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Optical pseudocolour encoding of spatial frequency information

KRZYSZTOF SZPONER, MAREK ZAJAC

Institute of Physics, Technical University of Wroclaw, Wybrzeze Wyspianskiego 27, 50-370 Wroclaw,
Poland.

1. Theory

An application of nonmonochromatic light to spatial filtering in optical system allows to produce an addi-
tional effect, which would be impossible when the radiation of single wavelength is used [1-7]. Namely, it
enables the transformation of black-white (monochromatic) plane object to a colour image, the colours of
which depend upon the local spatial frequencies in the object. This method of optical filtration is called
pseudocolour encoding. The analysis of optical system used to pseudocolour encoding will be here repeated
after BEscOs and STRAND [1]. Such a system is presented in fig. 1. Here, a spatially incoherent and plane
light source X' of finite size emits a radiation spectrum consisting of three wavelengths 4; (j = B, G, R) cor-
responding to blue, green and red parts of spectrum.
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Fig. 1. Optical system for pseudocolour encoding of spatial frequency information

The light source luminance for each of the three wavelengths is described by E,-(}—’:,).
The mutual coherence function in the source may be written for each 4; in the form:

Ej(Pm)(s(Pm—Poz), when Py, ey @
0, when P,; ¢ 3.

Here P; = (x;;, y;j) denotes the j-th point on i-th plane.
Let a sinusoidal amplitude grating of spatial frequency & = (£, &,) be the object of imaging. Its (real)
amplitude transmittance is:

Poj (;01, Poz) = {

t(ﬁz) = A0+A1COS(27ZEF2) (2)

where 4o > A4;,and &-P, denotes & ¥2+ &,2. 1(P,) does not depend upon the wavelength. Due to the squa-
re-law detection the intensity transmittance is important, i.e.

I(P;) = a+bcos(2nEP,)+ccos(AnEPy), (©)]
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where a = A2+ A43[2, b =240A;, c = A}[2.

In the Fourier plane (P,) of the system a colour filter is inserted, the amplitude transmittance of which
&(4, P4), depends upon the light wavelength. It may be considered as being composed of three different
monochromatic spatial filters for each of the wavelengths

G,R
¢ty B = Y (P @
Jj=B

Let us assume that this filter is real and symmetric with respect to the axis of the system. Under such condi-
tions in the plane P4 the image produced is of light distribution given by

GR  _ _ _ _ _ GR _ GR _ _
I(Pe) = ) [0(9)+B;(§)cos@nEPe)+yj(E)cos(dnEPs) = 3 ay(®)+ 3 B;(E)cos(2nEPs)
j=B j=B j=B
G,R _ _
+ > vj(®)cos(4nEPs), ©®)
j=B
where
o [ EEoe B s A -
a8 = 43 [ Ei(Pog;(PodPo+ L [ B (Po— 11D} (Po)dPo. 6a)
B1(®) = 2404, [ &;(POE; (Po)g;(y £E—Po)dPo, (6b)
= Ai - =
78 = & [ PO E(fE—Pogy@Aysi—PordPo, )

Here, dP, = dxody, and the integrals occuring in (6a)~(6c) are the surface integrals.

The coefficients a,(é), ﬂj(Tg‘), yj(E) describe, respectively, the transfer of the background, fundamental
frequency and first harmonic frequency of the amplitude distribution for the light of colour j. These coeffi-
cients are determined by the equations (6a)—(6¢c), only in the case of the objects of sinusoidal transmittance
distribution, but due to the fact that the light detection is quadratic they cannot be considered as characte-
rizing the classical transfer function of the system. However, since there exists a possibility of representing
any object in the form of Fourier series these coefficients describe the transfer of the particular components
of the object spatial frequency spectrum through the system. Hence, they may be used to describe the action
of the system on any object. The coefficients a;, f; and ; may be treated as an analogon of the transfer
function under assumption of square-law detection [8].

As it may be seen from the formula (5) the filtered image of the sinusoidal grating is also of sinusoidal
structure of the same spatial frequency (compare the formula (3)), but this time the coefficients describing
the intensities of the background, fundamental frequency and first harmonics, i.e.

