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Abstract

Theory and experiment of the encoding of a color image via contact scroen pulse-width modula-
tion on a single pieco of high contrast black-and-white (B&W) film and the reconstruction of the
image in color from the film in a white-light imags processing system are described. The three
primary colored components of a color image are sequentially and separately encoded on a high
contrast B&W film. During the encoding process, the original image, filtered by a primary filter, is
contact-printed through a one-dimensional contact screen onto the high contrast film. The three
colored components are encoded with the line cells of the screem oriented at three different and
properly separated angles. After encoding and development, the B&W film may be placed at the
input plane of a white-light image processor and an image can then be recomstructed in color by
appropriate filtering through three primary colors at the Fourier plane of the Processor.

L. Introduction

Boginning with the paper by Ives™ in 1906, numerous schemes™® have been
reported for the reconstruction of polychromatic images from their corresponding
encoded B&W transparencies. In the Ives scheme, a slide viewer is used to produce
color images by spectral diffraction instead of absorption. Gratings either of different
spatial frequencies or azimuthal orientations are used to modulate the three primary
colors. And a spatial filler with three suitable apertures werc placed at the gpatial
frequency plane to pass three primary colors (red, green, and blue) through so that a
color image can be produced at the output plane. However, due o limitations of tho
geometrical shape of the aperture, certain marginal resolution was lost in this method;
also, the color reproduced was dopendent upon the size of the aperture and the spoctral
band of the light source. Later, Mueller™ described a similar color image retrieval
technique that uses a tricolor grid screen for image encoding. In decoding and image
retrieval three quasi-monochromatic bands of light source are utilizcd. The fechnique
offers an advantage of a single encoding step, but it also suffers from a drawback that
a sct of cross-product spectra in the spatial frequeney plane occurs. Only by carcful
control of the photographic and spatial-filtering processes in his method can the linear

superposition be achieved, and the cross-product representing cross-talk be eliminated.
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Nevertheless, the color reproduced still depends on the size of the limiting aperiures
and the spectral bands of the quasi-monochromatic light source used.

Recently Yu and his colleagues'™ adopted a similar but strietly white-light
technique for color film archival storage and faded color restoration. Instead of using
limiting apertures for color retrieval, broad spatial color filters are used to prevent
marginal resolution loss.

In all the reported techniques, there is a common requirement. The development
of the encoded film must be controlled very carefully to achieve a combined film
gamma of minus two, so that linear encoding can be assured and serious cross-talk™
can be avoided. The accurate control of the photographic development process usually
takes a tedious two-film process and is not very easy to achieve. Besides, the two-film
process usually adds noise and loses fidelity due to possible poor contact during the
two exposures. As a result resolution may be reduced.

More recently, for the storage and retrieval of many different images on one film,
Rogers and Sehdev™ used a pulse-width modulation fechnique instead of the pulse-
amplitude modulation methods as described above. Contact screens with one-dimensional
(or line) cell patterns are used instead of Ronchi gratings in achieving the pulse-
width modulation. The modulated images were recorded on a high-contrast film. The
technique has the advantage of being quite insensitive to any minute variations in the
photographic development process. However the cross-talk problem sgtill can not Te
totally eliminated.

The purpose of this paper is to describe the theory and experimenst of the encoding
of a color image via contact-screen pulse-width modulation on a single piece of B&W
transparency and the reconstruction of the image in color from the encoded film in a
white-light image processing system. The encoding part of our technique is similar to
that of Rogers and Sehdev and other halfione techniques reported previously, however,
our goal and the reconstruction process are different.

II. Theoretical Discussion

We assume that the polychromatic intensity transmittance function ai a given
point (@, ) in the plane of a color transparency may be written as™:

T(2, y, M) =C:MT:(2, ) +C W) Te(2, 1) +0:(M)Tw(2, v), D
where C:(A), Cz(A), and C,(A) are the spectrai transmittances of the red, green, and
blue primary color filters, and T, (z, y) T, (=, ¢), and Ty (z, ) are the transmittances
of the corresponding primary color components of the imags: at (z, ¥).

