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ABSTRACT

The color accuracy of conventional RGB cameras is not sufficient for many color-critical applications. One of
these applications, namely the measurement of color defects in yarns, is why Prof. Til Aach and the Institute
of Image Processing and Computer Vision (RWTH Aachen University, Germany) started off with multispectral
imaging. The first acquisition device was a camera using a monochrome sensor and seven bandpass color filters
positioned sequentially in front of it. The camera allowed sampling the visible wavelength range more accurately
and reconstructing the spectra for each acquired image position.

An overview will be given over several optical and imaging aspects of the multispectral camera that have
been investigated. For instance, optical aberrations caused by filters and camera lens deteriorate the quality of
captured multispectral images. The different aberrations were analyzed thoroughly and compensated based on
models for the optical elements and the imaging chain by utilizing image processing. With this compensation,
geometrical distortions disappear and sharpness is enhanced, without reducing the color accuracy of multispectral
images.

Strong foundations in multispectral imaging were laid and a fruitful cooperation was initiated with Prof.
Bernhard Hill. Current research topics like stereo multispectral imaging and goniometric multispectral measure-
ments that are further explored with his expertise will also be presented in this work.

Keywords: Multispectral imaging, multispectral camera, filter wheel camera, filter aberrations, chromatic
aberrations, stereo multispectral imaging.

1. INTRODUCTION

Conventional RGB cameras cannot be utilized for applications where an accurate color acquisition is required,
e.g. for the measurement of textile colors, prints or car paints. This is due to their three broadband sensitivity
functions that are not a linear combination of sensitivity functions of the CIE observer and do not fulfill the
Luther rule1. So, no accurate acquisition of color is possible with RGB cameras. In contrast, multispectral
cameras sample more finely the spectral stimuli with several color channels. For practical implementation, a
monochrome sensor can be utilized with a liquid-crystal tunable filter or with optical bandpass filters2–5 or an
RGB sensor can be utilized with color filters6.

The first multispectral camera utilized at the Institute is composed of a monochrome camera and a filter wheel
with 7 bandpass color filters positioned between the sensor and the system objective lens, see Fig. (1a). For a
complete multispectral image, 7 images are thus acquired sequentially. The color filters have central wavelengths
from 400 nm to 700 nm in 50 nm steps and bandwidths of ca. 40 nm. The camera sensitivity obtained with these
optical filters is shown in Fig. (1b). When the sensitivity is known, e.g., by measuring it with a monochromator7,
the remission spectra of the scene can be reconstructed using a Wiener inverse for instance. This means that a
scene can be acquired with a high spatial resolution and reconstructed spectrally with a high accuracy. Recently,
a new multispectral camera with 19 bandpass filters working similarly has joined the multispectral laboratory,
with filter central wavelengths from 400 nm to 760 nm in 20 nm steps8.

Apart from the complete images with high color accuracy provided by such filter wheel multispectral cameras,
their major drawback is the optical aberrations appearing because the optical filters are in the ray path and
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Figure 1: (a) Our multispectral camera with filter wheel and objective lens and (b) sensitivity of its 7 color
channels.

modify it. This means that for each color filter, the focus plane is shifted and the image points are displaced.
When the color channels, i.e., the images acquired with each color filter, are merged together in order to obtain a
multispectral image, different problems appear. The images are not exactly aligned and do not present the same
sharpness, resulting in color fringes and blurry edges. In the past years, these aberrations as well as applications
of multispectral imaging have been analyzed by Prof. Aach and his team.

In this work, we summarize our main achievements concerning multispectral imaging and imaging processing,
and interesting literature can be found in previous work. We first expose the work concerning the aberrations
that appear in images from multispectral cameras and how they are optimally modeled and compensated. These
results reduce the transversal as well as the longitudinal aberrations. Other issues concerning multispectral
imaging have been studied but are not discussed here, for instance multispectral high dynamic range imaging9,10,
multispectral acquisition with flash light source11 or multispectral imaging with a particular color filter array12.
The last section before the conclusions refers to research topics that continued to be developed at the Institute
with Prof. Hill13: stereo multispectral imaging and multispectral goniometric measurements.

2. TRANSVERSAL ABERRATIONS

In multispectral camera featuring a filter wheel, optical aberration cannot be avoided. They are caused by the
color filters that have slightly different thicknesses, refraction indices and tilt angles and by the objective lens.
In the following, we show our useful results concerning the transversal components of these aberrations, i.e., the
components along the sensor plane, and their successful modeling and compensation.

