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ABSTRACT

In goniometric measurements, the acquisition of a material under different viewing and illumination angles gives
access to its bidirectional reflectance distribution function (BRDF). If information is acquired not only from a
point of the material but from the whole object, the bidirectional texture function (BTF) can even be measured.
Depending on the camera utilized, the color accuracy of acquired information can vary. A multispectral camera
with 19 bandpass channels is utilized here to sample the visible wavelength range.

We first measure the transversal aberrations appearing in goniometric multispectral imaging. They are caused
by the bandpass filters in the ray path. Utilizing the information from all the viewing angles can lead to a better
correction of these aberrations. We compare separate correction of each acquired image and global correction
over the whole set of goniometric images. Furthermore, angles vary for different points of image in the camera
because of the image optics. We analyze these variations which can either bring additional aberrations to the
measurement or additional information about the measured material.

Keywords: Multispectral imaging, goniometric setup, goniometric multispectral imaging, transversal aberra-
tions

1. INTRODUCTION

Goniometric measurements aim at characterizing completely the remission properties of an object or a material
by measuring it under different viewing angles and with different illumination angles. This can be performed
by a spectrometer1,2 or photoelectric detectors3 measuring one given point or averaging the values for a small
area of the surface. Moreover, with imaging devices, position-dependent information about the material can be
measured. For instance, the color information can be acquired with RGB cameras4,5 but more accurate spectral
acquisition can be performed with a line-scan CCD6 or a multispectral camera7–11.

In this work, we utilized a multispectral camera for goniometric measurements and we focused on the aber-
rations and the distortions that appear in goniometric multispectral imaging. These aberrations have to be
corrected carefully before using the multiple images acquired by a goniometric setup, since otherwise they would
lead to erroneous spectral data and thus erroneous goniometric spectral characterization of the material. Here,
we relied on previous work of our research group concerning aberrations in multispectral cameras12 and extended
this work by adding the information from different viewing positions into the analysis.

Another interesting topic in goniometric imaging is the actual angle of the rays reaching the sensor. Due to
the objective optics, angles of the rays hitting the sensor vary within the sensor area. This information can be a
problem when an object has to be characterized by a goniometric measurement with a camera, since the effective
ray angle vary. But this additional information can also simplify goniometric acquisition, since this spread of
angles within the camera could be used to apply less angle sampling for measuring the angular dependence. We
present here first results in that direction. As far as the authors know, a geometrical analysis of the multispectral
informations and distortions in goniometric multispectral imaging has not been performed earlier.

In the following, we first explain how the transversal filters aberrations can be compensated in goniometric
multispectral imaging. We expose two different possibilities for the compensation. Then we report on the
distortions happening if acquisitions from different viewing angles are available. Finally, we study the variation
of image angles within the camera.
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2. EXPERIMENTAL SETUP

The setup for goniometric measurements should enable different illumination angles and acquisition positions.
For the setup used in this work, the light source was fixed and the object was placed on a disc that can be
rotated, see Fig. (1a). This allows the illumination angle β, i.e., the angle between the normal to the object
surface and the illumination rays, to be modified. The measuring device, e.g., a camera, was placed on an axis
that can be rotated as well, thus allowing the acquisition angle γ to be modified. This angle is measured between
the normal to the object surface and the optical axis of the measuring device.

We performed in-plane measurements, i.e., measurements where the object normal, the camera and the light
source are in the same plane. The object was positioned in such a way that the light source was at angle β = −45◦

and the measurement device was positioned between γ = −30◦ and +70◦.
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(b) Camera sensitivity curves

Figure 1: (a) Top view of the experimental setup utilized for goniometric measurements. The light source was
fixed, but camera and object could be rotated in order to modify the illumination angle β and the acquisition
angle γ. (b) Sensitivity of the multispectral camera featuring a monochrome sensor and 19 bandpass color filters
covering the whole visible wavelength range.

As a measuring device, we utilized a multispectral camera featuring a filter wheel with 19 bandpass filters.
Their central wavelengths were spread from 400 nm to 760 nm in steps of 20 nm and their bandwidths were 20 nm
for the first filter (at 400 nm) and 10 nm for the others. The sensitivity curves of the multispectral camera are
shown in Fig. (1b). The sampling of visible wavelength range by the 19 color channels enables the reconstruction
of the underlying remission spectra of object points imaged at each pixel position. Using such a multispectral
camera for goniometric measurement gives access to information about the acquired object for different viewing
and illumination angles with both high spectral and spatial resolution.

