Improving skin color accuracy in DLP-based 3D
reconstruction

Erik Barrios®®, Jesus Pineda?, Lenny A. Romero®, Maria S. Millan?, and Andres G. Marrugo®

aFacultad de Ingenieria, Universidad Tecnolégica de Bolivar, Cartagena, Colombia
PEsc. de Ciencias Bésicas, Tecnologia e Ingenierfa, Universidad Nacional Abierta y a
Distancia, Corozal, Colombia
‘Facultad de Ciencias Basicas, Universidad Tecnolégica de Bolivar, Cartagena, Colombia
4Dept. Optica y Optometria, Universidad Politécnica de Cataluna, Terrassa, Spain

ABSTRACT

Color accuracy is crucial in several domains such as biomedical imaging, cosmetics, and multimedia. Digital
Light Processing (DLP) with LEDs has increasingly become a popular lighting source in 3D scanning systems.
Although DLP provides advantages in 3D reconstruction, it poses challenges in maintaining color accuracy. Our
research focused on using hybrid lighting to improve the color accuracy of DLP-based 3D sensing systems. We
developed an empirical dataset featuring skin tones captured under multiple lighting environments, including
variations in indoor ambient lighting. Through qualitative and quantitative evaluations of color differences, we
conclude that including auxiliary lighting with DLP is beneficial for color accuracy, particularly in biomedical
imaging and other applications in which color accuracy is essential.
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1. INTRODUCTION

Color accuracy is crucial for various applications, including biomedical, cosmetic, and multimedia, but it can be
difficult to achieve in complex lighting situations.? LED-based digital light processing (DLP) projectors are a
common primary light source in 3D scanning devices.? However, these projectors can cause color-related issues
like chromatic aberration, spectral imbalance, and color temperature variation.®> These factors can negatively
impact color representation and require calibration for accurate imaging. Color measurements depend on the
light source and the subject matter’s optical properties.* ® DLP lighting can result in low color accuracy due to
interactions with other light sources like indoor ambient light.”® To address this, computational color constancy
techniques are used to correct color in complex lighting conditions.? '° Despite advancements in these techniques,
achieving high color accuracy in specialized applications such as medical imaging remains challenging, such as
accurately reproducing skin color tones due to the skin’s complex absorption, reflection, and scattering properties.

In many applications of 3D imaging, the color texture image is acquired simultaneously with the projected
patterns used to recover surface topography.!'12 One common method is Fringe Projection Profilometry (FPP)
which uses uniform white light from a Digital Light Processing (DLP) projector or ambient light by projecting a
black image. In high-speed imaging, exclusive DLP lighting is often used. However, the texture image may exhibit
color accuracy problems.!> When color accuracy is crucial, such as in skin imaging, a calibration procedure is
necessary to ensure accurate color measurements.' !> Studies have shown that color calibration typically fails
due to lighting conditions rather than the camera sensor.'® Consumer-grade sensors are usually suitable for color
imaging under typical lighting environments but may fail with narrowband lights such as single-color LEDs. LED
lighting can also be problematic for visualizing specific skin colors. Therefore, LED-based DLP projectors, which
use tri-color LEDs operated in sequence, may not be sufficient for skin color measurements despite being designed
for improved color accuracy.
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Figure 1: A typical structured light system in a biomedical application. A fringe projection profilometry
setup composed of a camera-projector pair. When obtaining the texture image of the scene either by averaging
the fringes or projecting a white pattern, there are color reproduction problems.

In our research, we examined the accuracy of skin tone colors in a 3D measurement system based on DLP
technology under different indoor lighting conditions. We selected color patches from a Munsell color chart to
represent skin tones and inspected them under various illuminants, including DLP lighting. Our hybrid lighting
approach allowed us to reduce color inaccuracies and create a dependable framework for future research and
applications in 3D imaging.

2. MATERIALS AND METHODS

A two-step method was implemented to evaluate the color accuracy of the DLP-based FPP 3D imaging system
in relation to lighting effects. Twenty-three color patches were selected from the Munsell ColorChecker chart to
represent a range of skin tone. Our experimental setup featured a Basler acA1300-60gc GigE camera and a Dell
M115HD DLP projector in an observation booth designed to evaluate the color accuracy under various lighting
conditions. The setup utilized a range of illuminants, including D65 (6500 K), P15 (4100 K), and F (2800 K), to
simulate typical indoor lighting!” and its interactions with the DLP light source. The optimal lighting setup for
accurate skin-color reconstruction was determined through experimental measurements and colorimetric analysis.
We ensured consistent lighting to minimize specular reflections for precise color measurements.

To comprehensively gather skin tones, we utilized the spectral information obtained from the NIST dataset,'®
which was collected under D65 illuminant conditions. We calculated the sSRGB components from these data,
thereby enabling us to consistently and dependably represent various skin tones under standard lighting condi-
tions. We selected 23 skin color patches from the Munsell ColorChecker chart'® for our analysis and captured
them under different lighting conditions, as described in Table reftab:tablal. Specifically, we captured patches
under DLP projector illumination exclusively (category I), in combination with other light sources (category
IT), and without DLP illumination (category III). To ensure device-independent color constancy, we applied a
chromatic adaptation transform to convert device-dependent RGB coordinates to the sRGB standard.

