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Abstract

Projection-based spatial augmented reality (P-SAR) supports appearance-oriented design
evaluation by projecting digital materials onto physical mock-ups, but the projected result
may deviate from the intended screen-rendered appearance in both colour distribution and
normal-induced shading. This paper proposes a screen-referenced, measurement-driven
appearance optimisation framework in which a calibrated monitor serves as the visual
reference and the projected mock-up as the optimisation target. The workflow combines
controlled Unity rendering, colourimetric measurement, D65 CIE Lab analysis, and MAT-
LAB (R2024b)-based iterative update, and separates the problem into albedo appearance
optimisation and shading appearance optimisation. The albedo branch uses dominant-
colour grouping and CIEDE2000-guided group-wise correction, while the shading branch
uses a lightness-contrast descriptor derived from flat and normal-modulated renderings to
update the normal-map-driven shading response. Experiments on ten material textures
showed that all 23 identified colour groups converged below the adopted AEg threshold
of 2.3; the mean texture-level colour difference decreased from 6.24 to 1.36, corresponding
to an average reduction of 77.43%. Comparative evaluation showed that the proposed
group-wise optimisation outperformed global neutral-grey and global Lab-offset correction
baselines. For shading, the mean residual rp = |Dproj — Dref| decreased from 1.164 to
0.264 L* units, and all ten normal-map cases satisfied the 1.0 L* tolerance. A comparison
with a global luminance-contrast baseline further supported the benefit of material-level
normal-map update over image-domain contrast adjustment. Additional analyses exam-
ined the sensitivity to the number of dominant colour groups and clarified the rationale and
scope of the adopted thresholds. Integrated photographic examples provided qualitative
illustrations of the overall appearance tendency after the complete workflow, while the
quantitative assessment was based on colourimetric and lightness-domain measurements.
The full workflow required approximately 26 min per material case, indicating practical

feasibility for controlled or semi-controlled P-SAR material appearance preparation and
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design-review scenarios.
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surface appearance can be modified digitally. This makes P-SAR particularly relevant to
mixed-prototyping workflows, where designers need to assess visual alternatives quickly
on real objects rather than on screens alone. The importance of such visual assessment is
well established in product design research: product appearance strongly influences how
artefacts are interpreted, evaluated and chosen, and these effects extend beyond purely
decorative considerations to broader cognitive and behavioural responses [1-4].

This importance is especially clear when material-related qualities are involved. In
product development, materials and surface appearance contribute not only to technical
performance but also to product character, perceived quality and user experience [5,6].
Recent work on materials experience has further shown that experiential qualities of
materials are a meaningful subject of design evaluation in their own right, rather than a
secondary outcome of engineering selection [6]. For design-oriented P-SAR applications,
this means that the projected result should ideally preserve not only the presence of a
graphic overlay, but also the intended appearance of digital materials, including their
colour distribution and shading behaviour.

At the same time, the literature on prototyping suggests that fidelity matters when
prototypes are used as decision-support tools. Prototype fidelity and aesthetic treatment
can affect how prototypes are evaluated and interpreted during design activities [7]. Similar
concerns have also been raised in mixed-reality prototyping, where the balance between
physical and virtual fidelity influences how a prototype is understood and how useful it is
for assessment [8,9]. These observations are directly relevant to P-SAR. Even if projection
is correctly aligned geometrically, a mixed prototype cannot serve as a reliable visual
reference when the reproduced appearance differs substantially from the intended digital
one. In other words, appearance fidelity is not an optional refinement, but a prerequisite
for credible appearance-oriented evaluation.

However, achieving such fidelity remains difficult in practice. The same digital material
rendered on a calibrated screen and projected onto a physical white surface may show notice-
able differences in colour and shading. These discrepancies arise from the combined effects
of projector response, projection surface properties, and the interaction between projected
light and physically rendered appearance. As a result, conventional projector calibration
alone is often insufficient when the objective is not merely to display an image, but to
reproduce a screen-defined material appearance in a form suitable for design judgement.
This challenge becomes even more pronounced when the appearance to be reproduced
includes both albedo-related colour distribution and normal-related shading variation,
since these two components do not necessarily respond to the projection process in the
same way.

Since closed-loop projector compensation, radiometric correction, and projector—
camera feedback are already well established in P-SAR and projector compensation litera-
ture, this work focuses on a specific problem in appearance-oriented P-SAR: how to reduce
the discrepancy between a screen-rendered material reference and the corresponding pro-
jected material appearance on a physical mock-up. In this context, the calibrated screen
represents the digital material appearance that would normally be inspected during design
evaluation before being transferred to a projected physical prototype.

To address this problem, this paper proposes a screen-referenced, measurement-
driven appearance optimisation framework for P-SAR. In the proposed workflow, the
screen-rendered result is treated as the visual reference, while the projected appearance
on a physical white mock-up is treated as the optimisation target. A closed loop is estab-
lished between controlled rendering, colourimetric measurement, D65 CIE Lab analysis
and iterative update. Within this framework, the optimisation problem is divided into
two complementary parts: albedo appearance optimisation, which corrects base-colour
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distribution errors through dominant-colour group adjustment, and shading appearance
optimisation, which compensates for discrepancies in normal-induced lightness contrast.
This decomposition follows the structure of the rendered material representation, where
the albedo map and normal map contribute differently to the final projected appearance.

The main contributions of this work are fourfold. First, it formulates projected material
appearance optimisation as a screen-referenced P-SAR design-evaluation problem, rather
than as generic projector calibration alone. Secondly, it proposes a material-component-
aware optimisation workflow that separately addresses albedo-related colour-distribution
mismatch and normal-induced shading mismatch using different measurement descriptors
and update variables. Thirdly, it evaluates the proposed workflow through objective
optimisation results, comparative baseline analysis, sensitivity analysis of the dominant
colour-group number, and justification of the adopted colour and shading thresholds.
Fourthly, it assesses the integrated appearance tendency through qualitative photographic
examples and analyses the practical time burden of the workflow under controlled or
semi-controlled P-SAR material appearance preparation conditions.

The remainder of the paper is organised as follows. Section 2 reviews previous work on
P-SAR design visualisation, projector compensation, and objective evaluation of appearance
consistency. Section 3 describes the experimental platform and measurement workflow.
Section 4 presents the proposed albedo and shading appearance optimisation methods.
Section 5 reports the optimisation results, baseline comparisons, sensitivity analyses, quali-
tative integrated appearance illustrations and practical assessment. Section 6 discusses the
implications, limitations and future directions of the work.

2. Related Works

P-SAR has been widely explored as a means of visualising digital content directly
on physical artefacts, especially in design and prototyping contexts. Its value lies in
combining the flexibility of digital modification with the tangibility, scale awareness and
shared inspectability of real objects. However, for appearance-oriented design review, the
usefulness of P-SAR depends not only on registration, interaction or display capability, but
also on whether the reproduced surface appearance remains sufficiently consistent with the
intended visual reference. This issue becomes particularly important when the projected
content represents a digital material, because designers may need to judge colour, texture
and shading qualities rather than only the presence of an overlay. Against this background,
the following review focuses on three closely related areas: the role of P-SAR in design
visualisation, the problem of appearance reproduction and projector compensation, and
the objective and perceptual evaluation of appearance consistency.

2.1. P-SAR for Design Visualisation

P-SAR belongs to the broader family of Augmented Reality (AR) technologies, but
differs from head-mounted and handheld approaches in one important respect: digital
content is registered directly onto real surfaces through projection, so the physical artefact
itself becomes the display medium. In the wider AR literature, Azuma’s survey remains
a standard reference for the definition and scope of AR [10]. Within this broader context,
early projector-based systems such as The Office of the Future and Shader Lamps estab-
lished important technical foundations for spatially aligned projection and for altering
the perceived appearance of physical objects by projected imagery [11,12]. These early
systems were not yet focused on industrial design workflows, but they demonstrated the
core principle that later enabled P-SAR to be used as a design visualisation medium.
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From a design perspective, the interest in P-SAR lies in its ability to combine the
tangibility and scale awareness of a physical mock-up with the flexibility of digital modifi-
cation. This directly addresses a familiar limitation of conventional prototyping: physical
prototypes are intuitive to inspect and discuss, but they are costly and slow to remake,
whereas fully digital representations are easy to modify but may be harder for non-expert
stakeholders to interpret. Research on augmented prototyping therefore argued early on
that mixed physical-digital representations should be assessed in relation to actual design
practice rather than technical novelty alone [13]. More recent review work on mixed reality
in design prototyping has reinforced this view, showing that such systems can create value
not only for the prototype itself, but also for communication, iteration and decision-making
within the wider design process [14].

This rationale is reflected in a series of application-oriented studies. Nam and Lee
explored AR-based prototyping for digital products, emphasising the early integration
of hardware and software representations [15]. Akaoka et al. then showed that projected
interfaces could be applied to inexpensive physical models made from Styrofoam, paper
or cardboard, making functional prototyping quicker and more accessible [16]. In a more
appearance-oriented direction, Park et al. proposed the use of SAR specifically for product
appearance design evaluation, demonstrating that projected visualisation on a physical
mock-up can support more intuitive judgement of surface appearance [17]. Later studies
extended this logic to co-creative and industrial settings. For example, Cascini et al. inves-
tigated projection-based AR for co-creative product and packaging design, while Poulin
et al. examined how SAR affects user participation in co-design sessions [18,19]. Recent scop-
ing work has likewise emphasised that SAR remains valuable in application settings where
shared, non-wearable viewing and direct projection onto physical surfaces are important [20].

Taken together, these studies show that P-SAR has evolved from a technical display
concept into a credible design representation medium, especially in tasks where surface
look, graphics, colour, texture and shared inspection of a real object are important. At
the same time, the existing design-oriented literature also reveals a clear limitation. Most
studies evaluate P-SAR in terms of collaboration, usability, process integration, ideation
support or general representational value [13-15,19]. Comparatively less attention has been
paid to a narrower but critical question for appearance-oriented design review: whether
the projected appearance is sufficiently faithful to a digital visual reference to support
reliable judgement of materials and surface qualities. This issue is particularly relevant
when the projected surface appearance is generated from digital material maps, because
designers are not only evaluating whether projection is engaging or usable, but whether
the reproduced material alternative remains visually comparable with the screen-rendered
reference. For this reason, the present work moves from the general design-use perspective
of P-SAR towards the more specific problem of screen-referenced appearance reproduction
and compensation, which is reviewed in the next section.

2.2. Appearance Reproduction and Projector Compensation

Work on appearance reproduction in projection systems initially developed from
a colour-characterisation perspective. Early studies treated the projector primarily as a
colour output device whose response had to be modelled before reliable reproduction
could be attempted. Liaw et al., for example, characterised the forward colour behaviour
of a liquid crystal projector using regression- and lookup-table-based approaches [21]. As
projector—camera systems became more widely studied, this device-level view expanded
into a broader research area concerned with displaying images on surfaces that are not
ideal projection screens. Reviews by Bimber et al. and Grundhofer and Iwai show that
projector compensation has since evolved into a rich field covering geometric warping,
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radiometric correction, calibration, surface reflectance effects and projection mapping on
coloured, textured or geometrically complex surfaces [22,23]. These studies established the
device-level and system-level basis for later projector compensation methods.

A major strand of this literature focuses on radiometric compensation, that is, mod-
ifying the projector input so that the physical projection more closely matches a desired
appearance despite surface imperfections or environmental disturbances. Nayar et al. ad-
dressed this problem for non-ideal screens through offline calibration and compensation [24].
Grossberg et al. then framed the problem more directly as one of controlling appearance,
aiming to make one object look like another by projecting a carefully computed compen-
sation image [25]. Later work pushed this idea towards greater practicality. In particular,
Grundhofer and Bimber proposed real-time adaptive radiometric compensation, showing
that compensation can be adjusted dynamically according to both the projection surface and
the projected content [26]. Together, these studies established the central logic of projector
compensation: rather than projecting the desired image directly, the input image must be
altered so that the resulting appearance on the physical surface better approximates the
intended target. The present work adopts this general principle of measurement-guided
correction, but applies it to a different level of representation, namely rendered material
components rather than only the final projected image.

As compensation research moved closer to SAR, the problem also became more clearly
one of appearance fidelity rather than simple projector correction. Wetzstein and Bimber
generalised radiometric compensation through inverse light transport, allowing the com-
pensation process to account for more complex optical effects such as inter-reflection [27].
Sheng et al. further addressed indirect illumination in SAR, showing that global illu-
mination can substantially disrupt the final appearance if it is not explicitly compen-
sated [28]. Menk and Koch then moved even closer to design-relevant SAR by focusing
on truthful colour reproduction, explicitly addressing whether the reproduced colour ap-
pearance on physical objects matches the intended visual result [29]. A related but slightly
different direction was explored by Jones et al. in Projectibles, where the optimisation
problem involved both projected light and the colour of the display surface itself in order
to improve the final visual result [30]. These works are particularly relevant because they
move beyond simple device calibration and address the perceived appearance of projected
physical objects. They also show that, once projection is applied to real objects and real
surfaces, appearance fidelity depends not only on projector response, but also on light trans-
port, surface properties and the interaction between projected imagery and the physical
display medium.

