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ABSTRACT

Many models and methods commonly used in colorimetry have been incorporated to the study and knowledge of the
colorimetric properties in the reflection color holograms; these methods have reported the possibilities of color
reproduction in holograms. One method is based in calculating the color differences between the CIE-L*a*b*
coordinates of the original object compared to the same values obtained for the reconstructed hologram; these values are
calculated through the measurement of the spectral composition of the light in the reproduced hologram which are made
with spectrometers. Other methods are based in the use of cameras for the color measurement, although, they are not
commonly used for that ending in holography. This work presents the results of a comparative study between the use of
spectrometers and RGB digital cameras for the color measurement in holograms. The diffraction efficiency of the
holograms for a GretagMacbeth Colorchecker samples is measured through a spectrometer and their CIE-L*a*b*
coordinates are calculated; the color differences are also calculated by taking as theoretical values the coordinates of the
original object. A similar procedure is made by capturing the reconstructed images of the hologram through a CMOS-
RGB camera, which requires a linearizing and characterizing procedure. The RGB coordinates of the original object are
compared with the RGB coordinates of the reproduced hologram too.

Keywords: CIE-XYZ, CIE-L*a*b*, color reflection hologram, spectrometer, CMOS-RGB camera, diffraction
efficiency.

1. INTRODUCTION

The advancing of the methods for measuring the color reproducibility in holography have gained importance with the
developing of new techniques, materials and equipment for the color holograms recordings, examples of those are the
manufacturing of lasers which have available three primary wavelengths that are necessary for obtaining color (blue,
green and red), panchromatic register materials and more recently because of the developing of newer color holographic
displays, which is the case of the holographic stereoscopy.

In color holography, the images are registered through three lasers with different wavelengths (RGB) through an
interference process and on its reproduction the image is obtained as the result of a diffraction process of discretized
light sources, like lasers, RGB LEDs, or white light sources. By means of this procedure the color not only depends of
the spectral composition of the light source but also of the characteristics of the diffraction grids which conform the
hologram, while in the visualization and capturing of 2D images, the color is obtained and measured through the
absorption and reflection phenomena.

Many authors have proposed diverse methods which are mainly based in models that classically have been used in
colorimetry and employ instruments like spectrometers, colorimeters and spectroradiometers'>. By now, digital RGB
cameras have been used like colorimeters*; however, its use like a color measurement instrument has been not quite
studied. Anyhow, the case of interest is calculating the ability to reproduce the color or light source.

In this work, a comparative study is made between the use of spectrometers and RGB digital cameras for the color
measurement in holograms by calculating their chromatic reproduction index and color difference; the first one is
determinated by the distance between the chromaticity coordinates (a* and b*) of the original object and the same
coordinates for the reproduced image, this information is used to draw some vectors in the plane a*, b*; the second one
is calculated not only with the chromaticity coordinates but also with the luminance coordinate.
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2. COLOR MEASUREMENT IN HOLOGRAMS

The advancing in the methods for measuring the color reproducibility in holography have gained importance with the
developing of new techniques, materials and equipment for the color holograms recordings, examples of those are the
manufacturing of lasers which have available three primary wavelengths that are necessary for obtaining color (blue,
green and red), panchromatic register materials and more recently because of the developing of newer color holographic
displays, which is the case of the holographic stereoscopy.

2.1 Color measurement in holograms with spectrometer

A common method used for color measurement is based in calculating the CIE-L*a*b* color coordinates which can be
obtained by transforming the XYZ values, they represent lineal combinations between the reflectance of the sample
P (1), the spectral distribution of the employed illuminant E (1) and the color matching values x (L), y (A), z (A); so, XYZ
values and CIE-L*a*b* values can be given by’:

X = kmimE(/l)P(/I)x(/l) Y= ka"mE(z)P(/u () Z= kmimE(/l)P(ﬂ)z(/I) (1)

In this equation, P (A), E (A) are measured with a spectrometer, x (1), y (A), z (A) are pre-established values for color
measurement. The transformation between XYZ and CIE-L*a*b* is given by:

L¥=116f(Y/Y,)-16
a*=500[f(X/X,)- f(Y/Y,)] b*=200[f(Y/Y,)-f(Z/Z,)] @
If ©>0.008856 f(w)=0w"" Ifw<0.008856 f(w)=7.787w+(16/116)

Where k is a normalization constant and Xn, Yn, Zn are the XYZ values of the illuminant.

