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ABSTRACT

Longitudinal aberrations appear in multispectral cameras featuring a monochrome sensor with several optical
filters in front of it. Due to the slightly different optical properties of the filters, the focal lengths are different
and the images cannot remain sharp for all the color channels. We seek for an unsupervised correction of these
aberrations, relative to a given reference color channel. ”Unsupervised” means here that no calibration of the
system is needed. We use a multiresolution approach that takes advantage of the high contrast present in the
reference channel and that utilizes this information for the other, more blurred channels. The results of this
correction are evaluated using the sharpness of the corrected image with respect to the original blurred image and
using the color accuracy: an algorithm that would corrupt the spectral information of multispectral images would
not be helpful. Moreover, using the original image and the one corrected with the algorithm, we can calculate the
point spread function of the longitudinal aberrations. We then compare it to the point spread function obtained
with another method which is based on the capture of a noise chart and thus requires calibration.

Keywords: Longitudinal aberrations, multispectral imaging, aberrations compensation, unsupervised compen-
sation, multiresolution decomposition

1. INTRODUCTION

In multispectral cameras featuring a filter wheel with bandpass filters, several kinds of aberrations degrade the
image quality because the filters have thicknesses, indices of refraction and tilt angles relative to the optical axis
that slightly differ. This means that rays coming from an object point do not reach the sensor at the same
position for all the color channels (transversal aberrations) and that they are not focused at the same distance
along the optical axis (longitudinal aberrations). In this paper, we deal with the longitudinal aberrations and
their correction - a complete analysis and correction of transversal aberrations has been performed in Ref. 1 for
instance. It is possible to adjust the position of the sensor or the settings of the lens in order to maintain a
constant sharpness in the different color channels during the acquisition of a multispectral image, still this is
not convenient in practice. Instead, we use an automated multispectral acquisition system where only the filter
wheel is rotated and the other optical elements like the sensor or the lens are not modified at all. In such a
system, the color channels cannot be all equally sharp due to the longitudinal aberrations and these distortions
are corrected afterwards using image processing.

Previous solutions to compensate for the longitudinal aberrations utilize the point spread function (PSF) of
the optical system to perform a deconvolution of the blurred color channels. The PSF can be calculated using
a model like a cylinder2 or a Gaussian function3 and estimation of its parameters. But such straightforward
functions cannot well describe the real PSF of our multispectral camera. Other, more complicated models require
the exact knowledge of the lens optical data, which are often not accessible. The PSF can also be measured
using a calibration acquisition.4 This solution provides for each color channel a position-dependent PSF of the
system and is based on a calibration with a specific noise target.

We sought a method to correct longitudinal aberrations that does not require any previous calibration of
the imaging system and that is able to compensate them using the image information already available in the
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multispectral image. Our multispectral camera features 7 color filters with central wavelengths from 400 nm to
700 nm in 50 nm steps and bandwidths of ca. 40 nm. For multispectral acquisitions, we adjust the lens so that
the central channel at 550 nm is sharp; the other color channels are de facto more or less blurred. Hence, the
correction of the distorted color channels will rely on the reference channel at 550 nm. Such an idea has been
outlined by Schaul et al.5 for the fusion of near infrared and RGB information for the improvement of images
corrupted by haze.

We explain their algorithm for multiresolution decomposition of images and our application of the method for
the correction of longitudinal aberrations in the next section. Then, we exhibit the metrics we used to evaluate
the corrected images concerning blur and color accuracy and show our results. In the last part, we compare the
PSF corresponding to our unsupervised correction with the PSF calculated with a calibration before the actual
image acquisition.

2. MULTIRESOLUTION DECOMPOSITION OF IMAGES

2.1 Multiresolution decomposition algorithm for multispectral images

The algorithm we utilized to perform the multiresolution decomposition of multispectral images has been devel-
oped by Schaul et al.5 In their work, a near-infrared (NIR) channel is used to enhance information from an RGB
camera for scenes containing haze. Since the small haze particles scatter less the longer wavelengths of NIR,
there is more contrast (or high frequency information) in the NIR channel than in the red, blue or green one.
This algorithm is based on filtered representations of the images with different resolutions (the approximation
images) and on the complementary layers containing high frequency information (the detail images).