More recent work has introduced data-driven and full-compensation formulations.
Huang and Ling proposed CompenNet, which models photometric compensation as an
end-to-end learning problem [31]. This line was then extended to joint geometric and
photometric compensation in CompenNet++ and later in the journal version on end-to-end
full projector compensation [32,33]. Li et al. recently revisited full compensation from a
physics-based perspective and proposed an efficient framework that estimates projector
response, geometry and surface reflectance using only natural images [34]. These advances
have substantially improved projector compensation on challenging surfaces. Related
work in Electronics has also addressed the geometric side of projection correction, for
example through binocular-vision-based multi-projection correction on special-shaped
screens, further highlighting the importance of accurate projector—surface mapping in
non-planar display conditions [35]. These learning-based, physics-based and geometry-
aware compensation frameworks are highly relevant to the broader projector compensation
problem. However, they are usually formulated as camera-based image-level or full
projector compensation problems, in which a projector input image is optimised so that
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the camera-observed projection matches a desired target image. Their acquisition and
evaluation protocols are therefore different from the colourimeter-based, screen-referenced
material-component evaluation adopted in the present work.

This distinction is central to the positioning of the present study. Existing compensa-
tion methods have established powerful ways to correct projection errors at the projector-
input, camera-observed image, surface-reflectance or light-transport level. However, they
do not usually formulate the optimisation in terms of rendered material components such
as albedo-related colour distribution and normal-induced shading response. In design-
oriented P-SAR, the screen-rendered material appearance is not merely an arbitrary target
image. It is the visual reference that designers normally inspect before applying the same
material alternative to a projected physical mock-up. The projected result is therefore
expected to remain comparable with this screen-side material reference, not only in overall
image appearance but also in the separate contributions of base colour and shading.

For this reason, the present work differs from general image-level projector compensa-
tion in three related respects. First, the reference condition is a calibrated screen-rendered
material appearance used for design judgement, rather than only a camera-observed target
image. Secondly, the representation level is material-based: the albedo map and normal
map are treated as distinct contributors to the final projected appearance. Thirdly, the
correction variables and evaluation criteria are component-specific. The albedo branch
operates on dominant colour groups and uses CIE Lab/CIEDE2000-based convergence,
whereas the shading branch uses a uniform-albedo baseline and a lightness-domain con-
trast descriptor to adjust normal-induced shading response. The proposed workflow
should therefore be understood not as a replacement for general projector compensation,
but as a material-component-aware extension of appearance compensation principles to
screen-referenced P-SAR design-review scenarios.

2.3. Objective Evaluation of Appearance Consistency

The evaluation of appearance consistency is closely related to human visual perception,
because the usefulness of a visual representation ultimately depends on whether it can
support reliable interpretation and design judgement. This is especially important in
appearance-oriented design review, where the relevant question is not only whether two
outputs are numerically close, but whether the reproduced appearance remains sufficiently
comparable with the intended reference for material and surface-quality evaluation. At
the same time, an iterative optimisation workflow requires stable, repeatable and device-
independent quantities that can be measured after each update. For this reason, the image-
quality literature has long treated objective assessment as a practical basis for repeated
comparison, parameter tuning and algorithmic optimisation, while recognising that such
metrics are approximations of visual appearance rather than complete descriptions of
perception [36,37].

In the context of the present work, this distinction is particularly important. The aim
is to reduce the appearance discrepancy between a screen-rendered material reference
and the corresponding projected physical appearance, but the optimisation loop itself
must be driven by measurable quantities rather than by direct design judgement at every
iteration. Objective metrics are therefore used here as operational criteria for guiding the
optimisation process. These metrics are selected because they are physically measurable,
repeatable across iterations, and perceptually motivated in the sense that they are defined
in colour and lightness spaces related to visual appearance. However, they should not
be interpreted as complete substitutes for all possible forms of human judgement. In the
present study, the quantitative evidence is therefore based on objective colourimetric and
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lightness-domain measurements, while photographic examples are used only as qualitative
integrated illustrations of the final appearance tendency.

For colour-related appearance evaluation, the objective basis is typically grounded
in colourimetry. The CIE 1976 L*a*b* colour space was standardised as an approximately
uniform space for representing colour in terms of lightness and chromatic components [38].
It also provides a more perceptually meaningful framework for expressing colour differ-
ences than raw RGB or XYZ coordinates alone. Nevertheless, later work showed that
simple Euclidean distances in CIELAB do not always correspond equally well to perceived
colour differences across different regions of colour space. This led to the development
of CIEDE2000 (AEg), which introduces corrections for lightness, chroma, and hue, and
their interactions, in order to improve agreement with perceived colour difference [39].
The formulation and practical implementation of AEy have since become well established
through both the original derivation and later implementation notes [39,40]. These de-
velopments are directly relevant to the albedo branch of the present study, where the
optimisation target concerns colour consistency between the screen reference and the
projected result.

At the same time, appearance consistency is not determined by colour difference
alone. The broader image-quality literature has shown that perceived similarity also
depends on luminance, contrast and spatial structure. A representative example is the
structural similarity index (SSIM), which evaluates similarity by considering structural
relationships rather than relying only on pointwise error [41]. Related work on colour image
quality has further attempted to combine structural information with colour-difference
measures such as AEq in order to improve agreement with subjective perception [42,43]. A
comparable use of CIEDE2000 has also been reported in immersive graphics research to
quantify the fidelity between measured physical samples and their virtual reproductions
under controlled lighting conditions [44]. These studies are useful because they show that
appearance evaluation cannot be reduced to a single scalar colour error without considering
the broader visual context.

For the present study, this observation motivates the use of different objective de-
scriptors for different material components. Albedo-related mismatch is evaluated using
CIEDE2000 because it concerns the base-colour appearance of the material. By contrast,
normal-induced shading mismatch is evaluated under a uniform-albedo condition using
a lightness-domain contrast descriptor. This choice reflects the role of the normal map
in the controlled rendering setup: once chromatic texture variation is suppressed, the
remaining difference of interest is mainly the strength of lightness modulation caused by
normal-dependent shading. The proposed lightness-based descriptor is therefore used
as an operational measure of shading consistency, rather than as a general image-quality
metric for all aspects of material appearance.

For the problem addressed in this paper, image-based similarity metrics alone are also not
sufficient. The task is not simply to compare two digital images generated in the same medium,
but to compare a screen-rendered reference with a physically projected appearance produced
by a different device on a real surface. Under these conditions, a physically grounded cross-
device comparison is required. The present work therefore combines colourimeter-based
measurements in CIE XYZ and D65 CIE Lab space with component-specific appearance
descriptors. This measurement-driven evaluation provides a repeatable basis for opti-
misation and allows the albedo and shading branches to be assessed under a common
screen-to-projection reference—target framework.
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3. Experimental Platform and Workflow

This section describes the experimental platform developed for the screen-referenced
appearance optimisation framework. The platform integrates controlled rendering, pro-
jection display, objective colour measurement, and iterative optimisation within a unified
workflow. The rendering environment is implemented in Unity, while colour measurements
are obtained using a calibrated monitor, a projector, and a tristimulus colourimeter under
controlled laboratory conditions. The setup was designed as a controlled planar validation
environment for evaluating the proposed material appearance optimisation method, rather
than as a complete deployment solution for arbitrary real-world SAR conditions. The
following sections present the system overview and data flow, the hardware and mea-
surement configuration, the Unity-based rendering environment, and the reference-target
definition and measurement data handling used throughout the optimisation process.

3.1. System Overview and Data Flow

The experimental platform developed in this study was designed as a closed-loop
system for screen-referenced material appearance optimisation in P-SAR. The central idea
was to treat the screen-rendered material appearance as the reference condition and the
projected appearance on a physical white mock-up as the optimisation target. Rather
than performing projector calibration alone, the system aimed to reduce the appearance
discrepancy between these two outputs through repeated measurement and material-level
update. In this context, the calibrated screen served as the design-side visual reference,
while the projector and the physical projection surface formed the reproduction branch to
be optimised.

At a system level, the workflow consisted of six main stages: controlled render-
ing in Unity, display on the reference screen and projector, colour measurement using a
colourimeter, conversion of the measured data from CIE XYZ to D65 CIE Lab, optimisation
in MATLAB, and re-rendering with the updated texture or parameter set. The loop was
repeated until the projected appearance approached the screen reference under the selected
branch-specific evaluation criterion. The overall closed-loop structure of the experimental
platform is illustrated in Figure 1.

Unity Controlled Rendering

Input texture maps and rendering parameters J

Screen Display Projector Display

(Visual Reference) (Optimisation Target)

Calibrated monitor output Projection on physical white surface

Colorimeter Measurement (CIE XYZ) Colorimeter Measurement (CIE XYZ)
Measured screen appearance Measured projection appearance

Appearance Comparison (CIE Lab)

XYZ-to-Lab conversion
Reference-target difference calculation

No MATLAB Optimisation

L Iterative update of texture and parameters

Difference
< Threshold?

Figure 1. Closed-loop workflow of the proposed screen-referenced appearance optimisation system.
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Within this framework, Unity was used to provide a controlled rendering environ-
ment. It generated the material appearance shown on both the screen and the projection
surface under predefined rendering conditions. The same scene structure, shader config-
uration and material representation were used for both branches, so that the differences
measured during the experiment mainly reflected the screen-to-projection transfer rather
than changes in the digital material definition itself. The screen output served as a sta-
ble visual reference, while the projector reproduced the same material appearance on a
physical white surface. The resulting appearances were then measured with a colourime-
ter at selected locations, producing device-independent XYZ tristimulus values. These
measurements were subsequently converted into D65 CIE Lab space, where perceptual
colour and lightness differences could be analysed more appropriately and used to guide
the optimisation process.

For each optimisation iteration, the data flow followed a fixed sequence. First, Unity
loaded the current material input, including the albedo map, normal map, and relevant
rendering parameters. Secondly, the required colour or shading patches were generated
and displayed on the calibrated monitor and on the projection surface. Thirdly, the screen-
side and projection-side appearances were measured separately using the colourimeter,
with the raw values recorded as CIE XYZ tristimulus data. Each measurement was repeated
three times and averaged before being used in the optimisation. Fourthly, the averaged
XYZ values were converted to D65 CIE Lab in MATLAB, where the branch-specific residual
was calculated. For the albedo branch, the residual was evaluated using the CIEDE2000
colour difference for each dominant colour group. For the shading branch, the residual
was evaluated using a lightness-based contrast descriptor derived from flat and normal-
modulated patches. Finally, MATLAB generated the updated material input or rendering-
related parameter state, which was reloaded into Unity for the next iteration.

MATLAB was employed as the optimisation backend. Based on the measured discrep-
ancy between the reference and projected appearances, it generated updated texture data
or rendering-related parameters, which were then fed back into the Unity scene. In this
way, the platform established a measurement-driven implementation loop linking digital
rendering, physical projection, objective colour acquisition, and iterative appearance com-
pensation. The purpose of this design was to provide a reproducible basis for improving
projected material appearance in controlled P-SAR scenarios, while keeping the rendering
and measurement stages clearly separated from the optimisation algorithms themselves.

For reproducibility, the iteration process recorded the material identifier, optimisation
branch, iteration number, measured XYZ values, converted Lab values, residual metric,
update parameter, output file or parameter state, and convergence status. These records
made it possible to trace how the measured screen—projection discrepancy was transformed
into each subsequent material update.

For clarity, the following sections describe the platform from four complementary
perspectives. Section 3.2 introduces the hardware configuration and measurement condi-
tions. Section 3.3 presents the Unity-based rendering environment. Section 3.4 defines the
reference—target relationship and the colourimetric basis used throughout this study. The
optimisation methods built upon this platform are then described in Section 4.

3.2. Hardware and Measurement Setup

The experimental platform combined a reference display, a projector, a tristimulus
colourimeter, a matte projection surface, and a workstation running the rendering and
optimisation software. The reference display was a Philips 288P6L 4K liquid crystal display
(LCD) monitor with a white-LED (W-LED) backlight. It was used as the screen-side visual
reference throughout the study. The projector was an Epson EB-PQ2008B based on 3LCD
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technology with a laser phosphor light source and a native resolution of 3840 x 2160. Both
devices were connected to the same workstation, which was equipped with an Intel Core i7-
6800K processor, dual NVIDIA GTX 1080 graphics cards, 64 GB of memory, and Windows
11. Figure 2 illustrates the overall hardware configuration used in the experiments.

e ﬁ
: < =

Figure 2. Hardware and measurement setup used in the experiments. The calibrated monitor provides

A \
L

the screen-side reference, while the projector displays the corresponding material appearance on a
matte white projection surface.

The monitor was configured to its maximum brightness, corresponding to approxi-
mately 300 candela per square metre (cd/m?), and was calibrated using DisplayCAL with
ArgyllICMS as the measurement backend. The target conditions were a white point of
6500 Kelvin (K) and gamma 2.2. After calibration, the resulting ICC profile was loaded
into the system. The average calibration error was approximately AE = 0.2 and the max-
imum error was AE = 1.6, indicating that the display provided a sufficiently stable and
colour-accurate reference for the subsequent screen-to-projection comparison tasks.

