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ABSTRACT

The spectral integrator at the University of Oslo consists of a lamp whose light is dispersed into a spectrum by
means of a prism. Using a transmissive LCD panel controlled by a computer, certain fractions of the light in
different parts of the spectrum is masked out. The remaining spectrum is integrated and the resulting colored
light projected onto a dispersing plate. Attached to the computer is also a spectroradiometer measuring the
projected light, thus making the spectral integrator a closed-loop system. One main challenge is the generation
of stimuli of arbitrary spectral power distributions. We have solved this by means of a computational calibration
routine: Vertical lines of pixels within the spectral window of the LCD panel are opened successively and the
resulting spectral power distribution on the dispersing plate is measured. A similar procedure for the horizontal
lines gives, under certain assumptions, the contribution from each opened pixel. Hereby, light of any spectral
power distribution can be generated by means of a fast iterative heuristic search algorithm. The apparatus is
convenient for research within the fields of color vision, color appearance modelling, multispectral color imaging,
and spectral characterization of devices ranging from digital cameras to solar cell panels.
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1. INTRODUCTION

In modern color research, the most used equipment for generating colors is the color monitor. By means of an
attached PC unit a color image of almost any spatial or temporal specification may be displayed on the monitor.
The obvious shortcomings, however, are the monitor’s limited color gamut and the fact that no metamers can be
generated using it. These deficiencies make the color monitor an inappropriate tool within certain fields of color
science, such as color-matching experiments and multispectral imaging. In these latter fields, the colorimetric
characteristics of the light are, by necessity, insufficient as quality factors. What is needed for a proper treatment
is spectral information, and in this respect the ideal equipment will be an instrument able of generating (within
natural limits) light of any specified intensity and spectral composition. In a work by Hauta-Kasari et al.1 a
spectral synthesizer constructed to synthesize the lights corresponding to a low-dimentional color filter set is
described: Collimated light incident on a concave diffraction grating is reflected and further dispersed onto a
transmissive LCD panel placed in the focal plane of the concave grating. By computerized control of the LCD
pixels, certain parts of apparent color spectrum is masked out, and finally the remaining transmitted light is
remixed by means of a second concave grating. Although suitable for the purpose mentioned, a major drawback
of a spectral synthesizer based on concave gratings is the huge intensity loss involved in such kind of dispersion.
For the more general uses high intensities are needed in order to obtain small bandwidths while still staying
above visual tresholds and noise.

An construction meeting these requirements is a apparatus that utilizes highly refractive prisms in place
of diffraction gratings. This kind of instrument, a so-called spectral integrator, was first constructed in Basel
(Switzerland) in 1968.2–4 Four years later an upgraded version was build at the University of Oslo.5 With this,
one could in principle create a large number of spectra, but since each spectrum had to be masked out by
manually cut and mounted masks, the spectra generated were in practise limited to those of optimal colors.
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In order to make more complex experiments feasible, a further upgrade of the Oslo spectral integrator has
recently been made.6, 7 For the masking purpose a LCD panel has been placed into the integrator, and for the
control of the LCD pixels and the automation of the spectral recordings a special software has been developed.8

Although there are still improvements under conciderations, the aim of the present work is to give a brief
decription of this new upgrade. Wheras the design of the spectral integrator is sketched in Section 2, Section 3
gives an outline of the new software (with particular focus on the calibration algoritm). Exampels of potential
applications of the spectral integrator are described briefly in Section 4. In the conluding Section 5 a proposal
for future work is put forward.

2. THE SPECTRAL INTEGRATOR

A principal sketch of the spectral integrator is shown in Figure 1. The light source of the integrator is a high
efficiency short-arc xenon lamp (2500W). This is placed in a specially designed lamphouse (L). From the house,
two beams of light (solid and dashed lines) are tracked along two diagonal-symmetrical branches of an optical
bench. The primary beam (solid line) is initially focused onto a water-cooled slit (S) by means of an aspherical
condensor lens (C1) positioned at the beam’s exit from the lamphouse. Immediately after the slit, the beam
is condensed by another condensor lens (C2) and thereafter let through a collimator (Co) whose function is to
make the light rays parallel. The parallel light is then dispersed through two 60 degree prisms (P1 and P2), and
by means of a third condensing lens (C3), a sharp image of the slit aperture (S) is focused onto a transmissive
monochrome LCD panel (LCD) lying in the focal plane of this lens. Due to the dispersion, this image forms a
full color spectrum. By manipulating the pixels of the LCD panel, one can now control what fractions of the
light should be let through the panel in the different parts of the spectrum. The condensing lens in front of the
LCD panel has a double function in that it also images the exit aperture of the second prism (corresponding to
the natural enclosure of the light beam leaving the prism) onto a dispersing plate (D) in front of the integrator.
Though being, spatially, an image of the exit aperture of the second prism, the field of light focused on the
dispersing plate will generally be of a color different from that of the exit aperture itself.