For an initial image J0, the approximation image Jak for the step k of the decomposition is calculated using

Jak+1 = Wλ(k) (J0) , (1)

where W is a weighed least squares filter6 and λ(k) controls the coarseness of this approximation image. We
chose the same parameter value as in Ref. 5, namely λ(k) = 0.1 · 2k. The detail image Jdk is then defined by

Jdk =
Jak−1 − Jak

Jak
. (2)

This means that the original image J0 can be reconstructed using the different approximation images Jak and
detail images Jdk with

J0 = Jan

n∏
k=1

(
Jdk + 1

)
. (3)

This multiresolution decomposition is performed on the luminance of the RGB image and on the NIR image.
The enhanced RGB image is calculated by fusion of both: at each resolution, the detail image with the higher
contrast is chosen between RGB and NIR.

For our application, the information with a high contrast is obtained from a reference sharp channel, which
is the channel 4 by 550 nm. We apply a similar algorithm on each color channel separately. Once the reference
color channel R0 has been decomposed into its detail images Rdk, we also perform the decomposition of the other

channels Ci0, i = 1 . . . 7, i 6= 4 into approximation images Ci,ak and detail images Ci,dk , with k = 1 . . . n for a

decomposition of order n. The corrected color channel C̃in is then

C̃in = Ci,an

n∏
k=1

(
max

(
Rdk, C

i,d
k

)
+ 1
)

(4)
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. In this work, we performed the

decompositions for n = 3 , 5 and 7 and so compared the images Ĩmspec3 , Ĩmspec5 and Ĩmspec7 .



2.2 Decomposition of images in the CIELAB color space

In the previous paragraphs, we performed a multiresolution decomposition of the color channels of a multispectral
image to correct it. A correction using a multiresolution decomposition of a luminance channel like it is commonly
performed in the literature is also possible. Nevertheless, if the spectral information of the color channels were
merged together and transformed into a color space before correction of the color channels, the blur of the
longitudinal aberrations would actually already be included in this data.

For this reason, we first corrected the color channels separately to get the corrected multispectral image
Ĩmspecn and calculated from this corrected spectral data the corresponding values in the CIELAB color space,
denoted Ĩ labn . The corrected L∗ channel of image Ĩ labn was then utilized, together with the original a∗ and b∗

channels of image I lab0 , to form the corrected L∗a∗b∗ image denoted Î labn , as shown in Fig. (1). It ensures that
the information in the L∗ channel, which is a correlate of the perceived lightness, is less blurred and that the
information relative to the chroma perception contained in the a∗ and b∗ channels is not modified. The correction
has also been performed for n = 3, 5 and 7.
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Figure 1: Correction of multispectral image and of image data in CIELAB color space.

3. EVALUATION OF THE PROPOSED CORRECTION

3.1 Metrics utilized

To quantify the blur present in the images after the correction of longitudinal aberrations using the previously
presented algorithm, we utilized two metrics that we applied separately on each color channel of multispectral
images. First, we calculated the well known energy of Laplacian image ML defined as follows for an image J

ML =
∑
(x,y)

(
∂2J (x, y)

∂2x
+
∂2J (x, y)

∂2y

)2

, (5)

with J (x, y) the value of J at the pixel position (x, y).7 This measure is quite robust to additive noise. We also
utilized a measure using eigenvalues proposed by Wee and Paramersan.8 This metric ME is the sum of the first
”eigenvalues obtained after diagonalization of the image covariance matrix”:8 the noise present in the image thus
does have no effect on the metric.

With multispectral images, we also aim at high color accuracy in the acquired images. This means that the
correction of longitudinal aberrations should not deteriorate the color information contained in the multispectral
images. We measured the color accuracy of the corrected images with the color difference CIEDE2000, which
is calculated on color values in the CIELAB color space.9 When the value of this color difference calculated
between two colors is below 1, no difference can be observed between them; a value below 3 is considered as still
satisfactory.

