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Abstract

This study introduces an XR-based interactive edit-
ing framework that allows users to sample colors di-
rectly from the physical world, apply them to virtual
content, and project results back into the real environ-
ment. Existing AR systems often suffer from scanning
delays and low color fidelity, while VR systems rely on
predefined palettes that limit contextual creativity; re-
cent MR authoring environments improve spatial con-
tinuity but still provide limited support for user-driven
acquisition and direct editing of real-world colors or ma-
terials. To overcome these issues, we designed a cycli-
cal interaction loop—Sense, Edit, Display, and Regis-
ter—that integrates real-time color extraction, 2D can-
vas editing, synchronized 3D previews, and spatial align-
ment, offering a seamless bridge between physical and
virtual spaces. We conducted a within-subjects experi-
ment with ten participants who performed the same cre-
ative task across AR (paper coloring and scanning), VR
(palette-based coloring), and XR (the proposed system).
Task completion time and color fidelity (CIEDE2000)
were measured as technical indicators, while cognitive
load (NASA-TLX), usability (SUS, UEQ-S), and creativ-
ity support (CSI) were collected through questionnaires.
Semi-structured interviews complemented the quantita-
tive results. Findings show that XR reduced cognitive
load compared to AR, while color fidelity did not dif-
fer significantly between conditions. Although slower
than VR in task completion, XR provided higher ratings
in creativity, immersion, and enjoyment. Interview re-
sponses emphasized the novelty and intuitiveness of ex-
tracting real-world colors and seeing them immediately
reflected in physical space. These results suggest that
XR'’s strengths stem from the integration of real-world
color sampling and contextual alignment into a unified
creative experience. This work suggests XR as more
than a coloring tool, establishing a cyclical, bidirectional
interaction paradigm that enhances creativity and im-

mersion. The proposed framework informs future XR
authoring tools and points toward extensions such as
multi-user collaboration, AI-based emotion recognition,
and applications in education, art, and therapy.

Keywords: Extended Reality (XR), Real-world color
sampling, Context-aware placement, Scene understand-
ing, Creativity support

1. Introduction

With the recent release of new head-mounted displays
(HMDs) such as Meta Quest 3, Sony PlayStation VR2,
and PICO 4, the accessibility of XR devices has increased
rapidly. During the past 3 to 5 years, the average market
price of HMDs has decreased by approximately 30%, low-
ering the entry barrier to adoption. Currently, improvements
in network latency and cyber-sickness have expanded the
scope of XR applications to diverse domains, including ed-
ucation, art, and industry [12, 39]. XR encompasses vir-
tual reality (VR), augmented reality (AR), and mixed real-
ity (MR), referring to interactive environments where phys-
ical and virtual objects coexist. In particular, the align-
ment between real and virtual objects and their interaction
are highlighted as critical factors influencing the presence
and immersion of the user [43]. However, some existing
systems remain limited to one-way information flow from
the physical to the virtual world. The lack of contextual
adaptation—such as scanning delays, inconsistent lighting,
and scale distortions—often results in visual incoherence
and cognitive burden [4].

To address these limitations, this study proposes an XR-
based interactive editing framework that cyclically inte-
grates physical and virtual experiences. The framework
implements a Sense—Edit-Display—Register loop, wherein
users directly extract colors from physical objects (like a
digital eyedropper), immediately apply them to a 2D canvas
and 3D virtual objects, and then see the results contextu-
ally aligned within the physical environment. Through this
process, creators can continuously collect inspiration from
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Figure 1: Core System Framework

the real world, edit it digitally, and instantly experience the
results projected back into physical space, thus achieving
a bidirectional and cyclic creative experience. Unlike VR,
which prioritizes speed through palette-based color selec-
tion, or AR, which discontinuously digitizes physical can-
vases, the proposed framework provides a new balance by
incorporating real-world stimuli directly into creative mate-
rials and reintegrating outcomes into physical context.

