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Highlights

What are the main findings?
e  We developed a portable and cost-effective hyperspectral imaging system based on a commercial camera
and a tunable filter, capable of generating hyperspectral cubes with spatial and spectral resolution suitable

for human vision-oriented analyses.

° The system performs reliably under field conditions, providing a practical alternative to expensive

commercial hyperspectral cameras and other solutions with limited flexibility or robustness.

What is the implication of the main finding?

e  This approach lowers technical and economic barriers for hyperspectral data acquisition, enabling broader
access to visual environment characterization in natural settings.

®  The system facilitates anthropocentric analyses of natural scenes in uncontrolled environments, supporting

research in vision science and related disciplines.

Abstract

Hyperspectral imaging integrates spatial and spectral data, crucial for environmental and vision
science applications. Existing spectroradiometers lack spatial resolution, and many hyperspectral
systems are costly or unsuitable for fieldwork mimicking human vision. Here, we present the
development of a portable, relatively low-cost hyperspectral camera based on a tunable filter and a
commercial video camera, together with Python-based software capable of generating hyperspectral
cubes from the acquired images, as a more accessible and adaptable alternative for specific
applications. The proposed method includes assembling the acquisition system and processing raw
images, which have been demosaiced, linearized, and labeled with their corresponding spectral band,
to generate a hyperspectral cube. Our approach allows radiance retrieval through prior calibration
or reflectance estimation using a white reference from a selected region of the hyperspectral cube.
Additionally, it enables exporting the hyperspectral cube as a three-dimensional matrix. The
developed software facilitates visualization and analysis of hyperspectral data. Validation against a
spectroradiometer demonstrated reliable spectral radiance measurements under moderate to high
light conditions. This adaptable approach enhances accessibility to hyperspectral imaging for
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research contexts with limited resources, supporting detailed visual environment characterization
outside controlled laboratory settings.

Keywords: field spectral measurements; hypercube; hyperspectral imaging; imaging system;
short-range

1. Introduction

Hyperspectral imaging (HSI) has emerged as a key tool for the simultaneous capture of spectral
and spatial information, integrating both dimensions into a single dataset. This technology makes it
possible to obtain, for each pixel in an image, spectral measurements across multiple wavelengths,
enabling detailed analysis of the radiometric properties of the materials present in a scene. Owing to
these capabilities, HSI is widely used in diverse scientific and technological fields, such as remote
sensing [1,2], industrial inspection [3], biomedical imaging [4,5], and vision science [6,7], among
others.

Traditionally, spectral information has been acquired using conventional spectroradiometers, which
provide precise spectral measurements but lack spatial resolution because they integrate the signal
from a given area within the field of view [8]. This characteristic limits their application in the
characterization of extended, heterogeneous, or dynamic scenes. In response to this limitation, HSI
systems were developed to simultaneously record the spatial and spectral variability of a scene,
generating matrix datasets typically organized into hyperspectral cubes composed of two spatial
dimensions and one spectral dimension [9], with acquisition times ranging from milliseconds to
seconds, or even enabling instantaneous capture, depending on the technology employed [1,2].
Methods for HSI acquisition have progressively evolved alongside technological advances. Early
systems employed configurations based on moving mirrors and point spectroradiometers, or on
linear sensor arrays, enabling reconstruction of the hyperspectral cube through spatial scanning [9].
These approaches were later optimized and became widely used in remote sensing applications, both
on satellite platforms [10] and in airborne systems, including those mounted on drones [11].

With the miniaturization of technology, more compact developments emerged, such as the so-called
HOSI camera [12], which uses a mobile spectroradiometer to acquire spatial information from a scene,
as well as systems designed for retinal imaging [4]. In parallel, advances in high-sensitivity, high-
speed CMOS sensors enabled alternative hyperspectral capture methods, such as the use of tunable
filters [13] or CMOS sensors with broadband filter patterns, from which the spectral dimension is
reconstructed through computational processing [14].

In this context, although the aforementioned developments represent significant contributions to
spectral data acquisition —especially for remote or distance-capture applications —some systems rely
on device or platform motion and therefore lack sufficient stability to obtain hyperspectral cubes
suitable for visual environment characterization in fieldwork conditions [15], while others may not
offer adequate spectral or spatial resolution to study the visual environment from an anthropocentric
perspective [1,16]. Moreover, although hyperspectral systems designed for industrial applications
exhibit a high degree of technological maturity [3], these cameras are often expensive, fragile, and
not always suitable for research outside controlled environments [17]. Taken together, these
limitations reduce their suitability for field campaigns, where conditions often involve limited control
over device motion, scene dynamics, and power supply, thereby compromising the acquisition of
reliable HSI data. Furthermore, previous HSI devices may not fully exploit recent advances in
commercial RGB cameras to approximate natural vision [18-20].

