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Abstract: Changing the spatial luminance distribution patterns has the potential to improve the
restorative potential of indoor environments through spatial visual perception intervention, which
is helpful to meet our growing need for psychological restoration and well-being. However, the
efficiency, progress, and principles for improving the spatial luminance distribution of indoor en-
vironments have not been verified, and the reusable and restorative spatial luminance distribution
patterns that can be applied to the restorative reserve levels created by the architectural configurations
and dispositions of the different spaces have yet to be established. Using a living room environment
as the typical space and a hotel room as the research subject, we conducted this study by setting up a
control group for the assessment experiment, combining three subjective and objective measures: the
Perceived Restorativeness Scale (PRS), the eye-movement test, and the case interview. The results
showed the following. (1) The spatial luminance distribution of artificial lighting can improve the PRS
score by 30.9%. (2) The spatial luminance distribution of artificial lighting improves the restorative
perception potential, which negatively correlates with the restorative reserve level of the environment
(the correlation coefficient values were−0.405, p < 0.01). (3) The spatial luminance distribution elicited
two visual cognitive responses: visual attraction and visual load, with the former being positively
correlated with restorative perception (the correlation coefficient values were 0.288, p < 0.01), while
the latter was negatively correlated (the correlation coefficient values were −0.264, p < 0.01). (4) The
visual cognitive conclusions of spatial luminance distribution including the six dimensions present
the visual characteristics of the status quo in the restorative spatial luminance distribution of artificial
lighting. Based on the findings, this study starts from the optimization of visual attraction and visual
load by improving both the restorative level and the degree of restorative perception, proposing a
restorative spatial luminance distribution pattern of artificial lighting applicable to environments
with different restorative reserve levels.

Keywords: architectural lighting; spatial luminance distribution; living environment; environmental
restorativeness; visual cognition

1. Introduction
1.1. Research Background and Origin

The pursuit of well-being is not just a goal of the built environment [1]. However,
social and psychological health problems such as stress and anxiety are on the rise year by
year [2], and youth groups are increasingly being affected [3]. Research in environmental
psychology shows that creating and implementing an effective restorative environment
can relieve stress and fatigue, stimulate positive emotions, offset negative emotions, and
promote attention recovery. This process is referred to as psychological recovery [4].

It is believed that the indoor environment is less restorative than the natural environ-
ment [5]. As we spend more than 80% of our time in indoor environments, researchers
have tried to introduce restorative elements into the indoor environment to improve its
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restorative level [6]. Such studies have confirmed that elements with “natural affinity”
attributes such as window scenery [7], green plants [8], wood texture [9], etc. can play
a positive role and can be considered as restorative elements. However, there remains
a scarcity of restorative elements that can be introduced into indoor environments and
problems persist such as the difficulty of introducing restorative elements, their occupation
of a large amount of indoor space, and their potential failure to match the indoor decor.
Therefore, the key elements that affect the restorative potential of the indoor environment
are still unclear.

The indoor environment of buildings with certain characteristics is considered to be
restorative; these can bring people a spatial experience of psychological recovery. Previous
research has proven that some environmental features in the indoor environment of these
buildings can promote the perception of a restorative environment; these features include
the awe-inspiring, quiet, and beautiful environmental features of monasteries [10], or the
clear routes and orderly spaces of museums [11]. Some studies have also pointed out that
individual experiences of space (e.g., personal preference, relaxation, and excitement) also
affect the restorative properties. However, the relationship between restorative elements
and factors affecting perception is still unclear, and is currently insufficient to guide the
improvement in the restorative potential of indoor environments.

Overall, to improve the restorative potential of indoor environments, two issues need
to be clarified: the internal restorative elements of the indoor environment, or those that can
be introduced, and the factors that affect the perceived restorative potential of the indoor
environment. The former improves the restorative reserve level of environments and the
latter improves the degree of environmental restorative perception.

Twedt pointed out that visual appeal was the strongest predictor of the perceived
restorative potential of the environment [12]. Although it has not been determined whether
elements with visual attractiveness are equivalent to restorative elements, it has been
confirmed that environmental visual attractiveness plays a mediating role in promoting
environmental restoration perception by 42%.

Established studies have shown that the two main evaluation factors related to spatial
luminance distribution—visual brightness and visual interest—are closely related to envi-
ronmental perception and environmental attractiveness [13,14], which represents a new
resource and way of improving environmental restorativeness. Specifically, as a necessary
condition of indoor environments, artificial lighting (hereinafter referred to as lighting) does
not require a special introduction. In particular, the application of LED line and surface
light sources of new forms and the extension of artificial lighting design objective proce-
dures, the achievement of a more diverse, convenient, and controllable spatial luminance
distribution pattern, and the formation of more abundant and novel shadow–dark relations
have the potential to provide a new spatial lighting experience [15,16]. Whether providing
visually attractive elements (restorative reserve level) or significantly improving the visual
attractiveness of an environment (the degree of restorative perception), optimizing the
spatial luminance distribution of lighting using LED intelligent dimming technology is an
effective way to improve the environmental restorativeness of indoor environments.

In a study of indoor lighting environments, it was confirmed that luminance distribu-
tion is an important factor that influences the lighting quality, which significantly impacts
visual comfort, visual fatigue, and other visual considerations. Leccese et al. [17] pointed
out that the lighting quality and visual comfort not only depend on the illumination level in
the area of the main task, but also on factors such as luminance distribution; they proposed
a lighting quality assessment method for the evaluation of lighting in educational rooms to
create a ranking related to the impact of visual comfort. Kong et al. [18] conducted a field
study on the lighting quality in higher education classrooms in Singapore and suggested
that the mean luminance of the horizontal 40◦ band was an effective predictor in terms
of subjective lighting comfort. Moreover, in the classroom environment, Dang et al. [19]
introduced the idea of a luminance gradient and concluded that directional luminance
gradients and the mean value of luminance in an environment have a significant effect on
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visual fatigue. Leccese et al. [20] studied the lighting of workstations used for diagnostic
radiology reporting and proposed the use of an LED backlight system to reduce the differ-
ence in luminance in the field of view of the radiologist, thus reducing the visual fatigue
of the physician. These studies focused on the effect of luminance distribution on visual
effect, however, there is a lack of research on the effect of luminance distribution visual
perception on mental health.

In addition, the psychological health properties of natural lighting environments and
the outdoor landscape views they provide are well-recognized [21]. However, the widely
available lighting environments, isolated from natural light and outdoor landscape views
in the spatiotemporal dimension, make people susceptible to psychological problems such
as irritability and anxiety and cognitive decline [22]. Thus, this study focused on lighting in
the hope of achieving environmental restorative enhancement by relying on the advantages
of pure artificial lighting technology in spatial luminance distribution pattern modulation.

1.2. Literature Review
1.2.1. Restorative Potential of Indoor Lighting Environments

It has been proven in previous studies that a reasonable spatial light–dark relationship
can significantly affect people’s emotional response to the spatial atmosphere, stimulate
positive emotions, and relieve stress, thus achieving a positive intervention in psychological
states [23–25]. Studies have shown that the outdoor environment at night, with landscape
lighting including urban building nightscape lighting [26] and near-home street nightscape
lighting [27], is restorative. However, there is a lack of research on the relationship between
lighting and the restorative properties of indoor environments.

It should be noted that, at the spatial perception level, lighting is the presentation of
light to the architectural configuration and disposition of the space. Visual perceptions of
lighting environment are based on the interaction of lighting and entity elements in the
environment. As stated by Tregenza, light in the architecture is not only a physical energy,
but also an information carrier in the design practice of architectural environments [28].
In the process of studying the restorative potential of lighting environments, even if the
purpose is to use lighting energy or the regulating role of lighting energy, the basic role of
the architectural configuration and disposition cannot be overlooked. This means that to
study the improvement of lighting on the restorativeness of environments, it is necessary
to eliminate the interference of the conditions of various elements, and when applying
lighting to achieve a restorative environment, the applicability of various elements should
be considered.

1.2.2. Role of Visual Cognition in the Process of Environmental Restorative Perception

Visual appeal and visual load are two kinds of visual cognitive responses that play a
key role in the process of the perception of environmental restoration.

1. Visual appeal

The relevant literature on restorative environments has repeatedly shown that the
natural environment is more restorative than the building environment [29,30]. However,
the category of natural environment is too broad to accurately define the restorative envi-
ronment. By evaluating the visual appeal of the environment [12], researchers have found
that it can be used as a perception dimension to evaluate the restorative potential of the
natural environment and building sites. Numerous studies on the restorative properties
of the natural environment have proven that perception dimensions such as personal
preference and esthetic feeling can promote the perception of restoration, which can be
partially explained by appeal. Some studies have further revealed that the perception of
restoration is mediated by perceived attractiveness [31].

2. Visual load

Some researchers believe that, compared with the artificial environment, the natural
environment is more easily processed by the visual system and exerts less cognitive load
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on the visual system, which can reduce the pressure on people [32]. This has been proven
by studies that use eye tracking. These studies showed that there is less eye movement
when viewing images of the natural environment than when viewing images of building
environments [33].

