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Methods for spectral characterization
of multispectral cameras

Julie Klein, Johannes Brauers and Til Aach

Institute of Imaging and Computer Vision, RWTH Aachen University
D-52056 Aachen, Germany

ABSTRACT

High fidelity color image acquisition requires an accurate characterization of the camera’s spectral sensitivity
curves to perform color calibration or spectral estimation. Several methods have been proposed to perform this
task; these include characterizations via test charts, narrowband filters and methods utilizing a monochromator.
In most publications, RGB cameras are characterized. In this paper, we describe the characterization of the
spectral sensitivity curves of a multispectral camera featuring seven optical bandpass filters. We show two
different methods for the calibration using a monochromator – either by measuring the grayscale sensor of
the camera and the filters separately or by characterizing the multispectral camera as a complete system. A
comparison of both methods validates the measurement results. We furthermore develop different reconstruction
methods (maximum value method, principal eigenvector method, linear or Wiener estimation). We perform also
simulations of the characterization process to evaluate the methods and show the impact of the bandwidth of
the monochromator stimuli on the reconstruction.
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1. INTRODUCTION

For an accurate color calibration of a camera system, the spectral sensitivity curves are required. These curves
specify the sensitivity of the sensor with respect to the wavelength and are usually specified for each color channel
separately. For an RGB camera system, the curves can then be used to compute a transformation between the
camera RGB color space and another color space, such as the XYZ color space. On the other hand, multispectral
imaging systems are usually designed to estimate the electromagnetic spectrum using the measured values in
a few passbands. In this case, the spectral sensitivity curves are utilized to transform the camera values into
spectral values.

The spectral sensitivities of a camera can be estimated for instance using a calibration pattern,1–5 spectral
filters5–8 or a monochromator.9 In our case, we use a monochromator, which provides the highest available
spectral resolution among these methods. For the characterization of the broadband spectral sensitivities of an
RGB sensor, the former two methods might be sufficient, but for the characterization of a multispectral imaging
system with narrowband bandpass filters, the higher accuracy achievable with a monochromator is required.

In this paper, we characterize a multispectral camera equipped with bandpass filters. This allows us to perform
the characterization with two different methods. On the one hand, we can characterize a multispectral camera
as an entire imaging system including the filters and the grayscale sensor (joint calibration). On the other hand,
we are able to characterize the grayscale sensor separately and multiply the resulting spectral sensitivity curves
with the transmittance measurements for the optical bandpass filters (separate calibration). The two different
methods provide a way of validating each other. The separate calibration method has been used before,10,11 but
no quantitative comparison was provided. In other papers, no details about the spectral characterization of the
utilized multispectral camera are given.12–18

In the following, we first develop the mathematical model for the spectral characterization and then describe
the methods utilized for the estimation of the spectral sensitivity curves in section 2. We discuss our results with
respect to the parameters of all methods and the reconstruction errors in section 3 and conclude with section 4.
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2. METHODS FOR SPECTRAL CHARACTERIZATION

In this work, we acquire the spectral narrowband light emission of a monochromator in order to characterize
multispectral cameras. The Newport monochromator we utilized for the measurement is shown in Fig. 1. The
focal length of the monochromator is f = 130 mm and its grating can be rotated to obtain wavelengths from
200 nm to 1600 nm at the output port.

Figure 1: The monochromator used for the measurements. The rays coming from the light source at the input
port of the monochromator (right) are diffracted by the grating in the center. At the output port (left), the
narrowband radiation is acquired by the camera or by the spectrophotometer.

Since the spectral stimuli from the monochromator differ in their amplitude and shape for varying wavelengths,
the stimuli have to be measured by a reference spectrophotometer. A relatively simple approach of describing
the reference spectra is to take the measured radiance and the position of the narrowband stimulus.11,19,20 The
method using this approximated model is here referred to as maximum value method and implicitly assumes
that the different stimuli from the monochromator are non-overlapping, which is wrong when the bandwidth
of the stimuli is larger than the steps between them. We thus seek to reconstruct the spectral sensitivities of
the multispectral camera using other estimation methods. We begin with a mathematical model of the image
acquisition.