To address these challenges, we developed an portable, adaptable HSI system based on a commercial
camera coupled with a tunable filter, capable of obtaining spectral information with high spatial
resolution while remaining relatively low-cost, robust, and suitable for fieldwork. The proposed
system takes advantage of the commercial camera’s ability to record uncompressed image sequences,
synchronizing them with a programmable filter to generate hyperspectral cubes in the visible range
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that are well-suited for studies focused on human visual perception.

The aim of this article is to present both the hardware and software components of the developed
system and demonstrate its potential for performing hyperspectral measurements in diverse
environments outside the laboratory. Compared with commercial solutions, our approach offers
enhanced flexibility, adaptability, and cost-efficiency for field-based visual environment
characterization.

2. Materials and Methods

2.1. The Hardware

To obtain spatially resolved spectral information from real-world environments (i.e.,
uncontrolled settings), we used a video camera with red, green and blue sensors (RGB), a tunable
wavelength filter operating from 420 nm to 720 nm, and a lens system. In addition, this work includes
the development and implementation of a Python-based software pipeline capable of: (i) controlling
the tunable filter through the library provided by the filter manufacturer (Thorlabs), which initializes
the device and sets the desired wavelength; (ii) using the Sounddevice library to emit an audio signal
that links the wavelength configured in the tunable filter with the image captured by the camera via
a Windows-based computer interface; and (iii) managing raw image processing (demosaicing,
linearization, and spectral band labeling) and generating hyperspectral cubes in HDF5 (.H5) format.
This software also enables the calculation of radiance and reflectance using previously obtained
calibration data or white reference measurements.

2.1.1. The RGB Video Camera

To select the acquisition system, the main criteria considered were sensitivity, dynamic range,
and image acquisition speed. In an initial stage, a comparative evaluation was conducted on four
different cameras: two DSLR models (Canon 5D Mk II and Canon T3i), one scientific-grade camera
(QImaging QICAM FAST 1394), and a Blackmagic Cinema Camera 2.5K [21], in order to determine
the most suitable device for the proposed system. All cameras met the sensitivity requirement,
demonstrating adequate performance under low-illumination conditions [22]. However, although
the Canon cameras exhibited good dynamic range, they exhibited relatively slow inter-frame
acquisition times [23,24]. In the case of the QImaging camera, acquisition speed depended on
software configuration; nevertheless, this device was discarded due to its connection interface
(FireWire 1394), considered obsolete. For these reasons, the camera ultimately selected for
constructing the hyperspectral imaging system was the Blackmagic Cinema Camera (BMCC).

The BMCC can record between 24 and 30 images per second with a 12-bit depth and provide a
wide dynamic range [21]. It also offers the possibility of saving image sequences in raw (.DNG)
format together with a separate audio file directly to a solid-state drive (S5D), without requiring an
external computer. Image capture is performed without spatial or temporal compression, ensuring a
high degree of control and fidelity in the acquired data [21].

The raw files generated by the camera can be processed using open-source libraries such as
Rawpy [25], allowing near-complete control over the digital development pipeline. However, in this
work the raw files were used without post-processing, and demosaicing was performed manually,
without pixel interpolation. In this way, it is possible to obtain information from the three primary
sensor channels independently, as shown in Figure 1.
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Figure 1. Relative sensitivity of the Blackmagic Cinema Camera 2.5K for the red, green, and blue channels as a
function of wavelength. The points correspond to experimental measurements and the lines to the smoothed

curves. Peaks are observed in their characteristic spectral regions, along with partial overlap between channels.

Although the native sensor resolution is 2432 x 1366 pixels, because it uses a Bayer pattern, each
channel is subsampled, with an effective resolution of approximately 608 x 341 pixels per channel.