From the perspective of visual perception, improving the restorative potential of the
environment can be achieved by improving the visual attractiveness of the environment or
by reducing the visual load demanded by the environment.

1.2.3. Restorative Potential of Spatial Luminance Distribution

In the space of an architectural environment, the attributes of lighting include three
basic aspects: intensity, chroma, and light distribution. Of these, light distribution is the
most influential factor for the overall perception and function of the environment [34].

As Cuttle et al. [16,35] pointed out, lighting at this stage has shifted from evaluating
the light incident on a plane to evaluating the light reaching the eye, and these parameters,
related to the amount and spatial distribution of light within an interior space, can anticipate
the relevant human response. Luminance responds to and quantifies the light perceived by
the human eye. Therefore, spatial luminance distribution is not only applicable to reflect
the actual perceived effect of light distribution on the human eye produced in architectural
spaces, but can also be used to quantify the amount of light distribution.

It has been proven that the luminance distribution in the vertical plane of a space
creates visual brightness; the uneven distribution of luminance forms spatial visual interest.
Visual brightness can facilitate the identification of elements in the environment (potential
restorative elements), promoting the perception of restorative elements of the environment
and reducing the visual cognitive load. At the same time, visual interest is part of the visual
appeal of the environment, adding a restorative element to it, which is conducive to the
perception of environmental restoration. Therefore, spatial luminance distribution affects
the restorative potential through visual brightness and visual interest. This was also the
assumption of this study.

Research has proven that the appropriate light–dark spatial relationship formed by a
reasonable spatial luminance distribution has a positive effect on space shaping and the
users’ psychological perception [24,36,37]. However, the essential attribute of the light–dark
spatial relationship has not been clearly defined. In fact, the spatial light–dark relationship
includes two factors: (i) the assignment of the physical energy of lighting (i.e., the propor-
tion and relationship of the position between light and shadow), and (ii) the layout of the
information-carrying properties (elements in the lighting environment), in other words, the
highlighting and hiding of spatial entity elements. Therefore, to improve environmental
restoration by adjusting spatial luminance distribution, it is necessary to distinguish be-
tween the two factors. From the perspective of the assignment of energy, spatial luminance
distribution and information-carrying properties are independent environmental visual
elements. In this case, the light–dark relationship is a component of the visual appeal of
the environment, which can improve the restorative reserve level of environments but also
exerts a visual load. From the perspective of layout, it is the elements in the environment
that provide visual appeal. The change in the light–dark relationship only affects the degree
of restorative perception while the visual elements and the visual cognitive load remain
unchanged. On the other hand, the visual cognitive load can be reduced by hiding or
highlighting relevant elements.

1.3. Research Overview

The purpose of this study was to identify the potential of spatial luminance distribution
to improve environmental restoration. The problems to be solved in the study include:

(1) Obtaining a spatial luminance distribution pattern that can improve the restorative
properties of the lighting environment while remaining suitable for different architec-
tural configurations and disposition conditions;
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(2) Clarifying the role of spatial luminance distribution in improving environmental
restoration. Specifically, the relationship between visual appeal and visual load
caused by spatial luminance distribution in the process of restoration perception will
be discussed as well as the influence path of spatial luminance distribution to improve
the restorative potential (i.e., to improve visual attractiveness by increasing visual
interest or to reduce visual load by changing the visual brightness);

(3) Clarifying the connotation of restorative spatial luminance distribution (i.e., whether
the visual cognitive conclusions of restorative spatial luminance distribution are
the relationship between light and shadow or the layout relationship of lighting
objects). On the basis of this conclusion, a construction strategy for restorative spatial
luminance distribution is proposed.

2. Methods

This research adopted the method based on the theory of “evidence-based design”.
This method first appeared in the journal Science in 1984 to prove that scenery outside
a window can promote the postoperative rehabilitation of patients [29]. Evidence-based
design theory has been widely applied to various types of architectural design, which uses
scientific research methods and statistical data to analyze the empirical effect and impact
of the building environment on the users’ health, work efficiency, and building energy
consumption [38].

According to Section 1.2, it may be possible to make the following speculative conclu-
sion and hypothetical interpretations of the evidence-based research hypothesis (Figure 1).
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Figure 1. Research hypothesis. (a) Speculative conclusion. (b) Hypothetical interpretation. (a) “Previ-
ous Study” refers to a previous study that confirmed that lighting luminance distribution generates
light and shade relationships, triggers a sense of visual brightness and visual interest, and correlates
two types of human visual cognitive responses: attraction and load, which are significantly related to
the perception of environmental restorativeness. “Research Hypothesis” is based on the findings of
the above-mentioned studies, and the speculative conclusion is that optimizing spatial luminance
distribution can enhance environmental restoration. The “Expected Conclusion” first obtains the
restorative illumination environment, and then obtains the visual response (eye movement index)
during the restorative perception, and, finally, refines the restorative luminance distribution pattern.
(b) The key to optimizing the spatial luminance distribution to improve the restorative nature of the
environment lies in how to configure the “Light and Shadow” relationship generated by the lighting
luminance distribution and the “Bright and Dark Objects” relationship, because the “Light and
Shadow” relationship increases the “Visual Appeal” elements, but also increases the “Visual Load”,
while the “Bright and Dark Objects” relationship does not increase the “Visual Appeal” element, but
can filter the visual elements to optimize the environment’s “Visual Appeal” and not increase or even
reduce the “Visual Load”.
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Speculative conclusion: Optimizing the spatial luminance distribution is able to
improve environmental restorativeness.

Hypothetical interpretation: The spatial luminance distribution has two cognitive
conclusions of the light–shadow relationship and lighting object layout relationship, thus
regulating two visual cognitive responses of visual attraction (increase) and visual load
(decrease), aiming to improve both the restorative level and the degree of the restorative
perception of lighting.

Therefore, the content of the experimental phase of this study included three parts:

(1) The restorative potential of the lighting environment with different information-
carrying conditions was evaluated using the Perceived Restorativeness Scale (PRS). To
eliminate the influence of various information-carrying conditions, the natural light
environment was set as the control.

(2) Eye-movement indicators such as scanning, gaze behavior, and pupillary changes
were measured using an eye tracker on the participants in the process of the perception
restoration evaluation. The visual cognitive response data were extracted and the
relationship between visual attraction and visual load caused by spatial luminance
distribution was obtained.

(3) Screening the typical lighting environment of Part 1 and using the comparison of cases
and the focus group interview, the visual cognitive conclusions of spatial luminance
distribution and the design optimization strategies of a restorative spatial luminance
distribution pattern were explored.

2.1. Experimental Methods
2.1.1. Evaluation of Perceived Environmental Restorativeness

The Perceived Restorativeness Scale (PRS) (Table 1) used in this study was based on
Wang’s hotel restorativeness scale [39] and Nikunen outdoor lighting environment restora-
tiveness scale [27], and modified according to the principles of brevity, understandability,
and the ability of the experimental participants to respond quickly and accurately.

Table 1. Perceived Restorativeness Scale (PRS).

No. Questions and Explanation

1
Q1: This room makes it easy for you to relax and stay away from daily pressures and worries.

Explanation: Leaving a stressful and tense environment to avoid psychological fatigue and
allow attention to recover.

2

Q2: This room is charming and interesting, which makes you want to know more about it.

Explanation: The environment is attractive enough, and there is no need for extra effort to
improve attention, thus allowing attention to recover.

3
Q3: This room makes you feel comfortable and can do what you like.

Explanation: The content of the environment fills in one’s visual field and mind, allowing
concentrated attention to rest.

4
Q4: This is a room suitable for your rest.

Explanation: The environment provides a good fit with one’s purposes or inclinations

Each item in the PRS has a score of 1–5, corresponding to “nothing; seems to be a little;
comparison; equivalent; special”. The higher the score, the better the restorative potential
for the environment.

2.1.2. Eye-Movement Index Monitoring

In this study, seven eye-movement indicators were analyzed, covering three aspects of
visual behavior (Table 2) (i.e., saccade, fixation behavior, and pupil change). All information
related to eye-movement indicators was recorded using a Tobii Pro Glasses 2 wearable eye
tracker and analyzed using ErgoLAB 3.0 software(Beijing, China).
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Table 2. Definition of eye-movement indicators [40,41].

No. Type Eye-Movement Indicators Definition

1
Saccade

Saccade count (SC) Search process
2 Total saccading time (ST) Cognitive processing difficulty of the overall environment

3

Fixation

Fixation count (FC) Distribution of visual attention
4 Total fixation time (TFT) Overall attractiveness of the environment
5 Average fixation time (AFT) Attractiveness of the target (point of interest)
6 Fixation duration ratio of AOI (FDR) Attractiveness of areas of interest

7 Pupil change Average pupil diameter (APD) Visual cognitive load of participants

According to the statistical data of the points of interest, the area of interest (AOI) was
sorted into nine types, as shown in Table 3.

Table 3. Classification of AOI.

