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Abstract

The lighting environment has transcended purely functional illumination and has evolved
into a critical medium for orchestrating narrative rhythm and modulating audience emo-
tional responses. However, existing studies often examine photometric properties and
human emotional responses in isolation, failing to establish a quantitative coupling mecha-
nism to elucidate the relationship between light distribution, visual attention, and emotional
states. This study aims to quantify the coupling mechanisms between luminous environ-
mental parameters (illuminance and CCT), visual attention distribution, and emotional
states (PAD) in immersive narrative exhibition spaces for the optimization of visitor ex-
perience. Four screen-based simulated narrative scenes were constructed with different
illumination levels (low/high) and four levels of correlated color temperature (2700 K,
3000 K, 4000 K, and 5000 K). Using the SIFT algorithm, the illuminance pseudo-color map
and the eye-tracking heat map were spatially registered to quantify the spatial correlation
between the physical light field and the visual attention field. The results demonstrate a
significant nonlinear coupling effect: high-illuminance cold light (4000 K, 544 lx) establishes
a strong guidance mechanism, with a high spatial correlation between visual attention and
brightness (r = 0.82), which significantly enhances physiological arousal and perceived
dominance. Conversely, low-illuminance warm light (2700 K, 150 lx) leads to a weak cou-
pling state (r = 0.62), which promotes free visual exploration, thereby improving pleasure
and perceived immersion. These results suggest that lighting design should not be treated
as a fixed set of parameters, but rather as an adjustable strategy that responds to changes in
visual attention and emotional experience. By modifying the strength of visual and optical
interaction, lighting conditions can influence how visitors move from initial perception
to emotional engagement. This provides practical support for applying evidence-based
lighting strategies in the design of cultural heritage spaces.

Keywords: immersive narrative exhibition; luminous environment; visual attention;
emotional response; eye-tracking; coupling analysis

1. Introduction
The design focus of museums and exhibition spaces has gradually moved away from

static presentations of cultural artifacts toward experience-oriented environments, where
space itself participates in narrative construction rather than serving only as a physical
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container [1–3]. In this shift, the luminous environment has gained importance as a design
element. Beyond fulfilling basic requirements related to visual comfort and cultural relic
conservation, as defined in standards such as CIE 117:1995 [4], lighting influences how
visitors perceive time, spatial structure, and emotional tone through changes in brightness
and correlated color temperature, in line with Böhme’s discussion of atmosphere in architec-
tural physics [5,6]. Meanwhile, the growing adoption of immersive technologies—such as
projection mapping, virtual reality, and solid-state lighting—has increased the complexity
of lighting design in exhibition spaces. When human physiological and psychological
responses are insufficiently considered, this complexity may result in sensory overload or a
loss of narrative coherence [7,8]. Consequently, there is an increasing need for architectural
and lighting design approaches that move beyond intuitive esthetic judgment and instead
support a more systematic, evidence-based understanding of how luminous environments
influence emotional experience.

Current museum lighting standards, such as CIE 117:1995 and CIE 157:2004, mainly
focus on visual ergonomics and cultural relics protection; however, these indicators are
insufficient for immersive narrative space [4,9,10]. The existing literature generally believes
that low-intensity warm light creates a relaxed and intimate atmosphere, while high-
intensity cold light enhances alertness and concentration [11,12]. Guo Helin (2022) pointed
out that as a narrative language, the main function of light is to enhance spatial coherence
and emotional expression, not just to create a static atmosphere [13]. Nevertheless, in
the specific field of immersive narrative space, these static binary relationships seem too
simple. Current research usually regards illuminance and color temperature as isolated
variables, or only focuses on static viewing scenes, failing to clarify how visitors’ visual
exploration behavior is dynamically coupled with light distribution. For example, how the
high brightness contrast of the spotlight physically “forces” to lock the visual attention,
and how this loss of visual autonomy affects visitors’ “sense of control” and “immersion”.
These mechanisms are still unclear.

Despite the maturity of lighting simulation and biometric technologies, significant
methodological gaps remain at the intersection of architectural physics and neuroaesthetics.
At present, there is a lack of a comprehensive framework to “couple” physical simula-
tion data with behavioral tracking data at the spatial level in a complex 3D narrative
environment. Specifically, how light distribution limits the “visual entropy”—defined as
the degree of randomness or disorder in the visual texture distribution [14,15]—which
physically determines whether visual attention is expressed as “forced follow” or “free
roaming”—and how this mechanism is mapped to a specific emotional dimension has
not been quantitatively verified. Understanding this coupling relationship is crucial for
designing immersive spaces with both visual impact and psychological resonance. To
address these gaps, this study proposes a ‘light-vision-emotion’ coupling framework to
achieve three goals:

1. Quantitative coupling intensity: determine the statistical correlation between the
photometric distribution and the visual attention distribution in different lighting
modes, and reveal the guiding mechanism of light to vision.

2. Draw emotional trajectory: establish the correspondence between different coupling
states and the dimensions of the PAD emotional model, and explain the adjustment
logic of the luminous environment for emotions.

3. Formulate design strategies: Based on empirical data, put forward evidence-based
design strategies, and use luminous environment parameters to adjust the “narrative
rhythm” of the exhibition space.

By systematically analyzing four typical lighting scenarios within a controlled sim-
ulated exhibition space, this study introduces a new quantitative dimension to architec-
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tural lighting design, facilitating the transition from static lighting standards to dynamic,
emotion-oriented spatial creation.

2. Literature Review
2.1. Lighting Environment and Spatial Perception

Unlike workplace lighting, which mainly focuses on visual acuity and fatigue reduc-
tion, exhibition lighting is generally considered an important factor affecting the perception
of architectural space. Lighting plays a wider perception role in the exhibition environ-
ment by shaping the spatial form, guiding visual attention, and creating a cognitive and
emotional atmosphere. Previous studies have shown that luminance parameters such as
illuminance, brightness, correlation color temperature (CCT) and uniformity are closely
related to visual comfort and spatial understanding.

