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BACKGROUND OF THE | NVENTI ON Full color filmnust sense in three
col or dinensions. These three 5 dinensions are sensed by three nonochrone,
or black and w;_., &aul si ons, each acting as a sensor poafusenewdrf er ent
spectral -sensttivity, or color. In digital I mgi ng term nol ogy, each

the full color image. Hi s ere een sever al
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It wasn't until irh&@n?déﬂﬁﬁwolbfgylféabm'thaw|eh’ldl§ym produce¥calaeparate coloat a
color filmsuitable tor the mass market became practical. :

Today vi rtual | ychannet,odrocoriponant of thedtull coloriimape. [Historically: theice daye beep of

20 each other. Light inpinging on the filmpasses throuygh all the Layers.
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devel opnent to forma dye appropriate to the color sensitivity of

that |ayer. Aft anstalstviedrgpararicy filinethai layered, grgen, i andobleecdidipbs over a black - -

and white film, similar to the shadowmask in a color CRT. The original

Technicolor process exposed three spatially separate color images on black

15  and white film, created a separate dye transfer matrix from each, and dyed a

single layer of receiving film with three dyes from the three matrices to make

the theatrical print. It wasn't until the advent of Eastman’s multilayer
Kodachrome that a color film suitable for the mass market became practical.

Today virtually all color film includes multiple layers stacked on top of

20 each other. Light impinging on the film passes through all the layers. The

layers have different spectral sensitivities, so depending on the color of the

light, it will expose a specific layer. In most films, each layer also is given at

- manufacture a -unique color coupler, or piece of a dye molecule, that will

react with bypmdticts of development to form a full dye appropriate to the

25 color sensitivity of that layer. After development, the silver image is bleached

away, leaving a color image composed of dyes in layers. If you abrade a

color film, black areas will first tumn blue as the yellow layer is removed, then

cyan, as the magenta layer is removed, and finally white as all layers are

removed.



away, |eaving a color .inmage conposed of dyes in |ayers. | f you abrade a

color film black areas wll first turn blue as the yellow | ayer is
renoved, then cyan, as the magenta |layer is renoved, and finally
white as all layers are renoved. WD 97/ 43613
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containing its own color coupler. In Kodac nme th exposure is

done one col aindiveldpetfitm! Afferastivs developraent 1@ysdpent to silvérethe exposed ol | owed
after each flash by a developer with a coupler specific to the color

sensitivity dilvendalide,the unexnoskeddmliddcisdlaghnexposed and progdsseduhta and
only a few labs in the world process Kodachrone. K However, b
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a much wider latitude than reversal film, but in the prior art the Kodachrome

process was limited to reversal film, and there was no way to obtain the

latitude advantage of a negative film and at the same time the sharpness

15 advantage of a film without couplers.

Prior art color film was limited to operate in the RGB color space
because each Iay_er had to map to a specific dye that would develop an
image, or color channel, that could be viewed or printed directly without color.
space conversion. Thus, a red sensitive layer was needed to generate cyan

20 dye to modulate the amount of red light passing through the developed film, a
green sensitive layer generated magenta dye, and a blue sensitive layer
generated yellow dye. This traditional requirement of direct viewability of the
chemically developed image placed a restriction on prior art color film to
sense light in the RGB color space. Furthermore for pure colors to be

25 recorded and viewed without color space conversion, the layers had to sense
relatively pure red, green, and blue, without cross contamination of colors.
For example, if the magenta forming layer sensed blue light in addition to
green, and the red sensitive layer sensed blue in addition to red, then a blue

flower would expose not only the blue layer, but also the green and red,



20 dye to nodul ate the amount of red |ight passing through the devel oped

film a green sensitive |ayer generated magenta dye, and a bl ue
sensitive | ayer generated yell ow dye. This traditional requirenment of
direct viewability of the chem cal ly devel oped i mage pl aced a
restriction @oodeps art color filmto sense |ight poriseeRe8 col or

space. Furthernore for pure colors to b8 25 recorded and vi ewed wi t hout
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i f the nagent cad #eolonfmaga/er sensed blue light in addition to gr een,
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sensitive layers in order to filter blue light fromtho ayers, and nust
be under lajger. bThis yetiowi layeremlstysfr cotrseabe plEceti aboveltheleed land dregmt from -

that blue 15 sensing layer. Thus in the prior art, the blue sensitive
| ayer had to b&ensitiveolgyers in order to filter blue light from those layers, and must be
under the biue sensitive layer so as not to occlude blue light from that blue
15 sensing layer. Thus in the prior art, the blue sensitive layer had to be on top,
over the yellow filter and therefore over the red and green sensitive layers.
Undeveloped silver.halide scatters light with its milky consistency.
When held up to the light, undeveloped film acts as a diffuser and attenuator.
This can be observed while loading film into a camera. Each sensitive layer
20 in color film degrades the image for lower layers, both by diffusing and thus
blurring the light, and also by using, reflecting, and absorbing some of the
light, thus dimming the light to lower layers, and requiring those layers to be
more sensitive, and hence grainier. Only the top layer receives the full
Unattenuateci, unbiurred light.
25 Because the human eye senses detail almost totally in the fuminance,
ideally the full luminance should be sensed in that top layer. Unfortunately
only one layer can be on top. The next choice would be to make that one

layer tha green sensor because green is responsible for over half the

luminance. But as we have just shown, the blue layer must be on iop,



over the yellow filter, and.therefore over the red and green sensitive

| ayers. Undevel oped silver halide scatters light with its mlky
consi st ency. When held up to the light, undevel oped filmacts as a
di ffuser and attenuator. This can be observed while loading filminto
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as sensitive to blue light as to red. Several conditions unique to printing
paper make this practical. First, because the high contrast paper views a low
contrast negative, the density range of exposure needed to go from white to
black is only about 10:1, as opposed to camera film that must respond over a
15 1000:1 range, and a separation of 100:1 between red and blue is therefore
adequate for print paper. Printing paper sees light that typically emanates
from an orangish incandescent light, filtered by an orangish filter pack that
removes typically 80% of the blue from the lamp, and is then focused through
a negative that has the base orange cast of the coupler mask. The deep
29 orange of the resulting light takes the place of the yeliow filter level in camera
film for the low contrast image of negative printing, and the blue sensitive
layer is made about 100 times more sensitive than the red layer to
compensate for the orange light, which is possible because of the relatively
low base seﬁsitivity of printing paper compared to camera film.
25 The approach used in printing paper to put the red on top would not
work with camera film because, first, the film must respond over a range of
1000:1, not 10:1, second, the light coming through the lens is not deep
orange, and third, even if it was, to match an ASA 400 red sensitivity, a blue

layer 100 times more sensitive would need to be ASA 40,000, which would



top. Most interesting is golor print paper which places blue at the bottom
and red on top. The imedi ate question is how the red sensing |ayer is
shielded 10 fromblue. Actually it isn't shielded, and in fact the red

sensing layer is nearly as sensitive to blue light as to red. Several

condi tions Uﬂ,b Ry Printing paper make this practi gequsdrioidol .
because the high contrast paper views a8 ow contrast negative, the
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which would  ¢hrominance requires two values, which, with the “Y” value, define the three
dimensions of color. A common representation of chrominance includes “U”,
which is luminance minus red, and “V”", which is luminance minus blue. *U”
and “V” are thus color tints layered on the monochrome “Y” record. The
15 human eye is much more sensitive to detail in the “Y” channel, and thus “U”

and “V” can tolerate less detail and more grain.

Color space conversion is a related art. Color space conversion maps
~ an input suite of color channels into an output suite in a different color space
or with different image colors. In a normal 3 dimensional color space
20 conversion algorithm, three measurements at each image pixel,
cotresponding to the values at each pixel in each of the three sensed color
channels, pass into the algorithm. That algorithm mathematically map
through a function to provide three measurements, or colors corresponding to
that image pixel, out of the algorithm. For example, in digital development
25 with prior art conventional color film, as will be explained in more detail
below, the “front” and “back” images containing blue and red are subtracted
from the “through” image containing red, green, and blue, to yield just the
green. A small portion of this green image is subtracted from the “front"

image to yield the blue image, and the “back” image is mapped directly to
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be very grainy. Neverthel ess there have been attenpts to place the green

| ayer on top. Despite the inprovenents nentioned earlier, the unavoi dable
col or muting caused by crosscol or contam nati ons caused these attenpts to
fail to be accegted by the market. 5 Al t hough prior_art color film
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detail and rmrag,y HrBhrd R{conversmn. Col or space conversion is a related art.
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colors. In a normal 3 dinensional col or space conversion al gorithm

three measur eriihis is @methad of digizing oulér, film duringodevetopevatitn Fheaevelopig] ues at
each plxel in each of the three sensed col or channel s, pass into the

al gori thm OThdlegat'\gQ)fsu scaRned usiagdpfrarad sp asdet to fog mnrd@ughpmgfﬂknct%ﬂr to
provi de threelgﬁg Cg nts._.or.colors corre

pi xel , out of q]ﬁqveﬁgpagg(g%ngedeyqi Qﬂ‘%ﬁt{l& ta@ggadgm °%%gevm th
prior art COn‘fﬁ‘m,éﬁ)%ﬁécﬁyglo‘?&mfhké&nsu@ér *de B$ sEx&Yatd W?éjg IQ&%F%; Gpfitelig! |
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the lower layers are substantially occluded by the milkish opacity of the top

15 layer. Viewed from the rear during development, the back layer is seen,

while the other layers are mostly occluded. Finally viewed by transmitted

light, the fraction of light that does penetrate all three layers is modulated by

all, and so contains all 3. ff the exposures of front, back, and through were

mapped directly to yellow, cyan, and magenta dyes, a pastelized color image

20 would result. However in digital development these three scans, front, back,

and through, are processed digitally using color space conversion as

explained above to recover full color.

