNNNN 

级级窃窃纺

级级级22，ιT= 。

(α〉

(b) 

h, h2 I h 

o 0 I 0 
o 1 I 1 
1 0 I 1 

h'2 = h, (O!'l) h2 
s 问+h2 - h.ha 

Fig.5. 
(α) Binary images hl alLd 112; (b) Oombined binary imag,3 h12; 
(c) Transmittanc9 functions of h11 h2 and h12 
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Equation (9) can then be easily extended to the caso of three binary images hl, h2, and ha. Thê 

Tesultant binary imagE's h12 3 can be considered as a combination of h12 and h3: 

hl23=h3(OR)h12=h3+hla-h3.h12=h3十 (hl十 h2 - hl.h2) -hs' (hl 十 h2 - hl. h2) 

=hl十h2+h3-hl ， h2-hl ， h3-h2 ， h3+kl.h2 ， h3'
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在单张黑白感光片上多色图像的密着网屏脉冲宽度编码
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提要

方:文描述了以密着网屏脉冲宽度在单张高反差黑白感光板上的调制作彩色图像的编码和在白光图像处理器中再现

成彩色图像的理论和实验.本技术的编罔部分与 Rogers， Sehdev 及其2半色调屏j去相饵，但是，我们的目的和再现过

程与他们的不同.