To evaluate the effectiveness of the proposed framework,
we designed a user study comparing AR, VR, and XR con-
ditions. Using a within-subjects design, ten participants
in their twenties with prior XR experience performed the
same creative task across all conditions. Technical met-
rics included task completion time and color fidelity (A Eyo,
CIEDE2000), while user experience metrics assessed cog-
nitive load (NASA-TLX), system usability (SUS), user ex-
perience quality (UEQ-S), and creativity support (CSI).
Semi-structured interviews were additionally conducted af-
ter each condition to capture qualitative insights and com-
plement the quantitative findings. Given the scale and com-
position of the participant sample, the study is intended to
identify comparative interaction trends rather than to pro-
vide definitive generalizable conclusions.

The contributions of this paper are threefold:

* Bidirectional and cyclic XR framework. We present
an interaction loop that integrates real-world color ex-
traction, digital editing, and contextual registration in

physical space, thereby extending creative experiences
beyond the one-way flow of conventional systems.

* Scene understanding—based contextual alignment.
By leveraging scene understanding techniques to reg-
ister virtual objects to real-world surfaces, and spatial
constraints, the framework enhances visual and cogni-
tive coherence as well as immersion.

¢ Exploratory comparative evaluation across AR,
VR, and XR. Through a three-condition comparative
study (AR/VR/XR), the results indicate that the pro-
posed framework can provide improvements not only
in creativity, immersion, and usability but also in inter-
action quality and color fidelity, establishing its value
beyond a simple coloring tool.

2. Background
2.1. Limitations of Existing Interactive Editing Systems

Creative and editing systems in XR environments have
evolved through a wide range of approaches centered on
AR, VR, and MR. Early physical-virtual hybrid systems
typically relied on workflows in which users colored draw-
ings on paper, scanned or digitized them via a camera, and
mapped the results onto virtual 3D objects. Representative
examples include TeamLab’s Sketch Aquarium [51] and
Museum HEI’s Puppy Park, which extended physical cre-
ative outputs into digital spaces. However, such approaches



remain limited to a unidirectional flow of information from
the physical to the virtual domain and do not support in-
teractions in which virtual content meaningfully feeds back
into the real-world context. As a result, the creative process
is interrupted by a separate camera-scanning stage, and final
outputs remain confined to screens, undermining immersion
and continuity of experience [10, 11].

VR-based creative tools (e.g., Quill, Open Brush) [2,
] enable freeform drawing and rapid editing in three-
dimensional space, offering new expressive possibilities for
both professional artists and general users. More recent
systems, such as [57], further integrate generative Al into
VR authoring workflows. Nevertheless, these tools largely
confine creation and editing to closed virtual environments.
Color selection typically depends on predefined palettes,
making it difficult to directly incorporate contextual cues
from the physical world, such as real-world colors, ma-
terials, or lighting conditions, as creative resources. This
limitation partially conflicts with perspectives from Situ-
ated Cognition [14, 23, 25], which emphasize that cognitive
processes are deeply coupled with the surrounding environ-
ment and tools.

AR-based systems commonly overlay virtual objects
onto real scenes and allow users to modify appearance
through menus or Ul-based interactions [54]. Prior research
on color stabilization and illumination compensation [40]
and studies emphasizing the importance of context aware-
ness in AR (e.g., Towards Pervasive Augmented Reality)
have strengthened the technical foundations of visual coher-
ence. More recent work such as [56] enable users to sketch
directly in situ and create expressive, responsive animations
anchored in the physical environment, expanding hands-on
interaction beyond static overlays. Similarly, systems like
[28] leverages scene understanding and Al to generate vir-
tual content on the fly through verbal input while observing
the physical environment. Although such systems can auto-
matically adjust scale and placement based on spatial con-
text, content generation is largely driven by Al rather than
by direct user creation, which can limit the accurate reflec-
tion of user intent and hands-on creative agency. Overall,
these approaches tend to focus on improving visual quality
and convenience, while offering limited expressive interac-
tion that treats the physical world itself as an active creative
material. It has often remained at the level of color substitu-
tion or parameter adjustment, constraining exploratory and
experimental creative practices [21, 33].