The projector was operated in economy mode. Under this mode, its maximum out-
put was lower than its nominal full-power specification and therefore more suitable for
matching the luminance level of the reference monitor. To further reduce the luminance
gap between the two devices, the projector light output was set to its minimum value of 8%.
By contrast, the image brightness control was not adjusted, so that the video signal level
and projected contrast would not be altered unnecessarily. The projector was configured in
Presentation colour mode with a colour temperature of 6500 K and gamma 2.2. Dynamic
Contrast and Image Enhancement were disabled in order to avoid automatic image modifi-
cations during the experiments. In addition, the projector’s built-in camera-assisted colour
calibration procedure was used as an initial practical adjustment step to reduce obvious
colour bias before the formal measurements.

The measuring instrument was a Calibrite Display Pro HL, which is a tristimulus
colourimeter. Unlike a spectrophotometer, a colourimeter estimates colour by using filtered
sensors to approximate human visual response. Because the spectral power distributions
of different display technologies can differ substantially, direct colourimeter readings
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may be biased if no spectral correction is applied. For this reason, colour measurements
were performed with display-specific Colourimeter Calibration Spectral Sample (CCSS)
correction files. Separate CCSS corrections were loaded for the reference monitor and
the projector before measurement, so that the colourimeter response could better match
the spectral characteristics of each device. These corrections were used to reduce device-
dependent measurement bias within the available setup, although they do not replace full
spectrophotometric characterisation of the display and projector.

The projection target was a white matte cardboard surface measuring 1.2 m x 0.6 m.
This surface was chosen to approximate the neutral white physical mock-ups commonly used
in mixed prototyping applications of P-SAR, while minimising substrate-induced colour vari-
ation during this first-stage validation of the optimisation method. The board was mounted
vertically on a desk rather than being aligned orthogonally to the projector optical axis. This
arrangement was adopted mainly for practical reasons, including easier access for colour
measurement and a stable central measurement region. The projector was mounted on a
tower stand with a downward tilt of approximately 45°, and the zoom setting was adjusted
so that the central measurement region on the cardboard remained sharply focused.

All experiments were conducted in a darkened indoor environment. Ambient lighting
was removed by switching off all room lights other than the monitor and projector and
by closing the curtains. Before each measurement session, both the monitor and the
projector were warmed up for more than 30 min in order to reduce short-term instability in
luminance and chromaticity. The same display and projector settings were then maintained
throughout the corresponding measurement session. This procedure was used consistently
across the albedo and shading optimisation experiments.

Formal colour measurements were performed with the ArgyllCMS command-line
tool spotread. The -X option was used to load the appropriate CCSS correction file before
measurement. For the monitor, the colourimeter was used in contact mode, with the sensor
placed directly against the display surface. For the projector, non-contact measurement
was adopted: the sensor was mounted on a tripod and positioned approximately 30 cm in
front of the projection surface, facing the centre of the measured region. During projection
measurements, the same central region of the projection surface was used to reduce the
influence of spatial variation in focus, luminance and projection geometry.

The screen-side and projection-side measurements followed the same acquisition
protocol. For each patch or rendered measurement condition, the screen-side value was
measured as the reference and the projection-side value was measured as the current target
state. Each measurement was repeated three times, and the average value was used in
the subsequent analysis. This averaging procedure was adopted to reduce the effect of
short-term measurement fluctuations while keeping the measurement time manageable.

The raw measurement data were recorded as CIE XYZ tristimulus values. XYZ was
selected as the acquisition format because it is device-independent and directly provided by
the measuring instrument. However, since XYZ is not perceptually uniform, the measured
values were subsequently converted into D65 CIE Lab for appearance comparison and
optimisation. The conversion and branch-specific residual calculations were performed in
MATLAB as part of the optimisation workflow described in Section 4.

3.3. Rendering Environment in Unity

The rendering component of the experimental platform was implemented in Unity
(version 6000.0.58f2) using the Universal Render Pipeline (URP). Unity was employed to
generate the visual appearance of digital materials under controlled conditions and to
display the rendered results on both the reference monitor and the projector. The same
Unity scene, shader configuration and material input structure were used for the screen
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(b)

and projection branches, so that the digital material representation remained identical
while the differences introduced by the display and projection processes could be measured
and analysed.

A dedicated virtual scene was constructed to provide a controlled rendering envi-
ronment. At the centre of the scene, a planar geometry was used to display the material
textures. This surface represented the digital material under investigation and served
as the rendering target for both the screen-side reference and the projection-side output.
The use of a planar rendering surface also ensured a direct correspondence between the
rendered material region and the physical projection region used in the controlled valida-
tion setup. The geometry was rendered using a custom shader designed specifically for
controlled appearance analysis. Figure 3a shows the Unity scene constructed for controlled
material rendering.

3. Output Camera

(final render output)

4. Shader Parameter
Panel

2. Reference Camera

(reference image capture)

5. Light Direction
Gizmo

1. Rendering Plane

(material display surface) 6. Material Preview
Window

(@)

(©) (d)
Figure 3. Unity-based controlled rendering environment. (a) Annotated view of the Unity scene
used for controlled material appearance rendering. (b) AlbedoOnly mode, in which only the albedo
texture is rendered without shading influence. (c¢) NormalOnly mode, in which only the shading
generated by the normal map is visualised. (d) AlbedoAndNormal mode, in which the albedo texture
and the normal-based shading are rendered together.

The custom shader enabled configurable rendering of material textures. The shader
accepted an albedo map and a normal map as its primary inputs and supported three
rendering modes: AlbedoOnly, NormalOnly, and AlbedoAndNormal, as illustrated in
Figure 3b—d. The first mode displayed only the albedo texture without lighting influence.
The second mode visualised the shading produced solely by the normal map under the
controlled lighting model. The third mode combined both components to produce the final
shaded material appearance. This separation of rendering modes was important for the
proposed optimisation framework, because it allowed albedo-related colour appearance
and normal-induced shading behaviour to be generated, measured and analysed separately
before being recombined at the integrated appearance level.

The Unity project was operated using a consistent linear colour-space workflow
throughout the experiments. Albedo maps were treated as colour texture inputs, whereas
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normal maps were treated as normal-map inputs and decoded in the shader before shading
calculation. The rendered RGB values were used as commanded display inputs for the
screen and projector branches, while the quantitative comparison was based on the mea-
sured CIE XYZ values and their conversion to D65 CIE Lab. In this way, the optimisation
did not rely on Unity RGB values as direct colour evidence, but used them as controlled
input states whose physical outputs were measured with the colourimeter.

Lighting within the scene was defined by a single directional light model implemented
directly inside the shader in world space. The direction and intensity of this light source
could be adjusted during runtime, enabling controlled variation of shading conditions.
During each experimental comparison, the lighting configuration was kept fixed so that
changes in the measured appearance could be attributed to the material input state and the
screen-to-projection transfer rather than to uncontrolled changes in scene illumination. In
addition, the strength of the normal map could be modified to control the amplitude of
surface detail and therefore the contrast of the resulting shading.

The shader also provided an optional constant albedo condition in which the spatially
varying albedo texture was replaced by a uniform colour. This condition was used in the
shading-oriented part of the workflow to suppress texture-dependent colour variation
and isolate the effect of lighting and normal-map modulation. In particular, it supported
the uniform-albedo baseline calibration and the construction of flat and mean patches
described in Section 4.2. This terminology is used here to describe a rendering condition
within the proposed workflow, rather than a comparative baseline method.

The scene provided runtime control over material textures and rendering parameters.
Multiple material texture sets could be loaded and switched during execution, allowing
different materials to be evaluated under identical rendering conditions. Parameters such
as rendering mode, constant albedo state, normal strength, and light intensity could be
adjusted interactively. Once a measurement sequence began, these parameters were kept
fixed unless they were explicitly updated by the corresponding optimisation step. This
ensured that the measured differences between iterations reflected the intended material
update rather than accidental changes in the rendering environment.

Two cameras were defined for different purposes. A preview camera provided a
real-time view of the rendered material for the operator. A second camera was used to
generate standardised render outputs for analysis and patch construction. This camera
employed an orthographic projection positioned above the rendering surface in order to
eliminate perspective distortion and ensure that the rendered surface consistently filled
the image frame. The rendered output could then be exported as PNG images for further
processing, patch generation and comparison in MATLAB. The same export procedure was
used across the tested materials to maintain consistency between iterations.

To ensure that the lighting conditions were fully controlled, all default Unity light
sources were removed from the scene. Environmental illumination was also disabled by
turning off global ambient lighting and removing the skybox. As a result, the shading
observed in the rendered images originated solely from the directional lighting model
defined in the custom shader. This configuration ensured that the rendering conditions
remained deterministic and reproducible throughout the experiments, providing a stable
basis for the screen-referenced measurement and optimisation workflow.

3.4. Reference-Target Definition and Data Handling

The optimisation framework used a consistent reference-target definition throughout
the study. For each measurement condition, the screen-side output was treated as the
reference, and the corresponding projection-side output was treated as the current target
state. The term “reference” therefore refers to the material appearance rendered on the
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calibrated monitor, whereas the term “target state” refers to the appearance reproduced by
the projector on the physical white surface under the same controlled rendering condition.
This definition was used independently of the specific optimisation branch, so that all later
comparisons followed the same screen-to-projection logic.

The comparison was performed on measured colourimetric data rather than on ren-
dered RGB values or camera-recorded photographs. For a given measurement condition i
and iteration ¢, the screen-side measurement was denoted as

T
f f f f
Xief =[x, vief, 72t (1)
and the corresponding projection-side measurement was denoted as
. . . . T
Proj _ proj Pproj Proj
XP (1) = [XP(8), YPO 1), 2P ()] @

Here, Xlr-ef represents the measured screen reference for the selected condition, while Xf’roj (1)
represents the measured projected result at the current iteration. When no update had yet
been applied, t = 0 denoted the initial projection state.

As described in Section 3.2, each XYZ measurement was repeated three times. The
average XYZ value was used for all subsequent calculations:

_o1 3
X=-YX, (3)
3r:1

where r denotes the repeated measurement index. This averaging step was applied before
colour-space conversion, so that the optimisation process used a single stabilised XYZ
triplet for each screen-side or projection-side measurement condition.

The averaged XYZ values were then converted into D65 CIE Lab space:

et = [ ar o], C) = [P0, 0,5 0] L @

The notation C is used here to distinguish the full Lab colour vector from the lightness

component L*. The D65 reference white was used consistently because both the monitor

calibration and the projector colour-temperature setting were defined around 6500 K. This

provided a common colourimetric basis for comparing the screen and projection branches.
The resulting paired Lab values,

(e i), ©)

formed the input data for the branch-specific residual calculations described in Section 4.
The present subsection only defines the common measurement representation and
reference—target convention; the specific residual metrics, update rules, and convergence
criteria are introduced separately in the corresponding optimisation methods. This separa-
tion ensured that the experimental platform provided a unified data basis, while the albedo
and shading procedures could use different descriptors appropriate to their respective
appearance components.

All measurement records were associated with the material identifier, measurement
condition, display branch, iteration index, averaged XYZ values, converted Lab values,
and output state. In this way, the data handling process preserved a direct trace from the
physical measurement to the subsequent optimisation input, while avoiding reliance on
device-dependent RGB values or photographic documentation as quantitative evidence.
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4. Appearance Optimisation Methods

This section presents the methods used to optimise the appearance of projected mate-
rials within the experimental framework described in Section 3. The optimisation process
addresses two complementary aspects of material appearance: the colour distribution rep-
resented by the albedo texture and the shading behaviour associated with surface normals.
For this purpose, two proposed optimisation procedures are introduced. The first focuses
on correcting albedo appearance through a screen-referenced, group-wise adjustment of
dominant colour groups. The second focuses on normal-map-based shading appearance
optimisation, in which the normal-induced lightness contrast is adjusted according to
screen-to-projection measurements.

The detailed implementation parameters and branch-specific pseudo-code of the
two proposed procedures are provided in Appendix A. The main text focuses on the
methodological rationale, measurement descriptors, update equations, and convergence
criteria. In addition, Section 4.3 defines the comparative baseline methods used in the
experimental evaluation. These baselines are not proposed as alternative contributions
of this paper, but are included to test whether the proposed material-component-aware
formulation provides advantages over simpler global correction strategies under the same
screen-referenced, colourimeter-based measurement protocol.

4.1. Albedo Appearance Optimisation

This section describes the proposed optimisation method used to correct albedo-related
colour appearance differences between the screen reference and the projected result. Instead
of applying pixel-level corrections, the method represents the source albedo texture as a set
of dominant colour groups and performs measurement-driven compensation at the group
level. Each group is measured and updated independently according to its own screen-
to-projection colour residual. The final group-wise corrections are then propagated back
to the full-resolution texture through soft spatial masks, producing an optimised albedo
map for projection rendering. The overall workflow of the proposed albedo optimisation
method is illustrated in Figure 4, and the detailed implementation sequence is summarised
in Algorithm Al in Appendix A.2.