The color difference AE is a comparison made between the experimental CIE-L*a*b* values of the sample and its
theoretical values, it means that if the sample is acquired through a camera, scanner or illuminated under determinate
light source, its color coordinates would change; that is why these coordinates have to be compared with its original or
theoretical coordinates. The color difference can be represented in a diagram by drawing its experimental a* and b*
coordinates as a point on the plane and taking them to another point a* and b* which are the theoretical values; it will
form a vector, if its magnitude increase, it will represent a high color difference which means a poor reproducibility,
otherwise, if the magnitude is small, the instrument (RGB camera, scanner, or any kind of light source) has a high
reproducibility. The color difference is given by:

AE =JAL* + Aa® + Ab> 3)

The color measurement methods based in spectrometers were the first in being used for color measurement in
holograms®; this was necessary because of the advances presented in color holography, which required a method to
verify quantitatively the reproducibility of the reconstructed hologram. The employed methods are based in
spectrometers, colorimeters and in models that search for calculating the color coordinates and the color differences AE.
Basically, the usual configuration uses a sensor which measures the reflectance of the sample, in this case, is the
diffraction efficiency of the hologram, a source light that represents a standard illuminant or a source that reproduces the
hologram and an algorithm that calculate the values of (1), (2) and (3). Many authors have used this method'~, some of
them in order to know the adequate wavelengths for the recording of color holograms, and others to know the
reproducibility of the recording method®*®.

2.2 Color measurement in holograms with RGB camera

RGB cameras can be used as colorimeters too, because of the three values that they give as an answer of the three filters
that conform the color in this type of instruments; however, the RGB values that a camera gives are not the same XYZ
values that a colorimeter would usually present; also, the answer of a RGB camera is not lineal because of nonlinearities
that the manufacturer introduces in the instrument looking for to improve the signal to noise ratio; that is why a
linearization process is needed in the camera, after that, a characterization or transformation is made to convert the RGB
values to XYZ’.
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A linearization procedure of a RGB camera consists in generating a linear answer of the RGB channels of the camera
according to the light that arrives to the sensor'’, so, by measuring the reflectance P(X) of determined neutral samples
(gray samples), the answer of the sensor without linearization would be represented by:

R!:P}’ ':P}/ ':P7 (4)

Here, v is the non-linearity exponent of each one of the channels and that is the value to find out in order to perform the
correction of the non-linearity; these exponents are found through the minimum square method.

Once the camera is linearized, a characterization is required, which means to find a lineal or polynomial transformation
that converts the RGB values of the camera to XYZ for color measurement, this transformation is given by a matrix
which is found by means of a mapping of known XYZ values and their corresponding RGB values given by a camera.
That is:

A=D'T (5)

Here, D" is the pseudoinverse matrix of the RGB values which are given by the camera and T is the XYZ matrix which
values are known by means of a spectrometer. The D matrix could be linear or polynomial relationships of the way’'":

R G B
R G B RG RB GB 1 (6)

R G B RG RB GB R* G B* 1

3. EXPERIMENTAL ARRANGEMENT
3.1 Holograms Register

An experimental arrangement was implemented for recording reflection holograms of single beam, a superior view of
the configuration is shown in Figure (1) a. This arrangement uses a coherent RGB illumination system compound by
three lasers: R (He-Ne), G (DPSS) and B (DPSS), which correspond to the wavelengths of 632,8nm, 532nm and 473nm
respectively. The control of the transmitted intensity is made individually for each wavelength by means of variable
neutral density filters (NDF) which are located at the exit of each one of the lasers. The mixing of the three wavelengths
is made using the M1 mirror and two dichroic filters (DF1 and DF2); this produces at the exit a coherent beam of
“white” light of RGB components. With the mirrors M3a and M3b the beam is guided to obtain an illumination on the
plate and above the object, forming an angle 6 as seen in Figure (1) b. The recording was made in emulsions of ultrafine
grain Slavich PFG-03C and was revealed with CW-C2'".
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Figure 1. Scheme for recording reflection holograms of single beam'' (a) Upper View (b) Side View
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3.2 Color measurement arrangement with spectrometer