A representative MR authoring environment is CAVE-
AR [7], which enables designers to observe and modify
users’ AR experiences in real time from a VR environment,
substantially improving the efficiency of MR content devel-
opment. More recent MR authoring tools [36] have fur-
ther explored end-user participation in early-stage creative
design, allowing non-expert users to engage directly in spa-

tial ideation and layout within mixed-reality environments.
In many cases, creative control continues to be designer-
centric, focusing on spatial configuration or object place-
ment rather than on treating real-world sensory attributes as
expressive creative inputs.

A closer examination of existing methodologies reveals
a critical “workflow disconnection” that prior systems have
not fully addressed. In VR, painting systems have advanced
physical realism and expressiveness through passive-haptic
interaction and multisensory feedback mechanisms [15,

]. However, these systems still operate within visually
isolated virtual environments, where creators typically rely
on predefined digital palettes rather than directly sampling
and reusing sensory attributes from the physical world.
Even recent generative workflows for authoring 3D layouts
in VR largely confine creative input within a closed vir-
tual context, remaining disconnected from real-world visual
properties such as color and material appearance [57].

Conversely, spatial augmented reality and AR/MR tech-
niques have long demonstrated strong capabilities in pro-
jecting or visualizing digital imagery directly onto physical
objects and spaces [44]. Yet many AR/MR systems em-
phasize in-situ visualization or annotation more than bidi-
rectional creative editing. For instance, AR sketching tools
enable users to draw responsive animation effects in con-
text [56], and Passthrough MR applications maintain real-
world visibility for skill training scenarios [3]. While these
approaches preserve visual connectivity, they do not pro-
vide an integrated creative loop in which users can capture
real-world visual properties and use them to iteratively edit
virtual content and re-project results back into the environ-
ment.

Moreover, recent Al-assisted in-situ authoring systems
can generate and place content from high-level user in-
put, but they do not explicitly center workflows around di-
rect sampling and reuse of physical-world visual attributes
[28]. Consequently, the end-to-end workflow remains frag-
mented: users are isolated in VR creation tools, guided
in MR training/overlay experiences, or dependent on Al-
driven generation pipelines. This motivates research on
workflows that better sustain an in-context creative loop
across real-world cue acquisition, editing, and situated eval-
uation.

2.2. Flow, Cognitive Load, and Interaction Structures

Flow constitutes an optimal psychological state of deep
engagement, achieved through a balance between challenge
and skill [13]. In XR creative tasks, maintaining this state
depends critically on minimizing disruptive transitions be-
tween user actions and perceptual feedback. However, con-
ventional digital creation systems often impose extraneous
cognitive load [49, 5] through disjointed workflows—such
as indirect manipulation, complex scanning procedures, or
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Figure 2: Pipeline for real-world color acquisition and correction

delayed visualization. These discontinuities force users
to mentally bridge gaps between intention and outcome,
thereby impeding immersion [31, 8, 50].

To address these issues, our framework leverages princi-
ples of Direct Manipulation [48, 22] and Embodied Cog-
nition [14, 23]. By enabling users to extract colors directly
from physical surroundings and apply them seamlessly to
virtual objects, the interface minimizes the distance be-
tween user intent and system response. This approach treats
real-world colors not as external references but as active
creative materials, establishing a continuous perception-
action loop that supports situated creativity through the in-
terplay of body, environment, and imagination.

3. Proposed System
3.1. System Overview and Interaction Loop

The proposed system is not a mere aggregation of inde-
pendent components but a tightly integrated framework. Its
architecture centers on a cyclic interaction loop of Sense
— Edit — Display — Register, which connects creative
actions across real and virtual domains. Within this loop,
users sense colors from real objects, edit them on a virtual
canvas, and display the results immediately via an MR over-
lay on a 3D model that is spatially registered to the physical
workspace.

