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Abstract. In the food industry, color consistency is a critical quality parameter
that directly affects product perception and process control. Variations in color
can lead to inconsistent quality assessment and reduced consumer satisfaction.
Traditional measurement systems such as spectrophotometers provide high ac-
curacy but are limited by high cost, single point measurement and low scalabil-
ity. This project, conducted in collaboration with ETI Makine Sanayi ve Ticaret
A.S., aims to develop a low cost, camera based color measurement system for
automated color evaluation. The proposed system uses an RGB camera under
controlled illumination to capture raw sensor data, which is processed to obtain
reliable RGB values. A pipeline consisting of background correction, color cor-
rection and RGB-to-CIELAB calibration is implemented to ensure colorimetric
accuracy. Polynomial correction aligns the camera response with a reference
standard and both regression based and neural network based models are devel-
oped and compared using spectrophotometer based ground truth data. The re-
sulting system provides a scalable and robust solution for industrial color quality
control and supports future applications such as baking degree estimation.
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PROJECT DESCRIPTION

In the food industry, color consistency is an important indicator of product qual-
ity and process stability. In industrial environments such as ETI Makine Sanayi
ve Ticaret A.S., maintaining consistent biscuit color across production lines is a
non-trivial task due to variations in illumination, baking conditions and measure-
ment limitations. Conventional quality control methods rely on spectrophotome-
ters, which provide accurate measurements in the device independent CIELAB
(L a b)) color space [1]. However, these measurements are limited to small re-
gions and are not suitable for real time, large scale inspection [2].

The aim of this project is to develop an automated, camera based system that
estimates reliable L @ b values from RGB images, enabling spatial and real time
color analysis. The system is designed as an alternative approach that combines the
speed and coverage of imaging systems with the accuracy of laboratory measure-
ments.

The overall pipeline, illustrated in the big picture system architecture, consists
of RGB image acquisition, color calibration, region of interest (ROI) extraction
and RGB-to-LAB conversion. RGB images are captured using an industrial prism
based camera under controlled illumination conditions. A ColorChecker chart is
used for calibration and a dedicated enclosure is employed to minimize the effect
of ambient light [3].
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FIGURE 1. Overall system architecture of the proposed camera
based color measurement system

Following acquisition, the images are processed through a color correction stage
and a ROI extraction step designed to match the measurement area of the spec-
trophotometer. This ensures that the RGB values used in the pipeline correspond
to physically meaningful regions of the product.

For the RGB-to-LAB conversion, both analytical transformations and data driven
approaches are considered. In particular, a residual learning based model built on
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an RGB ¥ XYZ ¥ LAB pipeline is used to improve robustness against illumination
variations and sensor nonlinearities [4]. This approach allows the system to better
generalize beyond the limited dataset collected under controlled conditions.

The complete system integrates image acquisition, calibration, preprocessing
and conversion stages into a unified pipeline. Within this pipeline, two key process-
ing steps are applied. First, a Thin Plate Spline (TPS) correction is used to perform
nonlinear color calibration based on ColorChecker reference values, compensating
for illumination non uniformity and sensor distortions [5]. Then, a residual learning
based conversion model refines the standard RGB ¥ XYZ ¥ LAB transformation
by learning the remaining nonlinear mapping errors.

The system is designed with several practical considerations to ensure its ap-
plicability in industrial environments. It aims to support near real time operation,
enabling continuous monitoring within production lines. Unlike traditional point
based measurement systems, the proposed approach provides spatially distributed
color analysis over the entire product surface, allowing the detection of local vari-
ations and non uniformities.

A key objective of the system is to achieve color estimation performance that
is consistent with spectrophotometer based measurements, while overcoming their
limitations in speed and spatial coverage. In this context, the system is designed to
meet commonly accepted industrial tolerances, such as maintaining overall color
difference within DE < 5 and limiting luminance deviation within approximately

2 units in L . These targets guide the design of the calibration and conversion
pipeline rather than representing finalized results.

To ensure repeatability and consistency, the system operates under controlled
conditions using a calibrated lighting environment and an enclosed setup that min-
imizes the effects of ambient light. In addition, the system is designed with usabil-
ity in mind. A dual mode interface (operator/admin) enables both simplified real
time operation and detailed inspection of intermediate processing stages, support-
ing both practical deployment and system level analysis.