In the encoding process, as shown in Fig. 1, an original color transparency is
sequentially filtered through one of the three primary color filters red, green, and
blue. Each filtered image is then contact-printed through a one-dimensional contact-
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screen at a corresponding angle @ (where § equals #. for red, 6, for green, and #, for
COLLIMATED WHITE LIGHT 7 blue) onto a high-contrast (ideally with
bt ‘ ﬂm,sc“ﬁ“ infinite gamma) B&W film. The type of the
z N

Y =0 _ COLOR high-contrast recording film can either be

ome\:*:mspmmc‘l
x'

£x becomes the encoded transparency which,

positive or mnegative. The developed film

HIGH-CONTRAST depending on the type of film wused, may

BLACK-AND- . e . :
WHITE FUM  oither be a positive with a fransmittance of

Fig. 1 The encoding process t,(x, y) or a megative with a transmittance
of #,(z, y). 1t contains three halftone®™® images with amplitude (or infensity)
transmittances k. (z, v), h,(», ¥), and A,(z, y) corresponding to T, (z, ), T (2, ¢),and
Tyw(z, y). If the gamma of the film is assumed to be infinite, the encoded transparency
will bo binary in transmittance; i. e. either 0 or 1. The binary image is a pulse-width
modulated version of the original through the one- dimensional contact-sereen process.
The amplitude (or intensity since the image is binary) transmittance of the image
i,(%, y) can then be written as follows:
t(z, ) =1—t,(, y) =h(w, ) +h,(z, y) -+ (2, ¥)

—he(w, Phg(@, ) —h(, $)(2, y)

—he(®, Do, 1) +he(e, Phe(e, 9h(5, 9), )
where the last four terms in the above equation represent cross-talk components (see
the Appendix).

In general, the transmittance of a halftone line image of any one image component
may also be written' as:

hiz, y) = . i;mni_m sin [ner w (@, y)]eMmes@eosotysing (8)

where wy=2m/P, P is the period of the contact-screen, and w(z, y) is the normalized
width of a transparent line defined as the actual width of the line divided by the screen
period P. The angle § represents the orientation of the halftone lines. The normalized
width w(», g) is a function determined by the original image transmittance T (z, ¥),
transmittance profile of the contact-screen cell, the film characterigtics, and the photo-
graphic development process. In tho present theory, w(z, ) can not be clearly specified
since the contact-screen cell transmittance is kept in its general from.

To illusgtrate the principle of the encoding process in a special case, we assumo that
tho encoding angles are chosen'™ as ,=0°, §,=90°, and 6,=210°. Then %;, A;, and A,
can be written as follows:

]Lr (CD; y) = 1§m '%- sin UJI,' R(w, y)}ea‘lwux)

ha(o, )= 3

sin[maz G (z, y) ™, @)

mw
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f (2, ) = ngm 73'; sin [ B(w, ) ]eion-v3a/2-s/2)

By substituting Eq. (4) into Eq. (2) wo have
to(z, §) =1—t,(2, y) = [R+G+B—RG—RB—GB--RGB]

+[(1—G—B-GB) % sin(@R)]e#*-+- [ (1—R—B + RB) % sin () et

-+ [ (1L—-R—G+RG) L sin (wB) Je"‘“““‘/”m""/g’—l— ---higher order terms. (5)
T

Tor simplicity, the “(w, ¢)” associated with R, G, and B are omitted in the above
equation. In Eq. (5), the Fourier transform of the first texm repregents the zero-order
spectrum and the next three are the first-order ferms.