2.1 Mathematical model of the measurement

Considering a color channel of the multispectral camera with the spectral sensitivity s(λ) (which includes the
sensor, the spectral filter and the optics) and a stimulus emitted by the monochromator with the spectral
irradiance g(λ), the gray value w̃ given by the camera is

w̃ = f

A · T ·
∫
λ

g(λ) · s(λ) dλ

 , (1)

where A is the sensor area, T the exposure time and f the camera transfer function that describes the non-
linear optoelectronic transformation of the irradiated energy to a sensor value. We measure the camera transfer
function separately as described in [21, 22]. The sensor area and exposure time are constant during the whole
acquisition procedure. These values can thus be set to 1, resulting in spectral curves multiplied by the same
constant for all color channels. Using a discrete representation with equidistantly sampled spectra with a number
of a spectral coefficients, Eq. (1) then becomes

w = gT · s , (2)

where w = f−1 (w̃), g ∈ Ra×1 and s ∈ Ra×1. To spectrally characterize a camera, m different stimuli are used
with m ≥ a, since the spectral sensitivity can not be determined for m < a. The m sensor values corresponding
to m stimuli are arranged in a column vector w ∈ Rm×1. This vector exhibits a linear relation to physical



quantities because the inverse camera transfer function has already been applied. Correspondingly, we arrange
the m spectra gi, i = 1 . . .m, of the monochromator’s stimuli into a matrix G ∈ Rm×a with

G =


gT1
gT2
...

gTm

 . (3)

The final equation for the model describing the camera characterization is then given by

w = G · s + n (4)

where the measurement noise n ∈ Rm×1 is additionally taken into account. Because of the noise and since the
monochromator’s stimuli are not linearly independent, the spectral sensitivity of the color channel can not be
estimated using a straightforward inversion of the matrix G. We utilize several estimation methods to solve
the equation system in Eq. (4): a method using the principal eigenvectors, a linear estimation and a Wiener
estimation.

2.2 Estimation with principal eigenvectors

Using the estimation with principal eigenvectors, the spectral estimation is more robust against noise by taking
only the singular vectors from the singular value decomposition with the largest singular values.23 From the
singular value decomposition of the matrix G we derive

G = U ·W ·VT (5)

with the unitary matrices U ∈ Rm×rg(G) and V ∈ Ra×rg(G) and the diagonal matrix W ∈ Rrg(G)×rg(G) with the
singular values of the matrix G, where rg(G) is the rank of the matrix G. By taking only the first γ singular
values and setting the other elements to zero, we obtain the matrix Gγ = U ·Wγ · VT . The inverse of this
matrix is

G−1
γ = V ·W−1

γ ·UT , (6)

where W−1
γ is a diagonal matrix, whose diagonal elements contain the reciprocals of the γ first singular values

λ1 · · ·λγ of G and (rg(G)− γ) zero elements:

W−1
γ =



1/λ1 0 0 · · · · · · · · · 0
0 1/λ2 0 0

0
. . .

. . .
. . .

...

0 0 1/λγ 0
...

...
. . . 0

. . .
...

...
. . .

. . . 0
0 0 0 · · · · · · 0 0


∈ Rrg(G)×rg(G) (7)

The camera’s spectral sensitivity estimated with the method in this section is then given by

ŝ = V ·W−1
γ ·UT ·w . (8)

2.3 Linear estimation

Using the linear estimation of the sensitivity curves from Paulus et al.,1 the following assumptions are made:
the spectral sensitivity of the sensor is positive, smooth and unimodal (it features a single clear maximum). The
optimization criterion

h = ‖G · s−w‖2 + µ ‖D1 · s‖2 (9)



is used, where the matrix D1 corresponds to the discrete first derivative

D1 =



1 −1 0 0 · · · 0
0 1 −1 0 · · · 0

0 0 1 −1
. . .

...
...

...
. . .

. . .
. . . 0

0 0 · · · 0 1 −1

 ∈ Ra−1×a . (10)

The smoothness term ‖D1 · s‖2 corresponds to the L2-norm of the first derivative of the signal s and is
weighted by the factor µ. The estimated spectral characteristic ŝ of the camera minimizing the optimization
criterion1 is given by

ŝ =
(
GT ·G + µ ·DT

1 ·D1

)−1 ·GT ·w (11)

The influence of the factor µ is described in the section 3.1.

2.4 Wiener estimation

The Wiener estimation takes the covariance Rss of the signal s and the covariance Rnn of the noise n into
account. With this method, the estimated spectral sensitivity is given by

ŝ = Rss ·GT ·
(
G ·Rss ·GT + Rnn

)−1 ·w . (12)

The covariance matrix Rss of the spectral sensitivity s is often specified by an autoregressive model

Rss = σ2
s ·



1 ρ ρ2 · · · ρa−1

ρ 1 ρ · · · ρa−2

ρ2 ρ 1
...