No. AOI Map of the Exhibition

1 Ceiling

Buildings 2023, 13, x FOR PEER REVIEW  7  of  31 
 

Each item  in the PRS has a score of 1–5, corresponding to “nothing; seems to be a 

little; comparison; equivalent; special”. The higher the score, the better the restorative po-

tential for the environment. 

2.1.2. Eye-Movement Index Monitoring 

In this study, seven eye-movement indicators were analyzed, covering three aspects 

of visual behavior (Table 2) (i.e., saccade, fixation behavior, and pupil change). All infor-

mation  related  to  eye-movement  indicators was  recorded using  a Tobii Pro Glasses  2 

wearable eye tracker and analyzed using ErgoLAB 3.0 software(Beijing, China). 

Table 2. Definition of eye-movement indicators [40,41].   

No.  Type  Eye-Movement Indicators  Definition 

1 
Saccade 

Saccade count (SC)  Search process 

2  Total saccading time (ST)  Cognitive processing difficulty of the overall environment 

3 

Fixation 

Fixation count (FC)  Distribution of visual attention 

4  Total fixation time (TFT)  Overall attractiveness of the environment 

5  Average fixation time (AFT)  Attractiveness of the target (point of interest) 

6  Fixation duration ratio of AOI (FDR)  Attractiveness of areas of interest 

7  Pupil change  Average pupil diameter (APD)  Visual cognitive load of participants 

According to the statistical data of the points of interest, the area of interest (AOI) 

was sorted into nine types, as shown in Table 3. 

Table 3. Classification of AOI. 

No.  AOI  Map of the Exhibition 

1  Ceiling 

 

2  Floor 

3  Sidewall beside TV 

4  Sidewall at bedhead 

5  Window side wall 

6  Furniture 

7  Decoration 

8  Luminaire 

9  Greenery 

Note: The natural lighting environment adopted the same AOI classification as the map of the exhi-

bition. 

2.1.3. Case Selection and Interview 

Typical cases were selected according to the evaluation results of the PRS test and 

were sorted as high and  low groups  (Figure 2); see Section 3.3.1 for details.  Interviews 

were conducted for a single case, same group cases, and a control group case. By coding 

and classifying the interview data, the descriptive words and explanations of the lighting 

distribution were obtained and their cognitive conclusions were discussed. The percep-

tion dimension and preference of restorative lighting distribution were obtained by fur-

ther coding analysis. 

A semi-structured focus group interview method was adopted. During the interview, 

the participants’  subjective  cognitive  feelings about  the  lighting distribution of  typical 

cases (groups) were recorded. The semantic vocabulary was then collected through sum-

marizing and analyzing the interview records. 

2 Floor
3 Sidewall beside TV
4 Sidewall at bedhead
5 Window side wall
6 Furniture
7 Decoration
8 Luminaire
9 Greenery

Note: The natural lighting environment adopted the same AOI classification as the map of the exhibition.

2.1.3. Case Selection and Interview

Typical cases were selected according to the evaluation results of the PRS test and
were sorted as high and low groups (Figure 2); see Section 3.3.1 for details. Interviews
were conducted for a single case, same group cases, and a control group case. By coding
and classifying the interview data, the descriptive words and explanations of the lighting
distribution were obtained and their cognitive conclusions were discussed. The perception
dimension and preference of restorative lighting distribution were obtained by further
coding analysis.

A semi-structured focus group interview method was adopted. During the interview,
the participants’ subjective cognitive feelings about the lighting distribution of typical cases
(groups) were recorded. The semantic vocabulary was then collected through summarizing
and analyzing the interview records.

In particular, the concept of “spatial luminance distribution” was clarified to the
participants before the experiment began, and the participants were shown images of
daylight and lighting in the same room to visualize the spatial luminance distribution and
its differences.

The data of the focus group interview were generated by the interaction between
group members. During the interview, group members were encouraged to discuss the
topics freely and the nature of interaction and synergy of the focus groups was used to
enable participants to clarify or expand their contributions to the discussion according to
the points put forward by other participants. The purpose was not to reach consensus, but
to obtain data about the ideas, attitudes, understanding, and cognition, especially regarding
the typical vocabulary and thinking mode of the target group when speaking about specific
topics. The interview data collected in this study were coded, classified (conceptualized),
and analyzed (relational/analytical) using NVivo 12 Plus software (Denver, CO, USA).
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Figure 2. The process of case selection and interview. VS is an acronym for “Versus”, which
refers to a comparison of cases with high and low levels of restorativeness. The typical cases were
selected based on the restorativeness of the lighting environment score (L) and the change ratio of
environmental restorativeness under the influence of the spatial luminance distribution of lighting
(D/N). The highest L group and highest D/N group were selected, and the lowest L group and
lowest D/N (negative) group were also selected. The purpose was to use the “positive inspiration of
negative teaching materials” to conduct a comparative study between high and low groups, to obtain
descriptive words and explanations of the cognitive conclusions of the response spatial luminance
distribution, to further screen the cases of restorative spatial luminance distribution, and to clearly
propose cognitive characteristics from the perceptual dimension and preference level.

Table 4 shows the outline of the interview questions. Question 1 was applied to all
typical cases to obtain cognitive conclusions. The common perception characteristics and
feature perception dimensions of the cases in the same group were obtained by asking
Question 2. The differences in the feature perception dimension of the control group were
obtained by asking Question 3.

Table 4. Outline of the interview questions.

No. Interviewees Questions

1 Single case Please describe the characteristics of the lighting environment according to its
luminance distribution.

2 Cases in the same group Please describe the common characteristics of the lighting environment in this group
according to the luminance distribution.

3 Control Please describe the difference of the characteristics of these two groups of lighting
environments according to the luminance distribution.

2.2. Experimental Design
2.2.1. Selection of Indoor Spatial Environment

The indoor environments that possess the restorative potential above-mentioned
such as the monastery belong to the public space and are shared by many people. This
provides less opportunities for individuals to pay attention to themselves and recover their
perception. In contrast, the habitable space is private and is used by individuals every day;
therefore, it is more valuable in terms of improving the individuals’ restorative needs [42].
Meanwhile, habitable space is a typical space without specific visual tasks [43] and more
diversified visual requirements; therefore, it requires diversified luminance distribution
patterns [44,45]. The indoor space environment selected in this study was a hotel room
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because the spatial luminance distribution pattern of hotel rooms is the most diversified
among various living spaces and is relatively open and easy to investigate.

In order to ensure the comprehensiveness and representativeness of lighting information-
carrying conditions, the survey included hotels and rooms of different grades and standards
as well as rooms with different decoration and lighting methods as far as possible (Figure 3).
A total of 43 guest rooms were investigated; these were distributed throughout 15 cities in
China and were newly opened or renovated in recent years, which can reflect the current
level of the hotel room environment.
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Figure 3. Conditions of the investigated hotels and rooms. (a) Percentage of hotel grades. (b) Percent-
age of room standards. (c) Schematic diagram of a typical layout form. (d) Room space size statistics.
The dimensions of the accommodation space are presented in (d).

2.2.2. Spatial Luminance Measurement

To comprehensively understand the overall luminance levels in the rooms studied, the
LS-100 luminance meter was used to measure the luminance values in each room. Figure 4
shows the locations of the luminance tests in the guest rooms.
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Separate statistical analyses of the light source and interface luminance data were
carried out: the measured surface luminance of the light source ranged from 1206.8 cd/m2

to 4618.2 cd/m2, which is in line with studies that considered 1000 cd/m2 or more as
the luminance of the light source [46]. Figure 5 shows the box plot’s measured interface
luminance values for the 43 rooms. The maximum measured luminance for each room
ranged from 9.99 cd/m2 to 354.4 cd/m2, with a standard deviation of 91.51. The median
measured luminance for each room ranged from 1.59 cd/m2 to 43.16 cd/m2, with a standard
deviation of 8.57. The maximum to median measured luminance ratio for each room ranged
from 2.6 to 71.89, with a standard deviation of 16.04.
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2.2.3. Participants

The target group of this research was people under pressure. The participants recruited
in this study were individuals who felt great pressure and had stayed in hotels frequently
during their daily work and study. In order to make the recovery effect easier to measure, a
stressful scenario was created through the scenario description during the experiment.
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When comparing between-subject design and within-subject design experiments,
the within-subject design effectively eliminates the effect of individual differences on the
results compared to the between-subject design experiments. In addition, the within-subject
design requires a relatively small number of participants and is simpler and more effective.
Therefore, we used a within-subject design in which all participants evaluated all 43 rooms.

A total of 37 participants were involved including two participants tested onsite and
35 participants tested through recurring scenario experiments and case interviews. The
number of participants was greater than 30, meeting the general requirements for optical
experimental studies and statistical methods [47]. Among the participants, the ratio of male
to female was 18:19, and their age was between 20 and 35 years old. Their educational
levels were basically the same, all of them were free of eye disease and color blindness or
color weakness, and their naked eye power or that of their corrected vision was above 1.0.

2.2.4. Control Group

The PRS was used to evaluate the overall restorative potential of the environment. This
scale cannot evaluate the restorative potential of a particular element in the environment.