In the decoding or image reconstruction process, the previously encoded transpa-
rency is placed at the input plane of a white-light image processor as shown in Fig. 2.
At the Fourier plane, the three first-order spectra in Eq. (B) are filtered respectively
with threo primary colox filters having intensity transmittances of C:(A), C,(A), and
C» (7). Consequently at tho output plane of the processor a color image is formed. The
intensity transmittance of the color image may be written as:

T, y, M) =0:M) 4, y) P+Ce () |12, ¥ >+ Cu(M) [6s(2, 9 |*
=0 (M) [(1—G—B~+GB) *sin(wR)1?/=?
+C, (M) [(1—R—B-+RB)sin(w G)1?/w?
+Cy(A) [(1 R—G+RG)sin(w B)]%/7?
=C.WT.(@, ¥)+0,MT&, ¢)+Co(M)To(@, o), (6)

Py P2 F3

_s/\rn/\rﬁlﬂji t
SRR

I-—f—‘+-—f—+-—f + i

Fig. 2 A white-light image processing systema. S—White-light source; Py—Input plans;
Ly and Ly—Fourier transform lenses; P,—Fourier plane; and P3—Output plane
where %, #; and #, are tho second, third, and fourth torms of Eq. (B) respectively and
T., T,, and Ty are the reconstructed color components. Since sin(e) =sin[ (1 —a)] for
0<<e<1, ono can seo from Eq. (6) that if any or all of the normalized widths R, G,
and B exceeds 0.5, contrast reversal would occur. To avoid contrast reversal, we should
make R, G, and B lesg than 0.5. But in order to minimize cross-talk, they should be
reduced to about 0.3. However, by comparing Eq. (6) with Eq. (1) and as analyzed
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below,one can find that a high fidelity color image restoration is extremely difficult if
not impossible to achieve. However, it also can be found that even though a completo
recovery of the original image cannot be obtained, a fairly satisfactory color image
resembling the original can be reconstructed if the cross-talk terms can be minimized
or their effects compensated.

The condition for high-fidelity color image reconstruction is that all the color
components are linearly reproduced so that the original color balance and tone change
can be maintained. This condition can be analytically described by the following
equations.

T T T @
where ¢ is a constant. Or, equivalently,
[(1-G—B+GB)-sin(wR)]* _ [(1-—R-—-B+RB)-sin(aG)]?
N T
_ [(1—R—G—i—%}G)-sin(avB)]2 gy (8)
Unfortunately, to require Eq. (8) be satisfied for all (R, G, B) is very difficult if not
impossible.

There are two ways to obtain a reasonably good color image reconstruction. The
simplest one™ is to keep R, G, and B in Eq. (8) less than 0.1 and so that Eq. (8) is
approximately satisfied. The disadvantage of this method is that the brightness of the
image becomes t0o low and light efficiency becomes too small. A strong illuminating
light source is needed for the digplay of the color image. Anocther way to reduce cross-
talk and to safisfy Eq. (8) is through a masking process™. Normally, the color
correction masking process is used in color printing for the correction of the unwanted
absorptions due to the impurities in the cyan, mangata, and yellow inks. 1f the masking
process is not used in making the color separation negatives, the unwanted absorptions
caused by ink impurity may degrade color balance and tone change. The resuli is
similar but simpler to that caused by the cross-talk effect in the present case. With the
masking process, each halftone mnegative is determined not only by its own color
component buj also by the other two color components so that a desired correction can
be made.

By applying the masking process to the encoding process each normalized width
can bo increased in proportion to the other two color components. The increased width
can partially cancel the cross-talk effect which tends to decrease each eolor component,
so that a more faithful reproduction of the original image can be obtained. The
disadvantage of using this method is that the photographie process is quite complicated
and very good alignment between mask and the original is required; besides, a desired
correction is hard fo achieve due to the cross-talk effect is not linear.
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IIl. Experimental Demonstration