In practice, moderate improvement in illumination is usually associated with im-
proved task efficiency and clearer environmental perception, while uneven brightness
distribution or excessive glare often leads to visual discomfort and fatigue, thus reducing
the perceived spatial quality [16–18]. Based on this, lighting evaluation tools and simulation
methods have been widely used, not only to evaluate physical lighting conditions, but
also to study how brightness distribution and contrast affect the perceived experience. At
the same time, more and more studies combine psychophysics experiments with lighting
simulations to explore the connection between objective photometric parameters and sub-
jective spatial perception. Therefore, in architectural design research, the attention to the
perception characteristics of the light environment is increasingly prominent, especially in
emotional and narrative-oriented spaces such as museums and exhibition venues.

2.2. Lighting and Emotional Response

The PAD (Pleasure-Awakening-Domination) emotional model is widely used in envi-
ronmental psychology, providing a useful theoretical perspective for studying the relation-
ship between the light environment and human emotional response [19]. Compared with
the discrete emotional model, its dimensional structure is more in line with the narrative
and immersive spatial environment, because the awakening and domination dimensions
can reflect the differences between immersion intensity and perceived spatial control. Previ-
ous empirical studies have shown that emotional states are very sensitive to specific lighting
parameter combinations. For example, the combination of warm color temperature in the
range of 2700–3500 K with moderate illumination (about 300–500 lx) is usually associated
with a relaxed and happy mood, while the cold color temperature of 5000–6500 K is more
often associated with high alertness and concentration. In addition, studies have shown
that warm-colored lighting conditions can improve emotional comfort, relieve stress, and
enhance a sense of intimacy and control. Physiological measurement data such as heart rate
and skin conductivity further show that changes in illuminance will be accompanied by
corresponding changes in the physiological wake-up level, which supports the correlation
of the PAD dimension in evaluating the emotional response to lighting conditions [20–22].

Although existing studies have outlined some general trends, there are still some
differences in the conclusions drawn by different scholars. In general, although warm light
and moderate illumination are more likely to trigger positive emotions, the psychological
effects of the luminous environment are not simply linear; on the contrary, they are jointly
constrained by situational factors such as spatial characteristics and visual tasks. Therefore,
future research urgently needs to integrate multimodal perception and behavioral data and
build a more systematic analysis framework, so as to further reveal the complex interaction
mechanism between the luminous environment and emotional response.
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2.3. Immersive Narrative Exhibition Design

Unlike the traditional linear exhibition model, the immersive narrative space integrates
visitors into the spatial environment and makes them active participants in the environment,
thus significantly enhancing their sense of participation. Usually, these designs integrate
lighting, acoustics, projection mapping and interactive technologies to build a visual
narrative space controlled by time and storyline logic [23,24], which immerses visitors.
In this study, ‘Immersive Narrative Exhibition’ is operationally defined as a space where
lighting, spatial layout, and multimedia content are integrated to guide visitors through a
structured storyline, transforming them from passive observers to active participants.

In this environment, the function of the lighting environment goes beyond its basic
function of providing lighting; it plays a key role in narrative expression and creating an
immersive atmosphere. Existing studies show that changes in light intensity can effectively
guide the audience’s visual attention, thus creating a rhythmic emotional experience. In
addition, Guo Helin [13] proposed that light, as a unique narrative language, can enhance
the coherence and emotional expression of narrative space.

Therefore, the establishment of a comprehensive methodological framework that can
link luminometer parameters with emotional transformation is crucial to promoting the
development of this field.

2.4. Methods and Technologies for Lighting–Emotion Research

In terms of the method of studying the relationship between light and emotion, its
development trajectory has shifted significantly from subjective evaluation to multimodal
data analysis.

In recent years, researchers have increasingly used physiological and behavioral indi-
cators, such as heart rate variability (HRV), electroencephalogram (EEG) and eye trajectory,
to objectively describe mood changes. Eye tracking is chosen as the main objective indica-
tor because it can capture subconscious visual processing and attention distribution that
self-reporting methods cannot reveal, thus providing a direct physiological connection with
visual significance. Eye tracking technology is particularly effective; indicators such as gaze
duration, video scanning rate and heat map distribution can effectively clarify the impact
of light changes on visual attention and emotional participation [25–28]. At the same time,
lighting simulation platforms (such as DIALux and Radiance) can generate high-precision
spatial brightness distribution maps, laying the foundation for the coupling analysis of
photometric data and emotional indicators. Yet, a critical review of the recent literature
shows that there is a lack of a comprehensive framework for combining lighting simulation
and eye tracking experiments, and there are still few system applications in exhibition
scenarios. In view of the dynamics and inherent emotional interactivity of the immersive
narrative exhibition hall, there is an urgent need for an interdisciplinary framework that can
integrate simulated data and human perception behavior to support the emotion-oriented
lighting design strategy.

2.5. Research Gap and Conceptual Framework

Based on the comprehensive analysis of the above literature, the existing research has
the following key limitations:

1. Although a large number of studies focus on visual comfort and task efficiency,
the coupling mechanism between light and emotion in the immersive narrative
environment has not been fully explored.

2. Most studies rely heavily on subjective assessment methods and lack a comprehensive
analysis of behavioral and physiological signals.
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3. The correlation between lighting simulation results and emotional reactions is
mainly limited to qualitative description, and there is a lack of reliable quantitative
verification methods.

In order to solve the above shortcomings, this study proposes an integrated research
framework that combines lighting simulation, eye tracking experiments and emotional
analysis. By spatially matching the simulated illuminance pseudo-color map with the eye
tracking heat map, the framework can realize the direct correspondence analysis between
the physical distribution of light and the visual emotional response. The main advantage of
this method is that it can enhance objectivity and repeatability, thus providing a scientific
basis for the sensory lighting design of the exhibition space.

As shown in Figure 1, the conceptual model emphasizes the two-way interaction
between the lighting environment and emotional experience: on the one hand, the lighting
environment regulates emotional changes through visual attention and perception mecha-
nisms; on the other hand, emotional feedback can in turn guide lighting design and form a
dynamic regulation mechanism. Through this data-driven coupling analysis, this study
aims to provide a verifiable and scalable way for the study of the lighting environment of
immersive exhibition spaces.

Figure 1. Conceptual framework of the “Light-Vision-Emotion” coupling model.