Each stage is optimized to respond within a few tens
of milliseconds, minimizing latency throughout color se-
lection, application, and verification. This low-latency
feedback is not merely a technical performance metric
but a decisive factor in user experience quality, resolving
the discontinuities of “scan-and-recognize”—based AR ap-
proaches [52]. By implementing a direct-manipulation loop
in XR, the framework reduces the gap between user intent
and system response, thereby lowering extraneous cognitive
load and allowing creators to focus on the task rather than
interface procedures [ 19, 30](Fig. 2).

Stage 1: Real-World Color Sensing and Acquisition
The goal is to extract perceptually consistent color informa-
tion that reflects user intent despite variations in the HMD’s

passthrough camera [41]. Beyond pixel copying, the pro-
cess accounts for color space, exposure, and temporal sta-
bility.

(1) Spatial projection for target selection. The user
emits a virtual ray using the controller to aim at a real-world
object. The system computes the 3D intersection point in
world coordinates and back-projects it through the HMD
camera model onto the 2D passthrough frame I;, yielding
pixel coordinate u = (u,, u,) used for color sampling.

(2) Linear-space processing for color fidelity. Sampled
pixels are converted to a linear RGB space prior to computa-
tion. Because camera sensors typically output ~y-corrected
sRGB data, performing averaging or correction in nonlin-
ear space can cause physical distortion. All computations
are performed in linear space and then reconverted to SRGB
for display, ensuring both physical accuracy and perceptual
consistency.

(3) Adaptive exposure compensation via local lumi-
nance. Auto-exposure may change the perceived color with
ambient lighting. To stabilize this, the system analyzes a
small neighborhood around u, computes the local mean lu-
minance, and applies adaptive correction. For a square win-
dow Q,,(u) of w x w pixels, the local mean luminance is

Yi=— Y (0.2126 R(p) + 0.7152G(p) + 0.0722 B(p))

’UJ2
PEQy (u)

(4) Temporal smoothing for perceptual stability. The
computed local mean Y; is compared with a target lumi-
nance Yig to derive a gain g;. Directly applying g; per
frame can induce flicker under small hand tremors or light-
ing changes; therefore, g; is smoothed via an exponential
moving average, yielding perceptually stable, predictable
color transitions.

(5) Final color computation. The smoothed gain g, is
applied to the linear sample color Clsiilmple’ and the result is
~-corrected back to sRGB to yield the final sampled color
Ct:

Ct = ’Y(gt : Cg;mplc) .
Key tunable parameters exposed to the user balance re-
sponsiveness and stability, enabling adjustment for different
lighting conditions or personal preferences. It is important



to note that this local mean luminance-based approach is a
strategic design choice intended to prioritize real-time per-
formance (maintaining 90Hz) on mobile HMDs. While this
method serves as a simplified approximation that may not
fully capture complex lighting dynamics—such as strong
specular reflections or extreme contrast—it effectively sta-
bilizes short-term fluctuations caused by the camera’s auto-
exposure. This optimization is specifically targeted at dif-
fuse surfaces (e.g., paper, canvas), enabling users to perform
rapid sampling and editing iterations without latency, rather
than aiming for physically perfect exposure reconstruction.

Stage 2: Real-Time 2D Canvas Editing The acquired
color is applied to a 2D texture—based virtual canvas. When
the user ray-casts to a point on the canvas surface, the sys-
tem converts it to normalized UV coordinates and performs
brush stamping around that point. To prevent stroke discon-
tinuities during fast controller motion, intermediate points
are interpolated proportionally to the distance between con-
secutive frames, automatically constrained below A, to
maintain uniform density and edge quality. Optional mask
textures or alpha channels restrict paintable regions, pre-
venting unintended color application. All updates are re-
flected instantly in the canvas texture, allowing fine-grained
adjustment based on immediate visual feedback.