The invention can also be practiced with layered sensors other than

silver halide. A specific embodiment will be given for solid state sensing

25 elements. Virtually all electronic imaging today uses silicon solid state

sensors. When a photon strikes a silicon semiconductor, the photon knocks

an electron from an atom, producing a hole-electron pair that allows a unit of

charge to flow. Usually this charge is transferred to a small capacitor

representing one picture element, or pixel, and this held charge is shifted in
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However in di gj risffvel opment these three scans, front, back, and

t hrough, are processed digitally using col or space conversion as

An altemate and more common approach to color attenuates light with
colored filters, exposing each individual sensing element to light from which
at least one color has been removed. Some cameras designed for still

15 photography use red, green, and blue filters laid in a matrix, such as the
Bayer matrix used by Kodak cameras that place green over half the sensors
in a square matrix to create a green checkerboard interlaced with a quarter of
the pixels under red filters and a quarter under blue filters. Some cameras
designed for video employ cyan, magenta, yellow, and green filters laid in

20 matrix allowing easy conversion to YUV as the signal is read sequentially
from the chip. Other colors and arrangements are used also. All such single
chip cameras suffer from several problems. First, light removed by the filters
is lost to the sensors. A particular single chip camera is rated ASA 100 with
the colored filters in place. With the filters removed in a black and white

25 version of the same camera, the rated speed jumps 4 times to ASA 400.
Second, the colored matrix itself interacts with image detail to create colored
moire artifacts common in single chip digital cameras. Typical manifestations
of these moire artifacts include one red eye and one blue eye, or a distant

building with randomly red and blue windows. Third, the color matrix



expl ai ned above to recover .full color. The invention can al so
be practiced with | ayered sensors other than silver halide. A
specific enbodinment will be given for solid state sensing 25 elenents.
Virtually.all electronic imging today uses silicon solid state
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exposi ng each ¢ololi reisponrde was inauparatadewith subttdactine irftedayentiiiters rather than | east
one col or has been repoyed. Sone camneras de5|rgned for still
10  variations in the color sensitivity of the layers themselves as in film, because
it would have been impossible to remove any color for the top layer and still

have it reappear for sensing at a lower layer.

SUMMARY OF THE INVENTION
15 A color image sensor responsive to light from an exposing light source
which includes a first sensitive layer with a first spectral sensitivity. The color
image sensor also includes at least one second sensitive layer with a second
spectral sensitivity different from the first spectral sensitivity. The second
spectral sensitivity is offset from the first sensitive layer in a direction
20 perpendiculer to the plane of the first sensitive layer. The first spectral

sensitivity substantially matches the spectral sensitivity of the human eye.

B E N
Figure 1 ilustrates the structure of typical prior art color film;
25 Figure 2 graphs the quantum detectabilities of prior art color film;
Figure 3 lllustrates the construction of luminance priority color film;
Figure 4 graphs the quantum detectabilities of luminance priority color film;
Figure 5 shows a system for practicing color space conversion;

Figure 6 portrays color space mapping algorithms;
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containing a silver halide emulsion are placed in thin films over this base.

These layers contain silver halide with a native sensitivity to blue light. in
addition, some of these layers have added to them a sensitizing dye to |
extend the sens'xtivity to other colors. First, a red and blue sensitive layer 104

15 is laid in a thin film over the base 102. A green and blue sensitive layer 106
is placed over this. Then a yellow filter layer 108 is placed to absorb blue

light. Finally a blue sensitive layer 110 is placed on the top. Other layers not
relevant to this discussion are omitted for clarity; for example, a layer on the
opposite side of the base 102 sometimes is added to reduce halation and

20 allow retouching, an overcoat protects all the layers, and furthermore each
color sensitive layer is typically subdivided into three sublayers of different
sensitivities. The details of the construction of color film are commonly known

in the art of color film manufacture, and may be found in references such as
Michael Freeman, Film Making the Most of Films and Filters, Amphoto, 1988,

25 and W. F. Berg, editor, Photographic Science: symposium: Zurich 1961, The

'Focal Press, London, 1963,

Light consisting of a red light ray 112, a green light ray 114, and a blue

light ray 116, impinges on the film. First in order from the direction of the light

the blue sensitive layer 110 intercepts blue photons to generate a silver



needed to be renpved from each color sensor to conplement some other
sensor. This belief precluded the layering of a solid state sensor in which
col or response was incorporated with subtractive interlayer filters rather
than 10 variations in the color sensitivity of the layers thenselves as in

film because It would have been inpossible to renov %?‘%ﬂr for
the top Iay@f”%ma‘ SER have it regppear for sensi ng%at a9 ower | ayer.
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direction 20 illugteated byiacthinaing of lightraysane, $14.tdnd 116, andbyracattered reyiger . The
first spectral sensitivity substanti al lIYy mat ches the spectral

sensi tivity o012Q-hdheublue sepsitive layer 110 is typlca made thianer tharsthe pthetn oF
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Ius rate structure of ty | |or art
color film 28YersHo ':?gﬁerkﬂbq' 3‘3 ?feaﬂ ﬁﬁ'?ﬁa?ﬁ@t Sx‘?qrtslgegr %%r?)' °0r art
color film e chahff € 3 illustrates the construction of |um nance
priority col or F(f Figure 4 graphs the quantum detectabilities of

| um nance priori tW@)ﬁ' iRfordiéd fiom the direcfiorof theblight ahe yallow Silteniayer 108
practicing col or space conversion; Figure 6 portrays col or space

mappi ng al gor exdiudes the biue light raW) 167frarp aeaching lower layers by absorbing it at
ZrC;I'/ gg%?{sg&ggéomt 122. Be%grreere;ctlulnlg lljasg}errg ture'ngert trt]\g ysetlkrwltjrcfgltléi,ethgfgrgen ¥8ht ray pri or
114 has been attenuated and scattered by the blue sensitive layer 110. The
green sensitive layer 106 intercepts the remaining green photons to generate
a silver latent image at point 124. Finally, after having been diffused and
attenuated by several layers, the red sensitive layer 104 intercepts some
15 remaining red photons to generate a silver latent image at point 126.
Figure 2 illustrates the spectral response of the sensitive layers 104,
106, and 110 of Figure 1. The horizontal axis is wavelength in nanometers.
The vertical axis is.in arbitrary units of quantum detectability, not sensitivity or
speed. Quantum detectability is used here to mean the sensitivity to low
20 contrast detail relative to an ideal photon counter. Quantum detectability is
raised by sensing a higher percentage of photons (quantum efficiency),
counting each with more equality (count nonuniformity), minimizing
nonphoton noise sources or grain (dark count, pixel nonuniformity), and
reducing scattering (finer spatial distinction between an event, such as a star
25 image, and the background). High speed and low speed films have roughly
equal quantum detectability. A higher speed film utilizes larger crystals to
gather light from a-larger area. Although it may take less light to “expose” a

high speed film, the larger grains give more noise to measurements and

scatter light over a wider area so the ability to detect a detail, such as the



Figure 8 maps a prior art color matrix for a single chip color CCD sensor;
Figure 9 graphs the gquantum detectability of a prior art col or CCD sensor;

Figure 10 illustrates the structure of a lum nance priority CCD sensor; and
5 Figure 11 graphs the quantum detectability of a |um nance priority CCD
sensor . DESCRI PTI ON OF THE | NVENTI edrrus97/07901
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d bed. Co ' ] | |
Contai ning a < Papaneh i a8l 1oy udel st BhAGH, 168 botfER SibP g Bpoc fim v erS
base. Theggr @is asﬂS\Qrﬂlﬁ‘l' tﬂafs%ﬁﬁf re’f@lh IR st tifage il SRalid e lamdt y to

blue light. In tion, sone of these |ayers have added to thema
sensi ti zi ng dyendagure its presbaceiwith tessagraint ovuncertaityt her col ors. First, a
red and blue sensitive |layer 104 15 is laid in a thin filmover the base
102. "A green and bl Beissénerastipg hayethe dbickness jof ) layey afteets (qHantupen 4

Lansitive | BycreleriatIEy., A3edno s & Moriafh ekt ikerpale gy eiliern? 1 G
ppost oo de. S 68, Wk b by bt ke SRR Srotfer APyalimboe

al I'ow r et ouchi Rgadciél MethéiRRACANy WsMicoiM layoheidgaitrs Edtndhinisybehapae each
color sensitive layer 1Is typlca |y subdivided into three sublayers of
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light ray 114, I npi nges on the film First
in order from tlaferdéfr RAIF it teitkridee. | ifCdH ideal Photohrmm:uememutmaa theyer

110 intercepts blue photons to generate a silver

number of photons, the signal to noise ratio would improve by square root of
two, again from statistics theory. Therefore the quantum detectability of the
15  thick fayer is twice that of the thin layer of half the thickness. This makes
perfect sense because the thick layer would intercept just twice as many of
the passing photons as the thin layer of half the thickness. This has assumed
that silver halide is completely transparent to light. In fact silver halide
absorbs some light, and hence lower portions of the film receive less light,
20 and there is diminishing retums until finally the extra grain of a bottom layer
would more than offset any gains in signal. Based on this, the designed
thickness of film is an optimization problem in which too.thin an emulsion lets
valuable photons escape, and too thick an emulsion adds grain from lower
layers that would receive very few photons. The optimization problem is
25 particularly important with multitayer color film because any layer can be
given priority over another layer by controlling both thickness and ordering of

the layers.
Continuing now with Figure 2, curve 202 illustrates the quantum

detectability of the blue layer 110. It is seen to be quite low, as blue is often
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image in the halide crystals of that |ayer at point 118. In addition, |ight
of all colors is absorbed and scattered about equally by the blue sensitive
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after having been gjfju -1 t t several |aye the red
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Figure 1. Thebeeniifzthettidie sdnsitiveSlayeivRad ot dtténuattanamescdtidred green lightie

vertical axis is in arbitrary units of quantum detectability, not
sensitivity ofThis loss issgigaificartirecause gdeeiepds s primgryi contribstortereminancean t he
SR Y TRE I TGRS e
percentage of tﬁ@%‘i’é’«'ﬂ? dggld%tillw]cgudi ﬁé@J‘BXQn if in addition the green layer were
optimized in thickness for itself. There would not be a big improvement
because green is usually given priority in light interception because it is the
major contributor to luminance.

15 Curve 212 illustrates the quantum detectability of the red sensitive
layer 104. Curve 214 illustrates what the quantum detectability would have
been if the previous layers had not attenuated and scattered red light. The
difference between curves 212 and 214 is large because the thick green
layer, along with the biue layer, has removed and scattered much of the red

20 light. Because the red sensitive layer is at the bottom, it is already optimized
in thickness for itself to make maximum use of whatever unscattered red
photons reach the bottom layer.