An experiment has been done to demonstrate the feasibility of the technique. In
both of the encoding and decoding process, the three
primary color filters used are the Kodak Wratten gelatin
filters No. 29 (red), No. 61 (green), and No. 47 (blue).
The high-contrast encoding film is a Kodak B&W sheet
film No. 2568; a gamma of about six of the film ig
obtained when it is developed at 68°F for 2.5 minutes

in a Kodalith developer. A one-dimensional contact- _ :
screen with triangular shaped cell transmittance profile Fig. 3 A microphotograph of
of disorete stepped transmittance is used™”. The screen  the contact-screen used for the
frequency is 150 lines per inch. A microphotograph of encodigg proosm

the screen cell is shown in Fig. 3. Unfortunately, the dynamic range of the Polaroid
type 107 B&W instant film is not wide enough to record the shape of the cell patfern
completely and therefore the low transmittance parts of the cell are not recorded.
‘When the encoded film is placed at the object plane of the white-light image processor
as shown in Fig. 2 and three primary color filters are properly positioned with respect
to the first order spectra at the Fourier plane, a color image can be reconstructed af
the output plane. The original color image, the encoded B&W transparency, and the
reconstructed color image are shown in Fig. 4.(See also the insert of colour-7, 8, 9).

It should be mentioned that the one-dimensional contact screen wuged in the
experiment is not the most suitable one because the base of the triangular-shaped cell
pattern spans over the full width of the cell and hence very high threshold must be
used during the encoding process so that the maximum normalized halftone line width
of the encoded B&W film ig limited to about 0.3. The high threshold of the film will
produce a narrow dynamic range in the reconstructed image as the number of steps of
the gray scale is reduced. The ideal contact screen for this experiment has a cell pattern
like the one shown in Fig. 3. With an ideal contact screen, a high-contrast film with a
very low threshold can be used for encoding. Since the base of the triangular shaped
cell pattern is about 30 percent of the total cell period, a wide dynamic range of the
image oan be reconstructed.

It can be seen in Fig. 4 that the thin lines and small characters in the image are
not well reconstructed. This is because they are spatially ‘“undersampled”. The fact
that the frequency of the 1-D screen is about 6 lines/mm which means that the highest
reconstructable frequency component in the image is less than 3 cycles per mm. Only
for those sharp lines and small characters with lines wider than 1 mm and their highest
frequency component not greater than 3 cycles per mm, a faithful reconstruction can
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be oxpocted.

IV. Conclusion

We have presented the theory and experimental demonstration of color image
storage on a single piece of B&W film and the image roconstruction from the encoded
film in a white-light image processing system. Ag compared to the grating amplitude
modulation technique,the contact-screen pulse-width modulation technique can simplify
the photographic process and save recording films. The technique, similar to the grating
modulation technique, ig still not froe from the cross-talk problem. The brightness
efficiency of this tachnique ig aboutt 60 percent of that of the grating techniques since
the maximum line width is 0.8 instead of 0.5 whioh is the line width of a Ronchi
grating.

How 1o optimize the design of a soreen for color storage with different color ranges
of the primary colors needs further investigations.

Appendix: Calculation of the cross-talk terms

We assume that {wo binary images b4 and hy as shown in Fig. 5(a) are sequentially exposed to a
high-contrast positive film. The developed transparency ki should also be an image of binary form
as shown in Fig. 5(b). From the figure, it can be sexn that the portion of hy, is opaque if tha
corresponding overlapping portions of hy and hy are both opague, otherwise, it is transparent. This
relation is equivalent to the logic “OR” operation. The relationship between hj; and Ry and ke may
therefore be written as:

h1z=hy (OR) ha=hs—hy-ha. )

(@

NN
7 2% h, h, I hz  hy=hloRh,
XL hy, 00| 0 =hyshy-hiy
NIRRT 01 | 1
NANER 7]
NN 1
® @©

Fig. 5.

(@) Binary images ky and hg; (b) Combined binary image his;
(¢) Transmittance functions of %, he and Aje
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Equation (9) can then be easily extended to the case of three binary images hy, hs, and k3 The
resultant binary images h125 can be considered as a combination of A1, and hg:
h123=h3(OR)h12=Pha+h1 a—ha-h1 s =hg+ (hy+he—ha-ho) —ha+ (hy-+ha—hyiohg)
=hy+hyt+hs—hi-hg—hy-ha—hg ha+hy-hayhs.
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