3. TRANSVERSAL ABERRATIONS

Aberrations cannot be avoided in filter wheel multispectral cameras. They are caused by the optical filters
comprising slightly different refraction indices, thicknesses and tilt angles in the filter wheel. The aberrations
have to be corrected to avoid defects in the multispectral images like color fringes visible in Fig. (2b). In this work,
we dealt with transversal aberrations, that is to say aberrations appearing along the sensor plane. Longitudinal
aberrations along the optical axis have been analyzed for goniometric setups in previous work13.

3.1 Aberrations model

Brauers et al.12,14 have already modeled thoroughly the transversal aberrations for the case of multispectral
cameras in a traditional acquisition setup with only one acquisition position. The aberrations are measured
relative to a given color channel chosen as a reference and the color channels are compensated relative to this
reference channel. After compensation, the image points in all channels should match the image points in the
reference channel, without any shift. Our aim was to test and adapt this model for transversal aberrations to
the case of goniometric imaging. The transversal aberrations can be modeled with the combined analysis of two



terms: a position-dependent displacement and a global displacement12. These displacements are measured in
each color channel separately, since they depend on the optical parameters of the filters in the ray path. We
utilized this model for our goniometric multispectral data.
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Figure 2: (a) Original multispectral image and (b) filters aberrations visible on a detail of the image. The same
region was taken from the images compensated (c) by separate compensation and (d) by global compensation,
respectively. The gray values along the cyan line are shown in Fig. (4).

The image is first divided into blocks. The displacement between the current color channel and the reference
color channel is measured for each image block using mutual information as a similarity measure. Since errors
can occur during estimation of the block displacements, a RANSAC algorithm is utilized in order to keep only
the block displacements that lead to a good estimation of the distortion over the whole image14.

Let nch be the number of color channels, viz. nch = 19. With the physical model for the aberrations, the
distorted image position Pk = (xk, yk)T in the channel k, 1 ≤ k ≤ nch corresponding to a given object point can
be calculated. It is calculated with respect to the reference image position Pref = (xref , yref )T of the same object
point in the reference color channel kref

Pk = Tk ·
(

Pref
1

)
, (1)

for k 6= kref with Tk ∈ R2×3. The entries of matrix Tk are functions of the focal length of the optical system and
of the thickness and refraction index of the filter utilized for the color channel k and express the rotation, scaling
and translation corresponding to the transversal aberrations. The distortions only depend on the position Pref
in the reference channel, i.e., on the angles of rays reaching the sensor. This means that moving the scene or the
camera won’t modify the matrix Tk for a given channel k.

3.2 Calibration

Based on this, we performed the calibration of the multispectral camera and measured the transversal aberrations
in two different ways with the separate calibration and the global calibration.

On the one hand, the separate calibration calculated the distortion matrices Ta
k separately for each acquisition

a. For instance, if the camera is positioned between γ = −30◦ and γ = +70◦ in steps of 5◦, this corresponds to



21 acquisitions. Let nacq be the number of acquisitions, viz. here nacq = 21. For each of the nacq acquisitions, a
calibration was performed separately to obtain the matrices Ta

k for a = 1 . . . nacq and k = 1 . . . nch, k 6= kref . This
led to slightly different transformation matrices Ta

k for each acquisition a. Results of this separate calibration
are shown in Fig. (3) with black vectors which correspond to the measured displacement of small blocks of the
image. From the affine transformations Ta

k, isolines were calculated: these lines represented the positions where
the displacement vectors had a given length, defined in pixels. In the figure, isolines and vectors are superposed
for all the acquisitions a. Most of the times, vectors and isoline matched well, but in rare cases like for channel
1 in Fig. (3a), errors appeared during the measurement of displacements.

(a) Channel 1 (b) Channel 3 (c) Channel 5 (d) Channel 7

(e) Channel 11 (f) Channel 12 (g) Channel 16 (h) Channel 19

Figure 3: Vector fields of transversal aberrations measured separately for each camera position (black). The
vectors are plotted on top of each other with a magnification factor of 100. The values written on the corre-
sponding isolines are the lengths of disortions in pixels. The isolines of the aberrations calculated for the global
compensation are in magenta. Eight representative channels are shown here.