Finally curve 2186 illustrates the overall sensitivity to luminance, which
is a mix of about 56% of the green layer, 35% of the red layer, and 15% of the

25 blue layer. The ratios vary with the dyes, and are different than the
luminance values commonly known for television phosphors. The
detectability is lower than any one layer by itself for an interasting reason. If
the green layer had also been made sensitive to blue light by removing the

yellow filter, then under green light one would see the response of the green-



counting each with nore equality (count nonuniformty), mnimzing
nonphot on noi se sources or grain (dark count, pixel nonuniformty), and
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distinguishes luminance priority film over the prior art. This top layer 310,
which is in a plane perpendicular to the other sensing layers, is a sensitizing
dye extending sensitivity to the green and red portions of the spectrum so as
15 to generally match the luminance sensitivity of the human eye. In addition,
the top layer 310 is thicker than the top blue sensitive layer 210 of prior art
film to give priority sensitivity to this layer. Again, the manufacture of film is
commonly known in the art, and in addition sensitizing dyes needed to add .
green and red seﬁsitivity are commonly known and used in most black and
20 white films to impart panchromatic sensitivity. Details of sensitizing
emulsions with dyes are commonly known in the ant.
A red blue light ray 312 penetrates the top layer. to generate a silver
- latent image at point 314. A green light ray 316 penetrates the film to
generate two latent image centers at points 318 and 320. Also a red light ray
25 322 penetrates the film to generate two latent image centers at points- 324
and 326. |
Figure 4 illustrates the spectral quantum detectability response of the
sensitive layers 364, 306, and 310 of the luminance priority film of Figure 3

for comparison with the responses of prior art film as given in Figure 2. The



perfect sense because the thick layer woul d I ntercept just tw ce as many of
t he passing photons as the thin |ayer of half the thickness. This has
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illustrated in curve 406 of Figure 4. This layer is both at the priority position
on top and given priority thickness, and therefore curve 406 shows very high
quantum detectability.

15 The overall quantum detectability to luminance is illustrated in curve
408. The height of this curve compared to the luminance detectability of prior
art film, shown in curve 216 of Figure 2, is a major distinguishing benefit of
the presént invention over the prior art. Because most of the detail, and
hence the impression of grain and sharpness, comes from luminance, a high

20 luminance quantum detectability transiates to an overall impression of higher
quantum detectability. This could transiate either to better clarity at an
equivalent film speed, or a higher film speed at equivalent clarity when

- comparing luminance priority film to prior art film.
The curve 408 is seen to slightly exceed curve 406 in the important

25 yellow portion of the spectrum for an interesting reason. In the case of Figure
2 described above, each color was sensed separately, and hence the
detectability of the sum for any single color was less than the detectability of
the layer specific to that color alone. in the case of Figure 4 however, a

specific color, such as green, is actually sensed by two layers, namely the



10 and hence detail as perceived by the human eye. Curve 210 illustrates
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quantum detectability would double with this increase, as explained before.
Again, this is logical because under the above simplifying assumptions, the
two layers would be sensing the green light equally, and this would be
equivalent to the case of a double thick layer described eatlier. This is

15 distinguished from the case of a separate blue and green layer added
together as described earlier, because in that case, to green light, only one
layer was responding, and the second blue sensitive layer was adding no
signal, only noise. In practice with two layers, the optimum compromise for
the best signal to noise ratio would give a second layer a gain ratio,

20 compared to the gain of a first layer, that equals the square of the ratio of the
signal to noise ratios of the second to first layers divided by the signal ratios
of the second to the first layers. Further detail may be found in references on
statistical communicati_on'theory such as Parker, Sybil, Communication
Source Book,' McGraw Hill, New York, 1987. (TK5101.C6588 1988).

25 The practical effect of the above discussion is now presented. In the
case of luminance priority film, there are three layers added together, and the
bottom two have lower quantum detection than the top luminance layer.
Qualitatively, in the preferred embodiment of a red and green layer under a

luminance layer, the luminance layer should be slightly deficient in red and



I s added back in by adding in the response of a blue |ayer. Now to green

| i ght one sees the same response of the green layer and the grain of the 5
green layer, the sane as if the |ayer had been green-blue sensitive.
However now the grain of the blue layer is also added, so the overal
graininess is worsened, and the quantum detectability red S97(07901
Turni ng nowN®¢dre 3, the constructiygn of the preferred enbodl nent
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ext endi ng senfilivt chartngls duririgecajorespaceebrwersignor t i ons of t he spectrum so as
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sensitivity are co own an I'n nmost Dlack and 20 white filns
to inmpart panghnmpardd 1 coPWehtional film by Pedwding light ssatering fromghe coupleestul si ons
with dyes are commonly known in the art. A red blue light ray
312 penet r at edn digital develapreent; thegfiimeisaacanped with dnfrared duringidenelopmege at

point 314. A green light ray 316 penetrates the filmto enerate two
| atent inhQe Berause the sivarimageils ssanngdgcolered,dyes pged;nayer rf%% apd 377
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responses of Rndosepdratdly Iwitasranskitted tight throagl .thdHfidm. Because of the -
opalescent nature of silver halide in the developer before fixing, the front
15 scan sees primarily the top layer, the back scan sees primarily the bottom
layer, and the through scan sees all layers in proportion to their thickness.
Details on digital development may be seen in US patent number 5,465,155,
Duplex Film Scanning, by Edgar.
Alternately, the film could be prepared for conventional processing by
20 including color couplers. These couplers could follow the same order as
conventional film with the red sensitive layer specific to cyan, the green
sensitive layer specific to magenta, and the luminance sensitive layer specific
- to yellow. If printed conventionally, such a film would produce very muted but
recognizable' colors. For quality results, such a film would require scanning
25 followed by color space conversion, as will be described below. Blue is a
difficult color to scan electronically because many light sources like
incandescent and light emitting diodes are deficient in blue, negative films
have an orange cast that filters blue, blue filters tend to be less efficient than

other colors, and sensors based on silicon are relatively deficient in blue
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reason. In the case of Figure 2 descri bed above, each col or was
sensed separately, Zhe spiritof thépresent invention is to include in a color film a layer
that substantially and generally matches the luminance response of the
15 human eye. This match does not have to be exact, and in fact a small
deviation has been shown to be beneficial; therefore the word substantial
should not be construed to mean that the match must be exact. The intent
and purpose of providing a substantial match to luminance clearly
 distinguishes from the prior art in which the intent and purpose was for each
20 layer to directly represent one of the specific colors red, green, and blue.
Other luminance priority topologies different from the preferred '
embodiment will provide the major advantages of the present invention, even
though they may be slightly less advantageous than the preterred
embodiment. Several of these alternatives are now presented. This list
25 should not be considered to be exhaustive or to express limitations. it is of
course possible to exchange the positions of the red and green sensitive
layers with nearly equal results. The pair of red and green sensitivities can
be substituted for yellow, which is the sensitivity of panchromatic under a

yellow filter, and green, or yellow and red. These combinations further



detectability of the sumfor any single color was I ess than the

detectability of the |l ayer specific to that color alone. In the
case of Figure 4 however, a specific color, such as green, Is
actually sensed by two | ayers, namely the WO 97/ 43613

15 PCT/ US97/ 07901 | um nance 3
sensitive 308OPHIMIL. After the gain of ygach | ayer is lpﬁﬁp%g@ég?so t he

st he sum of SEERMEQUMTSRSE Hateapiy eqﬁheaﬁﬁﬁ%hn%sh#%Eﬁ%gﬁﬁmeé@a@bﬂ@s' anat
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to green, and both were modi f i ed by unlty gain. Now the green signal
woul d be tajmel»retbrtgd endbiodiment; hostewanthlesadvantages ofthe inyentiont woeidher |

but the random se woul d add statistically for only square root of
two nore gPai Rtithaake su§Bafl|J'n superier tgrrenvergional prior gt filgswoul d i npr ove by t he
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fromthe case of a separate blue and green | ayer added t oget her as

descri bed ear A partichlaciyusterestingheambination woulgr place lai thint bluenlayemor top,
| ayer was respondl dgb and the secaond bl ue sensitive Iai%yr was addi ng no
Y
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responsive to green light. Note also that because of the color space
conversion, there is no requirement for the different layers to match in
contrast, as with prior art film designed for direct printing.

15 Color space conversion is now described. As mentioned above,
luminance priority color film can not be directly printed on conventional
printing paper with color fidelity. The color channels from luminance priority
color film must be operated on by a color space conversion to remap the
colors in the film to the true colors. It is theoretically possible to do this

20 mapping with color separations and color masking in an all chemical
process, however such a procedure is not deemed competitive in a modern
digital world, and so the preferred embodiment will disclose an electronic

- method.
Figuré 5 portrays two routs to electronically scanning a luminance

25 priority image on film into a digital data file. In the preferred embodiment, an
exposed luminance priority film 502 manufactured for digital development is
input into a digital development machine 504. Details of this machine may
be found in US patent number 5,465,155, by Edgar. This machine outputs a

digital data file on line 506 connected to a computer 508, such as



20 conpared to the gain of a first layer, that equals the square of the
rati o of the signal to noise ratios of the second to first |ayers
di vided by the signal ratios of the second to the first |ayers.
Further detail nay be found in references on statisti cal

conmuni cat i o%%%%esuch as Parker, Sybil, Communication pcrusYZemeIce
Book, MG a w Yor k, -1987. (TK511])1 C6588 1988). 25 The
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di gital devel oprment. Such manufacture woul d not place col or coupl ers

in the emnul si oprockssinger enhanci ng the sharpness of the film conpar ed

to conventional filmby reducing light scatteri n%; fromthe cou
In digital devel opniEsither; aa eleqtignjcsimaging eamara T6 Neing & 'WU?"‘Pﬂgpmmy

d | | 3 d
never For mGnasenser, B8 e earacby b dneia: deal BERI purBe G584 EXEPUIETT
scanning is pey IrQétﬁEtﬂFrIumm Web I&nﬁ@h'r@rﬁﬁﬁﬂcé bRdHneld Ra blifput k. chafRakat el y

wth reflected omt e back,
as a digital data file via internal conventional control and conversion logic

518 on line 506 connected to the computer 508 for further processing.
The computer 508 has attached to it a monitor 520 for display, a printer
16 522 for printing, a keyboard 524 for data entry and control, an optical disk
526 for data storage, and a modem 528 for communications. Internal to the
computer 508 is a bus 530 for moving data between modules. Attached to
the bus 530 are a processing module 532, input output module 534 to
transfer data to the various peripheral devices attached to the computer, and
20 a memory module 536. The memory module has stored internally an input
image 538, an output image 540, and a control program 542 to direct
movement of the images between the peripheral devices and to direct the
processing module 532 to derive the output image 540 from the input image
538. After dériving‘ the output image 540, the control program 542 may direct
25 the processing module 532 to move the output image 540 over the bus 530
to the peripheral devices such as the monitor 520 for viewing, the printer 522
for printing, the optical disk storage 526 for storage, or the modem 528 for
transmission. Further details on the operation of a computer system for

image handling may be found in references such as L. Uhr, K. Preston Jr., S.