3.2 Results of correction applied on multispectral images

The multispectral images Ĩmspecn corrected using the multiresolution decomposition with n = 3, 5 and 7 are
shown in Fig. (2b)-(2d), with the original image Imspec0 containing longitudinal aberrations in Fig. (2a). No
difference of sharpness is visible to the naked eye between the three corrected images and the original one, still
modifications of the colors are clearly visible on the closeup presenting the multicolor letter ”C”.
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Figure 2: Original image (a) and results of the different unsupervised corrections (b)-(g). Beside the entire
image (top), a small region of the scene is enlarged (bottom). For the corrected multispectral images Ĩmspecn , the
modifications of sharpness are not visible but the modifications of colors clearly are, particularly on the closeups
(b)-(d). For the L∗a∗b∗ images Î labn which are merged as shown in Fig. (1), no sharpness or color modifications
are visible (e)-(g).



We considered an image of an object with high contrast, namely millimeter paper, to evaluate the improvement
of the sharpness thanks to the correction, see Fig. (3). On this figure, the original image Imspec0 and the corrected
multispectral images Ĩmspecn are shown with increasing values n from left to right. For a better visualization of
the results, the gray values of the 7 color channels are plotted below the figure. The contrast of the dark lines,
and thus the sharpness of the images, is considerably enhanced by our correction. This is particularly obvious at
the gray values of channels 400, 650 and 700 nm. A quantitative evaluation of remaining blur and color accuracy
on corrected multispectral images is given in the following.
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mspec
3

Ĩ
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Figure 3: Initial image of millimeter paper and its corrections (top) and gray values of the 7 color channels along
the marked red row (bottom). From left to right, these results concern Imspec0 , Ĩmspec3 , Ĩmspec5 and Ĩmspec7 .

The values of the blur metrics detailed in subsection 3.1 are shown in Fig. (4) for the original image Imspec0 and
the three corrected multispectral images. The values do not stay constant over the 7 color channels: according
to the Laplace metric ML in Fig. (4a) as well as the eigenvalue metric ME in Fig. (4b), the reference channel 4
is the sharpest and the channels 1, 6 and 7 with central wavelengths 400, 650 and 700 nm respectively are the
most blurred. Both metrics show that an increasing number of iterations n for the multiresolution decomposition
algorithm implies an increasing amelioration of the sharpness of the corrected color channels C̃in. The channels
2 and 3 were largely improved, and all color channels benefit from the correction, even if it did not bring their
sharpness levels to the one of the reference channel 4.

Once it has become clear that the algorithm is able to compensate blur in the image, the other important task
of multispectral images, i.e., the color accuracy of the acquisition, was also verified. We measured it with the
color difference CIEDE2000. Although the color of edges that are sharpened by the correction would inevitably
be modified, the other colors in the image, particularly those of constant or homogeneous regions, should not.
The color differences calculated over the whole image are shown in Fig. (5) for the different numbers of layers
n = 3, 5, 7 of the multiscale decomposition necessary for the correction. The values are coded from black for a
difference of 0 to white for a difference of 10 or more. The color accuracy of images Ĩmspec5 and Ĩmspec7 in Fig. (5b)-
(5c) is obviously not sufficient: the color difference reaches high values not only at the edge of objects, but also
in homogeneous color fields. The image Ĩmspec3 which is corrected using only 3 layers of the decomposition is
barely adequate.