...
. . . ρ

ρa−1 ρa−2 · · · ρ 1

 ∈ Ra×a , (13)

where σ2
s is the variance of the sensitivity curve s and −1 < ρ < 1 is a correlation factor. Due to the smooth

sensitivity curves of the monochrome sensor and the transmission curves of the filters and due to the high
sampling rate of the measurements, we set ρ to ρ = 0.99. Because the measurement noise n is uncorrelated,
we approximate the covariance matrix Rnn by a diagonal matrix, whose diagonal elements are equal to the
variance σ2

n of the noise n.

2.5 Joint and separate calibration

The spectral sensitivity of our multispectral camera can be measured using two different calibration methods.
On the one hand, the multispectral camera can be calibrated as a whole system using a joint calibration: the
sensor, the color filters and the objective are measured simultaneously and the measurement data is used to
estimate the spectral characteristic with one of the previously described methods. On the other hand, for the
separate calibration, the monochrome camera (i. e., the monochrome sensor and the objective) and the color
filters can be calibrated separately. The internal monochrome camera is characterized using the stimuli from the
monochromator and an estimation method, whereas the transmission curves of the filters are measured using
a spectrophotometer. The spectral sensitivity of the multispectral camera is then the multiplication of both
curves. Those two calibration methods are shown in Fig. 2. The filter wheel in which the color filters are placed
also contains an empty position. This allows the multispectral camera to be used as a conventional monochrome
camera without changing the position of the sensor and the lens. Generally, the sensor and the narrowband
filters of a multispectral camera are calibrated separately.10,11 However, this separate calibration is impractical
whenever the filters are not separately accessible, such as when they are placed between sensor and lens inside
the camera housing, as is the case for our outdoor multispectral camera.
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Figure 2: The multispectral camera is calibrated using two methods, viz., joint and separate calibration, de-
pending on whether the monochrome camera and the filters are considered together or independently.

3. RESULTS

The multispectral camera we characterize here features the monochrome camera IDS Imaging uEye UI2240
(CCD sensor Sony ICX205), whose IR-cutoff filter has been removed, and a motorized filter wheel placed in
front of it. The filter wheel contains seven color filters with center wavelengths from 400 nm to 700 nm in steps
of 50 nm. The filter wheel unit is located between the sensor and the optics, with the optics directly attached to
the mounting of the wheel.

The output spectra of the monochromator are measured with a Konica-Minolta spectroradiometer CS-2000,
which measures spectra between 380 and 780 nm in 1 nm steps. The spectra are sampled with a = 401 values
and we performed m = a measurements by setting the center wavelengths of the monochromator’s stimuli to the
same values as the sampled wavelengths. We used a halogen light source for these measurements, but a xenon
light source is also available.

3.1 Parameters of the estimation methods

In the estimation methods derived in section 2.2 and 2.3, some parameters can be set by the user. These will be
discussed in the following.

When the spectral sensitivity curves are reconstructed using the principal eigenvectors, the quality of the
results depends on the number γ of retained principal eigenvectors. As shown in Fig. 3, too many eigenvectors
do not sufficiently reduce the influence of noise on the reconstruction. On the other hand, the spectral curves
can not be completely reconstructed when the number of retained principal eigenvectors is too low because too
much information is missing. In this work, the spectra were sampled with a = 401 values, and the optimal value
for γ turned out to be γ = 175.

We also examined the influence of the value γ and of the bandwidths of the monochromator’s stimuli on the
resulting root mean square error (RMSE) for simulated measurement data (simulation as explained in section 3.3).
Fig. 4 shows the results for stimuli with a bandwidth of about 7 nm, which corresponds to a standard deviation
of 3. The RMSE for the reconstruction using between 50 and 400 principal eigenvectors was measured and the
best parameter γ, i. e., the value minimizing the RMSE, was 120 for the joint calibration and 200 for the separate
calibration. This difference can be explained by the bandwidth of the spectral curve of the monochrome camera,
that is much larger than those of the color channels and therefore requires more principal eigenvectors to be
correctly reconstructed. As can be seen in Fig. 4, the RMSE curve remains flat around the optimum value of
the parameter γ, especially for the separate calibration. This means that taking another value for γ than the
optimal value is not critical, since the RMSE will not increase too much. The same γ can thus be taken for both
calibrations, e. g., γ = 120 for this simulation.