On the other hand, the global calibration was performed using the whole data obtained during all the nacq
acquisitions. Since the matrices Ta

k for a = 1 . . . nacq should be the same, only one matrix Tglo
k was calculated

here. With measurement data coming from nacq acquisitions instead of only one, the aberrations over the whole
image were better approximated based on the multiple displacement vectors measured for each image block
and outliers were better ignored. In Fig. (3), the isolines corresponding to the global calibration are shown in
magenta. They constitute a good average of all the isolines calculated for each acquisition a separately.

3.3 Compensation

Once the aberrations were calculated, one can compensate the multispectral images in order to obtain an image
where the image points match the image points in the reference color channel. The example scene from Fig. (2a)
was corrected using both the separate calibration and using the global calibration. Results of the enlarged
region of the scene (Fig. (2b)) for the separate and the global compensation are shown in Fig. (2c) and Fig. (2d),
respectively. Additionally, the gray values measured along the cyan line are plotted in Fig. (4), with a different
color for each color channel. The transversal aberrations were visible through the shift between the color channels
for this region made of black letters on a white background, see Fig. (4a). After the compensation, this shift



did not exist anymore, see Fig. (4b)-(c). This demonstrates that the compensation of the transversal aberrations
was successful.
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Figure 4: Gray values along the cyan line shown in Fig. (2) for (a) the original image with shifts from transversal
aberrations visible. (b) Gray values for the image compensated using separate calibration and (c) for the image
compensated using global calibration. The transversal aberrations were well corrected with both models.

Differences between the separate and the global compensation were not obvious on the images. We also
calculated the errors between the measured displacements for each block and the displacements obtained with
the separate and with the global calibration, respectively. Then, we calculated the mean and median value of
these errors for each color channel k = 1 . . . nch, see Fig. (5). The values of separate and global calibration
remained very close. The mean error over all the color channels was 0.186 pixel for the separate calibration and
0.187 pixel for the global calibration. This shows finally that both compensation models were equally suited for
correction of transversal aberration in multispectral goniometric imaging.

1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17 18 19

0.1

0.2

0.3

0.4

Color channel

M
ea

n
 e

rr
o
rs

 o
f 

m
o
d
el

 [
p
ix

el
s]

separate

global

(a)

1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17 18 19

0.1

0.15

0.2

0.25

0.3

Color channel

M
ed

ia
n
 e

rr
o
rs

 o
f 

m
o
d
el

 [
p
ix

el
s]

separate

global

(b)

Figure 5: (a) Mean errors and (b) median errors for the separate (black line) and for the global compensation
(dashed magenta line).



4. RECTIFICATION OF GEOMETRIC DISTORTIONS

Another important effect in goniometric imaging is that images from different viewing angles are deformed
geometrically: one object point is imaged on a different position in each image. The images are rectified therefore
to present them as if they were acquired from the same position. In this way, the measured information from
one object point is on the same position in all the images from the different viewing angles. The rectification can
either be a homography4 or a more sophisticated transformation15. For our first scenes, which only contained
flat objects, we utilized homography for rectification, using points of interest that belonged to the object plane.
For other objects with a different geometry like waved surfaces, we intend to use the complete 3D information of
the object in order to rectify the acquisitions from the different viewing angles. The rectification was performed
after correction of the filter aberrations and of the lens aberrations.

5. ANGULAR INFORMATION

Since a camera captures a whole area of the object and not only an infinitesimal region, the effective viewing
angles for the different pixels in one given image, i.e., the angles between the perpendicular to the object surface
and the rays that actually come from the object points, are slightly different. This means, for instance, that
the information captured in the image for a camera angle γ = 0◦ does not correspond to remission angles of 0◦

within the whole image plane, but rather to angles reaching a few degrees outside the center of the image. If
an image position corresponds to a remission angle of 3◦, then the angular information concerning the material
is already available for angle γ + 3◦ in this image. Since we sought the characterization of material with the
angular dependence of BRDF, the angle γ + 3◦ would not have to be scanned again separately. This additional
knowledge about the effective acquisition angle for each image point could allow to get more angular information
about the acquired object from fewer acquisitions.

5.1 Simulation

These effects were first simulated by modeling the acquisition system with a pinhole camera, see Fig. (6). The
straightforward example for the acquisition angle γ = 0◦, i.e., where optical axis and object normal coincide, is
shown on Fig. (6a). The distance between the camera hole and the object center on the optical axis is d. We
followed the effective angles α(x) of the rays coming from the object. For different positions x on the object
surface, the angle α(x) of rays reaching the sensor has different values, namely

α(x) = arctan
x

d
, (2)

for any −l0 ≤ x ≤ +l0.

object

x+l00-l0

d

γ=0
α(x)

sensor

pinhole camera

+

(a) For acquisition angle γ = 0◦

α(x)-γ

object

x+l00-l0

d

γ α(x)

r

π/2+γ π/2+α(x)

(b) For acquisition angle γ 6= 0◦

Figure 6: Models for the calculation of the actual ray angle α(x).