P et X Co) ™ "
P N emm=—o
Initial < o
Updated \y
Converged
Dominant-Colour . Group
Decomposition ~ Recombination
P 1 L
’ o= =~
Initial \ - SN
Updated Y
— Converged —
C

Figure 4. Overview of the albedo map optimisation workflow. The source albedo map is first decom-
posed into a small number of dominant colour groups. Each group is then optimised independently
through a screen-referenced iterative compensation process driven by colour measurements. Finally,
the measured group-wise corrections are propagated through soft spatial masks to reconstruct the
optimised albedo map for projection rendering.
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4.1.1. Dominant Colour Decomposition of the Source Albedo Map

Direct pixel-wise optimisation was not adopted for albedo correction, because such an
approach would require an impractically large number of measurements and would be
highly sensitive to local noise, minor spatial inconsistencies, and measurement-position
variations. Instead, the source albedo texture was first converted into a compact spatial-
chromatic representation composed of a small number of dominant colour groups. This
representation preserved the main colour structure of the texture while reducing the
optimisation problem to a manageable set of group-level variables.

The original albedo map was first transformed from RGB into D65 CIE Lab space, so
that the subsequent grouping process was performed in a colour space that better reflects
perceptual differences. In accordance with the notation introduced in Section 3.4, the Lab
colour vector at pixel location (x, y) is denoted as

CSFC(x' y) = [L:rc(x' y)' a:rc(xl y)/ b:rc(x/ y)]T (6)

The texture pixels were then clustered in Lab space using k-means, producing K initial
colour groups. In the present workflow, K was kept small, typically between one and
three, in order to maintain a balance between representational capacity and measurement
efficiency. In the current implementation, K was selected by visually inspecting the clus-
tering result and the number of perceptually distinct dominant colour regions. Therefore,
K should be understood as a representational parameter controlling how much of the tex-
ture’s chromatic structure is retained, rather than only as a numerical clustering parameter.
Its influence is further examined in the sensitivity analysis reported in Section 5.

Each cluster represented a dominant colour component of the texture, rather than a
fine-grained semantic region. After clustering, the groups were sorted by area in descending
order to provide stable group identities across subsequent optimisation and reconstruction
stages. The area proportion of group k is denoted as a;, and is later used in the comparative
global-offset baseline defined in Section 4.3.

The initial clustering result yielded hard masks, in which each pixel belonged to only
one group. However, a strictly hard partition was not suitable for later reconstruction, be-
cause abrupt mask boundaries would produce discontinuities when group-level corrections
were mapped back to the full-resolution texture. To avoid this problem, the hard masks
were converted into soft spatial masks by Gaussian smoothing. The smoothed masks were
then normalised so that, at every pixel location, the weights of all groups summed to one:

K
Y wi(xy) = 1. )
k=1

In this way, each pixel was represented not by a single discrete label, but by a set of contin-
uous group weights, allowing gradual transitions between neighbouring colour regions.

Based on these normalised soft masks, a representative source Lab centre was com-
puted for each group as the weighted average of the original texture values:

Yy Wi (%,¥) Core (X, y)

csre
. Zx,y wi(x,Y)

(®)
These weighted centres served as the initial colour descriptors of the source texture and
formed the starting point for the screen-referenced compensation described in the next
section. At the same time, the soft masks preserved the spatial contribution of each group
over the entire image, thereby establishing the link between later group-level optimisation
and final texture reconstruction. The decomposition stage therefore produced three outputs:
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a set of representative group colours in Lab space, the corresponding normalised spatial
weights, and the area proportion of each group. Together, these outputs transformed
the source texture into a structured representation suitable for iterative optimisation and
subsequent full-resolution correction. The dominant-colour decomposition process is
illustrated in Figure 5.

Group 1 Colour Center
Mean D65 CIE Lab: [14.1, 0.6, 2.0]

Source Albedo Texture Soft-mask Visualisation Group 2 Colour Center
K=3 Gaussian Smoothing o = 5.0 Mean D65 CIE Lab: [36.5, 12.6, 19.4]

K-means Weighted Group-Centre
Clustering Estimation

——— —_—
1085 CE Lab) (D65 CIE Lab) Group 3 Colour Center
Mean D65 CIE Lab: [48.6, 14.2, 24.8]

Figure 5. Dominant-colour decomposition of the source albedo texture. The texture is first clustered
in D65 CIE Lab space using k-means to identify a small number of dominant colour groups. The
resulting hard masks are then smoothed and normalised to form soft spatial masks, from which
representative group colour centres are computed as weighted averages of the original texture values.

4.1.2. Group-Wise Colour Compensation

Once the source texture had been decomposed into dominant colour groups, the
optimisation was performed at the group level through a measurement-driven iterative
process. The objective of this stage was to determine, for each group, a compensated Lab
colour value that would reduce the perceptual difference between the projected appearance
and the corresponding screen reference.

For each colour group k, a uniform colour patch was generated from the current
commanded Lab value and displayed through the Unity rendering pipeline. The same patch
condition was presented on both the calibrated monitor and the projector. The screen patch
represented the reference appearance, while the projected patch represented the current
state of that group under projection. Both patches were measured using the colourimeter
described in Section 3.2. The measurements were obtained as XYZ tristimulus values,
averaged over three repeated readings, and converted to D65 CIE Lab for comparison.

Let C,rff denote the Lab value measured from the screen reference patch of group k,
and let Cgroj (t) denote the Lab value measured from the corresponding projected patch at
iteration t. The colour residual was defined as

ACK(t) = Cf — CP™ (1), ©)

This residual indicates the direction in Lab space required to move the measured projected
appearance towards the screen reference.
The commanded colour of the patch was then updated according to

COUt(t+1) = CO™(t) + aACK(t), (10)

where CQU!(t) is the Lab colour used to generate the projection-side patch at iteration ¢,
and w is a relaxation factor controlling the update magnitude. In the experiments, « = 0.5,
as reported in Appendix A. This relaxation factor was used to reduce the risk of unstable
colour jumps caused by measurement noise or local nonlinearity in the screen-to-projection
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response. The updated Lab value was also constrained to the valid colour range before
being converted back to RGB for rendering.

After each update, a new projection-side patch was rendered and measured again, pro-
ducing a new projected Lab value. The perceptual colour difference between the projected
patch and the reference patch was evaluated using the CIEDE2000 colour-difference metric:

AEgo(t) = AEgg (cref, Cgr"j(t)). 11)
The optimisation continued iteratively until
AEgo(t) < Ta, (12)

where 74 = 2.3 was used as an acceptability-oriented perceptual tolerance for albedo
appearance matching. This value was not tuned from the present experimental results. It
was adopted from closely related P-SAR colour reproduction work, where AEyy = 2.3 has
been used to judge whether projected physical colour references are sufficiently close to the
intended reference in design-oriented SAR conditions [45]. The same order of magnitude is
also consistent with broader CIEDE2000 colour-difference literature, in which acceptability
thresholds are commonly reported in the vicinity of this range, although exact values
depend on stimulus type, viewing condition and observer population [39,40]. Therefore,
T4 = 2.3 is interpreted here as a practical acceptability-level criterion rather than as a
universal just-noticeable-difference threshold.

This iterative procedure was applied independently to each dominant colour group.
Unlike a global-offset correction, each group therefore followed its own measured residual
and update trajectory. A texture was considered fully converged only when all of its domi-
nant colour groups satisfied AEy < 74. This group-wise criterion avoided the situation in
which a low texture-level average colour difference could hide a poorly corrected colour
group. Because the number of groups was small, the optimisation required only a limited
number of measurements while still capturing the main colour structure of the texture.

4.1.3. Reconstruction of the Optimised Albedo Texture

After the group-wise compensation described in Section 4.1.2, each colour group was
associated with a final compensated Lab value C{". However, these values corresponded
only to the compact group-level representation introduced in Section 4.1.1. To obtain a
usable full-resolution texture map for rendering, the group-level corrections had to be
propagated back to the original image domain through the soft spatial masks.

To preserve the spatial detail of the source texture, the reconstruction was implemented
as a smooth colour-correction field applied to the original albedo map, rather than as a
direct synthesis of the texture from the optimised group colours alone. For each group k,
the final group-wise Lab correction was first defined as

ACR™ = ™ — g, (13)

This correction represents the measured compensation required for the representative
colour of group k.

The full-resolution Lab correction field was then obtained by blending the group-wise
corrections with the normalised soft masks:

K

ACgaa(x,y) = Y wi(x,y) ACR™. (14)
k=1
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Because the masks were normalised so that their weights summed to one at every pixel,
this formulation produced smooth transitions between neighbouring colour regions and
avoided discontinuities at mask boundaries.

The optimised Lab texture was finally reconstructed as

Copt(x/]/) = Csrc(xr 3/) + Acfield(xr]/)' (15)

In this way, the original spatial texture detail was preserved, while the colour distribution
was adjusted according to the measured screen-to-projection residuals of the dominant
colour groups.

The reconstructed Lab texture was converted back to RGB for rendering in the Unity
environment. The resulting image constituted the optimised albedo map and replaced
the original albedo texture used by the Unity material during projection. Because the
reconstruction was derived from measured discrepancies between the screen reference and
the projected patches, the optimised texture implicitly compensated for the colour shifts
introduced by the projector and projection surface under the tested setup.

4.2. Normal-Map-Based Shading Appearance Optimisation

While the albedo optimisation described above corrects colour-distribution discrepan-
cies in the projected texture, it does not directly address differences in shading behaviour
caused by surface normals and lighting interactions. This section therefore introduces a
complementary optimisation procedure targeting normal-induced shading appearance.
The method first establishes a calibrated uniform-albedo condition to suppress spatial
colour variation, and then compares screen-side and projector-side shading contrast us-
ing a lightness-domain descriptor. When the projected shading contrast differs from the
screen reference, the tangential components of the normal map are updated iteratively
so that the projected shading response approaches the reference. An overview of the
normal-map-based shading optimisation workflow is shown in Figure 6, and the detailed
implementation sequence is summarised in Algorithm A2 in Appendix A.3.

Screen-side Reference

Controlled
Rendering
(Custom Shader)

Contrast Comparison
Normal Update

Projector-side Current State

Controlled
Rendering

|
|
|
|
|
|
v

Figure 6. Overview of the normal-map-based shading appearance optimisation workflow. A uniform-
albedo condition is first calibrated to reduce the influence of texture-dependent colour variation and
provide a stable reference state. Based on this condition, the screen-side and projector-side shading
contrasts are compared, and the normal map is iteratively updated until the projected normal-induced
shading response approaches the screen reference.
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4.2.1. Uniform Albedo Baseline Calibration

Before shading optimisation, a preparatory calibration step was performed under a
uniform albedo condition. In this step, the original spatially varying albedo texture was
temporarily replaced in Unity by a constant neutral grey input, so that colour variation
from the texture itself was removed while the effects of illumination and normal-map
modulation could still be observed under the selected shader mode. The purpose of this
step was not to optimise the final integrated material appearance directly, but to establish a
stable neutral condition for the subsequent shading-oriented procedure. In this subsection,
the term “baseline” therefore refers to a calibrated uniform-albedo rendering condition, not
to the comparative baseline methods introduced later in Section 4.3.

If shading optimisation were applied directly to a textured material, the measured
response would be influenced simultaneously by the albedo distribution, the lighting term,
and the normal-induced shading contrast. These factors would be difficult to separate
using point-based colourimetric measurements. By replacing the texture with a spatially
uniform input, the surface colour contribution became constant across the rendered region,
and the remaining variation was dominated by the controlled rendering pipeline and the
reproduced shading response. This made the screen—projector difference easier to interpret
and provided a consistent starting point for normal-related optimisation.

The neutral grey value of sSRGB [119,119, 119] was selected as a practical mid-level
input. Under the Linear colour-space setting used in the Unity project, this value approxi-
mately corresponds to an 18% grey reference, providing a balanced neutral condition while
reducing the risk of unstable low-lightness measurements or premature projector satura-
tion. The screen-side uniform grey input is denoted as G,¢. For the projector branch, the
same neutral condition was first calibrated in a screen-referenced manner: the screen-side
appearance of the uniform patch served as the reference, the projector-side appearance
served as the current state, and the projected result was iteratively adjusted in D65 CIE Lab
space until the colour difference fell below the same AE threshold used for albedo conver-
gence. The resulting calibrated projector-side uniform input is denoted as Gp,oj, and was
subsequently used as the neutral albedo input for the projector-side shading measurements.

4.2.2. Flat and Mean Patch Construction

To enable shading-oriented optimisation with point-based colour measurement, the
workflow did not operate directly on the full rendered images. Instead, it constructed two
representative uniform patches for each system branch: a flat patch and a mean patch. The
flat patch was derived from a rendering with a uniform albedo and a fully flat normal
map, so that no local normal-induced shading variation was present. The mean patch was
derived from a rendering with the same uniform albedo but with the material’s normal
map enabled. Since this rendering was spatially non-uniform, a single uniform patch
was generated from the perceptual mean of the valid rendered region rather than from a
specific point location. Under this definition, flat denotes the absence of normal modulation,
whereas mean denotes the average appearance of the normal-modulated surface.

Two corresponding patch pairs were prepared: one for the screen branch and one for
the projector branch. The screen-side pair served as the reference, while the projector-side
pair represented the current projected state to be optimised. Although both pairs were
generated through the same controlled rendering procedure, they differed in the uniform
albedo input used by Unity. The screen branch used G, whereas the projector branch used
the calibrated projector-side input Gpyj obtained from the uniform-albedo calibration step.
As a result, the subsequent shading comparison was performed after the neutral-albedo
mismatch between screen and projection had already been reduced.
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The flat patch was obtained directly from the Unity rendering, since the combination
of uniform albedo and a flat normal map produced a spatially uniform result. By contrast,
the mean patch required an additional processing step. The rendered image with the
normal map enabled was exported and analysed in MATLAB. The valid material region
was converted into D65 CIE Lab space, and its perceptual mean Lab value was computed.
This mean Lab value was then converted back into a uniform RGB patch, displayed again,

and measured with the colourimeter. This procedure was applied to both the screen and

*
mean

projector branches so that both L, and L were based on physically measured patches
rather than on rendered RGB values alone.