2.1.2. The Tunable Wavelength Filter

For the spectral filtering of light, we used a KURIOS-XL1/M tunable filter [26] to selectively
transmit narrow wavelength bands within the 420 nm to 720 nm range before reaching the camera
sensor, with transmittance varying from 1% at shorter wavelengths to 43% at longer wavelengths
(Figure 2).
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Figure 2. Spectral transmittance of the Kurios XL1/M tunable filter as a function of wavelength. The points
indicate experimentally measured values, while the continuous line corresponds to the fitted curve describing

the spectral trend of the system.

This tunable filter can be controlled using its Software Development Kit (SDK) libraries. These
libraries enable programmable control of the filter through programming languages such as C++,
LabVIEW, and Python, providing flexibility for integration into different projects. Python was
selected as the programming language because it can be used on portable devices such as laptops
and tablets.

2.1.3. Integration of the Camera with the Tunable Filter

To integrate the tunable filter with the camera, several mechanical adaptations were required,
including 3D-printed components as well as the incorporation of an intermediate optical system. The
camera features a Canon EF mount with a flange distance of 44 mm, whereas the tunable filter has a
thickness of 60.5 mm. Due to the mismatch in flange distance and mechanical dimensions, a lens was
inserted between the camera mount and the tunable filter, and an additional lens was placed between

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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the tunable filter and the primary lens, as shown in Figure 3. This configuration preserves
compatibility with interchangeable commercial Canon lenses and makes it possible to vary the field
of view and, consequently, the data acquisition area without modifying the rest of the experimental
setup.

Blackmagic 100mm Kurios 50mm

Camera tunable filter S0mm

BEOm |

Figure 3. Diagram of the acquisition system composed of a Blackmagic Camera, a Kurios tunable filter, and 50

n

mm and 100 mm optics, showing the arrangement of components.

2.2. Acquisition and Synchronization Protocol

During acquisition, the BMCC generates a sequence of 24 frames, with an approximate size of 3
MB per frame [21]. These frame files are automatically stored in a folder together with the
corresponding audio file. This folder is created with a name composed of the camera model, date,
hour, minute, and a clip identifier. Each image in the sequence is saved with a similar filename to
which a consecutive frame number is added, allowing each image to be associated with a specific
time instant from the beginning of the recording.

Similarly, the audio file contains an accurate temporal reference, since the sampling frequency
remains constant throughout the entire capture. This temporal correspondence between the frame
sequence and the audio signal makes it possible to relate each frame to a defined acquisition instant
and, therefore, to the specific spectral range associated with that frame during the spectral sweep of
the tunable filter.

The complete acquisition and processing workflow, from the scene to hyperspectral cube
generation, is summarized in Figure 4. Light from the scene enters through the lens, passes through
the tunable filter (Kurios XL1/M), and is recorded by the camera (Blackmagic Cinema Camera 2.5K)
sensor through sequential acquisition at different spectral bands. The spectral variation of the filter
is controlled by a software-generated signal (Synchronization module), which simultaneously sends
an audio signal that is recorded together with the image sequence captured by the camera. In this
way, each frame becomes temporally associated with a specific portion of the audio signal, enabling
precise correspondence between acquisition time and the spectral range transmitted by the filter. If a
reference white, such as Polytetrafluoroethylene (PTFE) sample or another calibrated white target, is
included, spectral reflectance can be obtained using this information. Subsequently, the images are
processed and computationally reorganized to reconstruct the hyperspectral cube while preserving
the spatial and spectral dimensions of the scene.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Flow diagram of the proposed hyperspectral acquisition system. Scene radiance passes through the

Kurios XL1/M tunable filter, whose spectral range is controlled by a software-generated signal transmitted as
audio. This signal is recorded simultaneously with the sequence of raw images captured by the Blackmagic
Cinema Camera 2.5K, enabling temporal correspondence between each frame and its associated spectral band.
In parallel, a white reference is acquired for radiometric correction and reflectance measurement. Finally, the

images are processed and reorganized to reconstruct the hyperspectral cube.

2.3. The software

The developed software is organized into three main modules: (i) control of the tunable filter
and synchronization of each spectral band with the images acquired by the camera; (ii) construction
of the hyperspectral cube; and (iii) visualization of the hyperspectral cube and extraction of associated
data.

The software was developed in Python, and the required libraries can be installed using the pip
package manager, except for the libraries specific to the tunable filter, which can be downloaded from
the manufacturer’s website [26].

The first module of the software is an independent script that controls the tunable filter and
sends synchronization information to the camera. The software initializes the tunable filter by setting
it to its minimum transmission (black) state, ensuring that acquisition always begins from the same
spectral condition. The system is then sequentially configured, starting at 420 nm and increasing the
central wavelength in 10 nm steps until reaching 720 nm. In parallel, an audio signal is emitted and
recorded by the camera, as shown in Figure 5.