G,R

a@® =Y 4@, (72)
j=B

—_ G,R —_
B(H= D B(®, ]
Jj=B
G,R

7@ =3 %, (7c)
j=B

depend upon the characteristics of the light source E;(Po) and the filters g;(P,), and, of course, upon the
spatial frequency of the sinusoidal object.

In the coloured image I(Pg) these coefficients play the role of weighting factors in additive sum-
ming of three monochromatic images for 4; = g, Ag, Ag.
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Thus, the resultant colour of the sinusoidal grating image depends upon the spatial frequency of this
grating (for given characteristic of the source and filters). In this way a correspondence appears, which atri-
butes the colours in the image to the respective spatial frequencies.

2. The influence of the source width on the pseudocolour encoding effect

In this Section (similarly as was the case in the work [1]) we restrict our attention to the one-dimensional
case.

For each of the three colours let the space filters located in the Fourier plane have the following trans-
mittances:

— rect [ ) 8

gp(x4) = rec ( = ) (8a)
- 4 M 1—rect [~

gg(xq) =rect ( ar, ) [1 rect ( 2%, )], (8b)
— rect (2 ) [1-rect (2%

gr(x4) =rect ( o )[l rect ( ax, )], (8¢c)

where
. x 1for [x|<a
e (—2;) B {0 for |x| > a

Let us assume further that the light source is a uniformly shining slit of the width 2x;:

X0
Ej(xo) = Eprect ( x

5

),j:B,G,R )

If the source width tends to zero the illuminating light becomes spatially coherent. The other limiting case
of complete spatial incoherence occurs when the slit width tends to infinity, i.e. the source becomes infini-
tely spread. In the intermediate cases we have to do with the partially coherent light.

In accordance with the conclusions of the work [1] the effect of pseudocolour encoding depends very
strongly upon the source width. This influence may be analysed by using fig. 2 showing the dependence of
coefficients a;, f;, ¥;(j = B, G, R) upon the spatial frequency &, for different light source widths. In the
first case x; — 0 (coherent illumination—fig. 2a) the image is of well saturated colours. This is confirmed
by the values of coefficients a;, f; and y; which are essentially different from zero. Simultaneously, as these
coefficients become constant within the wide intervals of spatial frequency &, there appears nonuniqueness
in the correspondence of the colour in the image to the spatial frequency in this image. Additionally, for
this type of illuminaton a strong effect of speckling should be expected.

When the source width increases to infinity (fig. 2b), the case of completely incoherent illumination is
obtained. This time there appears a strong background of white colour (great a; for j = B, G, R), which ma-
kes the image brighter, but reduces the colour saturation of the image. Both these limiting cases are conside-
red to be lessadvantageous. The figs. 2c-2g concern the partially coherentillumination obtained for gradually
increased light source width. Hence, it follows that for the source width equal to a half of the blue filter
width (x; = 0.5x,.) a unique correspondence of the spatial frequency to a definite colour may be obtained.
When the transversal magnification of the system between the planes x, and x4 is different from 1 this rela-
tion concerns both the filter width and the width of the source image in the x4 plane. For the source width
chosen in this way a good colour saturation in the image is achieved, while the speckling effect is elimina-
ted. The case x; = 1/2x, is optimal one. Further increment of the source width causes intensification of
the background brightness and consequently further reduction of the colour saturation. A rapid increase
of brightness appears when the source width x; exceeds the value of x,. The image background becomes
an additive mixture of blue (B) and green (G) colours. Anotherrapid increase of brightness occurs when x;
exceeds the value 2x,. Then, the background colour (being a sum of blue (B), green (G), and red (R)) becomes
close to white colour.