As an option, a biprism (B) may be inserted immediately after the second prism so that two color spectra
are projected onto the LCD panel. By manipulating the LCD pixels in each region independently, two spectra of
different spectral power distributions are transmitted. Thus, when the third condensor lens is positioned so that
an image of the biprism is focused on the dispersing plate, what is seen is a bipartite field whose two halves, in
general, are of a different color. By letting the LCD pixels be manipulated by movements of a PC-mouse, typical
color-matching experiments can now be performed. By using the other branch of the optical bench (dashed line)
to generate a field that surrounds the bipartite image of the biprism, it will, in this respect, also be possible to
perform color-matching experiments under various adaptation conditions.

A vital part of the spectral integrator is the spectroradiometer (R) that is integrated with the optical ta-
ble through an administrative PC unit (PC). Being managed by a computer, the spectroradiometer measures
the various color stimuli automatically, without any manual reading or mechanical manipulation. Moreover,
all measured data, including the spectral power distributions, are sorted and saved into files for further treat-
ment/computation. As a result of the integrated design, the precision achieved both in the generation of light
sources/stimuli and in the measurements of spectroradiometric data is significantly improved relative to the
presision achieved by means of a manually controlled integrator (former version).

A detail of the spectral integrator in Oslo showing the mirror, LCD panel, and the dispersing plate is shown
in Figure 2. The transmissive LCD panel seen uses an analog PAL video interface controlled from a Windows.
In a future upgrade of the instrument, this will be replaced by a more accurate LCD panel, using digital input
signals.

3. USING THE SPECTRAL INTEGRATOR FOR STIMULUS GENERATION

The spectral integrator is already a powerful instrument in itself. However, since there is no direct relation
between the opened pixels of the LCD panel and the spectrum generated, and since the measurements taken by
the spectroradiometer has to be recorded somehow, using it for real research is tedious. In order to cope with
this, a software for controlling the spectral integrator has been developed.



Figure 1. Principal sketch of the spectral integrator. (L) lamphouse, (C1)–(C3) condensor lenses, (S) water-cooled slit,
(Co) collimator, (P1)–(P2) dispersing prisms, (LCD) transmissive LCD panel, (D) dispersing plate, (B) biprism (optional),
(R) spectroradiometer, (PC) administrative PC unit.

First, a short description of the software architecture is given. Then details about characterizing and cali-
brating the spectral integrator are described in more detail.

3.1. Software Architecture

The executive software for the spectral integrator has been developed in Microsoft Visual Studio .NET using
C++ as the development language.8 This gives the necessary flexibility to create a graphical user interface (GUI),
as well as for communicating with external devices such as the additional LCD panel and the spectroradiometer
through the serial port. It also gives the necessary speed for performing the calculations needed for generating
arbitrary spectral power distributions (cf. Sections 3.2–3.3).

The software is constructed as a kernel with surrounding modules. The kernel is a stand-alone Windows
application, whereas the modules are implemented as DLL files which are loaded at startup. The kernel is
responsible for the overall GUI as well as for facilitating communication between the modules. The modules are
responsible for different subtasks, and all of the modules provide their own GUI which are included in the total
GUI by the kernel.

An overall view of the software architecture is shown in Figure 3. The responsibilities of the different modules
are as follows:

Spectroradiometer module: This module communicates with the spectroradiometer through the serial port.
The spectroradiometer is configured, measurements requested, and results communicated.



Figure 2. A detailed view of the spectral integrator prototype at UiO (from right) a lens, the transmissive LCD panel
with two spectra, a mirror, and the dispersing plate onto which the resulting colored light is projected.

Calibration module: This module communicates with both the spectroradiometer module and the spectral
integrator module. It asks the spectral integrator module to open certain pixels, and then asks the spec-
troradiometer module to measure the resulting spectrum. In this way, all data needed for the construction
of the model presented in Section 3.2 are obtained.

Spectral integrator module: This module is responsible of drawing the image on the LCD panel. This can
be achieved in two ways. Either, pixels can be opened individually, or a spectral power distribution can be
specified. In the latter case, data from the calibration module are used in conjunction with the algorithm
presented in Section 3.3.