In order to obtain the effect of spatial luminance distribution on environmental restora-
tion and eliminate the interference of information-carrying conditions, a natural lighting
environment with side window diffuse lighting was used for the control group in this study.
This was based on the assumptions of the uniform luminance distribution in the natural
lighting environment, which is the basic condition for the visibility of physical elements
and the perceived environmental restorativeness.

We chose rooms without direct light to achieve diffuse lighting including selecting north-
facing rooms or south-facing rooms on all cloudy days and in the morning and evening hours
to ensure uniform luminosity distribution in the natural lighting environment.

As shown in Table 5, the difference between the experimental group and control group
lies in the spatial luminance distribution and window view.

Table 5. Comparison of the environmental factors between the experimental group and control group.

Group Environmental
Conditions

Commonality

Difference

Spatial Luminance
Distribution Window View

Control Natural lighting Carrier
(interface, decoration, parts, and
other indoor physical elements)

Uniform luminance
distribution pattern Natural outdoor view

Experimental Lighting Lighting luminance
distribution pattern

Covered by curtain, no
outdoor view

As shown in Table 5, in addition to the spatial luminance distribution, there was
also a difference in the window view between the experimental group and control group.
Therefore, this study used an alternative parameter to represent the restorative effect of
the lighting luminance distribution. For ease of quantitative interpretation, this study first
applied the following definitions:

• L represents the restorativeness of the lighting environment; this is the average PRS
score of a room under lighting environment.

• R represents the restorativeness of the indoor information-carrying conditions, which is
the restorativeness of the indoor environment composed of intrinsic physical elements
under a homogeneous luminance distribution pattern.

• N represents the restorativeness of the natural light environment, which we considered
the restorative reserve level of environments. N represents the average PRS score of a
room under natural lighting environment.

• W represents the restorativeness of the window view.
• P represents the change in environmental restorativeness under the influence of spatial

luminance distribution (the value of P can be positive or negative).
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Among these, L and N represent the overall environmental restorativeness above-
mentioned, which can be evaluated using the PRS; W has been proven to have restorative
effects, that is, W > 0.

Therefore, some formulas can be obtained:

L = R + P, (1)

N = R + W, (2)

Then:
P = L − R= L − (N −W) = L − N + W > L − N, (3)

This step eliminates R, which removes the interference of information-carrying conditions.
If L − N is recorded as D, it can be inferred that P > D; thus, when D > 0, P > 0. This

means that D (D > 0) can be used as an alternative parameter to P > 0 to represent the
restorative effect of the spatial luminance distribution of lighting.

Similarly, Formula (4) can be proposed to represent the change ratio of environmental
restorativeness under the influence of the spatial luminance distribution of lighting:

P
R

>
D
R

>
D

R + W
=

D
N

, (4)

where D/N can be used as an alternative parameter to P/R.
Therefore, in this study, both D (D > 0) and D/N were used as alternative parameters

to represent the restorative effect (difference between values of PRS) and change ratio (PRS
change ratio) of environmental restorativeness due to the luminance distribution pattern. It
should be noted that both alternative parameters were less than the actual parameters. This
means that the restorative effect and change ratio described by the alternative parameters
in this study were lower than the actual values. However, the use of alternative parameters
is feasible and can be useful in certain research contexts.

2.2.5. Scenario Recurrence Method

Apart from conducting an onsite evaluation experiment, this study also used a picture
recurrence scene experimental method to compensate for the question of the wide geo-
graphical distribution of the room sites and the difficulty of our participants to visit the
sites one by one for evaluation.

Due to the advantages of convenient operation and control, the picture recurrence
scene is widely used in the experimental research on the evaluation of restorative potential
and that of eye-movement behavior and has been proven by relevant research to be equally
effective regarding onsite viewing [41,45]. In this study, the scenario recurrence method
was used to simulate the scene of a guest room by displaying images of a guest room in a
darkroom laboratory (Figure 6). The images displayed were 1920 × 1080 pixels, obtained
on site from a fixed shooting height at the entrance of the guest room. The images should
reflect the first image of the guest room presented to the guest, be able to present the
overall view of the guest room, and restore the actual scene perspective and lighting
effect. In the scenario recurrence experiment, a total of 86 images were played (i.e., one
image each of the indoor lighting and of the natural lighting environment for 43 guest
rooms). The display model was a Panasonic TH-P46S10C. The size of the display screen
was 1.1 m × 0.7 m with 1920 × 1080 full HD resolution. The contrast was set to 50, and the
luminance was set to −50. The white balance luminance of the display was 43.20 cd/m2, a
value determined by pre-experimentation to adjust the display luminance for the visual
comfort of the participants. The distance from the participant to the display screen was
1.2 m, and the height of the participant’s vision was flush with the center line of the display
screen in the vertical direction, which was 1.2 m from the ground.
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Figure 6. Layout of the darkroom laboratory.

During the image capture, the researcher manually adjusted the focus point and
exposure of the image in automatic mode to obtain a sense of brightness in the captured
image, consistent with the scene as agreed by the participants in the field. The agreement is
also illustrated by the data on the average measured luminance of the live scene and the
average grayscale of the measured points in the image, as shown in Figure 7.
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Figure 7. Average measured luminance and average image grayscale in guest rooms.

For the overall 43 rooms, connecting the average by blue and orange gave an initial
indication of a consistent trend in brightness levels between the two. The results of the
correlation analysis showed that the correlation coefficient was 0.866 (>0.8 is a robust
correlation). This indicates that the luminance levels of the images had good agreement
with the luminance levels of the scene.

Correlation analysis and single-factor analysis of variance were conducted between
the onsite experiment data of two participants and the scenario recurrence experiment
data of 35 participants. The correlation coefficient was 0.68 (>0.6 is strong correlation) and
the single-factor analysis of variance result was F (3.4) < F crit (3.9). The results showed
that there was no significant difference between the two groups of data, indicating that
the scenario recurrence experiment conducted in this study has good agreement with the
onsite environment.

2.2.6. Experimental Procedures

Before the experiment, the participants were informed of the experimental plan and
signed the informed consent form.
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In the onsite experiment, the participants completed the experiment independently.
The participants were required to read the description of the stress situation, and then fully
perceive the room environment, and, finally, fill in the Perceived Restorativeness Scale.

Figure 8 shows the procedure of the scenario recurrence experiment. Before the
experiment, the researcher calibrated the eye tracker to ensure that the eye-movement data
could be collected correctly. In order to prevent the influence of the preferred effect on
the experimental results, the researcher instructed the participants to quickly browse all
86 images, which were played in random order. At the same time, the researcher played a
prerecorded audio description to create a stressful environment for the participants. The
content of the audio description was “Recently, your study and work tasks have been
heavy, but you have worked very hard to complete them. Now the task has just finished,
and you will travel soon. However, you are too tired, and you are also worried about the
mistakes made in the previous task”. This method of scene creation has been proven by
many studies to constitute an effective way to increase mental stress [48].
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Figure 8. Experimental procedure of the restorativeness evaluation of the environment.

After the preparation, the 86 images were randomly played to each participant; the
experiment time of each image was 100 s. The first 10 s was the adaptation time, participants
were only required to imagine themselves in the scene displayed by the image. Then, the
participants were free to watch and continuously experience the environment for about 80 s
without specific visual tasks and were asked to answer the questions of the PRS orally at
the same time. After 10 s of rest with their eyes closed, the participants were then required
to view the next image. The eye-movement tracker was worn throughout the test. The
tracker began recording when the participants were asked questions and stopped recording
when the participants’ eyes were closed. The method of playing the scenario creation audio
and the participants’ verbal responses and the researcher recording the answers to the PRS
questions was used to ensure the eye-movement data collection.

The total testing time of each participant was about 150 min (86 × 100 s). In order to
avoid eye and cognitive fatigue and boredom caused by a long experiment, the duration of
each phase was not more than 40 min, and the experiment was divided into four phases in
two days.

3. Results
3.1. Results of Perceived Restorativeness Evaluation

Before the data analysis, a reliability test was conducted on the data of the PRS. The
value of Cronbach’s alpha was 0.929, indicating that the evaluation results obtained from
the scale used had good internal consistency and high reliability.

Pearson correlation analysis was used to study the relationship between the PRS
score of lighting environment and that of the natural lighting environment (L and N,
respectively). The analysis showed that the correlation coefficient value was r = 0.72, which
was greater than 0.6, and showed that the data’s significance was p = 0.000, which was
less than 0.05. This indicates that the restorative potential of a lighting environment has
a significant positive correlation with that of a natural lighting environment. A paired-
sample t-test showed that the significance of the p value was 0.028, which is less than 0.05,



Buildings 2023, 13, 1708 15 of 31

indicating that there was a significant difference between the restorative potential of a
lighting environment and that of a natural lighting environment.