9 — Optica Applicata XI/4
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Fig. 2. Pseudo-transfer functions:
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3. The influence of the position of the image point on its colour

The above interpretation of the coefficients a,(e), ,8,(&) Vi (&) allows to relate certain colours in the image
to respective sinusoidal objects of spatial frequenciés Z. In order to quantitatively describe this correspon-
dence let us use the trichromatic coordinates [9] as a colour measure. Let us first notice that if a three—
colour light of luminances Ej, j = B, G, R is used in the filtering system characterized by the coefficients
a,(E), ﬁ,-('é), 'yj(Z-') the image of the sinusoidal object may be written down as a 'sum of three sinusoidal
distributions of light intensities of colours j = B, G, R with the weighting factors E;

CIONIORVION | R U 13(Ps, §)
I(Pg, B) = [Ep, Eg, ERl| 26(8) B(&) va(8) || cos@niPe) | = (Ep Eg Egl| 16Ps: |- (10)
ar(®) Br(® yr(® || cos(@n&Pg) Ig(Pg, &)

The resultant colour in the image may be now determined by assuming that the trichromatic coordi-
nates corresponding to the wavelengths 4; are known. Let them be (x;, 5;). The coordinates of the resultant
colour are equal to

G.R _
Z Ii(Ps, &)E;x;
_ j=B
I(PGD E)
G.R _
E I;(Pg, DE; y;
J=B _
I(Ps, &)

As it should be expected the colour in the image depends upon the spatial frequency & of the sinusoi-
dal test. Besides, from the relations (11a) and (11b) it follows that the colour is not constant but changes
periodically depending upon the position of the point Pg in the image. This follows from different contribu-
tions from each of the colour components j = B, G, R depending on the position of the point-Pg in the
image of the sinusoidal test. This means, that the sinusoidal test of a single spatial frequency does not cor-
respond to one colour only but is rather related to some continuous set of colours. When displacing the obser-
vation point Pg in the image trichromatic coordinates of the changing colour travel along a closed curve
in the colour triangle.

For instance, let us consider the one-dimensional case of partially coherent ﬁltratxon which occurs when
the light source of width x; = 0.5 x, and of equal partition colours j= B, G, R (i.., Eg= Eg = Eg =1)
are used. The corresponding coefficients a;(£, Bi(£,), ¥;(,) are presented in fig. 2d.

The following distribution of intensity in the image

> (113)

y= (11b)

2 2
% +4%2 AoA,—A—‘ 1
I(xg, D =1111] 0 o cos(2néx6) | = Ig(x6) (12)

0 0 0 cos(4néyxe)

corresponds to the sinusoidal test of spatial frequency £; marked in fig. 2d. This intensity distribution is
blue, only its brightness changes.
If the spatial frequency of the test is &, (see fig. 2d) the image is described by

42 0
2 4 1

s, =111} 5 2 cos(2néyxe) |. (13)
if_ cos (4néyxe)

0 0
2
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The trichromatic coordinates of* the tolours in image are given by ‘equations

1 2 4,\?
¥p+ — (__-) xg+— (—) [1+-cos(@nyxe)lxr
Nl S 4o
X(xg) =— ;

2 2
1+ i(fi) + s (—I—‘—l-) [1 +cos(4néyx6)]

1{4,\2 1/(4,\2
e+ | 7= ) yot 5\ ) +cos@ntoxellrn
J o ; 1] 1y . (l4b)

2 2 A
v ( A ) | (7;_) [1-cos (8 x)]

If the wavelengths 4; are equal to: Ap = 450 nm, A = 550 nm, Az = 650 nm, respectivey, and the grea-
test ‘modulation depth is A4;/4p.= 1, then

1.2+0.73cos (47€,x6)

x(xg) = . 15a
(e) 3.6+ cos(4n&yxg) (58)
. 0.6+0.27cos(47ésx6)
y(xe) = cal (15b)
3.6+cos(4m2x6)
The colour in the image of this test changes within the colour triangle depending upon the position of
the observation poi fig. 3.
y
09

Fig. 3. Colour change in image of sinusoidal test-object

4. Conclusions

The application in the filtration process of an incoherent and spatially limited source of white light cau.ses
that the result of optical filtration (pseudocolour encoding) is influenced also by the spectral dlStI‘l?lltl(_)'n
in the light source and its shape. Consequently, the image colour depends on the position of the point Py
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and the local spatial frequencies £ of the filtered object. The colour saturation depends also upon the
source width Pg.

For these reasons, a complete description of this phenomenon may be first obtained when considering
the intensity distribution in the detection plane as a function of both spatial coordinates and spatial
frequencies of the object plane.
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