Although there have been studies trying to combine physiological indicators with
analog data, there is still a lack of systematic coupling models. Specifically, there is a lack
of comprehensive research on the two-way effects of light changes on visual attention
and emotional response using eye tracking and physiological data. Therefore, this study
combines lighting environment simulation with eye tracking data, deeply analyzes the
changes in emotional atmosphere under different lighting conditions, and explores the
coupling mechanism between visual behavior and emotional experience.

The main contributions and innovation points of this study are as follows:

1. A quantitative coupling framework for integrated luminous environment simulation
and eye tracking experiments has been built;

2. Introduced a closed-loop model of emotional feedback for design optimization;
3. The spatial characteristics of the light-emotional mechanism in the immersive exhibi-

tion hall have been empirically verified.
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3. Methodology
3.1. Research Framework and General Process

The main goal of this study is to explore the coupling relationship between the lighting
environment and the emotional atmosphere in the immersive narrative exhibition hall by
combining lighting environment simulation and human perception experiments. Specifi-
cally, this study aims to explore the lighting configuration that can optimize the immersive
experience of visitors. For this reason, this study adopts a multi-stage framework to quan-
tify the coupling relationship between the lighting simulation results and the emotional
response of the human body, and systematically integrates the physical, perceptual and
emotional dimensions.

The experimental process is divided into five different stages:

1. Modeling and simulation using DIALux evo 10.1;
2. Generation of photometric data, including illuminance distribution map and pseudo-

color map;
3. Acquisition of visual attention characteristics through eye tracking experiments;
4. Comprehensively evaluate emotional response with experimental data;
5. Analyze the correlation between luminous environment parameters and human

emotional perception.

The research combines lighting simulation with human perception experiments to
study the relationship between lighting parameters and emotional atmosphere. The
workflow includes drawing the exhibition layout in AutoCAD 2024, building the three-
dimensional model in SketchUp, performing lighting simulations in DIALux, and collecting
eye-tracking and emotional evaluation data for subsequent analysis.

This procedure provides a structured way to examine the effects of lighting config-
uration on spatial emotion and visual behavior. The experimental steps are summarized
in Figure 2. Analysis is conducted by relating physical lighting conditions to perceptual
responses and emotional outcomes based on quantitative data.

Figure 2. Experimental workflow integrating lighting simulation, eye-tracking, and emotional
evaluation.

3.2. Experimental Environment and Equipment

The experimental environment is modeled based on the spatial size of the actual
immersive exhibition hall (length: 27 m, width: 9 m, height: 4 m) and built with SketchUp
2024 software. The space adopts a rectangular layout and contains several different exhibi-
tion areas (Figure 3). The surface reflectivity parameters are set as follows: the wall is 0.6,
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the ground is 0.3, and the ceiling is 0.8. The lighting system adopts LED spotlights, and the
correlated color temperature (CCT) is set to 2700 K, 3000 K, 4000 K and 5000 K respectively,
which meets the standard lighting simulation protocol. The simulation and visualization
of the lighting environment are carried out using DIALux evo 10.1 software. The spatial
geometry is initially drawn in AutoCAD 2024, and then imported into SketchUp 2024 for
modeling [29,30]. The eye movement data is collected through the eye movement tracking
experiment, and the sampling frequency is 120 Hz. The experiment was conducted in
a controlled environment (Figure 3), the background illumination was about 200 lx, the
background brightness was 50 cd/m2, and the wall color was neutral (Monsell N5).

Figure 3. (a) Layout and dimensions of the immersive exhibition space model. (b) Experimental Site
Environmental Simulation.

3.3. Luminous Environment Simulation

This study utilized DIALux evo 10.1 software to simulate the lighting environment
to quantitatively verify the impact of different lighting conditions on human emotional
response. Four different lighting configuration schemes were set up in the experiment, each
of which was combined with a specific illumination level and correlated color temperature
(CCT). The variables of each basic scheme are defined as follows: (a) low illumination +
warm color temperature (2700 K); (b) low illumination + cold color temperature (5000 K);
(c) high illumination + warm color temperature (3000 K); (d) high illumination + cold color
temperature (4000 K).

In order to ensure the visual comfort of visitors, the Unified Glare Rating (UGR) of each
program is strictly controlled below 19. The analog output results include pseudo-color
diagram of illuminance distribution (Figure 4), lamp product data sheet, light distribution
curve, average illuminance (Eavg), uniformity (U0) and glare index.

Figure 4. Rendered views of the four experimental lighting scenarios.

https://doi.org/10.3390/buildings16040696

https://doi.org/10.3390/buildings16040696


Buildings 2026, 16, 696 8 of 21

The lighting layout adopts a combination of direct lighting and indirect lighting to
effectively simulate the atmospheric characteristics of the key display areas in the immersive
narrative exhibition hall. The simulation results are verified by referring to the CIE 117:1995
Museum and Exhibition Lighting Guide [4,31]. Use the 0.1 m × 0.1 m grid sampling
method to export the illuminance value to generate a pseudo-color map. The average
illuminance and uniformity of different lighting schemes are calculated by Formulas (1)
and (2), respectively:

U0 =
Emin

Eavg
(1)

∆E =
Emax − Emin

Eavg
(2)

The results were used for subsequent registration analysis with eye movement experi-
mental heat maps.

3.4. Eye-Tracking and Emotional Assessment

This study recruited 32 undergraduates and graduate students majoring in design from
a Chinese university to participate in eye tracking and emotional evaluation experiments
(16 men, 16 women; age range: 20–30 years old). Design students were selected for this pilot
study due to their higher visual literacy, which provides the sensitivity needed to detect
subtle threshold effects in lighting perception. This sample size is consistent with similar
eye-tracking studies [27] and meets the requirements for statistical power in within-subject
experimental designs. All participants had normal vision or were normal after correction,
and there was no history of color blindness. Before the experiment, all subjects signed a
written informed consent form. The eye movement data is recorded with the Tobii Pro
Fusion eye movement tracker, with a sampling rate of 120 Hz and an accuracy of 0.3◦.