As illustrated in Figure 1, the system consists of a controlled illumination setup,
an industrial RGB camera for image acquisition and a processing unit. Captured
images are transferred to the processing pipeline, where preprocessing, color cor-
rection and RGB-to-CIELAB conversion are applied. The resulting calibrated color
values are evaluated against predefined quality criteria to generate pass/fail deci-
sions.

The hardware is implemented within a modular aluminum enclosure to ensure
structural stability and isolation from ambient light. The industrial camera captures
biscuit samples and the acquired data is transmitted to a workstation for process-
ing. The pipeline extracts the ROI, applies TPS based correction and converts the
corrected RGB values into L a b space. These values are then compared against
predefined reference targets to provide consistent and repeatable quality evaluation.



MILESTONES

Milestone 1: System Setup and Environment Design
The initial phase focused on designing and constructing a controlled imaging en-
vironment. This included selecting the appropriate camera, designing the lighting
system with D65 characteristics and building an enclosed setup to eliminate exter-
nal illumination effects. The milestone is considered complete when the system
can capture stable and consistent raw images.

Milestone 2: Data Acquisition
In this stage, RGB data from the camera and corresponding L*a*b* reference
values from a spectrophotometer were collected using a ColorChecker chart and
sample products. The goal was to create a reliable dataset for model training and
validation. This milestone was achieved when a well structured and consistent
RGB-LAB dataset was obtained.

Milestone 3: Data Preprocessing and Color Correction
This phase involved implementing background correction and color correction tech-
niques to improve the quality of the captured RGB data. Methods such as flat field
correction and polynomial color mapping were applied to reduce illumination and
device related distortions. The milestone was achieved when corrected RGB values
showed reduced color error compared to raw measurements.

Milestone 4: RGB-to-LAB Model Development
Both traditional regression based models and neural network based approaches
were developed to map RGB values to the CIELAB color space. The models were
trained and evaluated using the collected dataset. This milestone was completed
when the models achieved acceptable accuracy in terms of DE and L* error.

Milestone 5: Integration and Validation
In the final phase, all components of the system were integrated into a complete
pipeline, including image acquisition, preprocessing and color conversion. The
system was tested under different conditions to evaluate robustness and consistency.
This milestone was achieved when the system successfully produced reliable color
measurements in an end-to-end manner.

DESIGN DESCRIPTION

The proposed solution is an end-to-end camera based color measurement sys-
tem designed to estimate accurate CIELAB values from RGB images. The system
consists of image acquisition, preprocessing, color correction and RGB-to-Lab*
conversion, forming a complete automated pipeline.

In the acquisition stage, a prism based industrial RGB camera captures images
under controlled illumination. The setup is enclosed using blackout curtains to
eliminate external light, while high CRI LED sources with D65 characteristics en-
sure consistent lighting. The camera is fixed in position and connected via a PoE
interface for stable data transfer.
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FIGURE 2. Setup Pictures

Preprocessing ensures data consistency by detecting the ColorChecker and ex-
tracting its patches using a predefined grid. RGB values are computed by averaging
pixels within each patch. In parallel, the product is segmented and a circular ROI
matching the spectrophotometer aperture is extracted to ensure spatial alignment
with reference Lab* measurements.

Color correction is performed using ColorChecker data. A global linear model
is first applied, then extended to a Thin Plate Spline (TPS) method to better capture
nonlinear distortions and improve local accuracy [6].

For RGB-to-Lab* conversion, both regression and neural network approaches
are explored. Due to dataset limitations and saturation effects, direct models showed
instability, especially in L*. A residual learning approach is therefore adopted,
where RGB values are mapped to XYZ space and a neural network predicts a resid-
ual correction, improving stability and generalization.

Experimental validation is conducted using ColorChecker and product data, eval-
uated with DE and L* error. The system is implemented using hardware compo-
nents such as a prism based camera, LED lighting, a ColorChecker and a spec-
trophotometer and software tools including Python, OpenCV, PyTorch and MAT-
LAB.

Overall, the system integrates controlled imaging, calibration and machine learn-
ing into a unified pipeline for accurate and scalable industrial color measurement

[2].
RESULTS AND PERFORMANCE EVALUATION

The experimental results obtained from the proposed camera based color mea-
surement system are evaluated with respect to reference spectrophotometer mea-
surements, focusing on color correction, ROI extraction and RGB-to-LAB conver-
sion.

The effectiveness of the color correction stage was assessed using ColorChecker
patches. The applied methods significantly reduced the discrepancy between mea-
sured and reference RGB values. In particular, the Thin Plate Spline (TPS) ap-
proach provided smooth and consistent mapping across color channels, improving
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