3.1.1. Average Score of the Perceived Restorativeness Scale

The PRS score of each room was the average of the scores of 35 participants. To
comprehensively understand the participants’ evaluation of the restoration of two envi-
ronments, the scores of 43 rooms were presented using a box plot. As can be seen from
Figure 9, the range of restorative scores of the lighting environment and that of the natural
lighting environment was 1.82–3.86 (L) and 1.84–4.21 (N), respectively. The average value
and median value of the natural lighting environment were generally higher than those of
the lighting environment. The score fluctuation of the lighting environment was smaller
than that of the natural lighting environment. The score (L) of 17 rooms was higher than 3
(i.e., 17 rooms were “moderately restorative”), accounting for 39.5% of the total. These
results show that the investigated hotel rooms demonstrated restorative lighting properties
under both lighting environments. Although not at a very high level, numerous guest
rooms possessed restorative lighting environments.
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Figure 9. Average score of the PRS.

3.1.2. Difference between Scores of the Perceived Restorativeness Scale

In order to clarify the impact of the spatial luminance distribution of lighting on the
restorativeness of the rooms, the rooms were sorted according to their natural lighting
environment PRS score; the difference between the PRS scores of lighting and the natural
lighting environment was presented correspondingly (L and D = L − N, respectively). As
shown in Figure 10, the PRS score of the rooms under natural lighting is represented by a
line with a triangle marker, whose value increased from left to right, and the corresponding
difference is represented by a histogram with values in the range of −1 to 1.

It can be seen from Figure 10 that the difference between the PRS score of the lighting
environment and the natural light environment in the 16 rooms was D > 0, accounting for
37.2% (16/43) of the rooms, indicating that the spatial luminance distribution of lighting is
able to improve environmental restorativeness.
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We found that the impact of the lighting environment on rooms with different restora-
tive reserve levels of environments varied. Therefore, it is necessary to discuss the propor-
tion of rooms with D > 0 when considering the restorative reserve level of environments
(PRS score under natural light environment, N). Specifically, the scores were divided into
three ranges:

(1) N was between 1.84 and 2.51, D > 0 in most rooms, accounting for 73% (8/11);
(2) N was between 2.53 and 3.23, D fluctuates, D > 0 in rooms, accounting for 38% (8/21);
(3) N was between 3.43 and 4.21, D > 0 in rooms, accounting for 0% (0/11).

The proportion of cases in which the spatial luminance distribution of the lighting
improved environmental resilience was negatively correlated with the restorative reserve
level of environments. The results of the Pearson correlation analysis were consistent. The
Pearson correlation analysis showed that the spatial luminance distribution of lighting
improved the restorative perception potential and was negatively correlated with the
restorative reserve level of the environments. The Pearson correlation analysis was used
to study the relationship between the PRS score of the lighting environment and the
difference between the PRS scores of lighting and the natural lighting environment (L and
D, respectively). The analysis showed that the correlation coefficient value was r = −0.405
and the significance was p = 0.007, which was less than 0.01. These data, to some extent,
verify the interference of information-carrying conditions, but the negative correlation was
an unexpected result (this will be discussed in detail in Section 4.1.1).

3.1.3. Change Ratio in the Scores of the Perceived Restorativeness Scale

According to the PRS score of the natural lighting environment (N), the level of
environmental resilience was divided into three levels: low [1.82, 2.50], medium (2.50, 3.50),
and high [3.50, 4.21]. Further analysis of the PRS change ratio D/N is shown in Figure 11.

Regarding the improvement ratio (D > 0), when the restorative reserve level of en-
vironments was low (N), there was a total of six cases where lighting could improve
restorativeness, with a maximum improvement ratio of 17.9% (Room 22). When the restora-
tive reserve level of environments was medium (N), there were a total of eight cases where
lighting could improve restorativeness, with a maximum improvement ratio of 30.9%
(Room 11). Compared to the low reserve level, a medium reserve level had a relatively
greater potential for improvement. However, the improvement ratio data of the remaining
cases also showed considerable potential for the improvement of a low reserve level.
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Figure 11. Change ratio statistics. To prevent randomness, the change ratios of all of the surveyed
guest rooms were surveyed. Red represents the improvement ratio, green represents the reduction
ratio. (a) The maximum absolute value of the change ratio, while (b) shows the change ratio of the
remaining cases sorted in ascending order of the absolute value of the change ratio. The cases with
a medium reduction ratio are listed with the results of the highest total sum of the intermediate
reduction ratio.

Regarding the reduction ratio (D < 0): when the restorative reserve level of envi-
ronments was medium (N), there was a total of 12 cases where lighting could reduce
restorativeness, with a maximum reduction ratio of 34.9% (Room 43). When the restorative
reserve level of environments was high (N), there were a total of six cases where lighting
could reduce restorativeness, with a maximum reduction ratio of 15.1% (Room 37). Com-
pared to the high reserve level, a medium reserve level had a much greater probability
of reduction.

In summary, first of all, these data further illustrate the effectiveness of the spatial
luminance distribution of lighting in improving restorativeness, with improvement ratios
of 17.9% and 30.9% being significant. However, at the same time, there was an equal
reduction ratio, which is the significance of studying and optimizing the spatial luminance
distribution. In addition, the discovered maximum change ratio in the environment with a
medium reserve level of restorativeness indicates that medium reserve level is the most
significant for both improvement and reduction, which is a result worth discussing (this
will be discussed in detail in Section 4.1.1).

3.2. Eye-Movement Indicator

The reliability test was also conducted on the eye-movement data, and the data with
an eye-movement capture rate of less than 80% were eliminated.

3.2.1. Comparison of Eye-Movement Indicators

The saccadic index and the number of fixations were no different while the fixation
duration and pupil diameter were different, indicating that the same objects attracted the
eye, but there were differences in visual appeal and cognitive load.

Table 6 presents the results of the paired-sample t-tests for eye-movement data between
the lighting and natural light environments. Combined with the meanings of the indicators
(Table 2), these data show that during the evaluation of the restorativeness of lighting
and natural light environments, there was no difference in the search process, overall
cognitive processing difficulty, and gaze distribution, indicating no difference in the objects
that attract visual attention. However, there were differences in the attractiveness of
the environment, the attractiveness of the target (focus), and the cognitive load of the
participants, indicating that the attractiveness and cognitive load of the objects that attract
visual attention vary.
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Table 6. Results of the paired-sample t-tests of eye-movement indicators.

Eye-Movement Indicators
Lighting Natural

Lighting t p
Mean ± SE Mean ± SE

Saccade Saccade count 300.546 ± 3.605 ↑ 294.707 ± 4.033 −1.129 0.172
Total saccade time 13.255 ± 0.188 ↑ 12.896 ± 0.211 −1.301 0.201

Fixation
Fixation count 107.389 ± 1.681 ↓ 110.483 ± 1.877 1.365 0.179
Total fixation time 21.871 ± 0.499 ↓ 23.290 ± 0.579 2.043 0.047 *
Average fixation time 0.206 ± 0.002 ↓ 0.214 ± 0.002 2.687 0.010 *

Pupil Mean pupil diameter 3.774 ± 0.029 ↑ 3.630 ± 0.20 −3.792 0.000 **
Note: * p < 0.05. ** p < 0.01. Blue represents statistically significant. ↑ represents the indicator is increasing. ↓ rep-
resents the indicator is decreasing.

These data preliminarily verify the hypothetical interpretation of the research hypoth-
esis: that the spatial luminance distribution of lighting causes the two visual cognitive
responses of visual appeal and visual load.

At the same time, although there was no significant change in the magnitude of the
values, compared with the natural light environment, the fixation indicators for the light-
ing environment were decreased while the pupil and saccadic indicators were increased.
This suggests that overall, for the 43 guest rooms, lighting reduced the attractiveness of
the environment and increased the visual load. This corresponded to the slightly lower
restorativeness score of the lighting environment in Section 3.1.1. Although this result was
for the 43 guest rooms overall and does not represent all possible luminance distributions,
it still indicates the current problem: that the spatial luminance distribution of lighting not
only fails to improve attractiveness, but also increases the visual load. This reminds us once
again of the significance of studying and optimizing the spatial luminance distribution
of lighting.

3.2.2. Analysis of the Fixation Duration Ratio of Different Material Information Carriers

The distribution of the proportion of fixation duration was biased toward the illumi-
nated objects, indicating an increase in visual appeal after the objects were illuminated.

Table 7 shows the proportion of the fixation duration data for nine AOIs: paired-
sample t-tests showed that, except for AOI 3, Sidewall beside TV, and AOI 9, Greenery,
the average values of the other seven AOIs in the lighting and natural light environments
were different, except for AOI 2, Floor, AOI 5, Window side wall, and AOI 9, Greenery; the
proportion of the fixation duration for six AOIs in the lighting environment was higher than
that in the natural light environment; the highest difference in the proportion of the fixation
duration was for AOI 4, Sidewall at bedhead (increased), and for AOI 5, Window side wall
(decreased). Excluding the influence of the AOI area, the ranking of the change ratio of the
proportion of the fixation duration was as follows: AOI 8, Luminaire; AOI 1, Ceiling; AOI 4,
Sidewall at bedhead; AOI 7, Decoration. All of these objects were emphasized by lighting.