The arrangement for measuring color with spectrometer consisted in a light source which had three RGB lasers, the
hologram was the sample to be measured; a Newport IS Series Minispectrometer was used as the sensor and a fiber optic
arrangement coupled to it helped to capture the diffracted light of the sample. To make the measurements, the hologram
was illuminated to a 30° angle, just the same angle used for the recording; this arrangement is detailed in Figure (2). The
registered and analyzed object was the Macbeth Colorchecker Mini® card which is detailed in Figure (3), this card is
formed by 24 samples that include primary colors, compound colors and neutral or gray samples; their values CIE-
L*a*b* for D50 and RGB under D65 illuminant are known. To make the analysis, 5 samples were taken into account,
which, according to Figure (3) were the holograms of the colors: 13, 14, 15, 16 and 17; it means, the colors: blue, green,
red, yellow and magenta.
Dichroic Filters

Hologram or
Colorchecker

Blue Laser
CGreen Laser
Red Laser

Spectral distribution
curve or Acquired
Hologram Image

Figure 2. Schematic drawing for measuring color with spectrometer or camera

With the P(A) reflectance measured, the XYZ and CIE-L*a*b* values of the holograms were calculated through (1) and
(2). The configuration for measuring color on the physical card is the same like the used for the hologram, the
illumination, the measurement and calculating method are also the same. The color difference was found through (3),
where the theoretical CIE-L*a*b* values are the reported by the manufacturer of the card, or, they also could be the
CIE-L*a*b* values found for the physical card illuminated with the lasers; in both cases, the experimental values are the
found ones for the hologram through the mentioned method.

3.3 Measurement color arrangement with RGB camera

This arrangement is very similar as the one of Figure (2), the only difference is the sensor for the measurements, which,
in this case is a Thorlabs DCC1645C CMOS RGB Camera. The samples are the same as the used for the spectrometer, it
means, the hologram of the Colorchecker card and the physical card under the illumination of three RGB lasers. The
images of the holograms were captured for the samples 13 to 17, their RGB values were measured for the linearization
and characterization process in Matlab®, then, the CIE-L*a*b* values were calculated from (2). The color difference AE

was calculated in the same way as for the spectrometer.
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Figure 3. Macbeth Colorchecker Mini® with detailed numbered samples'?.

4. RESULTS

In the following figure, the images of the physical card and their respective holograms acquired with the CMOS-RGB
camera are shown.

16

Figure 4. (a) Upper: Acquired images for the physical card with RGB laser illumination. (b) Acquired images for the
hologram under the same illumination.

The color differences presented in Table 1 have been obtained between the measurement made on the hologram
illuminated with the RGB lasers as experimental values and the reported ones by the card manufacturer as theoretical
values illuminated under a D50 illuminant, the measured values for the physical card illuminated with RGB lasers were
also used as theoretical values and they are shown in Table 1 too. These measurements are presented for the
spectrometer and for the linearized-characterized camera as for the characterized-non linearized camera. It is notice that
the highest color differences obtained with the spectrometer correspond to the colors 13 and 17 which are samples blue
and magenta; that is because of the low capacity in the hologram to reproduce these colors.
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Table 1. Color differences between the CIE-L*a*b* experimental and theoretical coordinates calculated with spectrometer

and camera.
AE (Camera)
Sample AE (Spectrometer) T Without Linearization
With linearization process process
D50 RGB Laser D50 RGB Laser D50 RGB Laser
13 106,71 78,81 47,49 23,73 40,92 16,29
14 48,39 24,20 44,25 26,34 40,11 18,70
15 45,69 57,81 19,15 5,28 29,66 11,21
16 20,32 13,73 73,50 64,63 61,83 52,91
17 74,52 59,71 44,45 28,43 42,75 31,98