The workflow therefore produced four canonical measurements for each material
and lighting condition: screen flat, screen mean, projector flat, and projector mean. The
screen-side measurements remained fixed for a given material and rendering condition,
whereas the projector-side measurements were updated during the iterative normal-map
optimisation. Together, these patch pairs provided a compact colourimeter-measurable
representation of the baseline and normal-modulated shading responses required for the

contrast-guided update described in the next section.

4.2.3. Contrast-Guided Normal Map Update

Using the patch pairs defined in Section 4.2.2, shading optimisation was performed
by comparing the lightness contrast between the flat and mean patches on the screen and
projector sides. Under the calibrated uniform-albedo condition, the flat patch represents the
reference lightness level without normal modulation, whereas the mean patch represents
the average appearance produced by the same rendering configuration with the normal
map enabled. The difference between these two patches therefore provides a compact
descriptor of the shading strength generated by the normal map. The definition and
computation of this descriptor are illustrated in Figure 7.

Input Normal Map

Render with Input Normal Map Me?" Patgh

Controlled Perceptual Mean
Rendering
(Custom Shader) (D65 CIE Lab)

Patch Construction

Shading Contrast
Calculation

D=AL*=7.61

Flat Patch

Render with Flat Normal Map Ty

Controlled Direct Patch
Rendering Output

(Custom Shader)

Flat Normal Map
Surface Normal: [0, 0, 1]

Figure 7. Definition of the lightness-domain shading contrast descriptor used for normal-map-based
shading optimisation. Under a uniform-albedo condition, the scene is rendered with either the
original normal map or a flat normal map to obtain the mean and flat patches in D65 CIE Lab space.
The shading contrast is computed as D = Ly, — L ean, Which characterises the average lightness
modulation produced by the normal map.

Let Lﬁ?;tf and L*®f denote the measured L* values of the screen-side flat and mean

mean
patches, respectively. Similarly, let LE};:O] (t) and Lytean(t) denote the corresponding projector-
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side measurements at iteration f. All measurements were obtained using the colourimeter
and converted to D65 CIE Lab as described in Section 3.4. The screen-side reference shading
contrast was defined as

Dre = Lifat — Lieans (16)

and the projector-side shading contrast at iteration ¢ was defined as
Dproj () = Ligy” (t) — Lmean(t)- 17)

Here, D, represents the normal-induced shading contrast measured from the screen
reference, while Dy, () represents the corresponding contrast measured from the projected
result at the current iteration.

Instead of directly editing the geometry of the physical surface or applying a post-
rendered brightness correction to the final image, the workflow updated the normal map
that generated the shading response. Based on the ratio between the reference and projected
contrasts, a normal-map update factor was computed as

_ Dref P
1) = <max<mej<t>,e>) : (19

where B is a relaxation factor controlling the update magnitude and € is a small lower
bound used to avoid numerical instability when Dp;(t) is close to zero. In the experiments,
B =0.5and e = 10, as reported in Appendix A.

The update factor was then applied to the tangential components of the current normal
map. For a unit normal vector

a0 = (o), ),
the updated tangential components were obtained by

ngfﬂ) = n(t)n,(f), n;tﬂ) = U(t)n;t). (19)
The corresponding z-component was then reconstructed so that the vector remained a valid

nD \/1 B (n§t+1))2 B (nyﬂ))z. 20)

The resulting normal vector was renormalised and encoded back into RGB form to generate

unit normal:

the normal map for the next Unity rendering iteration. Under the normal-map convention
used in the implementation, RGB values were decoded into normal-vector components before
update and re-encoded after update. This ensured that the optimisation acted on the material-
level normal representation rather than only on a temporary scalar rendering parameter.
After each update, the Unity scene was rendered again using the updated normal map,
and the projector-side flat and mean patches were regenerated and remeasured. The residual
between the screen-side and projector-side shading contrast descriptors was defined as

rD(t) = ‘Dproj(t) - Dref!- (21)
The optimisation process continued until
rp(t) < 1p, (22)

where 1p is the stopping tolerance in the CIE L* domain.
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The threshold tp was set to 1.0 L*. This value should be interpreted differently
from the AEy threshold used in the albedo branch. It is not claimed here as a universal
psychophysical threshold for projected shading perception in all P-SAR conditions. Instead,
it is used as a conservative lightness-domain operational tolerance for the specific shading
contrast descriptor defined in Equations (16) and (17). The residual rp () does not represent
a raw RGB difference, a physical luminance difference, or a pixel-wise colour difference.
Rather, it quantifies the remaining mismatch between two CIE L*-based contrast descriptors
measured under a calibrated uniform-albedo condition.

This lightness-domain formulation was adopted because chromatic texture variation
is suppressed in the shading branch. Under the uniform-albedo condition, the remaining
appearance mismatch is mainly associated with normal-induced lightness modulation. A
tolerance expressed in CIE L* is therefore more appropriate than a tolerance expressed
in 8-bit RGB grey levels, since adjacent RGB code values do not correspond to uniform
physical luminance or uniform perceptual lightness steps. By contrast, CIE L* provides a
perceptually motivated lightness scale from 0 for black to 100 for the reference white. This
use of a perceptual lightness-domain descriptor is also consistent with grey-scale evaluation
literature, where neutral grey-scale appearance is treated as a perceptual problem rather
than as a direct function of device code values [46,47].

The strictness of 1.0 L* can also be related to CIEDE2000 under neutral-grey conditions.
When two colours are neutral greys, namely a* = b* = 0, the chroma and hue terms in
CIEDE2000 vanish, and the colour difference is governed by the lightness-weighted term:

[AL]
AE()O,grey = TL’ (23)
where S; is the CIEDE2000 lightness weighting term [39,40]. Since S} > 1 over the valid L*
range, a residual difference of 1.0 L* corresponds to a CIEDE2000 value not exceeding ap-
proximately 1.0 under neutral-grey conditions. Therefore, although 7p = 1.0 L* is not treated
as a universal perceptual boundary for projected shading, it is a deliberately conservative

tolerance when interpreted in the neutral-grey lightness domain used by this branch.

4.3. Comparative Baseline Methods and Scope of Comparison

To provide objective comparative evidence, the proposed optimisation procedures
were evaluated against simpler compensation baselines implemented under the same
screen-referenced, colourimeter-based measurement protocol. These baselines were not
intended to represent the full state of the art in projector compensation. Instead, they
were included to test whether the proposed material-component-aware updates provide
advantages over global correction strategies that do not separately model dominant albedo
colour groups or normal-induced shading response.

Full projector compensation methods such as CompenNet and CompenNet++ are highly
relevant to the broader projector compensation literature, but they were not used as direct
baselines in this study. These methods are generally formulated as camera-based image-level
or full projector compensation frameworks, where the projector input image is optimised so
that a camera-observed projection matches a desired target image. A fair implementation
would require a different experimental pipeline, including dense projector-camera acquisi-
tion, spatial registration, camera-based training data generation, network implementation
or retraining, and image-domain evaluation under the same physical setup. The present
study instead uses point-based colourimeter measurements and material-component-related
optimisation variables. Therefore, the comparison was limited to baselines that could be
implemented fairly within the same measurement framework. The aim was not to claim
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superiority over full projector compensation networks, but to compare the proposed method
with simpler global strategies under equivalent experimental conditions.

4.3.1. Albedo Compensation Reference Condition and Baseline Methods

For the albedo branch, the proposed group-wise optimisation was compared with two
global baseline methods: global neutral-grey correction and global Lab-offset correction. In
addition, the initial no-compensation condition was retained as the uncorrected reference
condition for calculating the relative improvement. The initial condition, the two baseline
methods, and the proposed method all used the same source textures, dominant-colour
grouping, screen-side reference measurements, and group-wise AEq evaluation criterion.

In the initial no-compensation condition, the source group colours were used directly:

cut = cre. (24)

This condition represents the direct screen—projection colour mismatch before any albedo
compensation is applied.

The first baseline method was a global neutral-grey correction. A single neutral grey
patch was measured on the screen and under projection, and the resulting Lab residual
was applied uniformly to all colour groups:

ACgrey = City — Chrey,  CP"' = ' + ACsrey. (25)
This represents a single-shot display-level grey-balance correction.
The second baseline method was a global Lab-offset correction. For each iteration, the

measured residuals of all dominant colour groups were combined into one area-weighted
Lab offset:

K .
ACglobal(t> = Z Ay (Cief - CEIO](t))/ C](()ut(t + 1) = Ciut(t) + aACglobal(t)- (26)
k=1

Unlike the proposed group-wise method, this baseline method applies the same cor-
rection to all colour groups and therefore cannot independently compensate different
chromatic regions.

4.3.2. Normal-Map-Based Shading Compensation Reference Condition and Baseline Method

For the normal-map-based shading branch, the proposed contrast-guided normal-map
update was compared with one image-domain baseline method: global luminance-contrast
compensation. In addition, the initial no shading-specific compensation condition was re-
tained as the uncorrected reference condition after uniform-albedo baseline calibration. The
initial condition, the baseline method, and the proposed method all used the same uniform-
albedo calibration, flat/mean patch construction, and residual metric rp = \Dproj — Dy
The purpose of this comparison was to distinguish the proposed material-level normal-map
update from an output-level image-domain correction.

In the initial no shading-specific compensation condition, the original normal map
was used directly after the uniform-albedo calibration:

Nout = Nsrc' (27)

This condition represents the residual shading mismatch that remains after baseline lumi-
nance alignment but before any normal-map correction is applied.

The baseline method was a global luminance-contrast compensation. In this case,
the normal map was not modified. Instead, the rendered shading image was adjusted in
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the image domain by globally scaling the lightness deviation around the projector-side
flat-patch lightness:

L?rélg,proj (x, ]/) = LEat,proj +7 |:Li*mg,pr0j (x' y) - LEat,proj} ’ = ﬁ (28)

Here, Dgroj denotes the projector-side shading descriptor before image-domain compensa-
tion, and ¢ is a small positive constant used to avoid division by zero. This baseline method
represents a simple output-level contrast correction. It modifies the final rendered lightness
distribution, whereas the proposed method modifies the normal map that generates the
shading response. Therefore, the comparison separates the initial no-update condition,
the image-domain luminance-contrast baseline method, and the proposed material-level

normal-map update.

5. Experimental Results and Practical Evaluation

This section presents the experimental evaluation of the proposed screen-referenced
appearance optimisation workflow. The results are reported according to the two mate-
rial appearance components addressed by the method. Section 5.1 evaluates the albedo
appearance optimisation in terms of group-wise convergence, comparison with global
albedo compensation baselines, and sensitivity to the number of dominant colour groups.
Section 5.2 evaluates the normal-map-based shading appearance optimisation in terms
of convergence behaviour and comparison with a global luminance-contrast baseline.
Section 5.3 presents qualitative integrated appearance illustrations using photographic
examples of representative material cases. Section 5.4 discusses practical feasibility in terms
of execution time, operational requirements, and potential automation. Together, these
analyses examine the objective effectiveness, comparative value, practical feasibility, and
evaluation scope of the proposed workflow under controlled P-SAR conditions.

5.1. Albedo Appearance Optimisation Results

The albedo appearance optimisation results are first presented for the proposed group-
wise method. The aim of this subsection is to evaluate whether the proposed method can
reduce the screen-to-projection colour mismatch of the dominant albedo colour groups
below the adopted CIEDE2000 threshold. Comparative baseline results and the sensitivity
of the dominant colour-group number K are reported separately in Sections 5.1.2 and 5.1.3.

5.1.1. Group-Wise Convergence of the Proposed Method

The ten tested textures comprised two source categories: Textures 01-05 were re-
constructed from scans of real physical materials, whereas Textures 06-10 were digitally
authored textures obtained from online material libraries. The dataset covered a range of
surface types, including woven fabrics, leather and velvet surfaces, a soil-and-moss ground
texture, wood, a painted wall, rusted metal, and brick. Across all textures, a total of 23 domi-
nant colour groups were identified and optimised, with each texture containing between
one and three groups.

As shown in Figure 8, all group trajectories exhibited a clear decreasing trend in AEy,
demonstrating that the proposed group-wise optimisation consistently reduced the colour
mismatch between the projected appearance and the screen-side reference. Importantly,
convergence was evaluated at the group level rather than only by using a texture-level
mean value. All 23 dominant colour groups eventually satisfied the adopted threshold of
AEy < 2.3, indicating that the optimisation did not rely on averaging across colour regions
to mask poorly corrected groups.
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Texture 01 -- 2 Colour Group(s)

A common pattern visible in Figure 8 is that the largest decrease usually occurred
between Iteration 0 and Iteration 1, while subsequent updates mainly refined the remaining
residual error. This behaviour suggests that the dominant colour bias was corrected at an
early stage, whereas later iterations were primarily used for fine adjustment. In addition,
the trajectories remained monotonic or near-monotonic in all tested cases, and no strong
oscillatory behaviour was observed. This indicates that the Lab-space update rule was
numerically stable under the tested screen—projection conditions.