Color matching module: This module is used for constructing color matching experiments. One reference
spectral power distribution and three primary spectral power distributions can be specified. Using the
input device module, the user can adjust the weights of the primaries in order to obtain color match.

Input device module: This module is in charge of communicating with the external input device used in the
color matching experiments.

Primary generator module: This module is used for generating Gaussian shaped spectral power distributions.

Script parser module: When large experiments are to be performed, it is convenient to describe them through
scripts. The script parser module can be used for generating such scripts utilizing the functionality supplied
by all the other modules.

3.2. Characterizing the Spectral Integrator

The position of the spectrum on the LCD panel is determined by means of a binary search algorithm. First, all
pixels are closed and the total energy is measured and recorded. Then, half of the panel is opened. If the energy
is significantly different from the energy of the black screen, we assume that at least some part of the spectrum
is inside the opened area. In this manner, we continue reducing the size of the opened part recursively until
the edge of the spectrum is found. The same procedure is applied for the other three edges of the spectrum.
In this way, a window N pixels wide and M pixels high is found. Typical values for the present configuration
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Figure 3. Overall architecture for the executive software for the spectral integrator. See Section 3.1 for details.

of the spectral integrator is M ∼ 100 and N ∼ 200. However, it is often convenient to combine several pixels
into bigger pixel blocks consisting of, e.g., 2× 2 real pixels. This is done both in order to reduce computational
complexity, as well as to reduce the errors resulting from the analog PAL communication with the LCD panel.
The use of blocks instead of real pixels does not affect the way we construct the algorithms below, so we will
continue to refer to pixels although we might mean pixel blocks.

Spectral power distributions are in nature continuous functions of the wavelength, e.g., s(λ). For practical
purposes, the intensity of the spectral power distribution is sampled at chosen wavelengths, hence, the spectrum
can be represented by a vector. In this and the following section, we will use bold face characters to denote
vectors, e.g., s.

The black spectrum, b, is obtained by closing all pixels of the LCD panel, b being an L × 1 column vector,
L being the number of samples. With our spectroradiometer, the spectrum is sampled at every nanometer from
380 nm to 700 nm, hence L = 321. Similarly, the white spectrum is achieved by opening all pixels in the recently
found M × N window of the LCD panel. Example black and white spectra are shown in Figure 4.

Then the so-called aperture functions are found by successively opening vertical lines of pixels and measuring
the resulting spectral power distribution. The aperture functions are denoted aj , j = 1, . . . , N . We remove the
black spectrum to obtain

aj = aj − b,

and collect the aperture functions into the L × N matrix

A = [a1 . . .aN ].

Example aperture functions are shown in Figure 4 for linewidths of two and five pixels. The plots show that
the bandwidth is quite similar for two and five pixels, indicating that it is the size of the slit immediately after
the light source, and not the width of the lines on the LCD panel, which gives the main contribution to the
bandwidth.

Since the spectrum is not homogeneously distributed vertically over the LCD panel, a similar procedure is
applied for horizontal lines. For each horizontal line opened, a spectrum similar to (but lower in intensity than)
the white spectrum is achieved. These white spectra are denoted vi, i = 1, . . . , M . Again, the black spectrum is
removed:

vi = vi − b.
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(a) Example black spectrum obtained by closing all
pixels of the window on the LCD panel.
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(b) Example white spectrum obtained by opening all
pixels of the window on the LCD panel. The dashed
line shows the black spectrum for comparison.
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(c) Example aperture functions for two pixels wide
vertical lines.
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(d) Example aperture functions for five pixels wide
vertical lines.

Figure 4. Spectral properties of the spectral integrator.



These white measurements will be used as weight factors for calculating the resulting spectrum from the aperture
functions. We are, however, not interested in the weight as a function of the wavelength (index of vi), but instead
as a function of the pixel position. We can achieve this by locating the maxima for the aperture functions,

kj = arg max(aj).

The corresponding white measurements are then collected into a M × N weight matrix W whose components
are given by the kjth element of vi,

Wij = (vi)kj
.

Finally, the weight matrix is normalized according to

W ij =
Wij∑
i Wij

in order to have
∑

i W ij = 1. W ij now gives the contribution from pixel ij to the aperture function aj , and the
spectrum achieved by opening pixel ij is thus given as sij = W ijaj +b (the black noise b is removed from every
aperture function, and added once for the resulting spectrum).