The case γ > 0 is illustrated in Fig. (6b). Considering the triangle with the two sides d and r, we can calculate
the values of the angle α(x) once the length r is known. By the law of cosines, we have

r2 = d2 + x2 − 2dx cos(π/2 + γ) = d2 + x2 + 2dx sin(γ) (3)

which leads to the angle α(x) thanks to α(x)− γ with

α(x)− γ = arccos

(
d2 + r2 − x2

2dr

)
= arccos

(
d+ x sin(γ)√

d2 + x2 + 2dx sin(γ)

)
. (4)

This equation provides in the more general case the value of angle α(x) for −l0 ≤ x ≤ +l0

α(x) = γ + sgn(x) · arccos

(
d+ x sin(γ)√

d2 + x2 + 2dx sin(γ)

)
, (5)

where sgn(x) = +1 for x ≥ 0 and sgn(x) = −1 for x < 0.
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Figure 7: Difference of angles γ and α(x) according to Eq. (5), for the positions x = 25 mm, 50 mm and 75 mm
and with the distance d = 110 cm.

For demonstration, values similar to those of the real experimental setup were taken, namely d = 110 cm for
the distance between pinhole and object center and l0 = 15 cm for typical objects acquired with the goniometric
system. The corresponding differences between the acquisition angle γ and the actual acquisition angle α(x) are
shown in Fig. (7) for three values of x . The difference reached −2.61◦ for a point that still was near the object
center for x = 50 mm. This was already a large angular error for a measurement that was performed with camera
angles γ in steps of 5◦, meaning that this problem should be taken into account when dealing with goniometric
imaging.

5.2 Measurement

We verified the simulation results with real acquisitions. For these acquisitions, two object points were selected:
Q0 that laid approximatively on the optical axis and Q1 that laid a few centimeters away. After the rectification
of the goniometric multispectral images (see Sec. 4), the image points corresponding to a given object point were
at the same pixel position in each acquisition a imaged from a different acquisition angle γ. This means that
in all rectified images, the same pixel position PQ0

corresponded to the imaged object point Q0, and the pixel
position PQ1 to the imaged object point Q1.

We estimated the effective ray angle corresponding to object point Q1 by comparing its spectral information
to the complete spectral information measured for object point Q0. The spectral information from the object
point Q0 on the optical axis was measured for all the acquisitions a and written into the vectors gγQ0

∈ Rnch×1

for each acquisition angle γ: hence there were nacq of those vectors. Then, the spectral information from the

object point Q1 was measured for a given acquisition angle γ′ and written in the vector gγ
′

Q1
∈ Rnch×1. The

actual ray angle of this measurement α(x(Q1)) was different from the acquisition angle γ′. We calculated to



which measurement in gγQ0
this vector gγ

′

Q1
was the more similar. This gave the actual ray angle α(x(Q1)) by

minimization of their difference:
α(x(Q1)) = argmin

γ

∥∥∥gγ′

Q1
− gγQ0

∥∥∥ . (6)

Results of this minimization are given in Tab. (1). We calculated the ray angles for different acquisition angles
γ′ between −30◦ and +10◦ and for different object points positions, with values of x between 49 mm and 60 mm.
In order to avoid errors caused by noise, we utilized spectral information on a small neighborhood around PQ0

and PQ1 . After the more suitable angle α(x(Q1)) has been calculated with Eq. (6), we refined the search in
its neighborhood by interpolating the gray values gγQ0

with a quadratic function. The calculated angles were
compared with the angles from the simulation explained in Sec. 5.1.

In 7 out of 15 measurements, the calculated angle α(x) was totally false. For instance for γ′ = −30◦, all
the simulated angles were smaller than γ′ whereas all the calculated angles were larger than γ′. This also
happened for γ′ = 0◦. On the other hand, the values calculated for γ′ = −20◦ and γ′ = +10◦ followed the
trend given by the simulated values, even if the measured angles α(x) where not all close to the simulated ones.
The false results can be explained by a few reasons. First, the acquisition conditions were not perfect with a
light source being not perfectly homogeneous. Even if this inhomogeneity was corrected at the beginning of the
algorithm, some uncertainty still remained. Then, during the minimum search, minimum values appearing for
angles very different from the acquisition angle γ′ led to the detection of false angles. Constraints applied during
the minimum search could thus limit the errors.