The experiment was conducted in a controlled environment, the ambient illumination
remained constant (200 lx), simulating a semi-open exhibition transition zone to prevent
visual fatigue caused by high contrast between a dark room and the bright screen. The
background noise level was maintained below 35 dB. The stimulating image is presented
on a 24-inch monitor (resolution 1920 × 1080) with a viewing distance of 60 cm. The total
duration of the experiment was limited to 30 min to minimize fatigue. In order to reduce
the sequential effect, four lighting scenes are presented in random order, with a 30 s break
between the two tests.

The experimental procedure includes three different stages: (1) adaptation stage
(10 s): participants adapt to the ambient brightness of the laboratory; (2) observation stage
(30 s): participants are free to watch simulated lighting scenes; (3) evaluation stage (15 s):
participants use the self-assessment scale (SAM) to evaluate their emotional state in three
dimensions: pleasure (efficacy), Arousal and Dominance [32].

We used Tobii Pro Lab software (Ver. 1.217; Tobii Technology, Stockholm, Sweden) to
extract eye tracking indicators, including the position of the gaze point, the duration of
gaze and the saccade amplitude. Then, the generated gaze heat map and gaze trajectory
map were superimposed on the illuminance pseudo-color map generated by DIALux to
visualize the coupling relationship between light intensity and visual focus.

3.5. Data Analysis and Verification

To ensure geometric validity, we generated perspective false-color luminance maps
in DIALux evo 10.1 using the identical camera parameters (Position, Target, FOV) as the
stimulus images. We utilized the SIFT algorithm to align these luminance maps with the
eye-tracking heatmaps (1920 × 1080). An average of 152 keypoints were matched per scene,
with a Root Mean Square (RMS) registration error consistently below 2.0 pixels, ensuring
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rigorous spatial alignment [33]. Subsequently, we calculated the Pearson correlation. After
registration, we calculated the Pearson correlation coefficient (r) between the spatial overlap
rate (Roverlap) and the pixel intensity. It should be noted that the spatial correspondence
analysis in this study focuses on the relative spatial relationships between lighting dis-
tributions and visual attention patterns under different lighting conditions, rather than
pixel-level numerical matching. The purpose of image registration is to establish a unified
spatial reference framework for region-based trend analysis, rather than to achieve exact
luminance alignment at the pixel scale. The calculation method is as follows:

Roverlap =
Acommon

Aheatmap
(3)

r =
Σ
(
Ei − E

)(
Fi − F

)
Σ
(
Ei − E

)2
Σ
(
Fi − F

)2 (4)

where Ei represents the pixel illuminance value, and Fi represents the pixel intensity value
of the eye tracking heat map.

Data processing and statistical analysis were carried out using SPSS 27.0 and Python
3.11. Single-factor analysis of variance (ANOVA) is used to evaluate the significant differ-
ences in emotional evaluation results in four lighting scenarios. We used Pearson correlation
analysis and ANOVA to analyze the relationship between emotional score and photometric
parameters (average illuminance, uniformity, color temperature). Before superimposed
analysis with the illuminance chart, the eye tracking index was standardized to determine
the spatial coupling characteristics. The formula for calculating the F statistic of ANOVA is
as follows:

F =
MSbetween
MSwithin

(5)

where MSbetween represents the mean square between groups, and MSwithin represents the
mean square within the group. The significance level is set to p < 0.05. In order to verify
the stability and repeatability of the results, five participants were randomly selected for
repeated experiments. The results showed that the variance of the coupling correlation
coefficient was less than 5%, indicating that the experimental results were highly consistent.

4. Results and Analysis
4.1. Luminous Environment Simulation Results

This study first uses DIALux evo 10.1 software to establish a three-dimensional lighting
simulation model of the virtual narrative exhibition hall and analyzes the light distribu-
tion under different illuminance and correlated color temperature (CCT) conditions. The
simulation results clearly show that the spatial distribution of light is jointly influenced by
the arrangement of lamps and the characteristics of surface materials, showing obvious
regional differences.

In order to describe the visual characteristics of the four lighting configurations, we
have studied them. Under the condition of low illumination and warm color temperature
(2700 K), the light environment is soft and the brightness gradient is clearer. The shadow
transition is smooth, creating a restrained and warm visual impression. In contrast, when
low illumination is matched with cold color temperature (5000 K), the overall visual tone is
cold and the spatial boundaries are clearer; however, the increase in contrast causes local
glare in some areas.

When the illumination is increased at a warm color temperature (3000 K), the space
presents higher overall brightness and stronger color saturation, thus creating an open and
inclusive atmosphere. Under the condition of high illumination and cold color temperature
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(4000 K), the brightness distribution is more uniform. At this time, the details of the object
are clearer, and the overall visual effect is rational and neutral. Lighting simulation data for
the four scenarios were obtained using DIALux evo. Illuminance values were sampled on a
regular grid with a spacing of 0.1 m at a height of 1.2 m, which approximately corresponds to
the eye level of a standing observer. For subsequent analysis, color temperature conditions
were classified into warm lighting (2700 K and 3000 K) and cold lighting (4000 K and
5000 K).

Table 1 lists the quantitative simulation results of different illuminance and color
temperature combinations. Indicators such as average illuminance (Eavg), maximum
illuminance (Emax), minimum illuminance (Emin) and uniformity (U0) are all calculated
based on a 0.1 m grid and an altitude of 1.2 m. All values are the averages of three
spatial regions. The significant ratio of Emax and Eavg in Table 1 is mainly due to the
direct illumination of the spotlight, which is consistent with the characteristics of local
focus lighting.

Table 1. Photometric parameters under different lighting scenarios.

Scenario Eavg (lx) Emax (lx) Emin (lx) Uniformity (U0) CCT (K) UGR

a (Low-Warm) 150.0 1733 22.01 0.15 2700 11.4
b (Low-Cool) 150.0 1732.66 21.97 0.15 5000 11.7

c (High-Warm) 544.0 2643 214.57 0.39 3000 17.2
d (High-Cool) 543.6 2642.33 71.60 0.38 4000 17.9

The data in Table 1 reveal obvious differences in illuminance levels and spatial uni-
formity across four different lighting environments. The average illumination of scenes
(a) and (b) is about 150 lx, which corresponds to a low-illuminance environment, and the
overall brightness is relatively soft. In contrast, the average illumination of scenes (c) and
(d) was significantly increased to approximately 544 lx, thereby enhancing visual clarity
and clarifying spatial hierarchy.