The above data indicate that the distribution of the proportion of fixation duration
was biased toward illuminated objects, which is consistent with the intuition that objects
emphasized by focused lighting are more likely to be noticed, indicating an increase in
visual appeal after the objects are illuminated. This result, once again, demonstrates that
the spatial luminance distribution of lighting can change the capacity of environmental
elements (visual objects’) to attract visual attention and further verifies the intervention
effect of the spatial luminance distribution on the visual cognitive responses and, more
specifically, on visual attraction responses. This also provides preliminary evidence that
spatial luminance distribution can regulate the attractiveness of the environment.
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Table 7. Fixation duration ratio of different material information carriers.

AOI
Lighting Natural

Lighting t p Cohen’s d D-Value Change Ratio
Mean ± SE Mean ± SE

1 Ceiling 4.408 ± 0.488 2.192 ± 0.241 −4.819 0.000 ** 0.735 2.216 101.1%
2 Floor 7.369 ± 0.648 9.127 ± 0.841 3.439 0.001 ** 0.524 −1.758 −19.3%

3 Sidewall beside TV 4.758 ± 0.866 4.510 ± 0.868 −0.503 0.618 0.077 0.248 5.5%
4 Sidewall at bedhead 19.141 ± 1.664 12.288 ± 1.417 −6.093 0.000 ** 0.929 6.853 55.8%
5 Window side wall 24.407 ± 1.242 29.628 ± 1.471 4.272 0.000 ** 0.652 −5.221 −17.6%

6 Furniture 44.660 ± 1.653 42.195 ± 1.648 −2.114 0.041 * 0.322 2.465 5.8%
7 Decoration 4.959 ± 0.918 3.852 ± 0.853 −2.028 0.049 * 0.309 1.107 28.7%
8 Luminaire 2.290 ± 0.433 0.612 ± 0.113 −4.407 0.000 ** 0.672 1.678 274.2%
9 Greenery 0.118 ± 0.077 0.136 ± 0.079 0.419 0.678 0.064 −0.018 −13.2%

Note: * p < 0.05. ** p < 0.01. Blue represents statistically significant. Green represents the maximum and minimum
values of the difference. Red represents the top rank of the change ratio. Cohen’s d: Effect sizes of 0.20~0.50 are
considered small while effect sizes of 0.50~0.80 are considered intermediate, and effect sizes of 0.80 or above are
considered large.

3.2.3. Relationship between Perceived Restorativeness Evaluation and
Eye-Movement Indicators

Pearson correlation analysis showed that there was a significant linear correlation
among the six eye-tracking indicators in this experiment. Therefore, principal component
analysis was used to reduce and integrate the eye-tracking indicators, resulting in two
common factors. After using the maximum variance method, the KMO was 0.641 with
a significance of 0.000, which met the requirements for principal component analysis.
The cumulative contribution rate of the two common factors was 84.709% (component 1:
42.860%; component 2: 41.848%).

As shown in Table 8, the first principal component had a significant contribution to the
first three visual fixation indicators, which could be defined as the “visual appeal” factor.
The second principal component had a significant contribution to the last three visual
search and cognitive load indicators, which could be defined as the “visual load” factor.

Table 8. Principal component matrix of eye-movement indicators (PCA).

FC TFT AFT SC ST APD

Component 1 0.777 0.921 0.869 0.408 0.372 0.000
Component 2 0.392 0.324 0.020 0.854 0.880 0.899

Note: Values are represented as the factor loading values. Blue represents the factor loading values greater
than 0.5.

The results of the correlation analysis showed that the PRS score was significantly
positively correlated with the “visual appeal” factor (the correlation coefficient values were
0.288, p < 0.01) and significantly negatively correlated with the “visual load” factor (the
correlation coefficient values were −0.264, p < 0.01). These data were consistent with the
hypothetical explanation in this study: increasing the visual appeal and reducing the visual
load can improve the restorativeness of the environment. The data also demonstrated the
opposing and coexisting relationship between visual appeal and visual load.

3.3. Results of Case Interview

After multiple consecutive samples of 37 subjects, no new critical information emerged.
Strauss [49] proposed the data saturation theory, where data saturation is considered to
be reached, the sample size is sufficient, and the interview process is adequate, when the
interviewees’ perspectives are sufficiently explored and no new information is presented
after multiple consecutive interviews.
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3.3.1. Typical Cases (Groups)

As shown in Table 9, typical cases were selected based on the L score and D/N. The
highest L group and highest D/N group were selected, and the lowest L group and lowest
D/N (negative) group were also selected. The purpose was to use the “positive inspiration
of negative teaching materials” to conduct a comparative study between the high and low
groups. In addition, based on the N level, the D/N typical cases were divided into groups
for discussion. Finally, six groups were formed, each with four selected guest rooms. A
total of 20 cases were selected, with four cases repeated in different groups.

Table 9. Typical cases for the lighting environment.

No. Screening Criterion Typical Lighting Environment Cases

1 L
Highest L
Lowest L

2 D/N
Highest D/N N is low (and L is not low)

N is medium

Lowest D/N
N is medium

N is high

(1) The lighting environment with the highest and lowest L scores.

As shown in Figure 12, the difference between the guest rooms with high and low
scores lies in the fact that those with high scores mostly adopted linear indirect lighting,
while those with low scores mostly adopted point light sources for direct lighting. Com-
pared to those with low scores, those with high scores provided an overall impression of
luminance, with a smooth and uniform transition of luminance on the illuminated surfaces.
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Figure 12. Rooms with high (upper) and low (lower) PRS scores.

(2) The lighting environment with the highest and lowest D/N

As shown in Figure 13:

• When D/N was the highest, comparing N low with N medium (i.e., Figure 13a with
Figure 13b), the luminance transition on the illuminated surfaces was also generally
uniform and soft. The difference lay in the lighting method, but unlike the difference in
the above-mentioned score, it is not a complete separation of linear and point sources,
but mainly the involvement of point sources (N low has point sources, N medium
does not). The overall feeling of the luminance of N medium was slightly brighter
than that of N low.

• When N was medium, comparing the highest and lowest D/N (i.e., Figure 13b with
Figure 13c), there was no significant difference in the overall feeling of luminance. In
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addition, similar to the difference in the above-mentioned score, the difference lay
in the use of linear indirect lighting for high D/N, and point light sources for direct
lighting for low D/N. Compared to the low D/N cases, high D/N cases had a more
uniform and soft luminance transition on the illuminated surfaces.

• When D/N was the lowest, we compared the N medium with N high. Comparing
Figure 13c with Figure 13d, the difference in the lighting method was not significant.
This comparison seems to indicate that there is no significant correlation between the
lowest D/N and spatial luminance distribution. Analyzing the natural light environ-
ment, as shown in Figure 14, most of these rooms had large windows with particularly
open views, and the natural landscape in the window view accounted for a large
proportion of the view. Therefore, the reduction in restorativeness was mainly due to
the lack of window view restoration rather than the spatial luminance distribution.
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Figure 13. Rooms with the highest and lowest PRS change ratio. (a) The lighting environment with
the highest D/N when N was low. (b) The lighting environment with the highest D/N when N was
medium. (c) The lighting environment with the lowest D/N when N was medium. (d) The lighting
environment with the lowest D/N when N was high.
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Figure 14. Rooms under a natural lighting environment with the lowest PRS change ratio.

3.3.2. Conclusions on the Visual Perception of Spatial Luminance Distribution

Table 10 shows the coded categories and descriptive vocabulary extracted from the
interview data using NVivo 12 Plus software(Denver, USA), which reflects the conclusions
on the visual perception of spatial luminance distribution. Based on the vocabulary and ex-
planations, we have summarized the intrinsic properties of spatial luminance distribution.

Table 10. Results of spatial luminance distribution in the focus group interviews.

No. Descriptive
Vocabulary Vocabulary Explanation Intrinsic Property

1 Light source Provides illumination Light
2 Highlights Directly illuminated by light source
3 Bright objects Illuminated sufficiently by light Objects highlighted by lighting
4 Visible objects Illuminated by diffused light
5 Dim objects Insufficiently illuminated Objects hidden by lighting
6 Shadow No illumination, blocked by an object Shadow

The conclusions on the visual perception of spatial luminance distribution include six
descriptive vocabulary terms: light source, highlights, bright objects, visible objects, dim
objects, and shadow. Among these, the intrinsic property of the light source and highlights
is “light”, the intrinsic property of bright objects and visible objects is “objects highlighted
by lighting”, the intrinsic property of dim objects is “objects hidden by lighting”, and
the intrinsic property of shadow is “shadow”. This conclusion verifies that the visual
perception of spatial luminance distribution can be divided into the relationship between
light and shadow and the layout relationship of illuminated objects. Furthermore, this
conclusion further subdivides the relationship between light and shadow into “highlights”,
and subdivides the layout relationship of illuminated objects into those that are highlighted
and those that are hidden.