and separately with transmtted |ight through the film Because of the
opal escent nature of silver halide in the devel oper before fixing, the
front 15 scan sees primarily the top layer, the back scan sees primarily

t he bottom | ayer, and the through scan sees all layers in proportion
to their thickness. Details on digital devel opnent may be seen in US
pat ent numbeVOS7A¥E3 155 Dupl ex Jgi | m Scanni ng, by E 1

Al ternately, 0 r conventi on essing by 20 .
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produce very nuted but recogni zabl e col ors or quality results such
a filmwoul d ronsistirg etthree ohhannels Thisl memesielch pinbbof thpdnputdmagertsson, as

wi |l be described below. Blue is a difficult color to scan
el ect roni c@l | jhneedeersurements) o@mtromo&e@annﬁle associated wvtbahaem&lnmand
light emtti n%8d| odes ar defi ci ent have an
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PCT/ US97/ 0790 hssociated with that pixel. To perform a color spade convefsiomatRd to a

flat spectrum Because of difficulties with blue sensitivity, many

el ectroni c scaiguitempnustiscan througls each pixel of thén indgeu eThit scare mayIbe ddre
prior art, blue contributed so little to |umnance that there was little
motivatiod0 byt aestmg twe “loeps), siichhanesieImen RImsda srPyter psograeming.

lum nance pri Ol{t Qlch mdw;dual pixel, the three input measurements are taken from the

three channels of the input image. These three input measurements are
processed by the color space conversion algorithm to produce three output
values. These three output values are then placed in the corresponding

15 pixel of the output image by placing them in the three channels of the output
image.

The input measurements may be the front, back, and through
measurements of a digital de\ieloper. or the luminance, green, and red
measurements of a luminance priority f_ilm in a conventional scanner, or the

20 luminance, yeliow, and green measurements of a luminance priority sensor.
There may be four measurements, as in US patent 5,266,805 System and
Method for Image Recovery by Edgar, that measures red, green, blue, and
infrared. The output values may be the red, green, and blue values of a
computer mdnitor, the XYZ coordinates of visual color space, the YUV or YIQ

25 measurements of digital video, or even the four values cyan, magenta,
yellow, and black sent to a printer.

There are many methods of color space conversion to process the
input measuremenfs to the output values. For exampie, one could convert

using classic linear matrix equations, such as is done in NTSC television.



5 the lum nance channel is critical, and for reasons specific to sone

| ower cost scanners, allocating the critical |um nance |ayer to the
bl ue nodul ati ng yell ow dye is a bad tactical choi ce. For
t he above reason the preferred enbodi ment places nagenta specific
coupler in t ggnce | ayer, cyan specific coupler in thgcguSamme?
sensitive | ayer an yel | ow specific coupler in the red sensitive |ayer.
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nonlinearities are very complex.
A lookup table can handie very complex color space conversion in a
15 simple algorithm.. Suppose that the algorithm receives the three input
measurements mentioned eartier. Suppose further that each of these
measurements is an 8-bit value. In its simplest form, a lookup algorithm
would concatenate these three 8-bit strings together to make a 24-bit string.
That 24-bit string is then used as an address into a lookup table that has an
20 element for each possible combination of the three 8-bit input measurements.
Each element of the lookup table contains the three 8-bit output values
desired for that combination of input measurements. Once an element is
- addressed, the three output values may be read and copied into the output
image. .
25 Such a table would be 12 megabytes long. This is not unreasonable
in modern computers, and so this simple algorithm is given as the preferred
embodiment. There are many ways to reduce memory requirement

drastically at the expense of processing time. As an example, only the most

significant 6-bits of each input measurement may be used in the



18 enhance | um nance detectability at the expense of chrom nance
detectability. Further, the yellow filter nmay be noved further down or
el i m nat ed. For reasons di scussed earlier, this would usually reduce
detectability conpared to the preferred enbodi nent, however the
advant ages of the invention would 5 still make such a filmsuperior to .
conventi onaIWBP?’@F‘Sart filns. 22 Further, the | umPﬁi{H ’“i”z%er
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digital data file on line 506 connected to a conputer 508, such as
yields those exact three measurements again, a lookup will retrieve the color
15 known to have generated those measurements. After finishing with the large
number of experimental colors, there will still be blank elements in the large
lookup table between the known elements. These are filled in by
interpolating between close elements in the table of known value.
Figure 6 illustrates the preferred embodiment of a color space
20 conversion algorithm using a lookup table. Such an algorithm would reside
in the control program 542 in memory module 536 of Figure 5, and would
direct the processing unit 532 to process an input image 538 to produce an
‘output image 540. Returning now to Figure 6, An input image 602 derived
from a luminance priority sensor contains three color channels 604, 606, and
25 608. These may be the front, back, and through scans from a digital
developer processing luminance priority film. A pixel 610 is chosen from the
input image, and that pixelOs corresponding measurements 612, 614, and

616 from each of the three color channels are read from the image. These

three measurements are concatenated into one address 618. This address
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19 manuf act ur ed by Appl e conputer corporation of Cupertino,
California. Al ternately, an exposed |lum nance priority color film510
manuf actured for conventi onal devel opnent is input to a conventional

film processqﬁ%?‘&é such as manufactured by JOBO cor pog@finsdtobs
RY.
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is not limited to chemical based phototechnology. A particularly useful
application is in the direct capture of electronic images. Electronic image
15 sensors include Vidicon tubes of yesteryear, arrays of cadmium sulfide
semiconductors, aﬁd other technologies. Today the only practical electronic
image sensors use silicon in a CCD array, and so the preferred embodiment
will be given using that available technology, not as a limit, but as an
example.
20 Figure 7 illustrates essential elements of a conventional silicon based
Charge Coupled Device, or CCD, sensor. On a substrate 702 individual PN
diode junctions 704, in a two dimensional matrix forming an area array 706,
- ‘are reverse biased. Normally no current flows in the reverse biased diode,
however a photon 708 may knock an electron 710 from an atom of the
25 semiconductor, leaving behind a hole 712. This hole-electron pair allows a
quantum of current to flow in the diode junction, sensing the interception of
the electron. This small amount of charge is collected in a charge shift
register 714. On command from control logic 716, this shift register serially

shifts the charge from each diode to another shift register 718 which shifts the



to the peripheral devices such as the nonitor 520 for viewi ng, the printer

522 for printing, the optical disk storage 526 for storage, or the
nodem 528 for transm ssion. Further details on the operation of a
conput er system for i mmge handling may be found in references such as

L. Uhr, S. WO 97/ 43613 20
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M. J. Howes, D. V. Morgan, Charge-Coupled Devices and Systems, John
Wiley & Sons, New York, 1980, and Roger Melen, Dennis Buss, Charge-
Coupled Devices: Technology and Applications, IEEE Press, 1977.
15 CCD cameras sense color in one of three ways. The first way makes
three separate monochrome scans of an image, changing the light color or
changing a colored filter over the imaging lens so one scan sees in red light,
one in green light, and a final in blue light. This method was used for early
color television, was used for color in early space flights, and is still used in
20 many film scanners. Because the colors are sensed at different times, quality
is severely degraded with moving subjects. A second way splits light with
dichroic prisms into three colored beams, and places three area sensors, one
in each beam. The sensors are placed in different planes because of
different opfical path lengths, and are offset laterally from each other,
25 however the ‘“virtual images” of the three sensors, as seen through the
dichroic prisms, overlap each other in register. It is common in the art to align
the red and blue sensitive sensors precisely on each pixel, called “co-site
alignment” in the art, but to align the green sensor in a register offset by half

the distance between adjacent sensing elements in a direction in the same



Met hod for | mage Recovery by Edgar, that nmeasures red, green, blue, and
infrared. The output values may be the red, green, and blue values of a
conput er monitor, the XYZ coordi nates of visual color space, the YU or YIQ
25 nmeasurenents of digital video, or even the four values cyan, magenta,

yel |l ow, and Bl a%?gﬂgnt to a printer. Ther e ar e geaypsofgioanods of

col or space o on to process the 2 | nput neasurenents to the
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The problemis that in nost cases linearity is only an approxi mation.
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nonlinearities to individual color channels, such as in US patent 265, 200
Systém and Met Bffects dendhia eanoel i theduminance channgl. SHEhiEO cgﬁ'ﬁ &3(35§Elpe 5

Correction j Di_gi tizi ng Vi deq. Capt S , 68y 275
Vet hodl and Spparmerks phrdtbe;peadinar R, A SR, o, SuBBLely beghlor
thero 15 no v cBpeiendl STRRYWER TR, &R SipeRBt el Bt e el
contrast %isﬁu\fgﬂh%ﬂ%huﬁelrsﬁécﬁlm @xpensiae lapsss tal projoutid ivintaal

e

Ver sus exposure. | easing the filmof such requirenments puts

addi ti onal requaiperuertheough thidunnel of therprisms oplicah bgthy iand in practice theyare of
digital devel oper where there is an ' ion of ,different sublayers

of different speudhlesspersitive todlimlight han slonctaﬁ%@?ﬁtir,\g{gg Pt CROCIR%: very
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laid in register over a CCD sensor 804 as in Figure 7 so that each diode 806
has laid over it a color filter 808 to filter a light ray 810 bound for that element.
There are several arrangements of the filters in common use. The Bayer

15 array shown in Figure 8 is common in still image capture cameras. In this
array, half the filter elements are green such as the filter element 808,
represented by white in Figure 8. A quarter of the filters are blue,
represented by black, such as the filter element 812, and a quarter are red,
represented by a crosshatch, such as the filter element 814.