We also followed more specifically the color differences over the 140 color fields of the color chart present in
the acquired scene. We transformed the corrected multispectral images Ĩmspecn to the CIELAB color space to
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Figure 4: Results of the Laplace metric ML (a) and the eigenvalue metric ME (b) calculated on the 7 channels
of multispectral images of millimeter paper. The values for the original image Imspec0 are plotted with a black
line. For the corrected multispectral images, the metrics values and thus the sharpness increase.
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Figure 5: Color differences CIEDE2000 of the corrected multispectral images Ĩmspecn , calculated with respect to
Imspec0 . The values are expressed by the gray levels of the image points. As shown on the gray scale on the
right, black corresponds to a color difference of 0. White corresponds to a color difference of 10 or more, since
the values were clipped to 10.

obtain the images Ĩ labn . We picked 5 × 5 pixels centered on each of the 140 color fields and utilized the mean
L∗, a∗ and b∗ values over these neighborhoods to calculate the color modifications at each color field. We did
not represent the color differences of all the fields but summarized the minimum, maximum, mean and median
values for each corrected image in the left half of Tab. 1. The values for Ĩmspec3 remain low with a maximum
of 4.00 and a mean of 0.63, still the values for the other images Ĩmspec5 and Ĩmspec7 are much too high with
mean values of 1.32 and 2.72 respectively. When such color differences come from the correction of longitudinal
aberrations and are added to the color differences from the acquisition itself, the overall color accuracy of the
multispectral acquisition system is not acceptable anymore. The reason for these large color errors can be the
slight modifications of the gray values level due to the correction that can be seen in Fig. (3) particularly for
the channel 700 nm. Such modifications in each color channel lead to an important color modification. To avoid
this effect, other decomposition algorithms could be analyzed in future work, e.g., the one developed by Subr et
al.10 which allegedly preserves the mean gray values.

Considering both sharpness and color accuracy, the only interesting corrected multispectral image is Ĩmspec3 .

3.3 Results of corrected images Î labn

The images Î labn are composed of the L∗ channel calculated from the corrected multispectral images Ĩmspecn and
of the a∗ and b∗ channels calculated from the original image Imspec0 . They are represented in Fig. (2e)-(2g). No
modification of the image sharpness or of the color information can be perceived here, even on the closeups of
the letter ”C”. This already shows that the color differences implied by this correction is lower than the one due
to the correction on the color channels in Fig. (2b)-(2d).



Table 1: Color differences calculated on the 140 color fields of the colorchecker in the corrected multispectral
images Ĩmspecn , n = 3, 5, 7 and in the corrected L∗a∗b∗ images Î labn , n = 3, 5, 7. The acquired color chart can be
seen in Fig. (2a). The color differences are calculated with respect to the initial image Imspec0 and we summarize
here the minimum, maximum, mean and median values over the 140 fields.

Image Ĩmspec3 Ĩmspec5 Ĩmspec7 Î lab3 Î lab5 Î lab7

Color
difference

Minimum 0.07 0.07 0.07 0.02 0.02 0.02
Maximum 4.00 9.15 19.97 0.93 1.71 3.24

Mean 0.63 1.32 2.72 0.14 0.28 0.57
Median 0.32 0.50 1.49 0.07 0.11 0.31

The fact that the color accuracy achieved with this correction is better becomes also evident from Fig. (6).
For these results, the color difference has been calculated over the whole image for Î lab3 , Î lab5 and Î lab7 with respect
to the original image I lab0 . The range of the values is much smaller than in Fig. (5): here the values are clipped
to 5. Accordingly, the color accuracy of the images Î lab3 and Î lab5 is satisfactory. We also analyzed the color
differences obtained on 5 × 5 pixels of each of the 140 color fields of the color chart as we did for the corrected
multispectral images. These values are indicated in the right half of Tab. 1. As expected, the color difference
remains low with maximum values of 0.93, 1.71 and 3.24 for the images Î lab3 , Î lab5 and Î lab7 respectively. From
these three corrected images, only Î lab7 leads to an insufficient color accuracy, with color differences over 3 on
edges and on homogeneous regions.

(a) Color difference of Îlab3 (b) Color difference of Îlab5 (c) Color difference of Îlab7

Figure 6: Color differences CIEDE2000 of the corrected L∗a∗b∗ images Î labn , calculated with respect to Imspec0 .
As shown on the gray scale on the right, black corresponds to a color difference of 0. White corresponds to a
color difference of 5 or more, since the values were clipped to 5.