Tablet BMCC

- || ‘.

|

Figure 5. Conceptual diagram of the acquisition synchronization system, in which a tablet sends a control signal
that generates timed sound pulses associated with different spectral bands. These pulses are recorded by the

camera (BMCC) to synchronize each image with its corresponding wavelength.

The second module provides three main options: Create Hypercube, Open Hypercube, and
Camera Spectral Calibration. The Create Hypercube option generates the hyperspectral cube from
the files captured by the camera. To do so, the program requests the associated audio file, located in
the same folder as the raw image sequence. A series of dialog boxes is then displayed for the user to
define the parameters required for the hyperspectral cube construction.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://www.zotero.org/google-docs/?V2emCd
https://doi.org/10.20944/preprints202603.0765.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 March 2026 d0i:10.20944/preprints202603.0765.v1

7 of 17

Once the hyperspectral cube has been generated and loaded, the Open Hypercube option
provides access to an interface designed for interactive visualization and data analysis. In this
interface, the cube is initially displayed as an RGB image composed of three selected spectral bands
at 650 nm, 550 nm, and 450 nm, assigned to the red, green, and blue channels, respectively. In the
viewer, a red rectangle indicates the region of interest used for spatial integration and spectral
computation.

Below the main viewer, the average spectral radiance curve corresponding to the selected area
is displayed, along with descriptive statistics including the mean value, standard deviation, and
minimum and maximum pixel values within the selected region. Additionally, to the right of the
image, a wavelength-encoded vectorscope is shown, allowing visualization of the spectral
distribution of pixel density within the selected section (Figure 6). The system also enables calculation
of both radiance and reflectance, provided that a PTFE reference is available.

¢ Opens s o

Figure 6. Interface of the hyperspectral analysis software used for data visualization and processing. In the upper
left, the scene image is displayed with the selected area of interest (red rectangle), corresponding to the analyzed
region. In the lower left, the average spectral radiance curve of the selected area is shown as a function of
wavelength, together with the standard deviation and minimum-maximum range. On the right, the spectral
vectorscope is displayed, representing the chromatic distribution of radiance in angular coordinates associated

with wavelength.

For reflectance measurements, the software allows loading PTFE reference data obtained from
an image and reusing it for calibrating subsequent acquisitions. This functionality is particularly
useful when multiple images are acquired within the same session and under similar illumination
conditions, since it enables reflectance estimation without physically including the PTFE reference in
every scene, thereby facilitating data acquisition in natural or hard-to-access environments.

2.4. Characterization and Calibration

2.4.1. Dynamic Range and Linearization

Dynamic range was measured using an X-Rite color chart illuminated with cool white light-
emitting diode (LED) lamps inside a diffuse light booth (Figure 7) [27]. To establish the reference
luminance values of the color chart, the range of luminances present in natural environments was
considered. For this purpose, luminance measurements were taken in a natural outdoor environment
at midday (13:00 h) during spring, recording values corresponding to overcast sky away from the
solar disk (11,000-20,000 cd/m?), clear sky (11,000-16,000 cd/m?), concrete surfaces under direct
sunlight (9,000-11,000 cd/m?), and ground under the shade of a small forest (200400 cd/m?).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Subsequently, in the laboratory, the color chart was illuminated until reaching a 29,000 cd/m?.
The highest possible sensitivity was then selected without saturating the camera sensor at the
wavelength of maximum response (540 nm). Consequently, an ISO sensitivity of 1600 was used and
the shutter angle was set to 180°, although the camera allows shorter exposure times. To maintain
adequate exposure while avoiding sensor saturation, a 50 mm lens with an f/1.4 aperture was used.

Figure 7. Experimental setup for spectral data acquisition, consisting of a controlled illumination booth

containing a color chart and black and PTFE samples inside.

To evaluate the radiometric linearity and dynamic range of the sensor, 29 hyperspectral cubes
were acquired, each accompanied by its corresponding spectral radiance measurement taken over a
PTFE reference. Throughout the entire experimental process, the positions of the spectroradiometer,
hyperspectral camera, and reference chart inside the diffuse illumination booth were kept fixed in
order to ensure constant geometric and observation conditions (Figure 8a).