Changes in color temperature (CCT) also have a significant impact on spatial percep-
tion. Warm light creates a soft color atmosphere, while cold light brings a more rational
and clear perception. In terms of uniformity index, the U0 value of the scene (c) is the
highest (0.39), indicating that its light distribution is the most balanced and the brightness
transition is the smoothest. Similarly, the U0 value (0.38) of the scene (d) shows that under
high illumination conditions, both warm and cold tone schemes maintain good uniformity,
thus providing clear visual recognition. In contrast, the uniformity of low-light scenes
(a, b) is lower (0.15), reflecting the dominant position of stronger contrast and key lighting
features.

Combined with the data and spatial brightness analysis in Table 1, the pseudo-color
illumination map (Figure 5) generated by DIALux clearly shows the distribution differences
in different lighting environments.

In the low-light scene (Figure 5a, Figure 5b), the warm-tone area in the pseudo-color
map is relatively concentrated, the boundary is soft, and the local brightness gradient
is obvious. In the high-light scene (Figure 5c, Figure 5d), the overall lighting level is
improved, and the high-brightness area is significantly expanded, forming a strong visual
focus, especially in the core exhibition area. It is worth noting that the scene (Figure 5c)
shows a balance between brightness and softness, thus bringing high visual comfort. On
the contrary, the scene (Figure 5d) is too bright at the top and edge of the exhibit, resulting
in obvious local glare.
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Figure 5. Pseudo-color Map illuminance distribution maps generated by DIALux evo.

These results indicate that the combination of illuminance and color temperature not
only determines the physical brightness distribution of space, but also directly influences
the visual attention area and viewing rhythm. Warm light contributes to a sense of inclu-
siveness and immersion, while cold light can more effectively reinforce spatial hierarchy
and exhibition logic.

Finally, the data under four lighting conditions is compared and summarized, reveal-
ing the following patterns:

• Illuminance trend: The average illuminance of high-illuminance scenes (Figure 5c,
Figure 5d) is about 3.6 times that of low-illuminance scenes (Figure 5a, Figure 5b).

• Uniformity mode: The U0 value under warm light conditions is usually higher than
the U0 value under cold light conditions, which indicates that warm light can achieve
a more balanced distribution of light energy.

• Peak effect: In high-light scenes, the ratio of Emax to Eavg is large (about 4.8 times),
which is mainly due to the direct irradiation of the spotlight.

• General trend: The transformation from scene (Figure 5a) to (Figure 5d) reflects the
continuous change process of “increased brightness—increased color temperature—
enhanced spatial coldness”.

From the perspective of spatial perception, low-light warm light (Figure 5a) creates
a soft and quiet visual atmosphere. High-light warm light (Figure 5c) takes into account
visual clarity and psychological comfort, which is most conducive to emotional investment
and immersive experience. Although high-light cool light (Figure 5d) can enhance visual
clarity, it will reduce visual comfort and emotional intimacy.

In summary, the simulation results of the luminous environment show that:

1. Light intensity and color temperature are the key orthogonal factors affecting the
spatial atmosphere.

2. Warm light is more effective than cold light in maintaining uniformity and improving
emotional comfort.

3. The high-illuminance warm light scene (Figure 5c) achieves the best balance between
brightness balance and spatial inclusiveness.

4. Although high-light cold light scenes (Figure 5d) have advantages in visual clarity,
there are risks of local glare and spatial alienation.
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These findings provide a photometric basis for subsequent eye tracking experiments
and emotional evaluation and provide quantitative support for the construction of a “light-
visual-emotion” coupling model.

4.2. Eye-Tracking Experiment Results

Figure 6 shows the distribution of eye-tracking heat maps under four different lighting
scenarios. The analysis of the overall distribution characteristics shows that the participants’
visual attention is mainly concentrated in the display interface or core narrative area with
high brightness contrast. This observation shows that the lighting environment conditions
have a significant impact on the spatial organization of visual attention.

Figure 6. Eye-tracking heatmaps under different lighting conditions (Color scale: Blue indicates low
fixation duration/density, and Red indicates high fixation duration/density).

In low-light scenes (a and b), attention heatmaps tend to cover a limited area and show
a relatively dispersed pattern. High-density gaze is primarily concentrated on specific
display elements, with less attention allocated to surrounding spatial regions, making it
difficult for a continuous viewing path to emerge. In scenes with higher illumination (c and
d), the attention heatmaps extend across a broader area. Several display zones attract dense
gaze simultaneously, suggesting a more spatially integrated and continuous distribution of
visual attention.

Comparing the influence of different illuminance levels under the same color-
temperature conditions, it can be found that the illuminance has a significant impact
on the gaze distribution. Under warm color-temperature conditions, the viewing points of
low-light scene A are mainly concentrated in the main display area on the front. On the
contrary, high-illuminance scene c extends visual attention beyond the core area, activates
peripheral display content, and expands the focus from a single center to multiple direc-
tions. A similar trend was observed under cold color-temperature conditions. The attention
hot area of low-light scene b is relatively limited, while high-light scene d shows obvious
focal points on multiple display interfaces, thus forming a more balanced distribution.
These phenomena show that improving the illumination level can enhance the overall
visual participation of visitors in the exhibition space and prevent visual attention from
being limited to a single narrative node.

Under the same illumination conditions, changes in color temperature will also affect
the morphological characteristics of the gaze distribution. In a low-luminous environment,
the gaze hot area of the warm color temperature scene a is relatively concentrated and
the boundary is smooth. In contrast, the cold color-temperature scene B shows a certain
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degree of fragmentation, and multiple small ranges of focal points appear at the same
time. In a high-luminous environment, the warm color-temperature scene c tends to
form a continuous high-density area and has a relatively clear visual flow path. On
the contrary, although the cold color temperature (CCT) scenario d covers a wide range,
the interval between hot spots is more obvious, showing the difference in local regional
concentration levels.