2.1 Filter aberrations

The filters placed in the filter wheel of the multispectral camera cause aberrations by deviating the rays passing
through them14–16. An optical model has been developed for these aberrations and is based on a pinhole camera
model for the objective lens and on a plane parallel plate for the color filter. A given object point would be
imaged on the position P if no color filter was additionally used. But with the bandpass filter in the ray path, the
image point is distorted to the position P′. As stated by Brauers et al.14,15, displacement between the distorted
point P′ and the undistorted image point P is the sum of a position-dependent displacement depending on the
image position P and of a global displacement for the whole image.

The transversal filter aberrations appearing with an optical filter f1 relative to another filter f2 follow a
similar model, since the filters have different tilt angles, thicknesses or refraction indices. The relative aberrations
between the image position P1 obtained with filter f1 and the image position P2 with filter f2 is the sum of
two terms: a displacement depending on P1 and a global shift. During a multispectral acquisition, a reference
channel is thus chosen, for instance the channel using the filter with central wavelength 550 nm in the middle of
the visible wavelength range. The aberrations of the other channels utilizing the other bandpass filters are then
calculated relative to this reference channel. In the compensated multispectral image, all the color channels are
corrected so that their image points match the image points of the reference channel.
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Figure 2: Transversal aberrations for channel 500 nm relative to channel 550 nm. The shifts measured separately
for each block of the image are marked with red vectors and the aberrations obtained by interpolating the model
over the whole image with black vectors. From [14].

For the measurement of filters aberrations, the image is first subdivided into blocks. The displacement of each
block is then calculated relative to the reference channel. Based on the block displacements, the parameters of
the model for transversal aberrations are then approximated for the whole image plane. A RANSAC algorithm
is utilized for this step, thus ensuring that blocks where the calculated displacements were erroneous are not
taken into account for the global aberrations model. The matching algorithm for the block displacements uses
mutual information as a similarity measure. More details can be found in previous work14–16.

Aberrations calculated with this algorithm are shown in Fig. (2). The displacements calculated for each block
separately are marked with red vectors and the adjustment of the optical model for the whole image following
these data are marked with black vectors. The lengths of the vectors are written on the isolines, in pixels. After
compensation of multispectral images using this algorithm for modeling and measurement, no color fringe remain
at edges of objects, see Fig. (5a)-(b).

Additionally, an algorithm that enables both filters aberrations and lens distortions to be measured and
compensated has been developed16. The aberrations can be corrected simultaneously using a specific target in
such a way that color fringes vanish and the images are geometrically corrected. In the previously explained
algorithm, on the contrary, the aberrations can be measured for any type of scene, as long as enough texture is
available.

2.2 Chromatic aberrations

Another important source of transversal aberrations is the system objective lens responsible for chromatic aber-
rations. We first measured these aberrations accurately by illuminating a checkerboard pattern with different
bandpass light sources: we utilized a broadband light source and placed in front of it the 7 bandpass color filters
one after another. The utilized camera was a common monochrome camera and the corners in the checkerboard
pattern were detected in the different images. Their displacements corresponded to the chromatic aberrations,
since no other element than the light source was modified in the acquisition system17. The light source with the
bandpass color filter of central wavelength 700 nm was taken as a reference, and the distortions for the other
light sources are shown in Fig. (3) as a vector field.

Several existing models were compared to approximate chromatic aberrations and as a new feature, the
wavelength-dependency of their parameters was highlighted. This led to a new, position and wavelength-
dependent model for transversal chromatic aberrations18. After compensation of chromatic aberrations using
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Figure 3: (a) Chromatic aberrations for six wavelengths from 418 to 650 nm measured with respect to the
wavelength 700 nm. The region in the black box is enlarged in (b). From [18].

this model, the mean error of the corners positions measured between the reference and the compensated image
was 0.056 pixels and the maximum error 0.185 pixels. Even the compensation of aberrations in a wavelength
range that was missing during the calibration step was possible.

2.3 Alternative position of filters

The transversal aberrations for a filter wheel camera where the filters are positioned between the sensor and the
objective lens (setup in Fig. (4a)) have been explained previously. Here, we additionally measured and modeled
the aberrations appearing when the filter wheel is in front of the objective lens (setup in Fig. (4b)) in order to
compare both types of filter wheel multispectral cameras.
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Figure 4: Two possible configurations for filter wheel multispectral cameras: the color filters can either be
between the sensor and the objective lens (a) or in front of the objective lens (b). From [19].

If the filter wheel is positioned in front of the objective lens, the rays originating from the acquired scene are
distorted first by the filter aberrations and then by the chromatic aberrations of the objective lens. The complete
model for the aberrations gave results similar to those for aberrations appearing when the filter wheel is placed
between sensor and objective lens19. Simulations as well as real acquisitions corroborated the model developed:
the mean pixel error between measured aberrations and aberrations calculated according to the model were only
0.0070 pixels for the simulations and 0.2035 pixels for the real acquisitions.