After completing the data acquisition process across a range of lighting scenarios, colorimetric analysis was
performed by comparing the acquired data to the reference color values. In this analysis, we utilized the A Fyq
color-difference metric?® as our chosen method. We computed the average AEyq color-difference values and
their standard deviations for each lighting setup listed in Table 1 to determine the most accurate and consistent
conditions. Although achieving the lowest average AFy, value may indicate a specific optimal scenario, it is



Table 1: Illuminant combinations used in the experimental lighting scenarios.

Category Lighting source Abbreviation

I Only the digital light projector DLP
Digital light projector and D65 illuminant DLP + D65
Digital light projector and P15 illuminant DLP + P15
Digital light projector and F illuminant DLP + F

II. Digital light projector with D65 and P15 illuminants DLP + D65 + P15
Digital light projector with D65 and F illuminants DLP + D65 + F
Digital light projector with P15 and F illuminants DLP + P15 + F
Digital light projector with D65, P15, and F illuminants DLP + D65 + P15 + F
D65 illuminant D65
D65 illuminant with P15 illuminant D65 + P15
D65 illuminant with F illuminant D65 + F

II1. P15 illuminant P15
P15 illuminant with F illuminant P15 + F
Illuminant F F
D65 illuminant, P15 illuminant, and F illuminant D65 + P15 + F

also important to consider lighting conditions with a low variance for consistency. Finally, we analyzed the best
scenario that includes DLP lighting to establish best practices, as DLP lighting is often unavoidable in many
applications.

The FPP setup for 3D reconstruction was calibrated using the technique proposed by Vargas et al.2:22 to
ensure accurate and reliable measurements. At 60 fps, we extracted phase information from the deformed fringe
patterns using a 3-step phase-shifting algorithm with gray coding for phase unwrapping. To capture the texture
image, uniform illumination was provided by the DLP projector, allowing accurate color and texture details
of the skin. In scenarios with ambient illumination, a black image was projected to prevent the DLP from
contributing to the illumination.

3. RESULTS

The color accuracy varied significantly across the 15 lighting configurations, as shown by the color differences
(AEq) for all 23 patches. The DLP, as the sole light source, resulted in high color differences. However, when
combined with another light source, such as the D65 and P15, although not as much with the F, lower color
differences were observed. This inconsistency highlights the complex relationship between different light-source
characteristics and their impact on color accuracy. The P15 illuminant, with its narrow-band phosphor emission
and moderate color temperature, complements the DLP’s spectrum, improving overall color balance and reducing
the AFEy values to more acceptable levels. In contrast, the F illuminant’s broader spectral output at a lower
color temperature appears to be less compatible with the DLP, likely due to the mismatched spectral outputs of
the F illuminant’s warm light and the DLP’s cooler tones, resulting in uncorrected color differences.

Table 2 indicates that the use of two light sources generally results in lower color differences. However, adding
a third light source does not always improve the color accuracy, as demonstrated by the lower color differences
when two light sources are used without the DLP. DLP projectors are important for color imaging, but their
spectral output must be balanced with other light sources. The combination of D65 and P15 suggests that a
mix of moderate and cooler temperatures in lighting can produce a more neutral white balance and lower color
differences. However, introducing a third light source with a warmer color temperature, such as the F illuminant,
can increase the color differences, as evidenced by the higher average AFEyy values. Therefore, using a third light
source may complicate the color correction process rather than improve the color fidelity.

4. CONCLUSION

This research highlights the limitations of relying solely on Digital Light Processing (DLP) technology for precise
color reproduction in the field of 3D imaging. The findings of this study indicate that a hybrid approach,
which involves integrating DLP with the P15 illuminant, can greatly enhance color accuracy, particularly in
the representation of skin tones. These results have significant implications for various applications, such as
medical image analysis and optical metrology, that require accurate color reproduction. Future research could



Table 2: Mean and standard deviation values for the AFEq color differences from the 23 patches under the 15
lighting settings.

Lighting setup Mean Standard deviation
DLP 29.8154 8.7091
DLP + D65 21.8828 6.3518
DLP + P15 19.6937 6.1804
DLP + F 27.7143 7.4409
DLP + D65 + P15 22.1755 6.9020
DLP + D65 + F 30.2178 7.4658
DLP + P15 + F 26.6764 7.0491
DLP + D65 + P15 + F  28.1274 7.4231
D65 23.1549 8.0162
D65 + P15 16.4839 7.2055
D65 + F 20.4929 7.4768
P15 18.9729 8.0980
P15+ F 17.4033 8.6622
F 19.6691 7.7014
D65 + P15 + F 28.5148 8.1915

focus on enhancing color-correction algorithms for mixed lighting conditions and investigating other effective
combinations of illuminants. Overall, the study suggests that a comprehensive approach that incorporates DLP
with additional light sources can achieve optimal results in color correction.
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