Stages 3 & 4: Synchronized 3D Mirror Preview and
Spatial Registration A distinctive feature of the system
is the mirror-preview mechanism, which synchronizes the
2D canvas edits with a 3D object in MR space in real time.
Users can therefore observe how their chosen color inter-
acts with lighting and geometry directly on the 3D form. To
support stable placement of these virtual elements within
the physical environment, the system utilizes the Semantic
Scene Understanding capabilities provided by the Meta XR
SDK. The physical space is pre-scanned and classified into
a semantic scene model, identifying entities such as Table,
‘Wall, and Floor.

For spatial registration, the system utilizes this pre-
computed semantic data. Upon placement request, the sys-
tem identifies the appropriate Workable Surface based on its
assigned semantic label. The virtual canvas is then instan-
tiated and parented to the coordinate system of the corre-
sponding Semantic Anchor. By attaching content to these
pre-classified anchors rather than arbitrary world coordi-
nates, the system helps maintain alignment with the phys-
ical environment. This approach leverages the underlying
XR runtime to manage spatial stability, minimizing drift
and supporting the perceptual feedback loop.

4. Experiments

This section describes the methodology and evaluation
process of the user study conducted to validate the effective-

ness of the proposed XR-based interactive editing system.
The objective of this study is not merely to compare dif-
ferent platforms, but to evaluate the overall user experience
package created by the combination of creative methods and
output placement strategies provided in each condition. Ac-
cordingly, rather than isolating single variables, this exper-
iment adopts a holistic comparison approach that examines
the integrated interaction experience across AR, VR, and
XR environments, following prior comparative frameworks
in immersive media research [34, 37, 26] (Fig. 3).

The evaluation framework included four dimensions:
cognitive load (NASA-TLX), usability (SUS), user expe-
rience (UEQ-S), and creativity support (CSI) [17]. Tech-
nical indicators such as task completion speed and color
fidelity (A Eqgg) were also measured. Post-condition inter-
views captured participants’ views on feedback immediacy,
real-world color sampling, and overall ease of use, provid-
ing qualitative context to the quantitative results.

4.1. Experimental Conditions

1. AR condition: Participants physically colored a draw-
ing on paper using traditional tools and scanned the
completed image with a camera. The extracted color
information was then mapped onto virtual 3D objects.

2. VR condition: Wearing an HMD, participants worked
in a fully immersive virtual environment and painted a
predefined 3D object. Colors were selected from a pre-
configured virtual palette, representing the traditional
VR approach where creation is separated from real-
world context.

3. XR condition: In the proposed system, partici-
pants perceived the real world through the HMD’s
passthrough function and directly sampled colors from
real-world objects. The extracted colors were made
available as a brush input, allowing participants to ap-
ply them to chosen areas of a 2D virtual canvas. The
painted results were then reflected in real time on 3D
objects aligned with the physical environment.

4.2. Evaluation Suite

The study involved ten participants (five male and five
female) in their twenties, all possessing prior experience
with XR applications. All participants completed the same
creative task (“beach scene” model). To control for order
effects, the sequence of conditions was randomized, fol-
lowing standard counterbalancing procedures used in prior
within-subjects experimental designs [53]. Before each
task, participants received sufficient training on system op-
eration. After completing each condition, participants filled
out questionnaires, and upon completion of all conditions,
they provided additional feedback through a comprehensive
usability survey and a semi-structured interview.
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Figure 3: User workflows under AR, VR, and XR conditions. AR involves physical coloring and scanning, VR focuses on
virtual palette-based coloring, and XR enables real-world color sampling and context-aware virtual placement.

4.2.1 Technical Evaluation

Task Completion Speed: The time required for each par-
ticipant to complete the assigned task under each condition
was measured in seconds [20].

Color Fidelity: The perceptual difference between the
original colors and the colors applied via the system was
quantified using the CIEDE2000 (A Ey) color difference
formula, grounded in human visual perception [35]. Lower
A Eyg values indicate higher fidelity.

4.2.2 Usability Evaluation

Cognitive Load: The NASA Task Load Index (NASA-
TLX) was used to measure perceived workload on a 21-
point scale, covering physical demand, temporal demand,
performance, effort, and frustration [18].