Parts of multispectral images acquired with the two setups presented in Fig. (4) are shown in Fig. (5). Similar
errors can be seen in the form of color fringes in the original multispectral images (Fig. (5a) and (c)). But after
compensation using the two models developed, no remaining error can be seen (Fig. (5b) and (d)).

3. LONGITUDINAL ABERRATIONS

The aberrations appearing in multispectral cameras featuring a filter also show longitudinal components, i.e.,
along the optical axis of the camera, since the focal plane is shifted with the introduction of a color filter in
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Figure 5: Selected regions of a multispectral acquisition presenting transversal filter aberrations (a) for filters
between sensor and objective lens and (c) for filters in front of the objective lens. These aberrations are then
well corrected to obtain images (b) and (d), respectively. The compensated images do not exhibit any remaining
aberration. Each region represents an area of 61 × 61 pixels. From [19].

the ray path. The solution elaborated here consists in measuring the point spread function (PSF) of the optical
system and deconvolving the original image using this PSF. This solution turned out to be better than just
utilizing parameterized PSF like Gauss functions, since the form of the PSF does not obey to any straightforward
function20.

Figure 6: A PSF calculated for an image block (left) and the position of the corresponding block in the image
that contains 10 × 16 blocks (right). Adapted from [21].

The PSF was estimated using a noise pattern that was acquired for the calibration. A pattern with white
Gaussian noise has a distinctive feature: it shows a homogeneous representation in the frequency domain, covering
all the frequency components. For this reason, the optical transfer function (OTF), which is the PSF in the
frequency domain, can be calculated by a straightforward division of the Fourier representation of the image
containing longitudinal aberrations by the Fourier representation of the reference image of noise21. Once the
PSF is calculated for all the image blocks, several post-processing steps are utilized to get rid of the noise.

Simulation of longitudinal aberrations with a state-of-the art simulation software showed that the PSF is
a function depending on the position in the image plane20. For this reason, the PSF was calculated for small
blocks of the image. In each block, the function is slightly different, as can be seen in Fig. (6). The image is
divided into 10 × 16 blocks and the values of the PSFs are coded with colors, with low values in white and high
values in black. For instance, the PSFs in the upper left part of the image have their peaks in the upper left
direction, and the PSFs in the lower right part of the image have lower peaks in the right direction. The results
of this algorithms compensating longitudinal aberrations are shown in Fig. (7). The sharp noise pattern (lower



part) is utilized with the acquisition (left part) to calculate the PSF and the compensated, sharp acquisition is
calculated with a deconvolution (upper part).
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Figure 7: Longitudinal aberrations and their correction. From [21].

The compensation of longitudinal aberrations can be performed using the synthetic prototype of the noise
pattern, as described previously, in order to know the absolute PSF of each acquisition20. Another possibility is
to calculate the relative PSF, taking a given color channel of the multispectral image as a reference21, as we did
for the transversal aberrations. This enables the longitudinal aberrations of all the color channels to be brought
to the level of sharpness of the reference channel.

Apart from this complete characterization of the aberrations PSF using a special noise pattern, other attempts
to compensate for longitudinal aberrations without any calibration acquisition were tested22. Such algorithms
for unsupervised correction of aberrations could simplify the correction.

4. MULTISPECTRAL IMAGING WITH MULTIPLE ACQUISITIONS

With the exhaustive characterization of aberrations appearing in filter wheel multispectral cameras presented
previously, the multispectral acquisition has been simplified. Indeed, all the aberrations can be compensated with
image processing after the acquisition and the optical elements of the system do not have to be modified between
the acquisitions of each color channel. This simplified imaging enables to work with multiple multispectral
cameras. In the following section, we report our work with a stereo multispectral system, which gives information
about depth and colors of a scene, and with a goniometric multispectral system, which gives the possibility to
image an object from multiple acquisition angles and with multiple illumination angles.

4.1 Stereo multispectral imaging

A stereo system can be made of two multispectral cameras like the filter wheel multispectral camera with 7
bandpass channels presented in the previous chapters. This system enables the acquisition of both accurate color
information and accurate depth information about a scene, as explained by Klein and Aach23. Another type of
multispectral cameras that has gained interest in the past few years is a stereo multispectral camera made of two
RGB cameras in front of which additional color filters are positioned. Their main advantage is that they provide
multispectral and depth information in only one shot. One of these experimental setups is shown in Fig. (8). Two
RGB cameras are utilized, with an angle of ca. 10◦ between them. For the color filters limiting the sensitivity of
each camera, one can either use broadband color filters or dichroic filters. In the example in Fig. (8), dichroic
filters are used: they cut each color band R, G and B in half. This leads to a 6-channel multispectral camera
whose channels are spread over two cameras.