Variation of the incident radiance was achieved through progressive control of the booth
illumination, sequentially switching off the luminaires to obtain an approximately uniform decrease
in illumination level down to low values, as shown in Figure 8a. For luminance levels below 10 cd/m?,
an additional external luminaire was used, whose distance and orientation were adjusted to reach
the required minimum values.

The curve obtained after analyzing the linearization data (Figure 8b) shows a non-linear
response that approximates proportionality over the analyzed range; however, the relationship is not
strictly linear. For this reason, a linearization correction look up table was constructed to compensate
for the sensor’s non-linearity and obtain a linear relationship between physical radiance and the
measured digital signal.

ADC vs. Radiance

1 o
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0.01 °
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Figure 8. (a) Experimental setup used to measure sensor linearity. (b) Relationship between the sensor’s digital

signal (ADC) and the incident radiance measured at 540 nm, plotted on a logarithmic scale on both axes.
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From these measurements, an effective dynamic range of approximately 4.4 orders of magnitude
was determined, spanning from 0.4473 W-m=2 to 1.02 x 10> W-m2 at 540 nm. This interval defines the
radiance limits within which the system maintains a stable and usable response.

It is important to distinguish between the absolute radiance range measured at 540 nm —which
depends on the transmittance of the tunable filter and the optical efficiency of the system —and the
sensor’s dynamic range, expressed in orders of magnitude, which characterizes the system’s ability
to resolve signals between the noise threshold and the saturation level. The effective dynamic range
of the system corresponds to approximately 4.38 orders of magnitude. For other wavelength groups,
the dynamic range is maintained, but sensitivity depends on the spectral transmittance of the filter at
each wavelength.

2.4.2. Homogenization

Commercial cameras consist of a body that houses the sensor, responsible for recording incident
light, and a lens coupled through a mount designed to minimize optical aberrations. However, when
the original optical system is modified by incorporating a tunable filter and an additional lens system,
the way light reaches the sensor is altered, affecting the homogeneity of the response at each
wavelength.

To correct this inhomogeneity, a white surface was uniformly illuminated and a reference
hyperspectral image (WR) was acquired. From this image, the mean value (WM) was calculated for
each wavelength. Since the ideal reference scene should exhibit spatial uniformity, a negative
inhomogeneity map (Hmap) was generated by dividing WM by WR, as expressed in Equation (1).

Homogeneity correction was performed by multiplying the Hmap by a sample image. The effect
of this correction is clearly visible, as shown in Figure 9. It should be noted that, because this
correction is applied during post-processing, it presents limitations associated with both sensor
sensitivity and the spatial distribution of illumination across the sensor.

Hmap = WM / WR €))

(a) (€)

Figure 9. Visualization of the original sample image (a), the homogeneity map Hmap (b), and the resulting

corrected image (c).

2.4.3. Calibration

The signal recorded in the raw files of the hyperspectral system is determined by the interaction
between the spectral radiance of the scene, the spectral sensitivity of the sensor, and the spectral
transmittance of the tunable filter. Because both sensor sensitivity and filter transmittance vary with
wavelength, the system response is not uniform across the spectrum and requires wavelength-
dependent correction coefficients.

The calibration procedure was carried out using a spectroradiometer as a radiometric reference.
For this purpose, a diffuse PTFE surface was illuminated with a cool LED light source, and spectral
measurements were acquired both with the spectroradiometer and with the hyperspectral camera.
Both measurements were performed from the same position and under identical illumination
conditions, ensuring that the observed spectral radiance was equivalent for both instruments.

From these measurements, a wavelength-dependent correction coefficient was calculated by
directly comparing the spectral radiance measured by the spectroradiometer with the digital signal

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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recorded by the hyperspectral camera, as shown in Equation 2, where C(A) is the spectral correction
coefficient, Lspec(A) is the spectral radiance measured by the spectroradiometer over the PTFE
surface, and Dcam(A) is the average digital signal recorded by the hyperspectral camera at the
corresponding wavelength.

C(A) = Lspec(A) / Dcam(A) (2)

This coefficient integrates into a single wavelength-dependent factor the spectral variations
introduced by sensor sensitivity, the transmittance of the tunable filter, and the spectral distribution
of the illuminant.