System Usability: The System Usability Scale
(SUS) [6] is a widely adopted tool for rapidly assessing us-
ability and user acceptance of interactive systems [29, 38].
It consists of ten items alternating between positive and neg-
ative statements, each rated on a S-point Likert scale.

Interaction Quality: To evaluate overall user expe-
rience, the User Experience Questionnaire (UEQ) was
adopted in its short form (UEQ-S) to reduce participant
fatigue and enhance response quality [27, 47, 58]. UEQ-
S employs an 8-item, 7-point semantic differential format,
in which users rate their experience along bipolar adjective
pairs.

4.2.3 Creativity Evaluation

Creative Outcome: The Creativity Support Index (CSI) [9]
was used to measure the extent to which each system sup-



ported creativity. CSI evolved from the broader framework
of Creativity Support Tools, which aims to evaluate how
digital systems facilitate creative processes in HCI [16].
Since this study involved individual users wearing HMDs,
the collaboration dimension was excluded.

5. Results
5.1. Technical Evaluation

Task Completion Speed. A Friedman test revealed sig-
nificant differences in task completion speed across condi-
tions (x%(2) = 20.00,p < .001). Post hoc analyses indi-
cated that the VR condition (M = 146.90) was the fastest,
followed by XR (M = 220.80) and AR (M = 300.00),
with each pairwise difference reaching significance.

Color Fidelity. The analysis of color fidelity (AEyg)
showed no statistically significant difference between con-
ditions (x2(2) = 1.95, p = .38). Nevertheless, descriptive
trends indicated that the VR condition (M = 0.85), which
enabled exact digital replication, achieved the lowest error
values and thus the highest color accuracy. Importantly,
the proposed XR system (M = 3.15) showed numerically
lower color error than the AR condition (M = 8.45) in our
sample, indicating a trend toward improved fidelity, though
the overall test was not significant.

Table 1: Technical performance measures across condi-
tions. Lower values indicate better performance.

Measure AR VR XR

Mean task completion time (s)  300.00
Mean color difference (A FEqg) 8.45 0.85 3.15

146.90 220.80

5.2. Usability Evaluation

NASA-TLX. The NASA Task Load Index demonstrated
high internal consistency (o« = .892), and normality
assumptions were met across conditions. A repeated-
measures ANOVA revealed significant differences among
conditions (F'(2,18) = 46.09,p < .001,ges = .422).
Adjusted post hoc comparisons indicated that AR (M =
4.88,95% C1[3.76,6.01]) imposed the highest workload,
VR (M = 3.20,[2.31,4.09]) was intermediate, and XR
(M = 2.03,[0.97, 3.09]) was the lowest. Subscale analyses
revealed that AR scored highest in temporal demand and
performance pressure, whereas XR consistently reported
the lowest levels of effort and frustration.

System Usability Scale (SUS). SUS scores showed that
XR (M = 81.2,SD = 9.5) and VR (M = 75.2,SD =
13.5) exceeded the benchmark score of 68, while AR
(M = 65.8,SD = 18.5) fell below the threshold.
ANOVA results indicated a marginal effect of condition
(F(1.18,10.64) = 4.54,p = .053), but a non-parametric

Friedman test confirmed significant differences (y?(2) =
9.95,p = .007, W = .50). Wilcoxon post hoc tests showed
XR significantly outperformed AR (p = .027) with a large
effect size (r = .874). At the item level, XR was rated
positively in terms of confidence, integration of functions,
and willingness to reuse, while AR was rated negatively in
terms of consistency and task flow.

UEQ-S. In the User Experience Questionnaire—Short
(UEQ-S), XR achieved the highest ratings for both prag-
matic quality (M = 2.22) and hedonic quality (M =
2.42). Pragmatic quality showed a significant condition
effect (F'(2,18) = 3.99,p = .037), with XR receiving
the highest mean rating compared to VR and AR. Hedo-
nic quality was also significantly higher in XR than in VR
(p = .031). A Friedman test confirmed overall score dif-
ferences (x?(2) = 6.16,p = .046). Item-level responses
showed that XR was consistently associated with descrip-
tors such as “leading edge,” “inventive,” “clear,” and “effi-
cient.”