Color accuracy still remains an important aim for the stereo multispectral imaging. Since the spectral stimuli
reaching the left and the right camera are always slightly different, we measured the spectra of a set of regions in
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Figure 8: Experimental setup of the 6-channel stereo multispectral camera. The sensitivity obtained for both
systems camera + filter are plotted on the left. From [24].

a 3D scene from the left and the right position. We were thus able to compare the spectral information that can
be reconstructed from this data by the 7-channel camera and by the 6-channel camera23. The results showed
that 6-channel stereo cameras have a color accuracy suited for practical applications, but more limited than the
color accuracy of 7-channel multispectral cameras.

In stereo imaging, depth information can be won by calculating the disparity of image points between the left
and the right images when the intrinsic camera parameters are known. Classical algorithms for the calculation
of disparity for monochrome or RGB cameras are based on the search of similar gray values or color information
in both images. In the presented setup, both cameras do not acquire the same spectral information, because of
the filters placed in front of them. The classical algorithms thus cannot be used for the disparity search with
the 6-channel multispectral camera. Instead, we utilize a block matching algorithm with mutual information
as similarity measure24, since it can handle the contrast inversions appearing in multispectral images or more
generally in multimodal images.

From the 6-channel stereo camera, a classical RGB stereo system can easily be obtained by removing the two
color filters. This allows a comparison of disparity search algorithms for both stereo systems. The results for
the disparity with a classical algorithms for the RGB stereo system and with our algorithm for the multispectral
stereo system were similar24.

4.2 Goniometric multispectral measurements

The second utilization of multispectral imaging is goniometric measurement of materials. By acquiring a material
from different viewing angles and with different illumination angles, one can characterize it completely with
its bidirectional reflectance distribution function (BRDF). Once this function is known, the reflectance of the
material can be calculated for any geometry. Using an imaging device instead of a spectrometer for instance even
allows the measurement of a bidirectional texture function (BTF) where the spatial dependence of the material
characteristics is also taken into account.

Here, we utilize a goniometric setup with a multispectral camera as measuring device, as shown in Fig. (9).
The camera and object can be rotated around the same axis and the light source remains fixed. The acquisition
angle αa measured between the normal to the object surface and the camera axis is modified by rotating the
camera. The illumination angle αi measured between the normal to the object surface and the light source is
modified by rotating the object itself. The multispectral camera is a filter wheel camera with 19 channels whose
central wavelengths are spread from 400 nm to 760 nm in steps of 20 nm and whose bandwidths are ca. 10 nm.
Our first results on goniometric multispectral imaging need again the analysis of transversal25 and longitudinal8

aberrations and the influence of real rays angles on the measurement25.

The transversal aberrations are basically the same for all the acquisition angles but are different for each
color channel. This means that the images from the different acquisition angles are utilized either separately or
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Figure 9: Measuring setup for goniometric acquisitions of objects. The light source is fixed and the object and
camera can be rotated. The acquisition angle αa and the illumination angle αi can thus be modified. This setup
enables a measurement of materials where normal to object, camera and light source are in one plane. From [8].

together in order to compute the parameters of the model for the aberrations25. Both methods give similar result
and lead to an error smaller than 0.187 pixels. The longitudinal aberrations in goniometric imaging have multiple
reasons. First, the color filters in the filter wheel are responsible for longitudinal aberrations as explained in
Sec. 3. Then, the objective lens cause chromatic aberrations that also have longitudinal components. Finally,
different steps of geometric rectification are necessary for the goniometric images and the interpolations utilized
during these rectifications lead to blur 8. These aberrations are measured and some causes analyzed separately,
before the correction of goniometric multispectral images gives access to goniometric multispectral images where
all the color channels for all the acquisition positions have an enhanced sharpness.

5. CONCLUSION

With Prof. Til Aach, the first works in the research area of multispectral imaging have started at the Institute of
Image Processing and Computer Vision. The optical aberrations appearing in multispectral cameras featuring a
filter wheel have been thoroughly analyzed and modeled, thus leading to compensated multispectral images that
do not contain any geometrical distortions or blur anymore and that still present a high color accuracy. The
last progress at the Institute concerning stereo multispectral imaging and goniometric measurement of materials
with a multispectral camera were also presented. The first technique gives access to accurate depth and spectral
information and the second to a complete characterization of materials.
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