When a spectrum is to be constructed using the spectral integrator, the best control is obtained by opening
neighboring pixels of the LCD panel, starting from the central horisontal line. In this way, the central part
of the LCD panel – where the spectrum is most homogeneous – is used the most, and possible effects of pixel
boundaries are reduced. Hence, an LCD image (a subset of all pixels) can be described by an N × 1 vector m,
where mj ∈ {0, 1, . . . , M} is the number of pixels opened at the vertical line number j starting from the central
horisontal line and expanding in both directions. The weights of the various aperture functions are then given
by the N × 1 vector wm whosecomponents are obtained by summing the weights of the opened pixels,

(wm)j =

b(M−mj )/2c+mj∑

i=b(M−mj )/2c

W ij .

For a given LCD image described by m, the resulting spectrum can be calculated as

s = Awm + b. (1)

3.3. Generation of Arbitrary Stimuli

In the previous section we deduced the forward model, i.e., the method for calculating the resulting spectral
power distribution from a given image on the LCD panel as specified by the LCD vector m. However, we are
mainly interested in the reverse model, i.e., specifying a spectrum, s

′, and finding the vector m which results in
a spectrum as close to that as possible. This can be done by, e.g., minimizing

||s′ − s|| = ||s′ − (Awm + b)||

with respect to m. This is a standard non-linear constrained N-dimensional combinatorial optimization problem,
and several algorithms for solving it are known.9 However, such algorithms are generally quite time consuming
and do not exploit a priori information. For color matching experiments (see Section 4.1), it is of utmost
importance that spectra can be generated in real-time, giving a maximum of 40 ms (corresponding to 25 frames
per second) for performing the optimization. We therefore developed the following heuristic search algorithm:

Start by setting l = 1 and ml = 0. The iterative algorithm then proceeds as follows:

1. Compute the spectrum sl from the current estimate of ml according to Equation (1).

2. Compute the difference spectrum, dl = s
′ − sl.

3. For every component (dl)k of dl, find the aperture function aj minimizing |k − arg max(aj)|. Construct
the N × 1 vector ∆ml with components given by (∆mi)j =

∑
k(aj)k/M .



4. The components of ∆ml are real numbers, whereas the number of pixels to open or close must be a natural
number. Experiments have shown that a simple round-off of the real numbers can lead to quite large
systematic errors and cause the iterative algorithm to converge prematurely. Therefore, the rounding is
performed in a manner inspired by so-called error diffusion algorithms: The first component of ∆ml is
rounded towards the nearest integer, and the round-off error is added to the neighboring component. In
order to further reduce systematic errors, the error diffusion is performed alternately in the two directions
through the vector ∆nl depending on whether l is even or odd. The vector rounded in this manner is
denoted ∆ml.

5. Update the estimate of m according to ml+1 = min(max(ml + ∆ml, 0), M).

6. If ml+1 6= ml, increase l and iterate from 1, else ml+1 is accepted as the best estimate for the LCD image.

The algorithm works in real-time. For simple smooth spectra, the number of iterations is typically about
five, whereas for complex spectra with sharp edges, the number of iterations can approach twenty. In Figure 5,
examples of spectral power distributions generated with the algorithm are shown. The plots show the specified
spectrum, s

′ (shown as solid lines), the calculated closest match, s (shown as dashed lines) and the measured
resulting spectrum, m (shown as dash-dot lines). The difference between the calculated closest match and the
measured spectrum results mainly from the assumptions made for the forward model from Section 3.2, whereas
the difference between the specified and the calculated closest match stems both from the algorithm presented
above and from the physical limitations inherent to the equipment itself. For example, it is impossible to generate
a higher intensity than that provided by the lamp (filtered through the optics), and this is the reason for the
lack of intensity in the blue part (short wavelengths) of the spectrum. In the red part of the spectrum (long
wavelengths), the unevenness in the generated spectra is considerably higher than in the other parts of the
spectrum. This is related to the two facts that (1) the light source has considerably more spikes in this part of
the spectrum, and that (2) the dispersion is weak in this part of the spectrum, increasing the bandwidth of the
aperture functions and reducing the possibility of controlling the resulting spectral power distribution.

4. POTENTIAL APPLICATIONS

With a spectral integrator of the kind described above, the potential applications are numerous. At UiO and
HiG projects of particular interest fall into the three categories of colorimetry (4.1 through 4.3), imaging (4.4
and 4.5), and light sensor characterization (4.5 and 4.6).