We evaluated the remaining blur of the three corrected images on the L∗, a∗ and b∗ channels using the
Laplace metric ML. In order to compare the metric values with those of the original image Imspec0 and with the
corrected multispectral images Ĩmspecn , we transformed them into the CIELAB color space to obtain respectively
I lab0 and Ĩ labn . The results are shown in Fig. (7). The three images Î labn outperform the original image Imspec0

and the corrected multispectral images Ĩmspecn in terms of Laplace metric on the L∗, a∗ and b∗ channels. The
sharpness of the L∗ channel becomes better for increasing value of n and the largest values are reached by the
image Î lab7 .

Considering the sharpness and the color accuracy after correction, the images Î lab3 and Î lab5 are both interest-
ing.

4. CALCULATION OF THE SYSTEM’S POINT SPREAD FUNCTION

In Ref. 4, the PSF of a system is calculated after acquisition of a Gaussian noise pattern. This pattern contains
all frequencies in all directions, thus enabling the calculation of the PSF with a blockwise division of the Fourier
transform of the reference and of any other color channel, followed by an inverse Fourier transform.



0

2

4

6

8

10
x 10

L
ap

la
ce

 m
et

ri
c 

  
M

L

I0 Ĩ
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Figure 7: Results of the Laplace metric ML calculated on the L∗, a∗ and b∗ channels of the initial image I lab0

and of the corrected images.

With the multispectral images which we corrected using the algorithm presented in this paper, it is also
possible to calculate the PSF of the system. Similarly to Brauers and Aach, we utilized the images of a Gaussian
noise pattern. Then, we corrected the color channels independently of each other. We transformed the corrected
color channels C̃in into the frequency domain, divided each of them blockwise by the color channels Ci0 of the
original image Imspec0 and transformed this result back to get the blockwise PSF of all the color channels.

(a) (b)

Figure 8: Maps of PSF calculated blockwise over the whole image either directly between the color channel and
the reference channel (a) or between the original color channel and the ones corrected with our algorithm (b).
Both correspond to the channel 7 of a multispectral image of a Gaussian noise target. The 3D representation of
the PSF in the green framed block is shown in Fig. (9).

The blockwise PSF over the whole image is shown in Fig. (8), where low values are white and high values
black. We first performed the direct calculation, i.e., using each color channel and the reference color channel to
obtain the PSF of the color channels relative to the reference channel (Fig. (8a)). Then, we calculated the PSF
using the data from our correction: for each color channel, by considering the original version of the channel
and its corrected version, the PSF corresponding to the blur that has been corrected can be found (Fig. (8b)).
The PSF of a block is also shown in Fig. (9) in 3D. The form of both PSFs is very similar and only the heights
of the central peaks are slightly different. Evidently, the PSF corresponding to the longitudinal aberrations we
corrected is close to the PSF calculated during the calibration as explained by Brauers et al.4

5. CONCLUSION

Longitudinal aberrations occur in multispectral images acquired with a camera that features a filter wheel with
optical filters. We compensated them using the knowledge available in a reference, sharp color channel with a
multiresolution decomposition of the color channels into approximation and detail layers. We compared three
numbers of iterations for this decomposition, viz. 3, 5 and 7. We performed the decomposition on all the channels



Figure 9: PSF calculated between the color channel and the reference channel from the original image (blue)
and PSF calculated between the original color channel and the result of our correction (magenta).

to obtain a corrected multispectral image, and also considered the fusion of its L∗ channel with the a∗ and b∗

channels of the original image.

The blur metrics that we applied showed that the correction improves the sharpness of the image. The
metrics values become higher with a higher number of iterations during the decomposition. This is true for the
corrected multispectral images as well as for the corrected CIELAB components. The major drawback is that
the decomposition also implies large modifications of the color information of the multispectral images, especially
for the corrected multispectral images. The correction followed by a fusion of the L∗, a∗ and b∗ channels thus
seems to be a better solution to compensate the longitudinal aberrations. Finally, the PSF corresponding to our
correction is comparable to the PSF calculated with other methods.
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Vol. 7537, San Jose, USA (January 17–21 2010).
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