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Abstract. A multispectral camera featuring a monochrome camera
and a filter wheel with 19 narrow band filters covering the visible wave-
length range is considered. Longitudinal aberrations cannot be avoided
in such cameras: they are caused by the wavelength dependency of re-
fraction indices in optical components and by the different parameters of
the color filters. Longitudinal aberrations are analyzed for a multispec-
tral camera acquiring images from different viewing angles (goniometric
imaging). The images are deformed geometrically because of the differ-
ent positions of the camera. The images are thus rectified in order to
be consistent to one viewing point, yet become less sharp due to this
rectification. This work presents a method for the correction of longitu-
dinal aberrations in goniometric multispectral measurements. The blur
in rectified goniometric images is measured using point spread functions
and its different components are analyzed. The longitudinal aberrations
are compensated by deconvolving the multispectral images.

1 Introduction

Goniometric acquisition systems enable the acquisition of objects under different il-
lumination angles and viewing angles. The measuring device can either be a 3-chip
camera [1], or a multispectral camera [2] that can feature several color filters [3]
or a liquid crystal tunable filter [4]. More than one measuring device can also be
utilized simultaneously. For instance, Höpe et al. developed a new measurement
setup with a line-scan CCD for spectral measurement and an imaging luminance
device in order to measure ”appearance-related quantities” [5]. Other applications
are the measurement of art painting [2] or of makeup on bio-skin in order to describe
these surfaces with principal component analysis [6] or of samples for a groudtruth
dataset of bidirectional texture functions [4]. Interesting issues coming with gonio-
metric acquisitions are the optimization of camera and light source positions to spare



acquisition time [3] or the compression of the huge data obtained [1]. In this paper,
we focus on the distortions appearing in the images from goniometric acquisitions
and on their correction.
The measuring device studied here is a multispectral camera featuring a filter wheel.
In such cameras, many aberrations appear during acquisition [7]. Chromatic aber-
rations are caused by refraction indices of optical components that are wavelength-
dependent, and filters aberrations are due to the parameters of the color filters that
are different for each color channel (thickness, tilt angle, refraction index). The
aberrations have transversal components, i.e., along the sensor plane, which result
in shifted image points from one color channel to another. They also have longitudi-
nal components, i.e., along the optical axis, which result in blurred images in some
color channels. This work deals with longitudinal aberrations, and particularly with
those appearing in goniometric multispectral acquisitions.
In the following, we first introduce our multispectral camera and measuring setup.
We then present the longitudinal aberrations appearing in goniometric multispectral
images, and analyze them in Section 4. The results of the correction of longitudinal
aberrations are shown in Section 5, followed by our conclusions.

2 Experimental setup

Our multispectral camera is a filter wheel camera with 19 color channels, as shown
in Fig. (1a). The camera is a cooled monochrome camera SciCam SC4022 with
2072 × 2136 pixels. The filter wheel has 20 positions and allows the acquisition of
images without any color filter in the ray path with the twentieth, empty position.
The other 19 positions contain bandpass color filters of 25 mm diameters. Their
central wavelengths spread from 400 to 760 nm in 20 nm steps and their bandwidths
are 10 nm, except for the 400 nm-filter whose bandwidth is 20 nm.
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Figure 1: (a) Filter wheel multispectral camera with 19 narrowband color channels
and (b) goniometric experimental setup. The measuring device and the
object can be rotated and the light source is fixed. αa is the acquisition
angle and αi is the illumination angle, both measured with respect to the
object normal.



To acquire a goniometric set of multispectral images, the multispectral camera is
rotated around the object of interest. The light source is fixed, whereas the object
and the camera can be rotated, see Fig. (1b). The object is, for instance, rotated in
such a way that the angle αi between the object normal and the illumination rays
is 45◦ and the camera is moved to angles αa between 30◦ and −50◦.
The images from the different viewing angles do not match, as can be seen in Fig. (2a)
and (2c) for the acquisition angles αa = 0◦ and αa = −35◦ respectively, and cannot
be processed easily. They are thus rectified to make them look as if they were
acquired from the same position. For instance, the image from angle αa = 0◦

is taken as a reference. The other images are then mapped onto this reference
image using a geometric transformation like a homography [1, 8], but more complex
approaches can be used for objects that are not plane [9]. We utilize the homography
calculated using four points of interest on our plane objects.
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Figure 2: Noise pattern acquired with color channel 580 nm (a) at angle αa = 0◦

and (b) at angle αa = −35◦. (c) Noise pattern acquired with color channel
760 nm at angle αa = −35◦ and (d) result of its rectification mapping. A
region of the upper right corner is enlarged to show the images sharpness
in each image.