4.1. Transformability of Color-Matching Functions

In a series of articles, W. A. Thornton10 has questioned the assumption of linearity that found the basis of
standard colorimetry. Challenged by this, the International Commission on Illumination (CIE) has established
a technical committee whose mandate is to test if the transformability assumption holds true.11 Plans have
been made for a more elaborate investigation in which the transformability can be tested in detail. The spectral
integrator facilitate functions which make it possible to run color-matching experiments yielding enough data
for a thorough investigation.

4.2. Metamerism

The study of metamerism is a topic in color and lighting industry. Though CRT monitors have shown powerful
in color vision studies, metameric colors cannot be produced on these. The spectral integrator, however, is
particularly well-suited for this kind of studies.

4.3. Chromatic Adaptation and Color Appearance Modeling

A color appearance model (CAM)12 provides a viewing condition specific means for transforming tristimulus
values to or from perceptual attribute correlates. The two major pieces of such a model are a chromatic adaptation
transform13, 14 and equations for computing correlates of perceptual attributes, such as brightness, lightness,
chroma, saturation, colorfulness, and hue.15 Color Appearance Models are capable of predicting color appearance
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(a) CIE light source D65 as specified, calculated,
and measured.
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(b) CIE light source A as specified, calculated, and
measured.
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(c) CIE light source E as specified, calculated, and
measured.
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(d) Box shaped spectrum as specified, calculated,
and measured.

Figure 5. Generated stimuli using the proposed heuristic search algorithm.



under a variety of viewing conditions, including different light sources, luminance levels, surrounds, and lightness
of background, and are potentially a useful tool for achieving successful cross-media color reproduction.

The spectral integrator makes more detailed studies of these effects feasible. Using two LCD panels, one
in each branch of the optical bench, it will be possible to specify exactly the spectral power distribution of
both center and surround of a visual test field, and thus to study the effects of chromatic adaptation on both
color-matching functions and color-sensation thresholds.

4.4. Multispectral Image Acquisition

For digital image acquisition and reproduction, three-channel images have several limitations, in particular
because of metamerism. By augmenting the number of channels in the image acquisition and reproduction
beyond three, we can remedy these problems, and thus increase the color image quality significantly. This is the
basic idea of multispectral color imaging.

The most commonly used principle for acquisition of multispectral color images is to use a monochrome
CCD camera coupled with an electronically tunable filter (LCTF).16, 17 However, the flexibility in choosing the
spectral transmissivity of such filters leaves much to be wished for. With the spectral integrator, it is possible
to completely omit the filter, and instead use the integrator as a light source with extremely flexible spectral
properties. A similar technique has been used by Hauta-Kasari et al.18 where the spectral light was produced
using concave gratings, LC-panel and polarizers.

4.5. Spectral Characterization of Digital Cameras

In order to properly calibrate an electronic camera it is necessary to know the spectral sensitivity of the camera.
It is possible to estimate the sensitivity indirectly by acquiring a set of samples of known spectral reflectances,
and by inverting the resulting system of linear equations.19 In the presence of noise, this system inversion is
not straightforward. A more robust method consists in measuring the camera response when exposed to a set
of calibrated nearly monochromatic light stimuli.20 The spectral integrator may be an adequate device for such
purposes.

4.6. Solar Cell Characterization

The ultimate method to test the overall performance of solar cells is outdoor exposure. However, reliable and
reproducible results can only be obtained with solar simulators whose illumination conditions are designed to
match an internationally standardized solar spectrum.

Commercially available solar simulators usually use a xenon arc lamp in conjunction with a spectral correction
filter which approaches the terrestrial solar spectrum such that it is good enough for many applications.21, 22 It
is possible that the spectral integrator can offer a more precise simulation of the solar spectrum, and that it
therefore can be used for research and development of solar cells.

5. CONCLUSION AND FURTHER WORK

During the last decades, a spectral integrator has been built at the University of Oslo. The spectral integrator
has now been extended with an executive software which through a fast iterative algorithm makes feasible the
construction of arbitrary spectral power distributions with good precision. Combined with this software, the
spectral integrator has applications to a wide range of fields, which will be investigated in the future.

In order to improve the properties of the spectral integrator, further investigations are planned. For generation
of high precision spectra, the spectroradiometer measurements can be included in the iterative algorithm from
Section 3.3 in step 1 instead of using Equation (1). This will of course make the algorithm much slower, but
will be useful for generating high precision spectral stimuli. Furthermore, the behavior of the heuristic search
algorithm must be tested against well established (and slower) optimization algorithms, e.g., the simulated
annealing algorithm. There is a possibility that the level of precision of the algorithm itself could be improved
without compromising on the real-time requirement.
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