It can be seen from the comprehensive heat map distribution results that the illu-
minance level plays a leading role in determining the visual concentration and spatial
coverage, while the color temperature affects the morphological characteristics of the distri-
bution more significantly. The combination of different lighting parameters shapes different
visual attention patterns in the simulated exhibition environment, providing a direct be-
havioral basis for the coupling analysis between the subsequent lighting environment and
emotional experience.

4.3. Emotional Evaluation Results

In order to further explore the impact of luminous environment changes on the
emotional response of participants, we conducted an emotional evaluation experiment
based on the Pleasure-Arousal-Dominance (PAD) model. Participants were exposed to four
different lighting scenarios (Figure 7a–d), as shown in Figure 7, each lasting 3 min. Then,
the 9-point self-assessment scale (SAM) was used to evaluate the self-reported emotional
state of the participants. The assessment covers three emotional dimensions: Pleasure
(Valence), Arousal and Dominance. The score range is 1 to 9, and the higher the score, the
higher the intensity of the corresponding emotions.

Figure 7. Emotional Evaluation Scores.

As shown in Table 2, there are significant differences in pleasure scores under different
lighting conditions. In low-luminous environments, the average score of the warm light
scene (Table 2 a) is the highest (7.31 ± 0.42), which is higher than the cold light scene
(Table 2 b) (6.22 ± 0.48). This shows that warm light helps to create a relaxed and pleasant
psychological atmosphere. In a high-luminous environment, although the score of warm
light (Table 2 c) is still slightly higher than that of cold light (Table 2 d), the difference
has decreased. This shows that with the increase in light intensity, the influence of color
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temperature is relatively weak. In general, warm light helps to improve emotional efficiency,
while excessive illumination will partially weaken its comfortable and warm characteristics.

Table 2. PAD emotional scores under different lighting conditions.

Scenario Pleasure (Score 1–9) Arousal (Score 1–9) Dominance (Score 1–9)

a (Low-Warm) 7.31 ± 0.42 * 4.82 ± 0.51 6.45 ± 0.33
b (Low-Cool) 6.22 ± 0.48 5.10 ± 0.37 6.33 ± 0.28

c (High-Warm) 6.84 ± 0.40 6.15 ± 0.45 * 6.27 ± 0.35
d (High-Cool) 5.26 ± 0.57 6.89 ± 0.42 ** 6.83 ± 0.30 *

Note: Scores range from 1 to 9. Data are presented as Mean ± Standard Deviation.* indicates p < 0.05 compared
to the baseline or other groups (based on ANOVA).** indicates p < 0.01.

In terms of the Arousal dimension, the score of the high-light group (Table 2 c,d)
was significantly higher than that of the low-illuminance group (Table 2 a,b), showing
stronger physiological excitement and attention activation effects. The highest score of scene
(Table 2 d) (6.89 ± 0.42) shows that cold light can enhance alertness and spatial clarity. On
the other hand, the score of scene (Table 2 a) is the lowest (4.82 ± 0.51), corresponding to the
soft and quiet visual experience. These results show that the illumination has a significant
main effect on the arousal level (F = 9.43, p = 0.004), and the color temperature (CCT) also
has a significant effect (F = 7.11, p = 0.012). The interaction trend shown in Figure 8 shows
that under high illumination conditions, the arousal level increases with the increase in
color temperature.

Figure 8. Interaction Effects (ANOVA).

The average score of the sense of dominance dimension is between 6.2 and 6.9. The
data shows that the high-light cold luminous environment (Table 2 d) has the highest score
of Dominance (6.83 ± 0.30), while the high-light warm luminous environment (Table 2 c) has
a slightly lower score (6.27 ± 0.35). This shows that in the immersive narrative exhibition
hall, although warm light can create a sense of intimacy, the clear visual environment (high
illumination) combined with cold tones can effectively enhance the readability and sense
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of order of the space, thus enhancing visitors’ sense of control of the environment. In
the low-light group, the score of warm light (Table 2 a and 6.45) is slightly higher than
that of cold light (Table 2 b and 6.33), which shows that in a darker environment, a warm
atmosphere can help relieve anxiety and improve a sense of mental security. In general,
the interaction between illuminance and color temperature on the sense of dominance
shows that “clarity” is a key determinant. For the narrative part that emphasizes active
exploration and rational cognition, high-light cold light seems to be more appropriate.

The results of the two-way ANOVA indicate:

• Pleasure: Observe the significant main effect of illumination (F= 6.42, p = 0.014), and
low illumination conditions are more conducive to triggering positive emotions.

• Arousal degree: The significant main effect of color temperature (F= 7.11, p = 0.012)
was found, confirming that cold light can enhance alertness.

• Interaction: There is a significant interaction between illuminance and color temper-
ature (F= 5.32, p = 0.028), which means that the impact of illuminance changes on
emotional response depends on the color temperature type.

As shown in Figure 8, under warm light conditions, increasing the illumination will
increase the degree of pleasure and wakefulness at the same time; on the contrary, under
cold light conditions, increasing the degree of illumination will reduce the degree of
pleasure but increase the degree of wakefulness.

A comprehensive analysis shows that the luminous environment systematically affects
the emotional state of human beings through the combined effect of illumination and
correlated color temperature (CCT). Warm light under low light can trigger a calm, happy
and relaxing emotional response, so it is very suitable for creating a comfortable and
warm immersive space atmosphere. On the other hand, high-illumination cold light can
enhance physiological arousal and concentration, making it more suitable for situations
that require alertness or rational thinking. These findings coincide with the typical “high
pleasure-low arousal” and “low pleasure-high arousal” states described in the PAD model
of environmental psychology. The research results further verify the effectiveness of the
lighting environment as an emotional regulation factor, indicating that the combination
of controlling illuminance and CCT can achieve targeted psychological adjustment of the
exhibition atmosphere.

Based on the analysis of the results of emotional evaluation, the following conclusions
can be drawn: (1) Warm light shows significant effectiveness in enhancing pleasure and
comfort; (2) High illumination significantly improves the level of arousal, but may reduce
the pleasant experience; (3) There is an interaction between illumination and CCT, and
high-light warm light can realize the balance of “positive-active” emotions; (4) Although
high-light cold light can improve alertness, it will reduce emotional intimacy; (5) Low-light
warm light is most conducive to creating a space for immersion and emotional resonance.