3 Longitudinal aberrations

During the mapping onto the reference image corresponding to αa = 0◦, the im-
ages loose high frequency information, due to the interpolation steps needed to
calculate the new gray values. This is similar to the blur induced by the correc-
tion of transversal aberrations studied in [10]. An example image of the middle
color channel (central wavelength 580 nm) acquired at the reference acquisition an-
gle αa = 0◦ is shown in Fig. (2a). The image of another color channel (central
wavelength 760 nm) at angle αa = −35◦ is shown in Fig. (2c) and the result of its
rectification in Fig. (2d). After rectification, this image matches the reference image.
As can be seen in the enlarged parts of these images, the rectified image acquired at
−35◦ is not as sharp as the reference image. There are multiple reasons for this blur.
There are longitudinal aberrations from the color filters of the multispectral camera,
since the lens is adjusted for a sharp image with the middle color channel, and there
are longitudinal chromatic aberrations. The blur is also caused by interpolation
steps during the rectification of the images. And lastly, the acquired object cannot
be in focus for all the viewing points. If the multispectral images from the different
viewing angles are merged like this, color fringes appear and the spectral-angular
information from each pixel position is erroneous. This is why these aberrations
have to be corrected first.
It is possible to compensate for longitudinal aberrations using their point spread
functions (PSFs) together with deconvolution. The PSF can be measured precisely
by acquiring images of a noise pattern [11]. In the frequency domain, the values of
the Fourier transform of the noise image are non zero. The PSF corresponding to
longitudinal aberrations can thus be estimated using the division of Fourier trans-
forms of the current image and of a reference image. The algorithm of Brauers and
Aach can be utilized for instance to measure the PSFs of color channels of a multi-
spectral image with respect to a given reference channel. The PSFs are calculated
for small blocks of the image because they are functions dependent on image posi-
tion. The deconvolution is then performed using one of the following algorithms: the
Wiener deconvolution, the Landweber deconvolution with wavelet-based restoration,
the Landweber deconvolution with gradient-based weighting matrix, or the Levin
deconvolution [12, Chap. 4.4].

4 Analysis of longitudinal aberrations

Two PSFs calculated for the noise image of acquisition angle αa = −35◦ relative
to the noise image of acquisition angle αa = 0◦ are shown in Fig. (3). The PSF
calculated in the middle of the image is very narrow (Fig. (3a)), corresponding to
low aberrations. The PSFs calculated in the upper right part of the image are larger,
as shown for instance in Fig. (3b), accordingly to the blur visible in Fig. (2d). Results
of correction of longitudinal aberrations using these PSFs with a deconvolution are
shown in Sec. 5. But before the correction is applied, some reasons for blur are
analyzed separately.



(a) PSF of a block in the middle of the image (b) PSF of a block in the upper right corner of
the image

Figure 3: PSFs of the image shown in Fig. (2d) relative to the image shown in
Fig. (2a). They are calculated for two different image blocks.

4.1 Aberrations due to geometrical correction

Based on previous work about correction of transversal aberrations [10], the PSF of
the blur caused by the interpolation steps during the rectification of color channels
is measured here. As previously, the image of a noise pattern is utilized. Then, we
apply a geometrical transformation to the image that is similar to the transformation
calculated between Fig. (2a) and Fig. (2c). This rectified image cannot be compared
directly to the initial image, since the two images do not match anymore. For
this reason, the inverse geometrical transformation is applied to the rectified image.
This means that with the initial image and the image transformed twice, a PSF can
be calculated, since both images match again. The PSF calculated this way thus
corresponds to two rectifications.
The initial image utilized is the image acquired at angle αa = 0◦ for color channel
580 nm shown in Fig. (2a). We look at the PSFs calculated in the middle of the image
and in the upper right corner, like we did for Fig. (3) (see the magenta surface in
Fig. (4)). These PSFs from the rectification are compared with the overall PSFs,
i.e., the PSFs calculated for the image of Fig. (2d) relative to the image of Fig. (2a),
that are plotted in blue. We see that in the corner of the image (Fig. (4b)), the
longitudinal aberrations are really important since the overall PSF is broad, whereas
the aberrations caused by the rectification is still small and looks like a peak. In
the middle of the image (Fig. (4a)), the aberrations caused by the rectification are
similar to the one in the upper right corner, which shows that these aberrations
have a small dependency on image position. The overall aberrations are also small
with a narrow PSF. The weight of the blur caused by the rectification is larger in
the image regions where longitudinal aberrations are otherwise small.



(a) PSF of a block in the middle of the image (b) PSF of a block in the upper right corner of
the image

Figure 4: PSFs corresponding to geometric rectification (magenta) calculated on two
different image blocks. For comparison, the overall PSFs of Fig. (3), which
correspond to all the longitudinal aberrations between two color channels
and two acquisition angles, are shown in blue.