Texture 02 -- 1 Colour Group(s) Texture 03 -- 2 Colour Group(s) Texture 04 -- 3 Colour Group(s) Texture 05 -- 2 Colour Group(s)

10

Iteration

Texture 06 -- 3 Colour Group(s)

Iteration Iteration Iteration Iteration

® Groupl ® Group2 4 Group3 —— Mean trajectory —— Threshold (2.3)

(a) Textures 01-05.

Texture 07 -- 2 Colour Group(s) Texture 08 -- 2 Colour Group(s) Texture 09 -- 3 Colour Group(s) Texture 10 -- 3 Colour Group(s)

10

Iteration

Iteration Iteration Iteration Iteration

® Groupl ® Group2 4 Group3 — = Mean trajectory —— Threshold (2.3)

(b) Textures 06-10.

Figure 8. Group-wise AEq convergence during the proposed albedo optimisation. Iteration 0 denotes
the initial projection state. Coloured lines show individual colour groups, the black dashed line
indicates the mean trajectory, and the red dashed line marks the adopted threshold (AEy = 2.3).
(a) Textures ID 01-05. (b) Textures ID 06-10.

The quantitative summary in Table 1 confirms the same tendency at the texture level.
Before optimisation, the initial mean AEyy values ranged from 3.48 for Texture 05 to 9.93
for Texture 02, with an overall mean of 6.24. After optimisation, the final mean AEy
values were reduced to a narrower range of 0.75-2.27, with an overall mean of 1.36. This
corresponds to an average reduction of 77.43% across the ten textures. Although the
table reports texture-level mean values for compactness, the convergence requirement was
applied at the group level: a texture was considered fully converged only when all of its
dominant colour groups satisfied AEy < 2.3.

The required number of updates was limited. Five textures, namely, Textures 02, 03,
04, 05, and 07, converged after a single optimisation update from the initial condition. Four
textures, namely Textures 01, 06, 08, and 09, required two updates, while only Texture 10
required three updates. The mean number of optimisation updates was therefore 1.6 per
texture. From a practical perspective, this indicates that the proposed albedo branch
achieved substantial colour improvement without requiring a prolonged iterative process.

Although the overall convergence trend was consistent, some differences among textures
can still be observed. Texture 02 presented the largest initial mean error, with an initial mean
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AEq of 9.93, but was reduced to 1.87 after a single update, corresponding to an 81.16%
reduction. This indicates that a large initial mismatch did not necessarily imply a difficult
optimisation process. In contrast, Texture 10 required the largest number of updates, even
though its initial mean AE(y of 5.62 was only moderate relative to the other samples. Its final
mean AEgy) was nevertheless reduced to 1.17, yielding a total reduction of 79.27%. This case
suggests that textures with more colour groups or more uneven group-wise convergence
may require additional refinement even when the initial average error is not the highest.

Table 1. Summary of albedo appearance optimisation results for all tested textures using the proposed
group-wise method.

Mean Initial Mean Final

Albedo Map ID No. of Colour Groups No. of Updates AEq AEq Mean Reduction (%)
01 2 2 9.61 2.27 76.36
02 1 1 9.93 1.87 81.16
03 2 1 5.29 1.32 75.11
04 3 1 6.52 1.44 77.89
05 2 1 3.48 1.39 60.09
06 3 2 5.12 1.22 76.21
07 2 1 4.65 0.75 83.94
08 2 2 5.60 0.94 83.15
09 3 2 6.59 1.25 81.10
10 3 3 5.62 1.17 79.27

Mean 2.3 1.6 6.24 1.36 77.43

The best final result was obtained for Texture 07, whose mean AE(, decreased from
4.65 to 0.75, corresponding to the largest reduction ratio of 83.94%. Texture 08 also showed
a similarly strong improvement, decreasing from 5.60 to 0.94 with a reduction of 83.15%. By
contrast, Texture 05 showed the smallest relative reduction, from 3.48 to 1.39, corresponding
to 60.09%. However, this case also had the lowest initial mean error among all textures,
which means that the optimisation had less room for numerical improvement from the
outset. A smaller reduction ratio in this context therefore does not indicate failure, but
reflects a milder initial mismatch.

At the group level, all 23 dominant colour groups were eventually reduced below
the threshold of AEyy = 2.3. The largest initial group error was observed in Texture 01,
Group 2, with an initial AEqg of 10.07, which was reduced to 2.27 at the final state. Although
this remained the highest final residual among all groups, it still fell slightly below the
adopted threshold. Several groups achieved much lower final residuals. For example,
Texture 07, Group 1 decreased from 6.15 to 0.39, Texture 04, Group 2 decreased from 9.97
to 0.82, and Texture 09, Group 3 decreased from 7.78 to 0.67. These results indicate that
the proposed optimisation was not only effective on average, but was also capable of
substantially correcting the most difficult local colour regions.

Representative examples of the resulting albedo texture correction are shown in
Figure 9. Texture 02 was selected as the case with the largest initial texture-level mismatch,
Texture 07 as the case with the lowest final residual, and Texture 10 as the case requiring the
largest number of optimisation updates. The examples show that the optimisation modified
the overall colour tendency of the albedo maps while preserving the spatial structure of
the source textures. This behaviour is consistent with the correction-field reconstruction
described in Section 4.1.3, where group-wise Lab corrections are propagated through soft
spatial masks rather than replacing the texture with discrete colour regions.

Taken together, these results confirm that the proposed group-wise albedo optimisation
effectively improved projected base-colour matching across all tested textures. All dominant
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Original Albedo Map
ID: 02

colour groups satisfied the adopted AEyy < 2.3 criterion, and the texture-level mean colour
difference was reduced substantially. The next subsection compares this proposed group-
wise method with simpler global albedo compensation baselines.

Optimised Albedo Map Original Albedo Map Optimised Albedo Map Original Albedo Map Optimised Albedo Map

ID: 02 ID: 07 ID: 07 ID: 10 ID: 10

(a) Texture 02 (brown leather surface). (b) Texture 07 (wood surface). (c) Texture 10 (brick surface).

Figure 9. Representative examples of digital albedo textures before and after optimisation. Texture 02
represents the case with the largest initial mismatch, Texture 07 the case with the lowest final residual,
and Texture 10 a representative case requiring the largest number of optimisation updates.

5.1.2. Comparison with Global Albedo Compensation Baselines

To examine whether the improvement was specifically associated with the proposed
group-wise formulation, the albedo optimisation was compared with two simpler global
baseline methods. The initial no-compensation condition was also retained as the uncor-
rected reference condition for calculating the relative reductions, but it was not considered
a compensation method.

The first baseline method was a global neutral-grey correction, in which a single neutral-
grey patch was used to estimate a screen—-projector colour offset and the same offset was
applied once to all colour groups. This represents a simple display-level grey-balance correc-
tion. The second baseline method was a global Lab-offset correction, in which the residuals
of all dominant colour groups in one texture were combined into a single texture-level Lab
residual and iteratively applied to all groups. This represents a stronger texture-level feedback
correction, but it does not allow different colour groups to be updated independently.

Figure 10 compares the final mean AEyy values obtained by the two global baseline
methods and the proposed group-wise optimisation for the ten tested textures. The global
neutral-grey correction reduced the initial colour mismatch but remained above the thresh-
old of AEy = 2.3 for all textures, indicating that a single neutral-grey correction can only
compensate for general projection colour bias. The global Lab-offset correction produced a
larger improvement, but several textures still retained residual errors above the threshold.
In contrast, the proposed group-wise optimisation consistently achieved lower final colour
differences across the tested textures.

The method-level summary is reported in Table 2. The uncorrected initial condition
had a mean AEy of 6.24. The global neutral-grey correction reduced this value to 4.41,
corresponding to an average texture-wise reduction of 28.16%, but no texture reached full
convergence. The global Lab-offset correction further reduced the mean final error to 2.49,
with an average reduction of 57.44%, but only five of the ten textures fully converged. By
contrast, the proposed method achieved the lowest mean final error of 1.36, the highest
reduction of 77.43%, and full convergence for all ten textures.

The comparison also explains why the group-wise formulation is necessary. When a
texture is represented by only one dominant colour group, the global Lab-offset baseline is
almost equivalent to the proposed method. However, as the number of dominant groups
increases, a single global offset becomes less reliable because different colour regions may
require different correction directions in Lab space. This was reflected in the four textures
represented by three colour groups, none of which fully converged under the global Lab-
offset baseline, whereas all converged under the proposed group-wise method. The benefit
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of the proposed method is therefore not only a lower average colour difference, but also
more reliable convergence across textures with different chromatic complexity.

Neutral grey Global Lab-offset Bl Proposed - - Threshold (2.3)

Mean Final AEOO under Different Albedo Compensation Methods
T T T T T T T T T T
7FE -

Mean Final AEOO

Texture ID

Figure 10. Comparison of final mean AEy values under different albedo compensation strategies. Each
grouped bar set corresponds to one texture, and the dashed horizontal line indicates the threshold of
AEy =2.3.

Table 2. Comparison of the uncorrected initial condition, global albedo compensation baselines, and
the proposed group-wise correction. Mean reduction was calculated as the average of texture-wise
percentage reductions. N/A: Not Applicable.

Mean Reduction Mean No. of Fully Converged

Condition/Strategy Mean Final AEy (%) Correction Steps Textures
Initial no-compensation condition 6.24 N/A N/A 0/10
Global neutral-grey correction 4.41 28.16 1.0 0/10
Global Lab-offset correction 2.49 57.44 6.5 5/10
Proposed group-wise correction 1.36 7743 1.6 10/10

5.1.3. Sensitivity to the Number of Dominant Colour Groups

Since the proposed albedo optimisation relies on dominant-colour decomposition,
the number of colour groups K determines how the chromatic structure of a texture is
represented. In the main experiment, K was manually selected between one and three
according to the apparent colour complexity of each texture. To examine the influence of this
parameter, a sensitivity analysis was conducted using three representative textures: Texture
02, a near-uniform brown leather texture; Texture 01, a striped woven fabric with two
visually dominant colour regions; and Texture 09, a rusted metal texture with more complex
chromatic variation. For each texture, the optimisation was repeated using K =1, K = 2,
and K = 3, while keeping the remaining measurement and update settings unchanged.

Table 3 shows that the influence of K depends on texture complexity. For the near-
uniform leather texture, all three evaluated K values converged after one update and
produced very similar final errors, indicating that K = 1 was already sufficient. Increas-
ing K therefore mainly introduced redundant colour groups rather than a meaningful
improvement in correction accuracy.

For the striped woven fabric, K = 1 failed to converge even after ten updates because
the texture was reduced to a single averaged colour representation. Using K = 2 separated
the two main chromatic regions and achieved convergence, while increasing K to 3 pro-
duced only a small additional reduction in the final mean AEqy. This suggests that K = 2
provided an appropriate balance between representational accuracy and measurement
effort for this texture.
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Table 3. Sensitivity of albedo optimisation results to the number of dominant colour groups K.

Visually Evaluated  No. of Mean Reduction
Texture ID  Texture Type Inspected K K Updates Converged Final AEg (%)
02 Near-uniform leather 1 1 1 Yes 1.87 81.16
02 Near-uniform leather 1 2 1 Yes 1.81 81.77
02 Near-uniform leather 1 3 1 Yes 1.82 81.67
01 Striped woven fabric 2 1 10 No 5.29 44.95
01 Striped woven fabric 2 2 2 Yes 2.27 76.36
01 Striped woven fabric 2 3 2 Yes 2.19 77.21
09 Rusted metal 3 1 10 No 5.12 22.31
09 Rusted metal 3 2 10 No 2.66 59.64
09 Rusted metal 3 3 2 Yes 1.25 81.10

For the rusted metal texture, the sensitivity to K was more pronounced. Both K =1
and K = 2 failed to reach convergence, although K = 2 reduced the final error substantially
compared with K = 1. Full convergence was achieved only with K = 3, indicating that the
main chromatic structure of this complex texture required three dominant groups to be
represented adequately.

These results indicate that K should be understood as a representational parameter
rather than a purely numerical clustering parameter. For simple or near-uniform textures,
a small K is sufficient and avoids unnecessary measurements. For textures with multiple
visually distinct colour regions, however, too small a K can under-represent the chromatic
structure and lead to non-convergence or an averaged correction target. In the current im-
plementation, K was selected through clustering results and manual inspection; automatic
or semi-automatic selection of K remains an important direction for future work.

5.2. Normal-Map-Based Shading Appearance Optimisation Results

The normal-map-based shading appearance optimisation results are first presented
for the proposed contrast-guided normal-map update. The aim of this subsection is to
evaluate whether the proposed method can reduce the screen-to-projection mismatch in
the lightness-domain shading contrast descriptor. Comparative results against a shading
compensation baseline are reported separately in Section 5.2.2.