The differences between the chromaticity coordinates of the reproduced object and their theoretical values are
represented in a 2D graphic which represents the a*b* plane, these differences are drawn through vectors that
correspond to the distance between the theoretical and experimental chromaticity coordinates, these last ones are of the
reconstructed object. In Figure (5) these differences are represented for the mentioned samples (13 to 17), the theoretical
values are the finish points of the vectors and the experimental values are the starting points, it means, the measured
values for the reconstructed hologram. The assigned number to the vectors is the same for each sample; in this figure the
vectors for the linearized camera and for the spectrometer are drawn.
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Figure 5. (a) Comparison between the differences of chromaticity coordinates measured with the spectrometer and with the
linearized-characterized camera with the theoretical values reported by the manufacturer card (D50 Illuminant). (b)
Differences for the spectrometer and the linearized-characterized camera as experimental values with chromaticity values
for the physical card as theoretical coordinates.

According to the last figures, the chromaticity color difference is smaller for the samples when are measured with the
camera instead of the spectrometer. According to Table 1, it is observed that for the camera as a measuring method, the
non-linearized values have a better behavior than the linearized. Specifically the sample number 15, which is the red one,
presents the smallest difference for both methods: camera and spectrometer; this behavior is expected because of the
spectral composition of the reconstructed image, which presents a red coloration in all the samples and it can be seen in
Figure (1).

Although the camera seems to be a good method for measuring color in holograms, the parameters of the camera have to
be characterized and checked in order to get better measurements and having more concluding reasons to define the best
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method. That is because of the results observed on the graphics of Figure (6), in which the gains of the channels have to
be modified because of the low RGB values of the camera for the hologram compared with the RGB values reported for
the manufacturer of the card for the same samples under a D65 illuminant.
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Figure 6. Comparisons between the RGB values of the hologram illuminated with the lasers versus the RGB values of the
physical card reported for the manufacturer with a D65 illuminant.

5. CONCLUSIONS AND FUTURE WORK

It was found that the method that works the best is the characterized camera, which is because of the color difference
calculated for this sensor which is smaller than for the spectrometer.

By making a comparison between the calculated color differences taking as theoretical values the CIE-L*a*b*
coordinates reported by the manufacturer of the card with D50 illuminant with the differences calculated taking as
theoretical values the card illuminated with RGB lasers, and as experimental values the CIE-L*a*b* coordinates of the
reconstructed hologram illuminated with the same lasers, it was found that taking as theoretical values the card
illuminated with lasers reported the smaller color differences; that was something to expect because of the selection of
the illuminant which is a determinant factor for the color measurement.

The reported color differences with camera and spectrometer depend also on the evaluated sample: the recorded and
reconstructed hologram with RGB lasers present a high spectral composition to the red colors, which is why the smallest
color differences were found for the 15 sample which is a red color. It is important to notice that the low reproducibility
of the color is related to the final characteristics of the hologram, regardless the evaluated measurement methods,
because both of them were consistent for the color difference of the same sample.
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By evaluating the obtained results with the camera as a method of color measurement, it was found that the linearized
camera presented bigger color differences compared to the non-linearized camera.

In general, for the camera, the experimental RGB values of the hologram presented lower values by comparing them
with the RGB values of the same samples reported by the manufacturer of the card; which can be seen in the low
intensity of light that comes from the hologram; as a special case, it was found that the green channel (G) is the lowest of
the three channels, which affects the measurement in samples who have a high composition to these spectral
wavelengths, that was observed in the sample number 16 that corresponds to a yellow color, and presented the highest
color difference for the camera as a color measurement method, which means that the green channel gain is too low
while the red channel gain is too high.

In order of having a closer comparison to the theoretical values of the card reported by the manufacturer, it is important
for future works, the use of a D50 or D65 illuminant in the color measurement process of holograms, which is achieved
by obtaining holograms with higher diffraction efficiency. For the measurements with the camera, the transformation
matrix has to be calculated under physical samples different to the recorded ones, in order to know how does it affect the
CIE-L*a*b* values of the hologram when they are calculated under this kind of matrix.
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