20 An immediate problem arises from the use of such a matrix. It is as
though the scene were viewed through a colored screen. A point of light
might randomly appear as a bright point of red, or of blue. Thin white lines

- around windows in a distant building might randomly map to green and blue
sensors and appear blueish, or to green and red sensors and appear

25 orangish. This common problem is reduced by blurring the image so a point
of light is scattered over at least 4 sensors so all colors are covered. Such a
blurring reduces the pixel count resolution by 4, and uniess the blurring can

have the negative brightness points of a “sinc” function, does not totally

eliminate the extraneous colors. These extraneous colors, called color



measurenents is an 8-bit value. In its sinplest form a |ookup algorithm
woul d concatenate these three 8-bit strings together to make a 24-bit

string. That 24-bit string is then used as an address into a | ookup
table that has an 20 elenent for each possible conmbination of the three

8-bit input pgeasurepents. Each el ement of the | ookup ai ns
the three S-Hﬂﬁ'&ﬁ"put val ues desi pgd for that conbi ng?.?)ggwoﬁ'?%l nput
nmeasur enent s. e elenment .S addr esse he ree oyt | ues -
may be read a@geoaﬁgaailﬁ?%crhﬁg(, Bﬁ‘of Ba?nasenouil%g@éen%g}itn pror ar %%WY"} tabl e

woul d be 12 ngga ¥Ts%ﬁsih§%ing-r§ih eicﬁidﬁﬁém&%_easonabl e i n nodern

conputers, and s0 this Sinplfe algorrthmis given as the preferred

embodi ment. There &Tworohiy odnyérabreedlvagationndn Ythres chipt tanieras. In this
drastically at the expense of processing tine. As an exanple, only the nobst

si gni fi cant 6-4ethnolegy. @sihgle montcolnrapeciicbeamsplitteedivides alicalore of light
WO 97/ 4361 . 22 PCT/ US97/ 07901
concat enat Pon 109 e yneoloied beams.nand RIRCRS W aren Sensors,o8ee up| es.

mch  Syatiepcrel B EAlERAnb hegthe LRBE. Brel SRR B Be ! T ¢
The val ues in gk %Pméo?fh@l%'cﬁ ﬁ%tggﬁangﬂ%%%&%an%tH%ﬁmwBaé'_l'u the

preferred enbodi nent of a large | tabl'e, the values of certain points

wi |l be found athpr ini £ airestioraperpehdiculas to the plahe of @ither bensor! eDme lohitheng
t hese enpirically derived points. To practice this nethod, a large
nunmber of col eensors has pe diltermative andiis ksed to senns veduminancgaompenentwn

Each of t Hove AdpBVEnVichSn THs oBkbBesa cUSHmah A3 de |Bef dp FE)SS Bior .
TP o e oo Epofof b Sovigon, 4BAd O BT solf SRR o

the | ookup tabdtenatsl bath BYPONE non-color specific beam splitter and by the color

matrix. To retain reasonable color signal to noise ratios, the color sensor

requires light priority, and the lJuminance sensor can not be given priority as

15 the light is divided. As a result, the sensitivity is as bad, or worse, than a

“three chip” camera, and much worse than a single chip camera. In addition,

the color matrix on the color chip introduces the color moire artifacts of a

“single chip” camera, and the prism adds the bulk and expense of a “three

chip” camera. The “two chip” technology is not popular because it combines

20 the disadvantages of two prior art technologies.

Figure 9 graphs the quantum detectability of a CCD array under a

color enabling Bayer matrix. The ordinates show quantum detectability

- - versus wavelength, as in Figures 2 and 4. Curve 902 represents detectability

of an array with no filters. Because a CCD responds with equal current to all

25 absorbed photons, and it absorbs photons with a nearly equal high

percentage across the visible spectrum, it tends to be less sensitive to blue

light when measured in a standard per unit power because each blue photon

has more energy. Because the human eye is also deficient in blue, the eye

has a better color match with silicon than with silver halide film. Curve 904



color value for that color, is copied into that el enent. \Wenever the sensor
yi el ds those exact three measurenents again, a |ookup will retrieve the
color 15 known to have generated those nmeasurenents. After finishing with
the | arge nunber of experinmental colors, there will still be blank

el ements in t‘{;ﬁy,‘%ﬂe | ookup tabl e between the known epEpgsromoilhese
are filled in I nterpol ating betve®n cl ose elenents in the table of

known val ue. : ol . tdre@t of a
col or space 20ad%sotﬁ\?e'?f§?r8§ a&ﬁg@ﬁ?’t’ l%ﬂ ﬁ?&%gggéﬁ%#gﬁﬁghf g‘géldeﬂsggﬁqgﬁ

al gori t hm woul gidrefisé@emoves sbihel Hetheofak redl to Mgt thé £Rafatteristios yof itbelul e
536 of Figure 5, and would direct the processing unit 532 to process
an input i mageh@énteyepr oduce an out put i mage 540. Returning now to

Figure 6, An input inmage 602 derived froma |umnance priority sensor
contains three col deuyrarfis, $08oANdcRHH) reprase °‘3@%¢9‘Pﬁ?§’gmﬁgy‘"@rtt 8

front, back h , f di gi hak : | i
i mince. pbi ORIy ARG Tap 10 curihoa s papyathd 16 4L R RS 00
and that pixel hg{gﬁﬁf &S 88728 LY ﬁuﬁﬂ{?%ﬁ?ﬁslgee Q%f’é}" rggﬁg Sensitivit§ 16

fromeach of t ree color ‘channel's” are rea rom-t ge. These

three measur emprsdited fiftheributalss ndigpesm diltor passes 400% thigreenidights

WD 97/ 43613 23 PCT/ US97/ 07910
points to an elSimitary G2i0anchblae| sldwip in atives G268 ankk 311, tatiepuatedesatibest @ r ead
three val ues 624, 626, and 628 that give the converted color. These three

val ues may be wmarteethe heigbh of R4 hecause abbAHaster of dhe \pengorsoiRIERRt

itor. T h | ied i 630, 5
535 and 630" caknR AT gach, of fieff Bofith 54 Shyk® Sublborif BhofeiB b Biege
correspondi ng tc%l&r?%ré BB!sBng& ;bﬁL?@BiQnioﬁhme?éQOESpé&iaﬁ/eﬁae ii$ récpeatiaghéror

each individual prxel int mage 602 to fill" each pixel in the
out put | Ngpeadsavaliable s10e filters pase whyuht lessime 118G, of bieedight Hseseut put
I mage 540 of Figure 5, may drive a conmputer nonitor 520 with a

beautiful |y colredélions due to a reduced number of sensors are very real, but are typically
ignored by just comparing sensitivities. What this is saying is that with fewer

15 sensors exposed to a specific color, the statistical uncertainty noise rises in
detecting the exact brightness for that color of any given area. The
magnitude of the rise in uncertainty results in a reduction of quantum
detectability for that color, even though the sensitivity of an individual sensor
for that color remains the same.

20 Continuing with Figure 9, curve 912 describes the overall luminance
detectability of the sensor which, as described earlier, is slightly lower than
each of the compositing color detectabilities 906, 908, and 910. A particular
‘camera manufactured by Kodak is available with and without the color
.enabling matrix. Without the matrix for black and white, the camera is rated to

25 be 4 times more sensitive than with the color matrix. The color rating is ASA
100, which is inadequate for most available light work. Current solutions
using night vision photomultipliers, such as used in astronomy and in the
military, are very difficult and expensive to extend to color, and limit resolution

and other aspects of image quality. This is a serious and limiting problem for



10 i mage. . The.invention of a |lum nance priority sensor is not
limted to silver halide film Lum nance priority may be applied to
nonsilver films. Further, it is not limted to chem cal based

phot ot echnol ogy. A particularly useful application is in the direct

capture of elec c images. Electronic image 15 sensors, ﬂ&h%jﬁn Vi di con
t ubes of yes: {7[43{15 arrays of cadm um 2gl fide sem conéﬁc ST nd

ot her technol o4 ies. .Today the onl pra ical ele tro sensors
use silicon in 8"'&51'9 gpgé?/ca Wee § bf*eﬁ"é ct:cameraq%ﬁm be

gi ven using th@&mﬁ’é@ﬁ:ﬂlﬁn f[?pﬁlﬁéoé&gé?nggt as a I|mt but as an

exanpl e. ustrates essential el errents of a

conventlonal silican @@Wcllustrat@@éﬂﬁr&ﬂdﬁ'cﬂch Peafbfred eMbédiRent@ftRe. On a
substrate 702 indivi dual PN di ode junctions 704, in a two di nensional

mat ri x form ngpreseslr minanceyprigrity inventionrapplied do section D shosorl Op ao

current flows in the reverse biased diode, however a photon 708 may
knock an el%ct$uRstrate) 1002 ncensiniction Spoingvittpg convantional &G B sensen 3y,

behi nd a hol e hol .e-e a all.o nt um of
ourront "t ot 1 ol9h st 3 BRuERyRHIE Fidite 8 O vsqfrx@st“s'ﬁaswrﬂ e ARG cirsen

t he el ectron. b S MRyt C p‘a;@t@s i ft
regi ster 714. %]thﬁmﬁt_!@ g“?rom c’gﬂé'rdomlgg?c&?lgféf% ]él'%ff@eregl 187!
serially ThisTtéi w:mﬁmuﬁdahaahfarmwambr,@oqﬂmakes Ab pradticabdifféreneegi st er
718 which shifts the WO 97/ 43613

PCT/ US97/ 07901if the filter is green or cyan. Over this filter another CCD s@asor arrayctid8ges
serially to an anp 720 and off the sensor for further processi.ng

i fier
along |i ne10122'a'43u%ﬂ'se§°!"§%"o'l“é§§8/b9 Builtfo tha Pixe! site gipdge agg not gbRAYes [1igd to
capture an | B8 be accomplished in certain topologies by using a transparent eiectrode

for the underside and by making the junction thinner to not intercept all the
photons. Over sensor 1008 a yellow transmitting filter 1010 is laid. Over this
yellow filter a top sensor array 1012, similar to sensor array 1008, is laid.