5.2.1. Convergence of the Proposed Normal-Map Update

The shading appearance mismatch was evaluated using the residual
'p = |Dpr0j - Dref|r (29)

where D = Lj . — Ljcan- In this definition, D,¢f denotes the shading contrast descriptor
measured from the screen-side reference, while Dpoj denotes the corresponding descriptor
measured from the projected result. Since the descriptor was computed under a uniform-
albedo condition, the residual mainly reflects the mismatch in normal-induced lightness
contrast rather than spatial albedo colour variation. The adopted operational tolerance was
rp < 1.0 L*. The ten tested normal maps corresponded directly to the ten albedo textures
analysed in Section 5.1, so that each material was evaluated as a paired albedo—normal case.

As shown in Figure 11, six of the ten normal maps, namely n01, n03, n04, n05, n07
and n08, already satisfied the tolerance at the initial evaluation. The remaining four cases,
namely n02, n06, n09 and n10, exceeded the tolerance initially but converged after one
normal-map update. All tested cases therefore reached the target criterion with either zero
or one update. This indicates that the proposed shading optimisation functioned mainly
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as a targeted refinement of normal-induced shading strength rather than as a prolonged
iterative correction process.
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Figure 11. Initial-to-final shading residuals for all tested normal maps. Each pair of points represents
the initial residual and the final accepted residual for one normal map, and the red dashed line marks
the operational tolerance of rp = |Dproj — Dyef| = 1.0 L*.

The quantitative summary in Table 4 confirms the same tendency. Across all ten normal
maps, the mean residual decreased from 1.164 to 0.264 L*, corresponding to an average
reduction of 77.32%. The final residuals were confined to a narrow range of 0.039-0.502 L¥,
and all cases remained below the adopted tolerance. The mean number of updates was
only 0.4 per normal map. From a practical perspective, this indicates that, after the uniform-
albedo baseline had been established, the proposed shading branch required only limited
additional measurement and re-rendering.

A clear distinction can be observed between the direct-pass cases and the update-required
cases. For the six normal maps that already satisfied the tolerance at the initial evaluation, the
residuals ranged from 0.175 to 0.502 L*, with a mean value of approximately 0.343 L*. This
suggests that, once the uniform-albedo baseline calibration had reduced broader luminance
bias, the projected shading contrast of these cases was already close to the screen-side reference.
Therefore, no further normal-map modification was applied to these samples.

For the four update-required cases, the initial residuals were considerably larger, ranging
from 1.857 to 3.462 L*, with a mean value of approximately 2.395 L*. After one update, these
residuals were reduced to 0.039-0.354 L*, with a mean value of approximately 0.145 L*. The
largest initial mismatch was observed for n06, whose residual decreased from 3.462 to 0.354 L*.
The lowest final residual was obtained for n09, which decreased from 2.219 to 0.039 L*. These
results show that, when a clear shading mismatch was present, the contrast-guided update
rule was able to remove most of the residual error within a single correction step.

The final scale factors further indicate the direction of the required correction. All
four update-required cases converged with scale factors smaller than 1.0, ranging from
0.765 to 0.840. This indicates that, under the tested oblique lighting configuration, the
projected rendering tended to produce stronger-than-reference shading contrast in these
cases. The optimisation therefore primarily attenuated the effective normal strength by
scaling the tangential normal components, rather than increasing the shading amplitude.
This behaviour is consistent with the intended role of the shading branch: after the uniform-
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albedo baseline had been aligned, the remaining mismatch was mainly associated with the
amplitude of normal-induced shading.

A representative example is shown in Figure 12 using Texture/Normal Map 06, corre-
sponding to the soil-and-moss ground texture. This case was selected because it presented
the largest initial shading residual and required one update. As shown in Figure 12a, the
normal-map modification was visually subtle and preserved the overall normal pattern.
The main effect is instead observed in the rendered shading: the optimised projection-
side shading in Figure 12c shows reduced excessive contrast and becomes closer to the
corresponding screen-side reference in Figure 12b.

Table 4. Summary of shading appearance optimisation results for all tested normal maps using the
proposed normal-map update. The reduction in the mean row was calculated from the mean initial
and mean final residuals, rather than as the arithmetic mean of the per-case reductions.

Normal Map ID No. of Updates Mean Initial rp (L*) Mean Final rp (L*) Reduction (%) Final Scale Factor

01 0 0.407 0.407 0.00 1.000
02 1 1.857 0.081 95.65 0.840
03 0 0.407 0.407 0.00 1.000
04 0 0.175 0.175 0.00 1.000
05 0 0.343 0.343 0.00 1.000
06 1 3.462 0.354 89.77 0.765
07 0 0.502 0.502 0.00 1.000
08 0 0.226 0.226 0.00 1.000
09 1 2.219 0.039 98.22 0.765
10 1 2.040 0.105 94.84 0.783
Mean 0.4 1.164 0.264 77.32 -
Original Normal Map Optimised Normal Map Original Screen Shading Optimised Screren Shading Original Projection Shading Optimised Projection Shading
(a) Normal map comparison. (b) Screen-side reference shading. (c) Projection-side shading.

Figure 12. Representative example of shading appearance optimisation for Texture/Normal Map 06
(soil-and-moss ground texture). (a) Comparison of the original and optimised normal maps. (b) The
corresponding screen-side reference shading renderings. (c) The corresponding projection-side
shading renderings.

Taken together, these results show that the proposed normal-map update was se-
lective, efficient and stable under the tested conditions. It did not unnecessarily modify
cases that already satisfied the operational tolerance, while the cases with larger initial
residuals converged after only one update. The shading branch therefore served as a
targeted material-level refinement of normal-induced shading strength, complementing the
preceding albedo appearance optimisation. The next subsection compares this proposed
normal-map update with a simpler image-domain shading compensation baseline.

5.2.2. Comparison with an Image-Domain Shading Compensation Baseline

To examine whether the improvement was specifically associated with the proposed
material-level normal-map update, the shading optimisation was compared with a simpler
image-domain baseline method. The initial no shading-specific compensation condition
was also retained as the uncorrected reference condition after the uniform-albedo baseline
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calibration, but it was not considered a shading compensation method. In this condition,
the original normal map was used directly, and the remaining residual represented the
shading mismatch before any normal-map update.

The baseline method was a global luminance-contrast compensation, in which the
normal map was not modified. Instead, the final rendered lightness distribution was
adjusted in the image domain by globally scaling the lightness deviation around the flat-
patch baseline. This represents a simple output-level contrast correction, but it does not
modify the material normal map that generates the shading response.

All conditions were evaluated using the same residual rp = |Dpr0j — Dyef| and the
same operational tolerance of 1.0 L*. The method-level summary is reported in Table 5.
Under the initial no shading-specific compensation condition, the mean residual remained
1.164 L*, with a maximum residual of 3.462 L*. Six of the ten normal maps already satisfied
the tolerance after the uniform-albedo calibration, but four cases still required additional
shading correction.

Table 5. Comparison of the initial no shading-specific compensation condition, the image-domain
shading compensation baseline, and the proposed normal-map update. N/A: Not Applicable.

Mean Max Cases
Condition/Strategy Finalrp  Final rp Below  Correction Level
(L) (L*) 1.0 L*
Initial no shading compensation condition 1.164 3.462 6/10 N/A
Global luminance-contrast compensation 0.521 1.108 9/10 Image-domain lightness correction
Proposed normal-map update 0.264 0.502 10/10 Material-level normal-map update

The global luminance-contrast compensation reduced the mean residual from 1.164
to 0.521 L*, and nine of the ten cases satisfied the adopted tolerance. This confirms that
a simple image-domain contrast correction can partially compensate for the mismatch in
shading strength. However, one case still remained above the tolerance, with a maximum
residual of 1.108 L*, indicating that a global output-level adjustment does not guarantee
convergence for all normal maps.

By contrast, the proposed normal-map update achieved the lowest mean residual of
0.264 L*, the lowest maximum residual of 0.502 L*, and convergence in all ten cases. More
importantly, the proposed method operates at a different correction level. The baseline
modifies the final rendered lightness distribution as an image-domain post-processing
operation, whereas the proposed method modifies the tangential components of the nor-
mal map itself. The corrected shading response is therefore embedded in the material
representation rather than only applied to the final output image.

This comparison supports the use of a material-level normal-map update for the
shading branch. Although the image-domain baseline reduced the residual in most cases,
the proposed method provided more reliable convergence while remaining consistent with
the material-component-aware structure of the workflow.

5.3. Integrated Appearance Illustration

After separately evaluating albedo colour matching and normal-map-based shading
consistency, the complete workflow was further examined at the integrated appearance
level. In practical P-SAR viewing, base colour and normal-induced shading appear to-
gether rather than as isolated components. Therefore, representative material samples were
photographed to illustrate the overall appearance tendency after applying the complete
two-stage optimisation workflow.
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Optimised
Projection

Original
Projection

The examples in Figure 13 are intended as qualitative visual illustrations rather than
quantitative colour evidence. This limitation arises because the screen reference is self-
emissive, whereas the projected sample is observed as reflected light from the projection
surface. In addition, the RGB camera used for documentation has a device-dependent
spectral response and cannot fully reproduce cross-device colour appearance. For this
reason, the quantitative evidence for colour and shading improvement is provided by the
colourimetric and lightness-domain results in Sections 5.1 and 5.2, while the photographs
are used only to support visual interpretation of the integrated outcome.

Within this limitation, the optimised projections show a closer qualitative visual ten-
dency to the screen-side references than the original projections. In the striped woven fabric,
the brightness balance becomes more consistent with the reference. In the leopard print
leather, the excessive warm bias is reduced. In the brick wall example, the balance between
base tone and relief-related shading becomes closer to the reference. These examples provide
an integrated visual summary of the optimisation effect under the tested conditions. How-
ever, they should be interpreted only as qualitative illustrations; the main evidence for the
proposed workflow remains the objective colourimetric and lightness-domain evaluation
reported in the preceding sections.

Reference Optimised Optimised Original Reference
Screen Projection Projection Screen Projection Projection Screen

(a) Striped woven fabric. (b) Leopard print leather. (c) Brick wall.

Figure 13. Qualitative photographic illustration of final integrated appearance for three representative
materials. Each case compares the screen-side reference, the original projection, and the optimised projection.

5.4. Practicality and Operational Feasibility Evaluation

In addition to the objective appearance results, the practical burden of the proposed
workflow was evaluated. Since the method combines controlled rendering, colourimetric
measurement, MATLAB-based optimisation and manual result verification, its applica-
bility depends not only on the final residual errors, but also on the time and operational
effort required to complete one material case. Table 6 summarises the approximate time
consumption of the current implementation. One-off procedures, such as device warm-up,
initial monitor calibration and projector setup, are not included.

The breakdown indicates that the dominant time cost comes from physical colouri-
metric measurement and operator interaction, particularly the repeated screen/projector
measurements of colour-group patches and flat/mean shading patches. By contrast, Unity
rendering, patch generation, MATLAB update calculation, texture reconstruction and con-
vergence checking are comparatively lightweight. Therefore, the reported duration mainly
reflects the manually operated measurement workflow rather than the computational cost
of the optimisation algorithms.

The reported time should also be interpreted as a conservative estimate. In the present
experiment, one operator and one colourimeter were used to complete all screen and
projection measurements sequentially. With multiple operators, or with two calibrated
measurement devices assigned separately to the screen and projection branches, part of the

https://doi.org/10.3390/ electronics15102170


https://doi.org/10.3390/electronics15102170

Electronics 2026, 15,2170

35 of 42

measurement procedure could be performed in parallel. Thus, the elapsed time could be
reduced even without introducing a fully automated acquisition system.

Table 6. Approximate time breakdown of the proposed workflow per material case. The values
correspond to the current manual implementation using one operator and one colourimeter. One-off
preparation procedures, such as device warm-up and initial system calibration, are not included.

Operation Type Main Operation Time (min)
Albedo rendering/preparation Dominant-colour grouping and group-patch generation ~3
Albedo colourimetric measurement Screen/projector measurements of dominant colour-group patches ~7

MATLAB update, albedo reconstruction, convergence check and

Albedo computation/inspection result inspection ~2
Shading baseline preparation Uniform-albedo baseline calibration ~4
Shading rendering/preparation Flat/mean patch generation for screen and projection branches ~2
. Flat/mean patch measurement, contrast-residual calculation,
Shading measurement/update . : ~8
normal-map update and inspection
Total Complete albedo and shading appearance optimisation workflow ~26

The current implementation is not intended as a real-time compensation method to be
repeated from scratch after every minor design modification. It is better understood as a
material-specific or setup-specific appearance preparation procedure for controlled P-SAR
design review. Once a material has been optimised under a given projector, surface, lighting
condition and rendering configuration, the compensated albedo map and normal-related
parameters can be reused under the same conditions.

Further reduction of the operational burden is possible through automation. Patch
generation, Unity rendering/export, MATLAB updates, convergence checking and result
logging can be scripted directly. The main remaining bottleneck is manual colourimeter
operation, which could be reduced using scripted ArgyllCMS acquisition, a fixed measure-
ment rig, motorised positioning, or integrated projector-camera feedback. Automatic or
semi-automatic selection of the dominant colour-group number K would also reduce manual
inspection in the albedo branch. These improvements would make the workflow more prac-
tical for repeated material preparation and small-batch P-SAR design-review applications.