Applying these correction coefficients at each wavelength makes it possible to adjust the spectral
response of the camera so that it is consistent with spectroradiometer measurements, Consequently,
the calibration is valid under illumination conditions spectrally equivalent to those used during
coefficient estimation. Because the coefficient is derived from an absolute radiometric reference, the
calibrated camera data can be directly compared with absolute spectral measurements within the
limits imposed by the uniformity of the diffuse surface and the sensitivity of the sensor.

To obtain the final calibrated signal, the raw digital signal recorded by the camera (Dcam) is
corrected by sequentially applying, for each spectral band, the homogeneity map (Hmap) and the
spectral calibration coefficient (C), resulting in the multiplication Dcam(A) - Hmap(A) - C(A), which
compensates both spatial inhomogeneities of the system and wavelength-dependent variations
introduced by the sensor and the tunable filter.

3. Results
3.1. Validation

3.1.1. Radiance Profile

The experimental setup shown in Figure 7 was used to acquire hyperspectral cubes and perform
radiance measurements on a PTFE surface illuminated with different levels of cool white LED, with
the aim of comparing radiance measurements obtained with the hyperspectral camera and the
reference spectroradiometer. Table 1 presents the comparison of spectral radiance at 540 nm for
different signal levels, identified as Lin_w_XX. It includes absolute radiance values expressed in
W-m=2nm™, as well as the percentage difference between both systems, reported both individually
and as an average across the measured spectral range.

The agreement between the hyperspectral camera and spectroradiometer measurements was
evaluated as a function of the analyzed radiance range. In most cases, individual differences
remained below +2%, indicating a high level of consistency between the two systems under medium
and high signal conditions. However, as the radiance level decreased until very low levels, the
developed hyperspectral camera sensor exhibited reduced sensitivity, resulting in an increase in the
relative difference between the devices. This effect is particularly evident at the lowest radiance levels
(Lin_w_033 and Lin_w_035), where the average difference increased significantly, suggesting an
increased influence of noise and relative error amplification at very low signal levels.

Overall, these results indicate that both systems exhibit consistent and comparable performance
under medium and high radiance conditions, whereas the discrepancies observed at low radiance
levels should be interpreted with caution, given the amplification of percentage error at very low
absolute radiance values.
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Table 1. Comparison of spectral radiance at 540 nm measured with the hyperspectral camera and the
spectroradiometer for different signal levels. Absolute radiance values (W-m2nm™) and the percentage
difference between both systems are reported, both individually and as an average across the entire measured

spectral range.

Spectral Radiance (W-m?nm™) at 540 nm Difference
Developed
Measurement Photo Research
Hyperspectral Individual ~ Average
Spectroradiometer
System

Lin_w_08 0.242 0.242 0.00% -2.74%
Lin_w_010 0.0869 0.0866 0.35% -2.53%
Lin_w_017 0.0274 0.0278 -1.44% -1.51%
Lin_w_025 0.00536 0.00537 -0.19% 1.33%
Lin_w_030 0.00172 0.00171 0.58% -1.50%
Lin_w_033 0.00019 0.0002 -5.00% 32.65%
Lin_w_035 0.00008 0.00008 0.00% 112.46%

Additionally, Figure 10 presents a spectral comparison of the percentage deviation between
measurements obtained with the hyperspectral camera and the reference spectroradiometer for each
signal level (Lin_w_XX) as a function of wavelength. This spectral analysis enables a more detailed
evaluation of system performance across the visible range and facilitates the identification of patterns
associated with noise and sensitivity limitations.

For medium and high radiance levels (Lin_w_08 to Lin_w_030), the deviation remains close to
zero across most of the spectrum. In contrast, for the lowest radiance levels (Lin_w_033 and
Lin_w_035), significantly larger deviations are observed, particularly at short wavelengths (420-470
nm) and long wavelengths (640-720 nm), where the relative error greatly exceeds that of the rest of
the spectrum. This behavior is consistent with lower tunable filter transmittance at short wavelengths
and reduced sensitivity of the sensor’s green channel within those wavelength groups.

Overall, these analyses show that the system performs well under moderate radiance conditions,
whereas measurements acquired at low signal levels require careful treatment due to noise.

1200% —

B ® Lin_w 08 @ Lin_w_010 Lin_w_017 @ Lin_w_025 Lin_w_030 | @ Lin_w_033 Lin_w_035
1000% —
800% —|

600% —|
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0% ;M ——t : _u._.__..,._—o-—_g:—o—-.——a—:\'::!,’:‘_:__."-
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Figure 10. Spectral percentage deviation between measurements obtained with the hyperspectral camera and

reference spectroradiometer for different signal levels as a function of wavelength.