15 The thickness of the top and middle sensitive layers 1012 and 1008
are hoth chosen to absorb about half the photons reaching the layer, and
transmit the remainder. The bottom sensitive layer is built conventionally
thick to use all the photons. The result is that about half the photons are
absorbed by the top layer, about half of a half, or a quarter, are absorbed by

20 the second layer, and the remaining quarter by the bottom layer. |
The yellow transmitting filter 1010 may simply absorb blue light. In the
preferred embodiment, yellow filter 1010 is a multilayer dichroic filter that

" reflects the blue light. Such a fiter may be made by depositing thin layers of
material of élternating indices of refraction, as is known in the art for the

25 manufacture of interference dichroic filters. The difference from common art
is that the topmost layer does not have an air interface, and therefore an extra
layer is required for the same degree of color discrimination. A description of

the construction of such a filter may be found in references such as the



Alternately a single row of diodes nmay output to a single shift register,
5 or alternate diodes may output to alternate shift register on either

si de. Such a topology is called a "linear" or "line" array, and is
used in conjunction with a mechani cal scanni ng novenment in a
direction perﬁﬁ@?[’dﬁﬂ ar to the line of di odes to capt peguseremsp! ete
two di nensional “image. Ot her topologies 29 I ncl ude several par aI l el lines
of pixels whic t t 250 Ti me-
Del ay I ntegrat P(S‘?l&ugt Réfﬁ)*e g‘ra?%&dgr\tg&ﬁ @3 hgﬁ%ﬁt h Kemﬁgs%r% T ﬁgrt‘?on of
el ectroni ¢ i m@RliRRMaCLE7 T&RY be found in references such as M J.
Howes, D. V. Mborgan, Charge Coupl ed Devi ces and Systens, John Wley &

Sons, New York, 198CentmdniRotty Figareen(, BeedilighBreys 10 Bhis geen to penématpl ed
Devi ces: Technol o%}/ and Applications, |EEE Press, 1977, 15
caneras sense &@pf 'mq‘ﬁté RErays 1042 andi10P8 befere heing @b%H?eq‘rﬁ\(é%e cyan f"f?fr ee

changi ng a °CHP§§Ef ¥ efaen Jonf P BT i fo o Renetpe ariCeumafi of iyee
light, Pseh@ol%rﬁﬁ@ '1b8 L and1@04. f'l"fﬁ@'wohgjp E‘gcrb%ﬁ'?ﬁaxﬂﬂins WtRd as

used for early evision, was use I'n ear y space

flights, and i %eﬁédtéﬁllltVSGHrlally 2bdlue ﬂ?ﬁWraff'1|0TB$§%§éﬁrt§ StiFRARY TN Ji e wpl ors
| e

are sensed at different ti mes, qual is severely degraded with
nmovi ng subj ect $en$ors‘e(t‘d1d!m\aqdnmn th&sblbeguht xefletts from theddichroic yelpow §lter i nt o
three col ored beans, and places three area sensors, _one I n each beam
The sensors ar d03Pdecstimyiate; WéPBrﬁenﬁP'éﬁ(%CMQU@e dhus, althoughrhiyg ight

| | d ff | h he
however  § hdO-y e soyBlEs e seheph afvay, h 318 b4 (e BRI aflepRbI 1
di chroic pri S”ﬁvad%{ﬁl‘idlﬁtgdqarﬁrbe%&eérr\)‘(} béHush ‘Biueﬁ t isBirfufiiePthd Bpldita i re to

align the red and bl ue sensiti sensors precisely on each pix
cal l ed "co-sitdawice. BecdusznerCCDiib ihfvgreatly mobsllsehsitivé g red thargblaentrmensor

in a register offset by half t he di stance between adj acent sensing
el enents in a dumef thentwo armays sansing red is in balance relative to the human eye
with the one array sensing blue twice. Also the sum of the three arrays
15 sensing green with no attenuation from the infrared or uitraviolet filters, brings
green sensitivity into balance with the other colors relative to the sensitivity of
the human eye.
Because each point in the Image has equal access to each of the
three color planes, a bright point or a narrow white line would be sensed as
20 the same color independent of its alignment with the matrix. Thus all color
moire artifacts are eliminated with the current invention.
Figure 11 graphs the quantum detectability of the three layers in a
- luminance priority CCD sensor. Curve 1102 is a copy of curve 904 from
Figure 9 for 60mpairison with the detectabillity of a monochrome array with no
25 filters except for infrared and ultraviolet.
Curve 1104 represents the detectability of the top luminance layer.
The natural drop in the blue is countered by the reflection from the dichroic
fiter layer under the sensor. The overall detectability of the luminance layer

- is lower than the curve 1102 of a raw CCD imager because the top layer is
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red and bl ue sensors. The effect of this is that noire seen by the red
and blue sensors are repeated in the green sensor 180 degrees out of

phase. Because | um nance is conprised of approximately hall;q,f“ %? joire
effects tend@Y 4% 3cel in the Ium nancegochannel Such so 52 ree

for’ ° pror EedeOhnet Saceo b aion igHaraiey BBkt e hug WikEradey “o°
because of .thfewqr of thé’ﬁl’\étaﬁsf a&é;ﬁﬂerc%'ﬂw Fh%agunneﬁ;a&g the p fe‘é@nfsemées to

project a vir aper roug I sm opt 1 cal
path, and in gawetdbifty [dietheamRidle I%yéi‘uﬁhdhﬁ.ﬁﬁe 34108 thevdetestability ldfghe t han
so called "single chip" cameras. Referring now to Figure 8, the
most conmon nbottard layers eAl thegcurveslassume the nmmgad\mlddlealams ahsesh halfs
described. In this nethod a color matrix 802 is I ster over

a CCD sens®r B80d trabsmit halfytheclight.sthe: battora Jayer &Pﬁﬂ@séﬁ%‘he fem%vaggﬂlghﬁ over
t | filt 80 810 b df t hat el t.
ll'he?ecgrgrse;/«@Pglrthan?Q%Em'gmg%t?ﬁ%m?ﬁsﬁlﬂ in ggpmonotrjse aThg Egggr 15
array shown in Fi ?’fﬁ@ o%efa?l IR detebtabliity EBHowr tHrc.‘ﬁr&é“ﬁ'i S-NotB this

array, half the filter elenments are green such as t ter element 808,

represented byhathihtRe ichitiCalgsteen partofdhar pictraim, becailisd aittisrear laydisiare
represented by black, such as the filter elenment 812, and a quarter are

red, I 8pnEing rfmnyolamyttmrejomsalhab@nns are Htilized: the quantem dﬁtetrtahiltys 14.
20 An i pmredi ate problem arises fr the usgg& such a tr| It is
as tBough the Jayerercluginance Briett: GCoL §Anserc b1 1R aeagly maie int of

IO it s o

map to green Mrmlé’zﬁ loss of de?ﬁéﬁ?l‘l!i RS @Hﬂ%‘fse@l‘féﬁh&"by §6ing %o QllEGdlo2Nd T ed

sensors and appear oran i's common problemis Teduced by blurring

the inmage so awbﬁlantluminancectforidoﬁd monaatabdmer eamerer This| isaat dransatitsor s so
all colors are covered. Such a blurring reduces the pixel count

resol uti on by improvemantiayes thepripr artrruen@yeS@ated by curvg§t2 pﬁglwgaﬁ-uw
D e P s o L LR o Bidip g meRelb=" €
all electronic digital photography.

In terms of freedom from color artifacts and image clarity, the present
invention of a luminance priority sensor equals the prior ant “three chip”
technology. In size and eventual cost, luminance priority equals the prior art

20 ‘“single chip” technology. And in quantum detectability, the luminance priority
color sensor equals prior art monochrome technology, and therefore exceeds
all prior art color technologies.

The spirit of the present invention is to include in an electronic sensor
a layer that substantially and generally matches the luminance response of

25 the human eye. This match does not have to be exact, and in fact in the
preferred embodiment the luminance layer has an overabundance of red and
blue. Therefore the word “substantial” should not be construed to mean that
the match must be exact. The intent and purpose of providing a match to

luminance by providing sensitivity to all colors clearly distinguishes from the
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a French silk, has been a serious problemw th prior art electronic

| mage sensing using single chip caneras. "Two chip" caneras are
a variation 3@?" ?‘téglge chip" caneras. In this t echnol eggxrusenemeangl e
non-col or sp Y eamsplitter divide8tall colors of light 5 into two

uncol ored beans, pl ace . ated °
beam _Because B BRdRsRhitDMger g g buhdte RS 1oF cBR6 layer to BBV €T,
other, oOr nOreyéling %Hé’ofttﬁ@ ES&Iﬁ@ESIo‘F%&eQOtAnbiﬂté?éétﬁ@ arfdiegy Rafobnd in

other in a direction perpendicular to the plane of either sensor. One of

t he sensoblack and whitel! filey, wisdrei panchmomatic dmndpmrd@ermalthetyl onehance
conponent 10 of television video. The ot her has a_col or d.is

used to sense ctblers, as is qammenlmniﬂ» just likg theceyali sEvan thoyeh. t ﬁl%ﬁ’aﬂr"éachl ng
the col or sensor | ed bo

spl i trer ardl bgeRdhiomglGfim to e iiniepss oy O RrH e R e %PQﬁZ{“ to
o nance sensofie e B rom i FAGET. rllorliSigH oSN rited |

a result, the e &S1 i Wik Yinbentidn, lﬂ%iphﬁﬁsemusﬁanmamaﬁzh to lummmm ishop”
canera, and nuch worse than a single chip camera. In addition, t he
col or matrix odistihguisiolover theigrior attr‘odoc’echanhe. col or noire artifacts of a

"si ngle chi p" caner a, and the prismadds the bul k and egﬁgnﬁg of .a "three
chi p" canera. The ' mnsrcmmmaneemmrauytqulqwﬂs sieRreat f e PreteEgini nes

B e S R ki ohiq B Pl PR fB prasent inventgn Syl © ©
enabling Bayer yiaidd Xney Nfhad BN 3Gty 18%% Wiantdgtils® thaP! thet Yreferred
embodiment. Several of these alternatives are now presented. This list
shouid not be considered to be exhaustive or to express limitations.
The top yellow filter and bottom cyan filter can be exchanged with
15 results that overall are nearly equal in quality. In this alternate embodiment
blue is emphasized slightly instead of red. It would also be possible to make
the top filter magenta, with the bottom filter either blue or red, but this would
de-emphasize critical green. In all cases the top filter can be dichroic to
emphasize the color being reflected. The lower filter can also be made
20 dichroic. A particularly interesting combination would make the top filter
dichroic yellow, and the lower filter dichroic magenta so green is refiected
back to the top two sensitive layers for-a second chance.
While this invention has been described with an emphasis upon
certain preférred ambodiments, variations in preferred composition and
25 method may be used and the embodiments may be practiced otherwise than
as specifically defined herein. Accordingly, the invention as defined by the
following claims includes all modifications encompassed within the spirit and

scope thereof.



versus wavel ength, as ures 2 and 4. Curve 902 represents
detectability Hm m'MMHMnO filters. Because a CCD responds
with equal current to ed photons, and it absorbs photons
with a nearly equal high pé&rcéntage across the visible spectrum it
tends to be nsitive to blue | i ght when neasur t andar d
per unit pow‘g(‘r; gglguse each bl ue photorg2 has nore en&&é@ ’@gilause t he

human eye is al so deficient in blue, ﬂs g‘ye has a better col or
match with silicon than with silver ad $ilm cCurve 904 WO

97/ 43613 1. A color image sensor responsive 0 light from an exp&SmgUighf/ 07901
- 27 adds the infrared a‘(r’]d ul travi opet fil rg needed fo? é %lzmagery

The infrared source, inclutling afiesy sbﬁsiﬁveframmhd filshepéetral rs@dsmﬂtmhﬁfhtt he
characteristics of the human eye. Curves 906, 908, and 910
represent col lﬁasaeﬂe@@agmu isengitive; layer withea &ecmd epetmal rsransmwl)t differenthe

green curve 908 | nua to at bes al f ht of curve 904
because onfy 35"ft?‘Pﬁ W&PES%“V@WEQH © ﬁ?ftfm'@é'i‘%mﬁt\?ﬂ‘? ve layer il geduced

ed and bl uo. diedfndiBEndicuiarlo AB3ETe b Sl rerioRBive IR wherein,salt™ |11V
quarter the hﬁtsﬁ%be@ﬁalg%shﬁﬁﬁl@ﬁs%hxllyﬁnﬁ't@{ds%ecg ehial th df thg' cept

10 photons from each of those colors and three qu rters of thé photons of

t hese cohomanaye. absor bed by opposition filters. Especially blue is
reduced further because avail able blue filters pass nuch | ess than
100% of bl ue Iight These reductions due to a reduced nunber of

sensors agg very al . but ar typical ly . | gnored by j.ust copparing
sensi tivi 1Pes? Vol RPQT 78Nl d Wherei seid frst Sensitive tayeris located bver
the second sensitive layer oftset in the direction toward the exposing light

source.