The linear estimation (section 2.3) allows the user to choose the weighting factor µ for the smoothness term
of the optimization criterion. As shown in Fig. 5, a low value µ leads to noisy reconstructed spectral curves that
are not as smooth as expected. On the contrary, when the value is too high, the estimated sensitivity curves
are too smooth and deviate systematically from the filter transmittance curves. This is particularly evident for
the color channels with the highest and the lowest center wavelengths. The parameter that gave the best results
with our measurements is µ = 0.001.
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Figure 3: Estimation of the camera’s spectral sensitivity using γ principal eigenvectors, with different values for
γ. When too many eigenvectors are used for the estimation (γ ≥ 225), the noise has too strong an influence on
the estimated spectral curves. With too few eigenvectors (γ ≤ 125), information is lost and the spectral curves
can not be reconstructed correctly.
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Figure 4: Determination of the best parameter γ for the reconstruction with the principal eigenvector method,
based on simulated measurement values. The optimal values for the joint and for the separate calibration are
γ = 120 and γ = 200, respectively. The bandwidth of the stimuli from the monochromator is approximatively
7 nm.

3.2 Comparison of estimates to manufacturer data

A measurement of the sensor’s spectral curve for the sensor series is also provided by the manufacturer and could
therefore be compared to the spectral curves estimated with the four methods – the maximum value method, the
principal eigenvector estimation, the linear estimation and the Wiener estimation. As can be seen in Fig. 6, the
reconstructed spectral curves underestimate the manufacturer data for very small and very large wavelengths.
The spectral curve reconstructed using the maximum value method has larger values than those reconstructed
using the other methods for wavelengths under 450 nm and over 600 nm. The results from the linear and from
the Wiener estimation are quite similar. The method with the principal eigenvectors produces large oscillations
for wavelengths above 720 nm, which might be caused by too few eigenvectors. However, this is not an issue when
considering the spectral sensitivities of the color channels of the multispectral camera, since the used color filters
do not transmit light at these wavelengths. The RMSE of the reconstructed spectral curves in the wavelength
range provided by the manufacturer is 10.89 for the maximum value method, 2.80 for the principal eigenvector
method, 2.80 for the linear estimation and 2.79 for the Wiener estimation.
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Figure 5: Estimated spectral sensitivities using different weighting factors µ for the smoothness of the recon-
structed curves. When the smoothness term gets too much influence in the optimization criterion, e. g., when
µ ≥ 0.01, the estimated spectral sensitivities are not realistic anymore; when the smoothness has not enough
weight in the function (µ ≤ 0.0001), the estimated curves contain too much noise.
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Figure 6: Spectral sensitivity curve of the monochrome camera given by the manufacturer and curves calculated
with the four estimation methods described in section 2.

3.3 Simulation

To verify the validity of our results, we also reconstructed spectral sensitivity curves using simulated measure-
ments. The simulations are based on simulated spectral sensitivities and simulated stimuli from the monochro-
mator.

The stimuli coming from the monochromator were simulated using a spectral measurement of the utilized light
source and Gaussian functions, which are defined by the center wavelengths of the stimuli and their standard
deviations. The used center wavelengths were the m = 401 wavelengths uniformly distributed between 380
and 780 nm and the standard deviations of the functions were spread from 0.010 to 10, which correspond to
bandwidths from about 0.024 to 24 nm.

The simulation of the multispectral camera’s sensitivity is based on the measurement of our camera. The
spectral curves were reconstructed using the four available estimation methods in order to estimate sensitivities
for the seven color channels and for the monochrome camera. The simulated spectral sensitivities of the color
channels and of the monochrome camera were calculated using the mean curve over the four different reconstruc-
tions. The simulated transmittance curves of the color filters were obtained by division of the color channels’
sensitivities by the monochrome camera’s one.



The errors of the reconstruction results of this simulation are shown in Fig. 7. For low values of the bandwidth
under 2 nm, the maximum value method gives the best results. For larger bandwidths above 3 nm and our
sampling rate of 1 nm, however, this method gets worse. The most inappropriate method turns out to be the
joint calibration with the maximum value method, whose errors become much higher than the other methods
for bandwidths above 4 nm. The separate calibration (dashed lines) generally leads to better results than the
joint calibration (solid lines). The principal eigenvector method seems to be very accurate, but it requires an
optimization of the parameter γ for each different value of the monochromator stimuli bandwidth, as shown in
Fig. 4, which is quite laborious. With this simulation, the recommended method for a stimuli bandwidth of 3 nm
– like the one achieved during the measurement – would be the principal eigenvector method with a separate
calibration. Still, this observation should be taken with care, since camera noise and measurement noise were
not taken into account in this simulation.
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Figure 7: Root mean square error with respect to the simulated spectral sensitivities of a multispectral camera
for the eight different reconstruction methods proposed in this paper, i. e., for the two calibration methods (joint
and separate) and the four estimation methods (principal eigenvector, linear estimation, Wiener estimation and
maximum value estimation). The bandwidth 3 nm of the stimuli we utilized for the measurements is indicated
by the gray line.