4.2 Chromatic aberrations

The longitudinal chromatic aberrations are also measured with an approach similar
to [13], where transversal chromatic aberrations have been measured. A calibration
pattern is illuminated with different narrow band light sources and acquired by a
monochrome camera, in order to measure only the effects of the lens. The calibra-
tion pattern utilized here is a noise pattern to calculate the PSF of the chromatic
aberrations relative to a reference channel. The narrow band light sources are made
of a broadband halogen light source and bandpass color filters in front of it. Since
the 19 color filters presented previously are too small with their diameter of 25 mm,
we utilized other color filters. They were 7 filters with central wavelengths between
400 and 700 nm in 50 nm steps, bandwidths of about 40 nm and diameter of 50 mm.
The PSF of the chromatic aberrations was calculated using the 7 images acquired
with the 7 different light sources. The results of two different image blocks are shown
in Fig. (5a) and Fig. (5c) with blue dots. The PSF calculated with this setup can be
approximated by Gaussian functions, which are represented by colored surfaces on
these figures. The differences between the calculated PSFs and the approximation
by Gaussian functions remain low, see Fig. (5b) and Fig. (5d). These results are
for the same blocks as Fig. (5a) and Fig. (5c) and represent the minimal and the
maximal errors over the image, respectively. The root mean squared error of the
approximation functions is calculated for each image block: its mean value over the
image is 0.0027 and its maximum value 0.0061.
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Figure 5: (a) PSF of longitudinal chromatic aberrations calculated for an image
block and Gaussian function obtained for the approximation; (b) differ-
ence of measured PSF and Gaussian function. This image block has the
smallest error over the image. The same results are shown for the image
block with the largest error in (c)-(d).

5 Results

Once the PSF between two acquisition angles and two color channels has been
calculated, the blurred image can be enhanced with a deconvolution. This is possible
only with image blocks for which a reliable PSF could be calculated: this is often not
the case at edges of the images, where information can be lost during the rectification
of the images.
Brauers utilized the four deconvolution algorithms that we also compare here [12].
Results are shown for images of millimeter paper, where transitions between black
and white are available. The gray values of the corrected channels are compared
directly on the image (Fig. (6)) and also with the gray values of one row (Fig. (7)).
On Fig. (6), we see the sharp reference image of channel 580 nm (a) and the blurred
image of channel 760 nm at angle αa = −30◦ (b). It is obvious that the deconvolution
algorithms indeed improve the sharpness (c)-(f). But they also sometimes introduce
artifacts into the images, especially the Landweber algorithm with wavelet-based
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Figure 6: Part of a millimeter paper (a) from the middle color channel of the ref-
erence image and (b) from the color channel 760 nm of the image at
αa = −30◦. The image (b) is then deconvolved (c) with Wiener deconvo-
lution, (d) with Landweber deconvolution with wavelet-based restoration,
(e) with Landweber deconvolution with gradient-based weighting matrix
and (f) with Levin deconvolution. Gray values of the middle row of these
images are plotted in Fig. (7).

restoration (d). The difference of contrast between the reference and the other
image is also shown on Fig. (7). The contrast is then enlarged by deconvolution,
but this improvement is less visible for the Wiener deconvolution. The artifacts of
the Landweber algorithms using wavelets are visible on the jumps of its curve. As
pointed out by Brauers [12, Chap. 4.6], the Levin deconvolution gives good results
and the Wiener algorithm allows a faster deconvolution with lower quality.

6 Conclusion

We presented a goniometric measurement setup with a 19-channel multispectral
camera. The 19 color filters introduce aberrations in the acquired channels. During
the measurement, the camera is rotated around the object, and the images from
these different acquisition angles are rectified to look as if they were acquired from
one unique position. This rectification together with the optical elements of the
camera cause longitudinal aberrations in the goniometric multispectral data.
The correction algorithm we propose first calculates the PSF between different ac-
quisition angles and different color channels using a noise pattern. Then, the images
are enhanced with deconvolution and this PSF. Results of the correction depend on
the deconvolution algorithm utilized and on the quality of the calculated PSFs,
particularly on edges of the image.
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Figure 7: Gray values of millimeter paper along the middle row of the part presented
in Fig. (6). The reference image (gray line) has more details than the color
channel 760 nm of the image at αa = −30◦ (”other image”, black line).
The sharpness is enhanced by deconvolution (”dec.”) with the four algo-
rithms: Wiener, Landweber with wavelet-based restoration (”wavelet”),
Landweber with gradient-based weighting matrix (”gradient”), and Levin
deconvolution.

We analyzed two components of the longitudinal aberrations separately: the aber-
rations caused by the rectification step and the longitudinal chromatic aberrations.
The first ones stay relatively small compared to the overall aberrations. The second
ones can be approximated by Gaussian functions.
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