3. A sensor as in claim 2 wherein the first sensitive layer contains a

15  plurality of solid state sensing elements.

4. A sensor as in claim 3 wherein the substantial match to the spectral
response of the human eye is the panchromatic spectral response of the
solid state sensing elements.

20

5. A sensor as in claim 3 wherein the sensing elements are arranged in a

linear pattemn.

6. A sensor as in claim 5 wherein the sensing elements are arranged in a

25  plurality of paraliel linear patterns.

7. A sensor as in claim 3 wherein the sensing elements are arranged in a

two dimensional planar pattern.



15 sensors exposed to a specifit ctotors—the statistical uncertainty noise

rises in det ecti Lght ness for that color of any given
area. The magni t”ﬂ“’ "imlml ﬂ!fn uncertainty results in a reduction

of quantum det ect*abicl ity col or, even though the sensitivity
of an indivi %bﬁ a§3sor for that color remains the Safpusernbroot
Conti nui ng wi Irgire 9, curve 912 desciBbes the overall |um nance

detectability @ UNg 5304 Wbl 7ARnGRREIEALoRA defSHive Isye? dpfifing'al over

t han of the conpositing co or detect [ and 910.
A particul ar lurality CSMBSIRI SRl fsthbiige Biekienit® Gitanigedamahl il dinvérdiomdld

wi t hout the col or enabling matrix. Wthout the matrix for black and
white, the camplaner pattatrethappin@Sin repistef toithe swoudirnessiopalt plasert patterni afh t he
color matrix. The color rating is ASA 100, which is inadequate for
nost “avai | abl ethe msnmlﬁmequfém fiesh semsitivearray. usi ng ni ght vision
phot ormul ti pLi ers, such as used in astronony and in the mlitary, are

very .difficult and expensive to extend to color, and limt resolution

?”d other aspegis 0§ éﬂ‘ﬁ%ﬁ?a&%bfaﬁﬁf 7 Whbfeid ﬁwease%%b%%sﬁiog laydP donfiind Bob! em
or WO 97/

PCT/ US97/ 07901 plurality of solid state sensing elements arranged in 88two diméh&iéhdloni C
i mge capture and nust be solved before electronic caneras can

conpet e with f iplaner qratteiroenappiegtinre eegister offset by ham ther distzdncel betsweeat es

construction of a preferred enbodi nent of the resent | um nance
priority invent3diaceRbpensing plements ina Q'I@B“%ﬁ%?na’dﬂt%t@ plaggfithafiesty 002,

constructl a conventional CCD sensor array 1004, such as
portrayed |§ F%ghgﬁ"%watyh&/er this sensor a red absorbing, green

transmtting filter 1006 is laid. This is also referred to as offset in
regi ster. This filter will be underneath a yellow filter, so it makes

no practical ditiof er dnsemsor as in claim 7 wherein a first filter layer acting to pass light of a

first color is interleaved between the first and second sensitive layers.

15 11. A sensor as in claim 10 wherein the first filter absorbs light of a color

complementary to the first color that the first filter passes.

12. A sensor as in claim 10 wherein the first filter reflects light of a color

‘complementary to the first color that the first filter passes.

20
13. A sensor as in claim 10 including a third sensitive layer located under
the second sensitive layer offset in a direction away from the exposing light
- source, and including a second filter layer acting to pass light of a second
color and interleaved between the second and third sensitive layers.
25

14. A sensor as in claim 13 wherein the first color includes red and green

and excludes blue.



if the filter is green or ctyan—©OSver—this filter another CCD sensor array
1008 is 10 laid. Thi I be built so the pixel site diodes are
not opaque. This ﬁ"ﬂmm!,% "mLshed in certain topol ogies by using a
transparent electrode ~ ¢ " ersi de and by making the junction
thinner to not _intercept all the photons. Over sensor 1008 a yellow
transmtti n‘ﬁof7’f¥g 1010 is laid. Over zghis yel | ow f PEYEI74™S0 p sensor
array 1012, simlar_to sensor, arrgy 1008, is laid. 15, The thi ckness
of the top all m AADSOERS T Fipkh A wAeTsr s Sesand st includes.gBSS AW chosen
to. absorb abgyty B?}%f'eé he photons reaching the |ayer, and transmt the
remai nder. The Bo om'sensitive layer is built conventionally t hi ck
to use all the photons. The result is that about half the photons are
absorbed by the top | ayer, about half of a half, or a quarter, are absorbed
by 20 the d96conA demger as imclainh @3 vehemeiniting ficst soloe includes Ibdudoantd grednayer .
The yellow transmtting filter 1010 may sinply absorb blue light. In the

pr ef er r edSeniBbdiaxeldesyed. ow filter 1010 is a multilayer dichroic filter

t hat reflects the blue light. Such a filter nmay be nade by depositing °
thin |ayers of material of alternating indices of refraction, as is
known in thesgrt : of . f ] i
filters. The 1fofté?§'eerﬁ(§§?la ?ﬁ]cl&’)mwn{vgﬁeﬂ{ the éedlog&t‘?:'ﬁg)? "ﬁ!@‘fﬁsg "r\?%ét?i I'@ayer
does not havexsmdas blug)t erface, and therefore an extra | ayer is
required for the sanme degree of color discrimnation. A description of

the construction of such a filter may be found in references such as the
WO 97/ 43613 -

PcT/ Uso7/B879d8. A sensor as in claim 2 wherein the first sensitive jayer contging @ ct

Ref erence Qui fr Melles.iot, 1770 Kettering Street, Irvine,
California, Pﬁeﬂgﬁwec emic l'Conti nuing with Figure 10, a red light ray
1014 is seen to penetrate and stinmulate arrays 1012 and 1008 before
bei ng absorbed by the cyan filter 5 1006. A green light ray 1016 is seen
to penetrate 1@d ¥ séndortad iAldaimT®wherein the photosensitive chemical is silver

halide.

15
20. A sensor as in claim 18 wherein the substantial match to the spectral
sensitivity of the human eye by the first sensitive layer is the spectral
sensitivity of the'photosensitive material so sensitized to include greeh and at
least one other color.

20

21. A sensor as in claim 20 whersein the spectral response of the

photosensitive material is orthochromatic.

22. A sensor as in claim 20 wherein the spectral response of the

25 photosensitive material is panchromatic.

23. A sensor as in claim 20 wherein the spectral sensitivity of the second
sensitive layer excludes the color to which the spectral sensitivity of the first

sensitive layer most exceeds the exact spectral sensitivity of the human eye.



sensors 1012, 1008, an ' gi ve green maxi mum quantum

detectability. Finally, i I 1018 is seen to stinmulate only the
top sensor 1012. umnﬂmlmﬁﬂai‘ﬁl ue light reflects fromthe dichroic
yellow filter 1010+ T Cx St ITM e top sensor a second tine. Thus,

al t hough bl ugdds@¥iz 10 only stinul ates one sensor array, per®kémddni t- has

the sane detectability as if it had stinul ated two sensor arrays '
because blue light stinulates the top array twi ce. Because the CCD is
inherently nore sensitive to red than blue, the sum of the two arrays

sensing red is24n bAlsensoy asdh ataime wherein & lirshfiternjayer actingite passhlighdreé arr ay

sensing blue tw.ce. Qlﬁso, the sumof the three arrays 15 ,,ser]si ng green with
no attenuati on2fifsGPioRds intarieavedbetweenithe first pad secondsansitiyve; iayprs. green
sensitivity into balance with the other colors relative to the sensitivity
of t he human eye. Because each point in the imge has
equal acce t s eac : i ; L i ra
nar r-ow whi tS§e I??fe V\ISSIQQS%Q& s'gncgae‘g‘t giq‘g'g?é}b ﬁﬁee E}asﬁgg’?(r) f%#ﬂehgggeaﬁ‘ eé}'the@f its
al i gnment wi t hahdhexcaties klueThus al | col or noire artifacts are
elimnated wth the current invention. Figure 11 graphs the
quantum detectability of the three layers in a | um nance priority CCD

sensor. Curve 02 |s a cog%_ of curve 904 from . Fi rqure 9 for
conpari son wi t ROt he §EPER &hin Glain 8P inclyding athisthsensitivg faypt lpcatedunder | t er s

Gotontabi ity M §boRBiketshive {ayBriotent in a direction ay o s exdsfia it "
bl ue is coyyt es8GkcBY ahd SvHetbincsid 8 tHd |9§Eotn|aear?i ﬁfedo%&nsitive Iag&{s' inBludkdyer

under the sensor. The overall detectability o um nanc ayer

is |ower than samsitivityvte rédQihdothesothemohiCof thagsvonbearlithirdi semsitivp layarer i s
WO 97/ 43613 30 _

PCT/ US97/ 07901 includes sensitivity to green.

27. A method of sensing a color image including the steps of sensing with
15  a plurality of monochrome sensors with different spectral sensitivities, at least
one of which substantially matches the spectral sensitivity of the human eye,
to produce a plurality of measurements, and operating on the measurements

with color space conversion.