Acquisition Actual ray angles α(x) in degrees
angle γ′ from simulation / from measurement

in degrees x = 60 mm x = 55 mm x = 49 mm

−30 −32.6/−25.7 −32.4/−27.9 −32.2/−27.4
−20 −22.9/−20.1 −22.6/−22.5 −22.4/−20.5
−10 −13.1/ −6.7 −12.8/−16.5 −12.5/−11.8

0 −3.1/ 1.5 −2.8/ 7.8 −2.5/ 4.1
+10 6.9/ 8.3 7.2/ 8.3 7.5/ 6.0

Table 1: Actual ray angles α(x) calculated from the simulation with d = 110 cm and with different positions x
are compared with actual ray angles measured from real acquisitions. The acquisition angle γ lies between −30◦

and +10◦.

6. CONCLUSIONS

With multispectral imaging utilized in a goniometric measuring setup, aberrations and distortions appear and
degrade the multispectral images. In order to obtain reliable goniometric data, they have to be corrected. We
exposed in this work two ways to compensate for transversal filter aberrations. With separate calibration, the
aberrations from each acquisition of the data set were measured separately. With global calibration, the image
data available from all the acquisitions positions were taken into account for calculating the model parameters.
Both calibrations led to a good suppression of aberrations. We also explained the issue that rays originating
from object points do not necessarily coincide with the angle of the camera, with differences that can reach a
few degrees only a few centimeters away from the optical center. Real measurements partially corroborated the
simulation of these angle differences.
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[6] Höpe, A., Atamas, T., Hünerhoff, D., Teichert, S., and Hauer, K.-O., “ARGon3: ”3D appearance robot-
based gonioreflectometer” at PTB,” Review of Scientific Instruments 83, 045102–1–045102–8 (2012).

[7] Tsuchida, M., Uchiyama, T., Arai, H., Nishiko, M., Sakaguchi, Y., Haneishi, H., Yamaguchi, M., and
Ohyama, N., “Development of BRDF and BTF measurement and computer-aided design systems based on
multispectral imaging,” in [Proc. 10th Congress of the International Colour Association ], AIC, ed., 129–132
(2005).

[8] Kimachi, A., Tanaka, N., and Tominaga, S., “A goniometric system for measuring surface spectral reflection
using two robot arms,” in [Proc. IS&Ts 3rd European Conference on Colour in Graphics, Imaging, and
Vision (CGIV) ], 378–381 (June 2006).

[9] Nakaguchi, T., Kawanishi, M., Tsumura, N., and Miyake, Y., “Optimization of camera and illumination
directions on gonio spectral imaging methods,” in [Proc. IS&Ts 3rd European Conference on Colour in
Graphics, Imaging, and Vision (CGIV) ], 287–290 (June 2006).

[10] Rump, M., Sarlette, R., and Klein, R., “Groundtruth data for multispectral bidirectional texture functions,”
in [Proc. IS&Ts 5th European Conference on Colour in Graphics, Imaging, and Vision (CGIV) ], 326–331
(June 14–17 2010).

[11] Berns, R. S., Chen, T., Wyble, D. R., and Chen, L., “Practical total appearance imaging of paintings,” in
[IS&T Archiving Conference ], 162–167 (June 2012).

[12] Brauers, J. and Aach, T., “Geometric calibration of lens and filter distortions for multispectral filter-wheel
cameras,” IEEE Transactions on Image Processing 20, 496–505 (February 2011).

[13] Klein, J., “Correction of longitudinal aberrations in goniometric measurement with a multispectral camera,”
in [19. Workshop Farbbildverarbeitung, ], 31–41 (September 26–27 2013).

[14] Brauers, J., Schulte, N., and Aach, T., “Multispectral filter-wheel cameras: Geometric distortion model and
compensation algorithms,” IEEE Transactions on Image Processing 17, 2368–2380 (Dec 2008).

[15] Vávra, R. and Filip, J., “Registration of multi-view images of planar surfaces,” in [Computer Vision –
ACCV 2012 ], Lee, K., Matsushita, Y., Rehg, J., and Hu, Z., eds., Lecture Notes in Computer Science 7727,
497–509, Springer Berlin Heidelberg (2013).