6. Conclusions

This paper presented a screen-referenced, measurement-driven appearance optimi-
sation framework for P-SAR. Rather than treating the problem as projector calibration
or generic image-level radiometric compensation alone, the proposed method addressed
the more specific challenge of reproducing a screen-defined material appearance on a
projected physical mock-up for appearance-oriented design evaluation. The workflow was
formulated around the material structure used in the rendering process: albedo appear-
ance was optimised through dominant-colour group correction, while normal-induced
shading appearance was refined through a lightness-contrast descriptor derived from
flat and normal-modulated renderings. By combining controlled Unity-based rendering,
calibrated screen and projector output, colourimetric measurement, D65 CIE Lab analysis,
and MATLAB-based iterative update, the framework established an interpretable closed
loop for improving projected material appearance in controlled P-SAR conditions.

The experimental results demonstrated the effectiveness of the proposed method
under the tested setup. In the albedo branch, 23 dominant colour groups were identified
across ten material textures, and all groups converged below the adopted CIEDE2000
threshold of AEy; = 2.3. At the texture level, the mean colour difference decreased from
6.24 to 1.36, corresponding to an average reduction of 77.43%. The comparative baseline
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analysis further showed that the proposed group-wise optimisation achieved lower residual
errors and more consistent convergence than global neutral-grey correction and global Lab-
offset correction. This supports the use of independent dominant-colour group updates,
especially for textures containing multiple visually distinct chromatic regions.

In the shading branch, the proposed contrast-guided normal-map update reduced the
mean residual 7p = [Dproj — Dref| from 1.164 to 0.264 L* units. Six of the ten normal-map
cases already satisfied the adopted 1.0 L* tolerance at the initial evaluation, while the
remaining four cases converged after one update. The comparison with a global luminance-
contrast baseline indicated that directly updating the normal-map-driven shading response
provides a more material-relevant correction than only adjusting the rendered image
intensity in the image domain. In addition, the threshold analysis clarified that the 1.0 L*
criterion should be interpreted as a conservative operational tolerance for the proposed
lightness-based shading descriptor, rather than as a universal psychophysical boundary.

The additional analyses also clarified the role and limitations of key parameters in the
workflow. The sensitivity analysis on the number of dominant colour groups showed that K
should be understood as a representational parameter. For near-uniform textures, increasing
K provided limited benefit, whereas for textures with more complex chromatic structure,
too small a value of K could under-represent visually important colour regions and reduce
the meaningfulness of the optimisation target. This result supports the current use of a
small number of dominant colour groups, while also indicating that future automatic or
semi-automatic K selection would improve reproducibility and reduce operator dependence.

At the integrated appearance level, photographic examples provided a qualitative
visual summary of the complete two-stage workflow. These examples showed a closer
overall visual tendency between the optimised projections and the screen-side references
in representative material cases, including woven fabric, leopard print leather, and brick
wall textures. However, the photographs were used only as qualitative illustrations of
the integrated outcome. The main evidence for the proposed workflow remains the ob-
jective colourimetric and lightness-domain evaluation reported for the albedo and shad-
ing branches.

From a practical perspective, the complete workflow required approximately 26 min
per material case, excluding one-off preparation steps such as device warm-up and initial
calibration. The refined time analysis showed that the main operational burden comes
from manual colourimetric measurement and user inspection rather than from Unity
rendering or MATLAB computation. The method is therefore not intended as a real-time
compensation technique to be repeated from scratch during every design iteration. Instead,
it is better suited to controlled or semi-controlled P-SAR material appearance preparation,
where a material-specific or setup-specific correction can be generated and reused under
stable display, projection, surface, and lighting conditions.

Some limitations remain. First, the current validation was conducted on a planar white
matte projection surface in a darkened environment. Extension to curved or non-planar
objects would require geometric registration, projection mapping, and local or multi-region
appearance measurement. Coloured, textured, or multi-material substrates would further
require substrate characterisation and may introduce achievable-colour constraints. Sec-
ondly, the method depends on the measurable and reproducible behaviour of the display,
projector, projection surface, and colourimeter combination. Different hardware configura-
tions may have different luminance ranges, colour gamuts, spectral power distributions,
contrast responses, and short-term stability, and would therefore require equivalent cali-
bration and spectral correction. Thirdly, the present implementation still involves manual
decisions, especially in the selection of the number of dominant colour groups and in the
physical measurement procedure. Finally, the integrated photographic examples remain
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qualitative illustrations only, and the validation reported in this study is based on objective
colourimetric and lightness-domain measurements under controlled conditions.

Future work will therefore proceed in three main directions. The first is to reduce
operator dependence through automatic or semi-automatic dominant-colour grouping,
scripted measurement acquisition, fixed measurement rigs, or integrated projector-camera
feedback. The second is to extend the workflow beyond the current planar white-surface
setup towards curved objects, non-white substrates, mixed-material mock-ups, and more
realistic ambient-light conditions. The third is to establish a unified comparison protocol
with camera-based full projector compensation methods, such as CompenNet-style ap-
proaches, so that image-level compensation and material-component-aware optimisation
can be evaluated fairly under shared experimental conditions. These extensions would fur-
ther strengthen the reproducibility, robustness, and practical applicability of the proposed
screen-referenced appearance optimisation framework.
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Abbreviations

The following abbreviations are used in this manuscript:

P-SAR  Projection-based spatial augmented reality
CIE Commission internationale de 1’éclairage
AR Augmented reality

LUT Lookup table

RGB Red-green-blue

AEy CIEDE2000

SSIM Structural similarity index

cd/m?  Candela per square metre

K Kelvin

LCD Liquid crystal display

W-LED  White light-emitting diode

ICC International Color Consortium

CCSSs Colorimeter calibration spectral sample
URP Universal render pipeline

PNG Portable network graphics

Appendix A. Implementation Details of the Optimisation Workflow

This appendix provides the implementation parameters and pseudo-code used for the
two optimisation branches described in Section 4.
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Appendix A.1. Implementation Parameters

Table A1 summarises the main implementation parameters used in the optimisation
workflow. Parameters that were applied to both branches, such as the measurement repetition
number and the colourimetric conversion basis, are reported together with branch-specific
parameters for albedo and shading optimisation.

Table A1l. Main implementation parameters used in the screen-referenced appearance optimisa-
tion workflow.

Parameter Default Value/Setting Branch  Purpose
. . Fixed project-level colour-space setting used

Unity colour space Linear Both throughout the rendering workflow.

Measurement repetitions 3 Both Number of repeated colourqneter readlr'lgs. avgraged
before colour-space conversion and optimisation.

Measurement format CIE XY7 Both Dev1ce—1nc‘1ependent tristimulus values recorded by
the colourimeter.

Comparison colour space D65 CIE Lab Both Per'ceptually mo'tlvated COlo.u ' space used for
residual calculation and optimisation.

Number of dominant Controls the dominant-colour representation of each

1-3 Albedo

colour groups, K source albedo texture.

Soft-mask smoothing, ¢ 5.0 pixels Albedo Gaussgn smoothl.ng parameter used to convert hard
clustering masks into soft spatial masks.

Albedq update 05 Albedo Controls the magnitude of each Lab-space

relaxation, « group-colour update.

Albedo convergence 23 Albedo Group-wise CIEDE2000 threshold used as the albedo

threshold, T4

stopping criterion.

Neutral albedo input used to suppress

Uniform grey input sRGB [119, 119, 119] Shading fexture-dependent colour variation.
Norma.l-map update 05 Shading Controls the magnitude of the contrast-guided
relaxation, B normal-map update.
Small contrast lower _9 . Lower bound used in the contrast-ratio calculation to
10 Shading e
bound, € avoid division by values close to zero.
Shading convergence Operational tolerance for the residual between
& & 1.0L* Shading screen-side and projection-side shading
threshold, mp .
contrast descriptors.
Maximum albedo Safety stopping condition for the group-wise albedo
. . 10 Albedo S
iterations, Ty optimisation loop.
Maximum shading 5 Shading Safety stopping condition for the contrast-guided

iterations, Tp

normal-map optimisation loop.

Appendix A.2. Pseudo-Code of the Albedo Appearance Optimisation

Algorithm A1 reports the implementation logic of the proposed group-wise albedo
appearance optimisation. The procedure starts from a source albedo map, decomposes it
into a small number of dominant colour groups, optimises each group independently using
screen-referenced colour measurements, and reconstructs the final albedo map through a
soft-mask-based correction field.
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Algorithm A1. Proposed group-wise albedo appearance optimisation.

Require: Source albedo map Ag; number of dominant colour groups K; soft-mask smoothing

parameter o; relaxation factor a; convergence threshold 7,4; maximum iteration number T4.

Ensure: Optimised albedo map Agpt and iteration log.

1:
: Cluster the Lab pixels into K dominant colour groups using k-means clustering.

: Sort the colour groups by area and generate the corresponding hard masks.

: Smooth the hard masks using a Gaussian filter with parameter o.

: Normalise the smoothed masks to obtain soft masks wy(x, y), where ):f:l wi(x,y) =1.

: Compute the source group centre CJ' for each group as the soft-mask-weighted mean Lab value.
: Initialise the commanded output colour of each group:

N O U W N

10:

11:
12:
13:
14:

15:
16:
17:
18:
19:
20:

21:

22:
23:
24:
25:
26:

27:

28:

29:
30:

Convert Agrc from RGB to D65 CIE Lab to obtain Cgre(x, ).

CRU(0) = .

: for each colour groupk =1,...,K do

Generate the screen-side reference colour patch from C;™“.
fDisplay the reference patch on the calibrated monitor and measure the averaged Lab value
(G
¢ Sett = 0.
whilet < T4 do
Generate the projection-side colour patch from C"(t).
Display the patch through the projector and measure the averaged projected Lab value
CErO} (t).
Compute the colour difference AE () between Cief and C,fm] (t).
if AEOO,k(t) < T4 then
Mark group k as converged.
break
end if
Compute the Lab residual:

AC,(t) = Cf — P (1),
Update the commanded group colour:
COMt(t+1) = CRU(t) + aACK(t).

Apply the valid colour-range constraint.
Sett=t+1.
end while
end for
Compute the group-wise Lab correction:

out __ —~out Src
ACQUt = Ut — C5e.

Construct the full-resolution Lab correction field:
K
ACqieiq (%, y) = ) wi(x, y)ACP.
k=1

Reconstruct the optimised Lab texture:

Copt(x/ y) = CSI‘C(x/ y) + ACfield(x/y)'

Convert Copt(x, ) back to RGB and export the optimised albedo map Aopt-
Record measured XYZ/Lab values, AEyy, update values, output file names, and convergence
status in the iteration log.

Appendix A.3. Pseudo-Code of the Shading Appearance Optimisation

Algorithm A2 reports the implementation logic of the proposed shading appearance

optimisation based on contrast-guided normal-map update. The procedure first establishes

a uniform-albedo condition, computes the screen-side reference shading contrast, and then

iteratively adjusts the tangential components of the normal map until the projection-side

contrast approaches the screen-side reference.
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Algorithm A2. Proposed shading appearance optimisation based on contrast-guided normal-map update.

Require: Original normal map Nj;.; screen-side uniform albedo input G,,; calibrated projector-side uniform

albedo input Gy,,j; relaxation factor ; convergence threshold 7p; maximum iteration number Tp.

Ensure: Optimised normal map Nopt and iteration log.

1:

N O Ul W N

16:

17:

18:
19:
20:
21:
22:

23:

24:

25:

26:
27:
28:
29:
30:
31:
32:

Establish the uniform-albedo condition. Use Gy for the screen-side reference branch and Gy for the
projection branch.

: Construct the screen-side reference flat patch by rendering G, with a flat normal map.
: Measure the averaged lightness value L}

flat *

: Construct the screen-side reference mean patch by rendering G, with the original normal map Njyc.
: Compute the perceptual mean of the valid rendered region in D65 CIE Lab.

: Generate the corresponding uniform mean patch and measure the averaged lightness value L .

: Compute the screen-side reference shading contrast:

__ 1 xref *ref
Dyef = Ly — L 3

mean-*

: Initialise the current normal map:

N(0) = Nrc.

: Sett = 0.
10:
11:

12:
13:
14:
15:

while t < Tp do

Render the projector-side flat patch using GP@ and a flat normal map.

Measure the averaged lightness value LyP1” (t).

Render the projector-side normal-modulated image using Gproj and the current normal map N(t).

Compute the perceptual mean of the valid rendered region in D65 CIE Lab.

Generate the corresponding projector-side mean patch and measure the averaged lightness value
Luean(t).

Compute the projector-side shading contrast:

Diproj(t) = L™ () — Latean(t)-
Compute the residual:
rp(t) = |Dpr0j(t) - Dref}-

if rp(t) < 1p then
Mark the normal map as converged.
break

end if

Compute the normal-map update factor:

10~ (rpme)

where € is a small lower bound used to avoid numerical instability.
Decode the current normal map N(t) from RGB into unit normal vectors:

a® — (ny),ny)/ny)).
Scale the tangential components:
n =g, T = y(ony.

Clamp the tangential components if necessary and reconstruct:

n§t+1) _ \/1 _ (nJ((H-l))Z _ (n;t+l)>2'

Renormalise the updated normal vector.
Encode the updated normal vectors back into RGB form to obtain N(f + 1).
Export the updated normal map and reload it in Unity for the next iteration.
Sett=t+1.
end while
Export the final accepted normal map as Nopt.
Record measured XYZ/Lab values, D, Dproj, residual rp, update factor #, output file names, and
convergence status in the iteration log.
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