99 <

5.3. Creativity Evaluation

Creativity Support Index (CSI). The CSI demonstrated
very high reliability (o« = .951). A repeated-measures
ANOVA revealed significant differences between condi-
tions (F'(2,18) = 4.71,p = .023, ges = .166). Adjusted
post hoc comparisons indicated that XR was significantly
higher than VR (p = .029). Friedman test results cor-
roborated this finding (x?(2) = 11.1,p = .0038, W =
.556), and Wilcoxon tests further showed that XR signifi-
cantly outperformed AR (p = .027). Descriptive statistics
showed that XR (M = 6.34,95% CI[5.94,6.74]) achieved
the highest scores, while VR (M = 5.53,[4.99,6.07]) and
AR (M = 5.14,[3.84, 6.44]) were comparatively lower and
closer to each other.

6. Discussion

This study examined the advantages and limitations of
an XR-based interactive editing system in comparison with
AR and VR approaches. Quantitative analyses revealed that
the XR condition yielded the lowest cognitive load in the
NASA-TLX. This effect can be attributed to the integration
of real-world color sampling and contextual registration in
physical space, which created a seamless connection to the
creative task. By eliminating the need for palette navigation
or scanning procedures, XR reduced extraneous cognitive
load and helped maintain immersion. In contrast, AR in-
troduced higher temporal demand(NASA3) and frustration
due to disruptive scanning steps(NASAS), consistent with
prior findings that AR environments tend to impose greater
mental and effort-related workload compared to VR condi-
tions [55]. Although VR enabled faster task execution, its
higher NASA-TLX scores suggest that immersive environ-
ments can also amplify perceptual and attentional demands,
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Figure 4: Overall evaluation results across conditions (AR/VR/XR)

rather than uniformly reducing cognitive workload [42].

SUS results further substantiated the strengths of XR.
Items such as “T would like to use this system frequently”
(SUS1), “I thought the functions were well integrated”
(SUSS), and “T felt confident using the system” (SUS9) re-
ceived high ratings, indicating strong usability, consistency,
and learnability. Conversely, AR was rated poorly on items
such as “I found the system inconsistent” (SUS6) and “I
found the system cumbersome to use” (SUSS), highlight-
ing how delayed feedback and perceived color inaccuracies
undermine usability(Fig. 5).

XR also outperformed AR and VR in UEQ-S and CSI
measures, particularly in creativity and enjoyment. In the
UEQ-S, XR was strongly associated with descriptors such
as “leading edge,” “inventive,” “clear,” and “efficient.” In-
terview responses supported this outcome, as participants
described the process of sampling colors from real-world

objects and immediately applying them to virtual canvases

and 3D objects as a novel and stimulating experience. These
findings align with prior research showing that XR envi-
ronments foster enhanced creativity, enjoyment, and inno-
vative user experiences through immersive and contextu-
ally grounded interactions [45, 24]. CSI results echoed this
trend, with XR achieving the highest scores in items such
as “I enjoyed making experimental attempts” (CSI5). Par-
ticipants engaged playfully by sampling colors from snack
wrappers, the sky outside the window, or clothing and ap-
plying them directly to their creations. In contrast, AR par-
ticipants reported frustration that results were not immedi-
ate and that unexpected outcomes occurred when attempt-
ing to revise colors, which aligned with its lower CSI scores.
This finding is consistent with prior research indicating that
immediate feedback and freedom for experimental explo-
ration are key drivers of creativity support and enjoyment in
immersive environments [46]. VR participants, while effi-
cient, noted that palette-based interaction limited their abil-
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Figure 5: Item-level evaluation results across conditions (AR/VR/XR)

ity to generate new ideas.