3.3.3. Cognitive Characteristics of Restorative Spatial Luminance Distribution

(1) Restorative Spatial Luminance Distribution Case Study

If we use the dual criteria of a restorative score (L) greater than 3 (moderately restora-
tive) and a significant improvement ratio (D/N) greater than 10%, then only Rooms 11 and
16 meet these requirements. Therefore, we expanded our criteria to include rooms that
meet either “L > 3 and D/N > 5%” or “D/N > 10% and L > 2.5”. We identified six rooms
that met these criteria and will be used as case studies for restorative spatial luminance
distribution in this study (see Figure 15).
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(2) Cognitive Characteristics of Restorative Spatial Luminance Distribution

Using Nvivo 12 Plus software (Denver, USA) to analyze the interview data for the six
selected rooms, we identified the cognitive characteristics of restorative spatial luminance
distribution, as shown in Table 11. We found that the perception of “highlights” and “bright
objects” was only reflected in two aspects: “single” and “combination”. We identified the
common features of restorative spatial luminance distribution as well as the dimensions
and preferences of perception: a single highlight should have a uniform and homogeneous
transition without any stray light while the form of highlights within a group should
be consistent and the order of highlights between groups should be orderly. A single
bright object should have appropriate illumination. The existence of both “single” and
“combination” aspects reminds us that the optimization of spatial luminance distribution
not only requires attention to the illumination effects for each light and shadow shape and
each illuminated object, but also requires an optimization of the layout relationship from
the overall spatial perspective. Additionally, although the combined features of bright
objects have also been considered, there is no clear preference in perception.

Table 11. Results of the spatial luminance distribution in the focus group interviews.

Cognitive Conclusion Perception Dimension Vocabulary Explanation Feature Evaluation Pairs
(Perception Preference)

Highlight

Single highlight Transition Non-uniform←→ Uniform
Stray light Present←→ Absent

Highlight group *
Intra-group form Inconsistent←→ Consistent
Inter-group order Disorderly←→ Orderly

Bright object
Single bright object Illumination effect Inappropriate←→ Appropriate

Bright object group * Overall hierarchy Monotonous←→ Rich
Overall layout Inharmonious←→ Harmonious

Note *: Highlights that are similar in shape and adjacent in position are considered as a group. There is no clear
evidence of grouping for the combination of bright objects, so the evaluation was based on the overall hierarchy.
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4. Discussion
4.1. Discussion of Results
4.1.1. Discussion of the Results of the Perceived Restorativeness Evaluation

In total, 39.5% of the lighting environments were found to be “moderately restora-
tive”. The spatial luminance distribution of the lighting environment could improve the
restorativeness of the environment, with a maximum improvement ratio of 30.9%. These
results are consistent with our expectations and were even better than expected. However,
the research also showed that the overall restorativeness of a lighting environment is lower
than that of a natural environment, and that the reduction and improvement ratios of
the restorativeness of spatial luminance distribution are at similar levels, indicating the
existence of two current problems. In fact, the current situation of both extremes highlights
the possibility of optimizing the spatial luminance distribution of lighting and the need for
further research in this area.

Furthermore, this study obtained two unexpected results. First, the proportion of
cases with improvement was negatively correlated with the restorative reserve level of
environments. We can tentatively understand this as “poor performers are more likely to
improve”. Second, the maximum change ratio for cases with medium-level restorativeness
was the highest, with both the improvement and reduction ratios being the greatest. These
results, together with the first result, have led us to a discussion of potential implications.
We speculate that: (1) when the restorative reserve level of environments is at a medium
level, there may be a certain number of restorative elements present. A reasonable lu-
minance distribution pattern that highlights these restorative elements will lead to the
greatest optimization and improvement, while an unreasonable luminance distribution
pattern will lead to the greatest reduction. Therefore, it is worth exploring what constitutes
a reasonable luminance distribution pattern when inherent restorativeness is at a medium
level. (2) When the restorative reserve level of environments is limited, improvement ratios
may be limited by the availability of restorative elements. However, it is worth noting
that in this situation, most of the spatial luminance distributions of the lighting contribute
to an improvement in restorativeness. Does this mean that the lighting luminance dis-
tribution patten itself constitutes a certain level of restorative capability? (3) When the
restorative reserve level of the environments was high, the lack of a window view was
the main reason for the reduction in the restorativeness of the lighting environment. In
addition, this may be due to the fact that this situation represents the best combination of
restorative elements, whereby a bright and homogeneous luminance distribution (similar
to the natural light environment) can effectively display all the restorative elements and
become an applicable pattern.

Therefore, we believe that the creation of a restorative indoor lighting environment
should be based on the inherent level of restorativeness and that the luminance distribution
pattern should be determined accordingly: for high-level restorativeness, a homogeneous
pattern should be provided; for medium-level restorativeness, the best optimization and
improvement should be achieved by considering rationality and by utilizing and exploring
patterns; for low-level restorativeness, a restorative pattern should be created whereby the
spatial luminance distribution of lighting itself becomes a restorative environmental element.

4.1.2. Discussion of the Results of the Eye-Movement Indicator

Spatial luminance distribution does not change the attractiveness of environmental
elements, but their visual appeal and visual load are altered by it. The visual appeal of
the illuminated object is improved. Restorative perception is positively correlated with
visual appeal and negatively correlated with visual load. Visual appeal and visual load
have an opposing yet coexisting relationship. These results are generally consistent with
our expectations. However, in retrospect, the results of the highlights obtained from the
case interviews and the fact that this study did not separately divide the highlights when
dividing the AOI may affect the rigor of this study’s conclusions.
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Unfortunately, the overall data of the 43 guest rooms showed that lighting did not
improve attractiveness, but instead increased the visual load. This result was for the
43 guest rooms overall, and does not represent all of the spatial luminance distributions
of lighting having no positive effect. However, even when this study separately analyzed
the eye-tracking data from the six restorative cases, we were unable to obtain the expected
conclusion of “improving visual appeal, reducing or not changing visual load”. This is
probably because the six cases were too few and the interference of information-carrying
differences cannot provide sufficient data support from these six cases. Therefore, we plan
to conduct further eye-tracking experiments in an environment with controlled information
carriers to verify the relationship between visual appeal and visual load in the process of
improving the environmental restorativeness of luminance distribution and determining
the role of spatial luminance distribution.

4.1.3. Discussion of the Results of the Case Interviews

The visual cognitive conclusions of spatial luminance distribution include six dimen-
sions: light source, highlights, bright objects, visible objects, dim objects, and shadow.
The current restorative spatial luminance distribution characteristics are only related to
highlights and bright objects, and the visual features and perceptual dimensions are a single
highlight with uniform light and no stray light transition, a consistent highlight shape
within the group and ordered highlight sequence between groups, and the appropriate
illumination effect of a single bright object. This result seems to indicate that the conno-
tation of restorative spatial luminance distribution in the current lighting environment is
more concerned with the relationship between light and shadow, followed by the layout
relationship of the illuminated objects. This was inconsistent with our expectations.

In fact, we hoped to verify the positive effect of the layout relationship of illuminated
objects in laboratory experiments. After all, as the research results of the restorativeness
of the lighting environment show, the current situation has only achieved the basic level
of “moderately restorative”. This may explain that the light and shadow relationship
has met the basic requirements for improving environmental restorativeness, and if we
want to achieve a higher level of restorativeness, the layout relationship of illuminated
objects needs to meet the restorative requirements. This is also the goal that we, as lighting
designers, are committed to achieving.

We believe that putting people first and analyzing indoor lighting from the perspective
of human experience, the functionality of indoor lighting, or the necessity and meaning of
indoor lighting, lies in identifying environmental entities and generating spatial perception.
Light is perceived as an information carrier rather than perceiving the physical energy of
light. Therefore, even though the conclusions based on the current research lean toward
the relationship between light and shadow, the layout relationship of illuminated objects is
still what we advocate.

There has been controversy among scholars about whether the relationship between
light and shadow is appropriate or necessary. Early research based on the practicality
of lighting believed that “If there is nothing worth looking at, there is nothing worth
lighting [50]”. With the optimization and improvement in lighting design quality, research
has proposed opposing views, stating that “Although a white wall is not worth looking
at in itself, it could be worth looking at if it has an interesting gradation or is scalloped by
wall washers [36]”.

Clearly, it is not easy to reach a consensus on whether or not to illuminate “white
walls”. However, with the development and popularization of modern architectural
lighting design concepts, purely decorative spatial light and shadow designs are gradually
fading away. These types of design are being replaced by architectural lighting designs that
value the layout relationship of information carriers. The fact that the layout relationship
of information carriers is being valued indicates a preference for it, proving that the layout
relationship of illuminated objects is a better choice.
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In addition, this study also subdivided “highlights” in the light and shadow relation-
ship and subdivided the illuminated objects in the layout relationship into independent
“entities” and non-independent “backgrounds”. Previous research on light and shadow
has mainly focused on the size of physical energy. From the perspective of information
carriers, there have been more studies of the layout of illuminated objects instead of quan-
titative studies. However, there have been studies such as those of the Feu, which began
to differentiate between light sources and bright surfaces [51,52]. Through this study, the
importance of highlights in the cognitive properties of spatial luminance distribution has
been improved. Furthermore, determining the characteristics of highlight transition, shape,
and sequence within and between groups will constitute a new qualitative and quantitative
task for describing the spatial luminance distribution; this task requires further research.