20 28. A method of sensing a color image as in claim 27 wherein the color
space conversion includes the steps of assembling the plurality of
measurements into an address, and addressing an element in a lookup table

- using the address.



made thinner so as to;aIIOM/Iight thrbugh to lower layers, thus it

i ntercepts fewer of the photons and detectability is reduced. Curve
1106 represents the detectability of the mddle |layer, and curve 1108
the detectability of the bottom | ayer. Al the curves assune the top
and m ddl e L@%g,&wﬁﬁsorb half 5 and transmt half the |igb¢rruédgrdapt t om

| ayer absorbs all e remai ning light, and the yellow transmtting
filter reflects bl ue. ' The overakt | um nance detectability is
shown with curve 1110. Note that in critical green part of the
spectrum because all three |ayers ar- g fully and therefore al
photons are utilized, the quantum det” ?aﬁl ?'S;ﬁeq of the | ayered

| umi nance priority CCD sensor 1110 ned{tff6Hr£ B detectability
of the unfiltered nonochronme sensor 11p2. T ere ff’s no 4 eoretical |oss
of detectability in the |um gance chanhel 90|fg to fu églor over
a | um nance-corrected nonochydQe 1}‘--rw. o[§Te-"g

i nproovenent over the prior a QDI ,f.gﬂ“‘v 04>—o+10bgure 9, and
15 makes practical a new wo{NQ ﬂ"t 5 "‘-; t Qg /emgl ng nass
fﬁl’ Y-126 In ternms of

mar ket of all electroniy ®
freedom from col or artifacts\abd N)e-pr esent
he pri Jﬂ? "three chip"”

i nvention of a |um nance 0

technol ogy. In size and eventus H ance priorfty equals the prior
art 20 "single chip" technpl og Ape~1 n gliantum detectability, the

| um nance priority col &¢ selNsor equal s prior ar pnochr one

t echnol ogy, and therefore excgeds all prior_aft color technol ogies.
The spirit of the present invepution is to inclugegin an el ectronic sensor

a layer that substantially and\gengrally matghes the | um nance response of
25 the human eye. This match dfes| not haye to be exact, and in fact in the
preferred enbodi nent the | um nangeg | ayer” has an overabundance of red and

bl ue. Therefore the word "subst angi 2 shoul d not be construed to nean that
the match nust be exact. The inte and purpose of providing a match to

| um nance by providing sensitivity to all colors clearly distinguishes from

t he
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WO 97/ 43613 ; .

PCT/ US97/ 07901 31 prior art in
whi ch the intent and purpose was for each layer to directly repr esent
one of the specific color axes. An interesting analogy is found in

bl ack and whibe.fihin where panchromatic film provides senpétrisgrioywei 0 al |
colors, as is commonly said, "just |like the eye". Even though the match of
5 panchromatic filmto the |um nance of the eye is very approxi mate, there

is no difficulty distinguishing it fébfm a "col ored" rendition t hr ough
a green or red filter. In thisgnep.ion, oilhe phrase "substanti al
match to | um nance" is to di st i !éigkeg6e$é4he prior art "color"
channel . Q her | umi nance of rHA - IBPorIRA es different fromthe
preferred 10 enbodinment will providge the najo! Ag94nNt age dﬁ t he present

i nvention, even - though eyzfRy Pais fjght A€ qdﬁ' ageous than the
preferred enbodi nent . Sevelal ail et Eenat Lwes now present ed.
This. i st shoul d not bg qon? va- haysi+ge-dbt o express
limtations. The N OR Jy el £ H'!-i=nd Do+t omIggan filter can
be exchanged with 15 resul Ns\[ QX€ 335 equal in quality. In
this alternate enbodi nent i i 7S i ghtl ﬁ;) nst ead of red.
It would al so be possible to \akg ji offffilter gﬁ?tzx with the
bottomfilter either blue or r¥d, ’ woul d de- enphasi ze

critical green. In all caseg ths Ilterf can be dichyoic to

enphasi ze the color being refl ectied. The |lower filteg~Can al so be nmade 20
dichroic. A particularly intd&restyi ng conbination wolld make the top filter
dichroic yellow, and the lowek fi]ter dichroicafgenta so green is

refl ected back to the top tjw sensitiye |ayers for a second chance.

While this invention has been desfribed wih an enphasis upon

certain preferred enbodi ments, \ariatjohs in preferred conposition and 25
met hod may be used and the enbodyjnpsts may be practiced ot herw se than

as specifically defined herein. Accordingly, the invention as defined by

t he
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followng clains includes all nodifications enconpassed within the spirit

and scope thereof. WO 97/ 43613

PCT/ US97/ 07901 32

Cl ai nms 1. A col or inmage sensor responsive to light froman exposing
l'i ght WoWyafs I ncluding a first sensitive |ayer w thparibgrobeegPect ra
sensitivity,-and at | east one second sensitive |ayer with a second
spectral sensitivity different 5 from first spectral sensitivity,
and offset fromthe first sensitive |ayernh a . di rection perpendicul ar
to the plane of said first sensitive |ayer, wherein said first

spectral sensitivity substantially matches the spectral sensitivity of the
hunman eye. 10 2. A sensor as in claiml wherein said first sensitive
| ayer is |ocated over t he second sensitive |ayer offset in the
direction toward the exposing |ight sour ce. 3. A sensor as in
claim2 wherein the first sensitive |layer contains a 15 plurality of
solid state sensing el enents. 4, A sensor as in claim3 wherein

t he substantial match to the spectral r onse of the human eye is the
panchromatic spegjgal response of the ofrd state sensingg%benents.
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20 5. A sensor as in claim3 wherein the sensing elenents are

arranged in a | i near pattern. 6. A sensor as in claim5
wherein the sensing elenments are arranged in a 25 plurality of parallel

| i near patterns. 7. A sensor as in claim3 wherein the sensing
elenments are arranged in a two di nensi onal planar pag&g; 07901

WO 97/ 43613 y&)wﬁsﬂ? 33 PCT/ US9 /5877901

8. A sensor as in claim7 wherein the s nd sensitive |ayer contains a-

plurality of solid state sensing elenents arranged in a two di nensi onal
pl aner pattern mapping in register to the two dinensional planer pattern of

the sensing elenents of the first sensitive array. 5 9. A sensor
as in claim7 wherein the second sensitive |ayer contains a plurality
of solid state sensing elenents arranged in a two dinmensional pl aner

pattern mapping in a register offset by half the distance between
adj acent sensing elenents in a direction coplanar with the plane of the
first :
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10
filter

sensitive |ayer.

10.
| ayer acting to pass |light of a
between the first and second sensitive |ayers.

A sensor

as inclaim7 wherein a first

first color is
15 11.

claim10 wherein the first filter absorbs light of a color

conpl ement ar YylQekdsgs first color that the first filter pass
as in cIa|n110 wherein the first filter

A sensor

conplementary to the first color that the
A sensor as in claim10 including a third

the second sensitive |ayer offset
and including a second filter

| i ght sour ce,
| ight of a second
sensitive |ayers.

color
25

A sensor

refl ects
st filter
nsitive | ayer

f'@ﬁe

s bl ue.

passes.

i nterl eaved
A sensor as in

Iﬂéﬂt o? alcolor
20 13.
| ocat ed under

in a direction away fromthe exposing

| ayer acting to pass

and i nterl eaved between the second and third
in claim13 wherein the first

)

col or includes red and green ex
97/ 43613 o j{uyy 7a0PCT/U897/07901
15. .A sensor as injcl udes greedgand
excl udes red. 708~ / /. T\ \\ \\ N
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16. A sensor as in claim 13 wherein the first color includes blue and

green 5 and excl udes red. 17. A sensor as in claim16 wherein the
second col or includes green and excl udes bl ue. 10 18. A sensor as
in claim2 wherein the first sensitive |ayer contains a .phot osensi tive
chemcal.  woonésss A sensor as in claim18 wherein the p},‘@ﬁx,gsg%,}g i ve
chem cal is silver hal i de. 15 20. A sensor as in clarm

wherein the substantial match to the spectral sensitivity of the hunman
eye by the first sensitive layer is the s tral sensitivity of the
phot osensitive material so sensitized to include green and at | east
one ot her color. 20 21. A sensor as in claim20 wherein the spectral
response of the phgt osensitive material is orthochrematiT. 22.

A sensor as in claim2bfwherein the spectral
photosensitive material |is panchro
20 wherein the spectral [seastrtT V)
excl udes the coIorERo which th
2523|t|ve Iayerln%§1ﬁzgeeds

Se of “gg2 25

. CF”O% A sensor as in claim
of the secon sensitive |ayer
spectral sensitivity of\the first
he exact spectral %iﬁﬁitiv ty of the human
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WO 97/ 43613 . .

PCT/ US97/ 07901 35 24. A
sensor as in claim?20 wherein a first filter |ayer acting to pass |light of
a first color is interleaved between the first and second sensitive |ayers.
5 25. A seg&ghmgﬁ in claim?24 wherein the first color ingcyRRsdwe and
green an exc?udes bl ue. 26. A sensor as in claim 25
including a third sensitive |layer |ocated _under t he second sensitive

| ayer offset in a direction away fron1theZé&posing light 10 source, and
wherein one of the second and third sensitive |ayers includes

sensitivity to red and the other one of the second and third sensitive

| ayers i ncl udes sensitivity to green. 27. A nethod of sensing
a color inmage including the steps of sensing with 15 a plurality of
nonochrome sensors with different spectral sensitivities, at |east one

of which substantially matches the spectral sensitivity of the human eye,
to produce a plurality of neasurenents, and operating on the neasurenents

wi th col or space conversi on. 20 28. A nethod of sensing a color inmge
as in claim?27 wherein the col or space conversion includes the steps
of assenbling the plurality of nmeasurenents into an address, and

addressing an elenment in a | ookup table

Detectability
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(57) Abstract

In luminance-priority multilayer color film, one of the layers substantially matches the luminance sensitivity of the human eye. This
l_nmit.lancc layer distinguishes from prior art color films that have a blue, a green, and a red sensitive layer. This Juminance layer has the
prio_nty front position to sense light before being diffused and attenuated by other layers, giving the luminance record enhanced speed and
clarity compared to prior art blue-priority color film. In another embodiment, a layered CCD sensor has a top silicon layer (1012) that is
sensitive to all colors, followed by a yellow filter (1010), a second silicon layer (1008) responsive to green and red light only because of
the yellow filter, a cyan filter (106), and a bottom silicon Iayer (1004) receiving only green light. An image from a luminance-priority color
sensor inputs to a color space conversion to recover full color. In the preferred embodiment, a luminance layer on top maps to a luminance

"Y" value, and underlying color sensitive layers are used in conjunction with the luminance to derive the "U* and "V" chrominance vectors
of YUV color space,