3.1.2. Spectral Agreement
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Although percentage deviation analysis is a useful metric for quantifying the performance of the
developed hyperspectral camera, an additional test was conducted to validate its spectral
reconstruction performance under realistic measurement conditions. For this purpose, spectral
measurements were performed on a color chart under the same illumination conditions used during
the calibration process.

The curves obtained, shown in Figure 11, exhibit consistent spectral agreement between
measurements, with each chromatic patch displaying a distinct spectral signature identifiable with
its corresponding color. The shapes of the curves, their relative maxima, and their slopes match the
expected behavior for each patch, indicating that the system correctly preserves relative spectral
information in reflectance measurements. Taken together, these results indicate that the
hyperspectral camera is capable of reconstructing physically consistent spectral information within
the visible range.

v ‘
100—‘—’._‘—*.‘_, A T
A PTFE
- Blue .
- Green
- Red §
Yellow é“"‘
- Magenta 3
Cyan 025~’\\v/
7 M S e
000 . ey — ———
l 450 500 550 600 650 700

Wavelength (nm)

(a) (b)

Figure 11. Chromatic target used for the test (a) and spectral results obtained from its reflectance measurements
(b), showing the correspondence between the measured object and the spectral signatures recorded by the
system. Panel (a) shows the X-Rite color chart used as a reference pattern, composed of multiple chromatic
patches arranged in a regular matrix, each with distinct reflective properties within the visible spectrum. Panel
(b) displays the normalized spectral reflectance curves corresponding to the blue, green, red, yellow, magenta,
and cyan patches of the color chart together with the PTFE reference. The horizontal axis represents wavelength
(nm) and the vertical axis represents normalized reflectance. The curves exhibit characteristic spectral profiles
for each color, indicating the direct relationship between the patches shown in (a) and their measured spectral

responses in (b).

The spectral responses plotted in Figure 11 indicate that the system achieves maximum spectral
accuracy within the mid-visible range and shows increasing deviations toward the spectral extremes,
a behavior consistent with the physical limitations of the sensor’s green channel and the tunable
filter's lower transmittance at shorter wavelengths. Overall, the error distribution does not exhibit
abrupt systematic biases or large spectral irregularities, supporting the validity of the calibration and
the reliability of the hyperspectral camera’s spectral performance.

3.2. Performance in the Field

In terms of implementation and field use, the developed hyperspectral camera features a
compact and portable design that enables operation outside the laboratory. The system can be
mounted inside the trunk of a vehicle (Figure 12a) and controlled via a computer tablet (Figure 12b),
facilitating configuration and remote operation. The BMCC includes an internal battery, and given
the tunable filter's low power consumption, the system can operate using the vehicle’s battery,
providing greater flexibility in selecting acquisition scenarios and conditions for hyperspectral
imaging.
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Figure 12. (a) Hyperspectral system mounted inside the trunk of a car for field measurements. (b) Image of the

hyperspectral system being controlled via a computer tablet.

Hyperspectral image acquisition is performed within a short time: the system requires
approximately 7 seconds to capture a hyperspectral cube composed of 31 spectral bands in the visible
range, from 420 nm to 720 nm, with a spectral sampling interval of 10 nm. Although the BMCC is
capable of generating up to 30 frames per second [21], the switching time between bands of the
tunable filter constitutes a limiting factor, thereby limiting further reduction of total acquisition time.

4. Discussion

We developed a portable hyperspectral camera based on a tunable filter coupled to a commercial
CMOS camera, with the aim of enabling spectral measurements of natural scenes under real
observation conditions. The hyperspectral camera was designed to operate in field campaigns where
environmental control is limited and acquisition geometry is centered on human vision [7,10,15].

Comparisons with the reference spectroradiometer show that the proposed system reproduces
spectral radiance in the visible range with good agreement under medium and high radiance
conditions. Both the point analysis at 540 nm and the full spectral comparison indicate small relative
deviations and coherent spectral behavior across most of the visible range. The discrepancies
observed at low radiance levels are primarily attributed to signal-to-noise ratio limitations rather than
to systematic differences in spectral response, data acquisition, or processing.