4.2. Optimization Strategies for Spatial Luminance Distribution in Environments with Different
Restorative Reserve Levels, Guided by Environmental Restorativeness Improvement Goals

Based on the discussion of the results, we attempted to explore preliminary answers
on optimizing the spatial luminance distribution to create effective indoor restorative
environments that are fully perceived, as shown in Table 12.

Table 12. Optimization strategy of the spatial luminance distribution.

Restorative Reserve Levels Low Medium High

Visually attractive elements Lack Present Abundant

Overall visual appeal Should be increased Should be optimized Should be maintained

Overall visual load Low, can be increased High, should be reduced Strong, should not
be increased

Restorative
optimization approach Improve restorative level Intervene and optimize

restorative perception
Maintain sufficient

restorative perception

Applicable cognitive
conclusions of

luminance distribution

Relationship between light
and shadow

Layout relationship of
lighting objects

Layout relationship of
lighting objects

Spatial luminance distribution
configuration suggestions Highlights + shadow Bright objects + dim objects Visible objects

Characteristics of restorative
spatial luminance

distribution pattern

Multiple hierarchy
gradientsLarge contrast spans

Multiple hierarchy
gradientsSmall contrast spans

Few hierarchy gradientsSmall
contrast spans

First, based on Section 4.1.1, we needed to determine the spatial luminance distribution
pattern based on the inherent restorative level of the space (the architectural configuration
and disposition). Therefore, we discussed optimization strategies for spatial luminance
distribution at three restorative reserve levels of environments: low, medium, and high.
The reserve level corresponds to attractive visual elements in the environment.

Second, based on Section 4.1.2, we created optimization strategies for spatial lumi-
nance distribution by improving the overall visual attractiveness of the environment and
reducing the overall visual load. Corresponding to environments with different reserve lev-
els of environmental restorativeness, the visual attractiveness optimization goals “should
be increased, should be optimized, should be maintained” and the visual load optimiza-
tion goals “can be increased, should be reduced, should be avoided”. As a result, the
restorative optimization approaches for the spatial luminance distribution are divided
into two aspects, restoration level and perception, with optimization levels of “improve,
intervene, maintain”.

Based on Section 4.1.3, we proposed a solution using a combination of the six cognitive
characteristics of spatial luminance distribution. We initially suggested restorative spatial
luminance distribution patterns suitable for different restorative reserve levels by using
the relationship between light and shadow to improve the restorative level and using the
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layout relationship of lighting objects to optimize the degree of restorative perception. Thus,
summarizing the characteristics of the applicable patterns can be generalized in terms of
the luminance hierarchy gradients and luminance contrast spans.

In conclusion, although the division between different restorative reserve levels is
qualitative and fuzzy, it clarifies the optimization goals of visual appeal and visual load for
environments with different restorative reserve levels. We also established initial optimiza-
tion approaches and applicable spatial luminance distribution configurations under the
optimization goals. The characteristics of the obtained restorative spatial luminance distri-
bution pattern focused on the luminance hierarchy gradients and luminance contrast spans,
which also describe the optimization strategy of restorative environmental lighting design.

4.3. Implications and Limitations

1. Limitations of eye tracking: As above-mentioned, the division of AOIs does not
specifically consider the boundaries of highlights. Determining the boundaries of
uniformly transitioning highlights is a problem that needs to be addressed in future
research. Our current eye-movement measurements were performed in scenarios
where the participants had no explicit visual task. For a comparison with previous
studies [53], further research is needed for scenarios with explicitly focused visual
tasks, which is a focus for future attention.

2. Limitations of the survey: (1) Although the survey ensured the comprehensiveness
of the decoration level, currently, hotel rooms tend to have a simple and concise
style, which is the mainstream trend from the perspective of saving on costs and
space. However, whether the corresponding research conclusions apply to other
living environments that are more complex and have a heavier visual load needs
to be further validated in future research. (2) Although there was consistency in
the layout of the surveyed rooms, the differences in the architectural configuration
and disposition of the space and the spatial scale resulted in different classes of
environmental restorative reserve levels. This study focused on the impact of window
views and the material information-carrying properties of light (decoration basis)
on the environmental restorative reserve level, but did not establish a clear causal
relationship; at the same time, this study ignored the influence of factors such as spatial
size and seasonal time, which are areas of research that should be supplemented and
developed with the subsequent construction of a full-size laboratory.

3. Limitations on the findings of the “luminance distribution” study: The focus of this
study was to prove that the restorative potential of the residential environment could
be improved by optimizing the spatial luminance distribution, and the research con-
clusions proved our hypothesis. Our study of the spatial luminance distribution was
based on images within a limited range of luminance levels in the room environment
and at the display’s set luminance. Therefore, validation from a broader range of
empirical research is needed. Although we conducted a comprehensive collection
of the spatial luminance parameter data, these data need to be made available for
quantitative characterization of the distribution features. Therefore, a restorative
spatial luminance distribution index was not proposed in this study, and will be the
focus of our attention in a subsequent study.

5. Conclusions

The research in this paper experimentally demonstrated the potential of lighting
luminance distribution to improve the restorativeness of hotel rooms. The main findings of
the study are as follows:

(1) The spatial luminance distribution of lighting had a considerable improvement rate
of 30.9% for environmental restorativeness. However, at the same time, there was an
equal reduction ratio. The spatial luminance distribution of lighting improved the
restorative perception potential, which was negatively correlated with the restorative
reserve level of the environment (the correlation coefficient values were −0.405,
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p < 0.01). Resilient spatial luminance distribution patterns suitable for different
restorative reserve levels are recommended as follows: for high-level restorativeness,
a homogeneous pattern should be provided; for medium-level restorativeness, the
best optimization and improvement should be achieved by considering rationality
and by utilizing and exploring patterns; for low-level restorativeness, a restorative
pattern should be created whereby the spatial luminance distribution of lighting itself
becomes a restorative environmental element.

(2) The eye-movement data findings clarify the role of visual perception in improving envi-
ronmental restorativeness with spatial luminance distribution (i.e., restorative perception
is positively correlated with visual appeal and negatively correlated with visual load).
Visual appeal and visual load have an opposing yet coexisting relationship.

(3) The visual cognitive conclusions of spatial luminance distribution included six di-
mensions: light source, highlights, bright objects, visible objects, dim objects, and
shadow. Common characteristics of restorative spatial luminance distribution include
a single highlight with uniform light and no stray light transition, a consistent high-
light shape within the group and ordered highlight sequence between groups, and
the appropriate illumination effect of a single bright object.

(4) Based on the above conclusions, this paper developed a hierarchical classification
according to the restorative reserve level, and clarified the optimization goals of
visual appeal and visual load for environments with different restorative reserve
levels. We also established initial optimization approaches and applicable spatial
luminance distribution configurations under the optimization goals. The characteris-
tics of the obtained restorative spatial luminance distribution pattern focused on the
luminance hierarchy gradients and luminance contrast spans, which also describe the
optimization strategy of restorative environmental lighting design.

In summary, this study demonstrated the effectiveness of improving the spatial lu-
minance distribution and elucidated the cognitive conclusions of the spatial luminance
distribution including six dimensions: light source, highlight, bright surface, bright object,
dim object, and shadow. This study started from the optimization of the visual appeal and
visual load of the spatial luminance distribution by improving both the restorative level
and the degree of restorative perception and proposing a restorative spatial luminance
distribution pattern applicable to different restorative reserve levels in the environment.
This study also indicates that future research, mainly by means of a full-size building
scene in a laboratory setting, should define the luminance boundary values of the visual
cognitive dimension of spatial luminance distribution, propose spatial luminance distri-
bution indices, further clarify the environmental restorative reserve level formed by the
architectural configuration and disposition of the space, and create a mathematical model
of the restorative spatial luminance distribution pattern applicable to different restorative
reserve levels.

In recent years, architectural lighting design and research have been continuously
optimizing the real-time and cyclical regulation of “light energy”, continuously generating
breakthroughs regarding the quality of light and improving our visual and physiological
comfort as well as our non-visual physiological health. In addition, as emphasized by
research on natural light environment design, the additional value of light in buildings
includes the relationship between light and space. Light is not only a physical energy, but
is also a spatial information carrier. LED lighting cannot replace natural light but LED
lighting can provide a spatial luminance distribution pattern that is a more powerful tool
for shaping and improving the relationship between light and space. With new forms of
LED light sources, increasingly refined design methods and intelligent and convenient
control technology, the progress of the spatial luminance distribution has not reached an
impasse, but is approaching perfection. This study attempted to explain how, even while it
approaches perfection, lighting is no longer a wholesale presentation of the architectural
configuration and disposition of the space, but can reshape the perception of space through
the regulation of the lighting space luminance distribution. Lighting design presents the
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possibility of resolving the contradiction between visual appeal and visual load, which
originally coexist and are in opposition in architectural space, through regulation rather
than balance. This can bring additional value including psychological health guidance to
interventions in indoor lighting.
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