These findings provide an empirical basis for the subsequent “light–emotion cou-
pling analysis” and quantitative data support for emotion-oriented lighting design in the
exhibition space.

4.4. Light–Emotion Coupling Analysis Results

Based on the results of lighting simulation, eye tracking data and emotional evaluation
scores, we conducted a comprehensive analysis to quantify the coupling relationship
between lighting environment parameters and emotional response. By spatially matching
the physical distribution characteristics of the lighting environment with the visual attention
distribution of visitors within a unified spatial framework, the correspondence between
photometric attributes, visual attention and emotional experience is revealed.
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The superimposed analysis after registration of the SIFT algorithm shows that there
is a significant positive spatial correlation between the light intensity distribution and the
visual attention point (Figure 9). The specific quantitative indicators are shown in Figure 9.

Figure 9. Spatial Registration (SIFT Analysis). (a) Overlay of eye-tracking heatmap on the false-
color luminance map showing spatial correspondence. (b) Visualization of SIFT feature matching
keypoints, verifying that the perspective geometry of the simulated scene aligns perfectly with the
visual stimulus.

As shown in Table 3, the illumination level significantly affects the distribution pattern
of visual attention. In the high-illuminance group (scene c, d), the Pearson correlation
coefficient exceeded (0.8 r = 0.85, p = 0.001), and the overlap rate reached about 80%. This
shows that high-intensity lighting has a strong visual guidance ability; the participants’
gaze trajectory is closely aligned with the lighting focus area, showing a “compulsory”
visual follow-up. On the contrary, in the low-light group (scenes a, b), the correlation
coefficient drops to about 0.6, and the overlap rate is less than 50%. This shows that in
a dim environment, the physical guidance of light is weakened, and the visual search
strategy of participants changes from “light-driven” to “content-driven”, and the saccade
path shows more discrete characteristics.

Table 3. Spatial coupling metrics between illuminance and visual attention.

Lighting Scenario Pearson Correlation (r) Overlap Ratio (%) Significance (p)

a (Low-Warm) 0.62 45.3% 0.012 *
b (Low-Cold) 0.58 41.2% 0.026 *

c (High-Warm) 0.82 78.5% 0.002 **
d (High-Cold) 0.85 81.2% 0.001 **

Note: * p < 0.05, ** p < 0.01.

The cross-analysis of PAD emotional scoring and eye tracking data shows that differ-
ent lighting environments induce different emotional response patterns by adjusting the
concentration of visual attention.

In a low-light warm luminous environment (Table 3 scheme a), the low visual cor-
relation coefficient (r = 0.62) corresponds to the highest pleasure score (7.31). This corre-
spondence shows a “low guidance, high freedom” experience mechanism: soft lighting
minimizes the strong visual focus, thus promoting unrestricted exploratory observation.
This unrestrained visual experience reduces the cognitive load and psychologically trans-
forms into relaxation and pleasure, thus creating a sense of immersion.

On the contrary, the high-light cold luminous environment (scheme d) shows com-
pletely different coupling characteristics. The scheme is characterized by the highest visual
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guidance (r = 0.85) and the overlap rate of attention points (81.2%), which coincides with
the highest sense of dominance score (6.83). This dynamic of “strong guidance and high
order” shows that the strong cold light can clearly divide the spatial hierarchy, thus elim-
inating visual ambiguity. Because the eyes of the subjects can capture environmental
information quickly and accurately, their perceived sense of dominance and excitement
increased significantly.

In a word, these research results show that the lighting environment does not directly
determine the mood but indirectly modulates the emotional response by regulating the
“focus” and “freedom” of visual attention. Specifically, a warm and low-luminous en-
vironment creates a sense of pleasure by providing visual autonomy, while a cold and
high-luminous environment enhances the sense of control by establishing visual order.

As shown in Figure 10, the results show that high-intensity cold light lighting has a
stronger visual guidance effect than low-intensity warm light lighting (r = 0.85 vs. r = 0.62).
These findings are consistent with the difference between the models of “weak guidance—
high freedom” and “strong guidance—high sense of order”.

Figure 10. Correlation analysis between normalized pixel luminance (Enorm) and fixation intensity
(F_norm) based on SIFT-based registration. (a) Low-illuminance scenario (Scenario a), exhibiting a
moderate correlation (r = 0.62, p = 0.0012), which indicates a weak guidance mechanism allowing
for exploratory visual freedom; (b) High-illuminance scenario (Scenario d), exhibiting a strong
correlation (r = 0.85, p = 0.001), demonstrating a strong guidance mechanism, in which visual
attention is physically constrained by high-intensity light distribution. Solid lines represent linear
regression fits, and shaded areas denote 95% confidence intervals.

5. Discussion
5.1. Non-Linear Modulation Mechanisms of Luminous Environments on Emotional Perception

This study confirms through quantitative data that the impact of illuminance and
correlated color temperature (CCT) on the spatial perception is not a simple superposition,
but a significant interaction. Although the existing literature generally believes that warm
color temperature can usually enhance spatial comfort, our data further improves this
view: the comfort enhancement effect of warm light (2700 K) is most significant in low
illumination (about 150 lx). However, under higher illumination (about 500 lx), this
“comfort advantage” will be weakened by the higher level of arousal. This shows that the
core source of immersion does not only depend on the “warmth” of color temperature, but
also on the cognitive load reduction brought about by the dim luminous environment [34].
On the contrary, the cold color temperature (4000 K) under high illumination will bring the
highest sense of control (Dominance). This finding corrects the one-sided conclusion that
“cold light will lead to a sense of alienation” in some early studies. In the narrative exhibition
hall that requires highly cognitive participation, this “calm” sense of transcendence is
transformed into a rational bystander’s perspective, so that visitors can gain a sense of
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psychological control and order when dealing with complex information. This quantitative
finding bridges the gap identified in Section 2.5 regarding the lack of empirical verification
for the emotional impact of high-intensity lighting in narrative spaces. Therefore, emotional
lighting design is essentially a dynamic balance between sensory immersion and rational
control. Specifically, Low-Intensity Warm Light fosters ‘Passive Immersion’ (High Pleasure,
Low Arousal), ideal for relaxation, whereas High-Intensity Warm Light supports ‘Active
Engagement’ (High Pleasure, High Arousal), balancing comfort with the alertness required
for information processing.