In other hyperspectral camera developments [12,17], exposure time is adjusted according to
wavelength to maximize effective dynamic range per pixel. However, the commercial camera
employed in our system does not allow independent exposure control for each spectral band or real-
time remote parameter modification with immediate feedback [21]. Consequently, each
hyperspectral cube is acquired using a single configuration of exposure, ISO sensitivity, and aperture.
Despite this constraint, the system provides a sufficiently wide dynamic range to capture spectral
information in both shadowed areas (e.g., under vegetation cover) and high-luminance areas such as
clear skies.

The acquisition time (approximately 7 seconds per cube) is compatible with moderate
environmental stability, where factors like breeze or gradual illumination changes do not introduce
significant spatial distortions. This is particularly relevant in natural environments, where movement
of leaves, branches, or clouds may affect spatial consistency between spectral bands. Additionally,
the availability of multiple frames per spectral band (the system generates approximately five images
per spectral band) opens possibilities for future software improvements, such as noise reduction
strategies through temporal averaging.
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The selection of the BMCC as the capture device for the proposed hyperspectral system
represents a compromise between radiometric performance, processing control, and accessibility.
The BMCC provides direct access to high bit-depth uncompressed raw data, enabling fully
customized acquisition and processing workflows. This feature is especially relevant for experiments
requiring precise control over each stage of processing. Moreover, its ability to operate
autonomously —recording sequences onto an SSD without relying on an external computer—
facilitates its use in fieldwork and portable experimental setups. Its mechanical robustness and
second-hand market availability further make it an economically viable option for low-cost
developments, allowing system replication without specialized equipment or complex laboratory
infrastructure. The camera functions as a highly sensitive radiometric sensor that, combined with
spectral filtering and sequential acquisition techniques, enables reconstruction of hyperspectral cubes
suitable for characterizing the visual environment under real observation conditions. However, it is
not the only video camera capable of meeting these requirements. While alternative cameras such as
ZCAM, RED, or SONY offer comparable capabilities, proprietary raw formats may limit low-level
access. Meanwhile, recent advances in mirrorless cameras, particularly in burst shooting speed and
sensitivity [28,29], open new possibilities for developing hyperspectral systems based on tunable
filters. These cameras could enable sequential acquisition schemes with higher temporal sampling
rates and spatial resolution, expanding the potential application range of portable, low-cost
hyperspectral systems.

Field deployment constitutes a central aspect of this development, as this device is specifically
intended to record hyperspectral images in natural environments, which are often difficult to access
and have limited technological infrastructure beyond transportation. The developed hyperspectral
camera is portable enough for field use, for example mounted inside a car trunk (Figure 12) and
powered directly from a vehicle battery due to the tunable filter’s low energy consumption. However,
because the system includes 3D-printed components made of polyethylene terephthalate glycol
material, it may be susceptible to temperatures above 69 °C, making thermal management advisable
under extreme environmental conditions [30].

The image acquisition software is adaptable to different camera systems, although certain
modules are specific to the tunable filter employed. It should also be noted that, depending on the
camera model, optical arrangement, and filtering technology, homogeneity, linearity, and correction
coefficients would require recalibration. If a different tunable filter is used, its proprietary libraries
must be employed. Future improvements could include spectral sensitivity compensation of
individual color channels during post-processing, potentially reducing the deviations observed at the
spectral extremes.

Beyond its technical characteristics, this system was conceived to facilitate the study of optical
radiation processing in both visual and non-visual biological systems under ecologically valid
conditions. Laboratory measurements of isolated natural objects (samples removed from their
environments) [27,31] imply the loss of essential contextual factors such as solar illumination, skylight
contribution, and optical interactions with surrounding elements, all of which shape the spectral
structure of natural scenes and are therefore crucial for properly interpreting the spectral radiance of
these objects from an anthropocentric perspective [6].

Hyperspectral images are particularly valuable for understanding how the human visual system
is adapted to environmental regularities [32-34]. They are essential in color vision science [35-38],
especially when considering the full range of human photoreceptors, including rods, melanopsin-
expressing cells, and the three types of cones [34,39,40], or for studying vision systems with more
than three photoreceptors [41-44]. Additionally, hyperspectral data can provide insights into the
roles of all five human photoreceptor types in circadian research [45,46].

This approach prioritizes portability, accessibility, and operation under uncontrolled
environmental conditions while maintaining the measurement quality required for the spectral
characterization of natural scenes. The results support the use of the developed system as a reliable
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and flexible alternative to spectroradiometric measurements in field applications, provided that the
constraints associated with low-radiance regimes are appropriately considered.
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