3.4 Characterization of the multispectral camera

The results of the characterization of the multispectral camera using the eight different reconstructions are shown
in Fig. 8. The maximum value method gave larger values for both the joint calibration (Fig. 8a) and the separate
calibration (Fig. 8b), as for the reconstruction of the monochrome camera sensitivity in section 3.2. The three
other estimation methods lead to similar results, except for the joint calibration of the first color channel (whose
center wavelength is around 400 nm): here, with the Wiener estimation, the curve seems to be too large, since
all the other reconstructions (including the Wiener estimation with separate calibration) estimated a narrower
spectral curve. This is also shown in Fig. 8c. Moreover, the sensitivities reconstructed using the principal
eigenvector method exhibit strong ripples on the top of the detected narrow bands, which are certainly wrong
considering the smooth spectral curves of the filters and of the sensor. Therefore, the most accurate methods
seem to be the linear estimation and the Wiener estimation with a separate calibration.

The values of the center wavelength and of the bandwidths of the seven color channels were calculated based
on the eight different reconstructions of the multispectral camera’s sensitivity. The mean values and standard
deviations were then calculated for each channel as a measure of reliability. These values are summarized in
Tab. 1. All standard deviations are quite low: for the estimates of the center wavelength, the standard deviation
is less than 0.27 nm, and for the estimates of the bandwidth, it is below 1.87 nm. The latter is strongly affected
by the poor Wiener estimate for channel 1, as discussed above. Leaving out channel 1, the standard deviation
for the bandwidth estimates drops to 0.71 nm. Since the reconstruction results are almost perfectly consistent,
the overall reconstruction principle can be confirmed.
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Figure 8: Results of the reconstruction for the joint calibration (a) and the separate calibration (b) for the four
different methods. For Wiener estimation, the joint (solid lines) and separate (dashed lines) calibration results
are also shown both in one diagram in (c).

Another comparison can be made between joint and separate calibration. The center wavelengths are in
almost every case larger for the separate calibration than for the joint calibration, with an average offset of
+0.20 nm. In most cases, the bandwidth is also larger for the separate calibration: the spectral curves from the
joint calibration are on average 0.15 nm narrower.

Table 1: Mean values (mean) and standard deviations (std.) of the bandwidths and the center wavelengths
of the seven color channels of the multispectral camera, given in nm. These values were calculated using the
eight different reconstructions of the spectral sensitivities, i. e., using the two calibration methods and the four
estimation methods.

channel 1 channel 2 channel 3 channel 4 channel 5 channel 6 channel 7

band- mean 27.03 36.69 35.11 41.25 33.19 33.40 37.27
width std. 1.87 0.71 0.44 0.33 0.48 0.18 0.35

center mean 411.64 454.17 507.35 557.34 604.89 656.76 706.12
wavelength std. 0.23 0.21 0.11 0.16 0.14 0.18 0.27



4. CONCLUSIONS

We have presented two different calibration methods for the measurement of a multispectral camera’s spectral
sensitivity curves – the joint and the separate calibration. For the estimation of the spectral sensitivity curves
from the monochromator measurements, we showed four different reconstruction algorithms and described their
parameter fine-tuning in detail. As a first evaluation, we compared our measurements with the manufacturer
data, which, however, do not account for production spread between sensors of the same type. It has shown
that our actual measurements show a reduced sensitivity in the lower and upper wavelength ranges. We then
also performed a simulation of the camera characterization process to evaluate the algorithms. For a realistic
monochromator stimuli bandwidth of approximately 3 nm, the principal eigenvector method has proven to be
the best method. Above this bandwidth, the often used maximum value method should not be used since the
reconstruction error increased significantly. In our practical experiments, the principal eigenvector method was
noise sensitive and therefore is less appropriate than the linear and the Wiener estimation method. However,
comparing the center wavelength and the bandwidth of the reconstructed sensitivity curves, all methods have a
similar performance, which confirms our general measurement principle.
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