5.2. Visual Attention as a Coupling Interface Between Light and Emotion

The “light–visual–emotion” framework proposed in this study highlights the role of
visual attention distribution in linking lighting conditions with emotional responses. Rather
than acting independently, physical lighting characteristics and emotional experience ap-
pear to be connected through patterns of visual attention. In particular, high-illuminance
cold lighting is associated with a stronger sense of control, which is reflected in more
pronounced visual guidance. Increased light contrast contributes to clearer visual dif-
ferentiation and spatial organization, facilitating information acquisition [14,15,35]. As
environmental readability improves and visual search uncertainty is reduced, a decrease in
anxiety can be observed, accompanied by an increase in perceived dominance.

In contrast, the discrete gaze mode observed in a low-intensity warm light environment
effectively gives visitors “visual autonomy”. This non-compulsory visual experience fits
with the concept of “negative space” in the narrative environment, reducing mandatory
attention attraction and providing psychological space for emotional projection. This
discovery shows that in order to trigger deep emotional resonance, designers should
consciously reduce the mandatory guidance of lighting and let the visual focus move freely
within the structured range. While current results demonstrate a strong spatial correlation,
future causal mediation analysis is required to statistically verify this pathway.

5.3. Adaptive Lighting Strategies Based on Narrative Rhythm

Based on the coupling mechanism, the lighting design of narrative exhibitions should
shift from static standards to adaptive strategies that serve the narrative rhythm [36]. In
the introduction stage, priority should be given to the low-intensity warm light strategy;
its characteristics of low awakening and high pleasure help visitors reduce psychological
defense and establish a sense of security. On the contrary, in the conflict or climax stage—
necessitating high-intensity information output—the lighting should be switched to high-
illuminance cold light. Its powerful visual guidance can anchor the audience’s attention
and enhance the dramatic tension by improving the physiological awakening. Compared
with static lighting, dynamically adjusting the lighting parameters along the narrative arc
can guide the visiting experience more effectively.

5.4. Limitations and Future Research

This study has some limitations. First of all, the experiment was carried out in a
screen-based simulation environment. Although this method can accurately control the
light parameters, it lacks the immersive experience of real physical space, which may
underestimate the negative impact of peripheral glare on emotions. Yet, while screen-based
simulations cannot fully replicate the proprioceptive and multi-sensory depth of physical
reality, previous studies [37,38] have validated their efficacy as a proxy for evaluating
visual attention and emotional thresholds in early-stage architectural design. Our findings
should thus be interpreted as visual responses to spatial representations. Secondly, the
subjects are mainly composed of students majoring in design, and their sensitivity to
the lighting environment may be higher than that of the general public. Additionally, as
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participants were exclusively from a Chinese university, cultural background may bias color
temperature preferences. Future research may benefit from cross-cultural comparisons
and the inclusion of neurophysiological measures, such as electroencephalography (EEG)
and galvanic skin response (GSR), to further examine the real-time effects of lighting on
emotional responses in immersive environments.

6. Conclusions
This study establishes a research framework integrating luminous environment simula-

tion, eye-tracking measurement, and emotional evaluation to examine immersive narrative
exhibition spaces. Through this framework, we quantitatively explore the relationship
between physical lighting conditions and human emotional experience. The results show
that illuminance and related color temperature (CCT) are two relatively independent fac-
tors that shape the emotional atmosphere of the space. In addition, the inclusion of visual
attention behavior as an intermediate variable in the model helps to gain an in-depth
understanding of how changes in lighting conditions affect emotional response.

Empirical studies suggest that immersive experience involves both sensory engage-
ment and cognitive regulation, rather than being driven by a single sensory stimulus. The
warm color temperature under low light reduces the sense of visual oppression, gives
visitors the freedom of “visual exploration”, and effectively induces pleasure and psycho-
logical relaxation, thus becoming the best environmental basis for narrative empathy. On
the contrary, high-illuminance cold light significantly improves physiological arousal and
sense of control by establishing a clear visual order and high-intensity attention locking
and provides necessary psychological support for rational cognition and information trans-
mission. This emotional regulation mechanism based on visual attention distribution offers
a novel bio-behavioral perspective for interpreting the psychological mechanisms of the
psychological effects of the luminous environment.

Therefore, this study proposes a design paradigm shift from “static lighting” to
“narrative-driven dynamic lighting”. The lighting design of the immersive exhibition
hall should no longer be limited to meeting the standardized illumination indicators but
must become an integral part of the narrative script. Designers should dynamically adjust
the luminous environment parameters according to the arc of the story—from the creation
of suspense in the introduction stage to the outbreak of conflict in the climax stage and use
the implicit guidance of light to adjust the emotional rhythm of the audience. Specifically,
we recommend maintaining illuminance below 200 lx with a CCT of 2700–3000 K for
introductory or relaxation zones to foster immersion. Conversely, for climax or information-
intensive zones, illuminance should be increased to >500 lx with a CCT of 4000–5000 K to
enhance arousal and focus.

In conclusion, the coupling analysis model established in this paper helps to realize
the transformation from “empirical design” to “evidence-based design”. By transform-
ing invisible emotional experiences into visible eye tracking heat maps and correlation
indicators, this study provides a quantifiable and verifiable scientific method for future
exhibition design and provides a new empirical sample for the interdisciplinary integration
of architectural physics and environmental psychology.
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ANOVA Analysis of Variance
CCT Correlated Color Temperature
CIE Commission Internationale de l’Eclairage
EEG Electroencephalogram
GSR Galvanic Skin Response
HRV Heart Rate Variability
LED Light-Emitting Diode
PAD Pleasure–Arousal–Dominance
SAM Self-Assessment Manikin
SIFT Scale-Invariant Feature Transform
SSL Solid-State Lighting
UGR Unified Glare Rating
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