Nevertheless, this study has interpretive limitations. It
remains unclear whether XR’s superior outcomes can be at-
tributed primarily to real-world color sampling, contextual
registration, or the combination of both, as these factors
were not independently manipulated. However, repeated
interview statements such as “the process of directly ex-
ploring colors was enjoyable” and “it was intuitive to see
results immediately in the real space” suggest that both fac-
tors jointly contributed to enhanced user experiences. While
this study cannot disentangle their individual effects, it suc-
cessfully validates the holistic “experience package” of the
XR system, which is itself of both scholarly and practical
significance.

6.1. Limitations and future work

This study is exploratory in nature and relies on a rela-
tively small sample of young adults with prior XR experi-

ence. While this limits the generalizability of the findings
to broader populations—such as older adults, XR novices,
or professional artists—the within-subjects design enables
meaningful comparison of interaction trends across AR,
VR, and XR conditions under controlled settings.

In addition, although the XR condition generally outper-
formed AR and VR in terms of cognitive load, usability,
and creativity support, these results should be interpreted
with an important design consideration in mind. The pro-
posed XR system integrates two tightly coupled compo-
nents: real-world color extraction and contextual MR reg-
istration. As such, the present study does not isolate the
individual contribution of each component. Rather, the ob-
served benefits reflect the combined effect of a unified in-
teraction loop that connects sensing, editing, and contextual
feedback into a single continuous experience. This choice
was intentional, as the primary goal of the study was to
evaluate holistic interaction quality rather than component-



level performance. From a technical perspective, the cur-
rent exposure compensation algorithm operates within spe-
cific hardware and environmental constraints. Since the
method relies on a gain-based adjustment derived from lo-
cal mean luminance, it is inherently vulnerable to sensor
clipping and limited dynamic range. In scenarios involv-
ing strong specular highlights or lighting intensities that ex-
ceed the sensor’s capacity, pixel information may be perma-
nently lost, meaning that color cannot be recovered through
gain adjustment alone. Consequently, the system’s relia-
bility is currently optimized for diffuse surfaces under non-
extreme lighting conditions; future iterations could incorpo-
rate HDR reconstruction techniques or learning-based esti-
mation to enhance robustness in high-dynamic-range envi-
ronments.

Future work will extend this evaluation to larger and
more diverse participant groups and investigate how exper-
tise level, age, and creative background influence system
effectiveness. Moreover, follow-up studies employing fac-
torial or ablation-based experimental designs will be neces-
sary to disentangle the relative contributions of real-world
color sampling and spatial contextual alignment, and to
clarify their respective roles in reducing cognitive load and
supporting creative exploration.

7. Conclusion

This research proposed an XR interactive editing system
that integrates real-world color sampling with contextual
registration in physical space, and empirically compared
it with VR and AR approaches. Quantitative evaluations
considered both technical metrics—task completion speed
and color fidelity—and user experience metrics, including
NASA-TLX, SUS, UEQ-S, and CSI. Results indicated that
VR excelled in task speed but restricted creative explo-
ration, while AR involved delayed feedback and showed a
numerically higher mean color error in our sample, which
may have degraded outcome quality. XR, though slower
than VR, showed a numerically lower mean color error than
AR in our sample, along with higher immersion and creativ-
ity support, demonstrating a balanced overall profile across
technical performance and experiential quality. Qualitative
analysis further confirmed that the processes of exploring
real-world colors and seeing results reflected immediately
in physical space provided novelty and playfulness, under-
scoring that XR’s effectiveness derived from the integration
of both factors into a unified user experience.

The contributions of this study are threefold. First, it
introduces a new creative paradigm that surpasses VR’s
speed-driven focus and AR’s limited realism by enabling a
cyclic connection between real and virtual contexts. Sec-
ond, it expands user experience evaluation beyond us-
ability alone to include immersion, creativity, and enjoy-
ment, thereby broadening the scope of empirical assess-

ment. Third, it proposes a novel design framework for XR
creative tools based on a bidirectional interaction loop that
integrates real-world stimuli into creation and projects out-
comes back into physical context.
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