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Abstract Emotional design has always been an important topic in indoor spaces, significantly impacting people's
living experiences and quality of life. This paper first uses the PAD model to construct a mood space and a state
space model to construct an emotional space, quantitatively describing the relationship between personality, mood,
and emotion. Subsequently, based on the OCC and PAD emotional models, emotional calculations are performed
on the various dimensions of “place attachment,” analyzing emotional characteristics through people's satisfaction
with the spatial environment of buildings. Finally, a multiple regression model is established to explore the subjective
comfort scores of interior design under a spatial emotional expression model based on multi-dimensional data
calculation and analysis. In simulated experiments comparing the comfort of interior design spaces, comfort scores
were mostly above 4 points, indicating that, overall, people have a positive evaluation of the comfort of interior
design spaces.

Index Terms PAD model, multiple regression, interior design, spatial comfort

. Introduction

The emotional response to a space is an innate human instinct, with basic emotional reactions deeply ingrained in
human genetics [1]. While nature presents humans with dangers and competition, it also provides food and shelter.
The characteristics and elements of a spatial environment serve as criteria for humans to assess risks and
opportunities [2], [3]. Therefore, when a person is in a space, their senses are stimulated by the various elements
of the space, leading to changes in hormone levels, which help them quickly form expectations about the space
and make decisions. At the same time, influenced by hormones, emotional responses also occur [4]-[6]. “Spatial
emotion” is a real phenomenon of spatial experience, and human emotional responses to space have evolved
through various historical stages and continue to this day [7].

Indoor spaces are one of the most important venues for modern human activities, and indoor spatial emotions
have already been identified and studied to some extent [8]. Literature [9] found through research on the impact of
indoor space design on emotions and work performance that unpopular indoor spaces, by increasing a sense of
control, enhance short-term work efficiency, while personalized indoor spaces, by eliciting positive emotions,
improve long-term work efficiency. Literature [10] interprets indoor spaces from a phenomenological perspective,
exploring the emotional connection between space and experience. It argues that stimulating emotional experiences
through bodily sensations, materiality, and emotional connections can enhance spatial perception and create multi-
sensory spaces. Literature [11] explores the emotional responses of different age groups to various indoor elements.
The study found that natural-style and vibrant indoor spaces are more likely to evoke positive emotions, while basic-
style and modern-style indoor spaces tend to trigger negative emotions. “Indoor space emotion” refers to the use
of interior design techniques to create a distinct emotional atmosphere within a space.

Properly creating an emotional atmosphere in a space can guide users' behavior in the right direction, thereby
achieving the designer's intended purpose for the space. Literature [12] developed a customized emotional
assessment model based on indoor environmental data, achieving approximately 80% assessment accuracy
through the use of multiple sensors, demonstrating the effectiveness of accurately assessing emotions from indoor
spatial environmental data. Literature [13] developed a graphical analysis method to explore how spatial emotional
representation is influenced by environmental and personal characteristics. Literature [14] investigated the impact
of different geometric shapes in a space on human emotions, finding that geometric features such as protrusions,
curves, proportions, and dimensions significantly influence human emotions. This finding holds significant
implications for residential, educational, and rehabilitative indoor spaces. Literature [15] combines technology with

1972



fa

A Study on the Relationship between Spatial Emotion Expression Models for Multidimensional Data Computational Analysis and Indoor

user experience to develop a new method for assessing emotions during spatial interaction, aiming to explore the
user experience and emotional aspects of spatial design.

Currently, research on spatial comfort primarily focuses on office buildings. Only in the past decade has the
comfort of indoor design gradually attracted the attention of scholars. Literature [16] provides a comprehensive
literature review on human comfort in indoor environments, focusing on comfort assessment standards, data
collection methods, and data analysis methods. This study offers theoretical references for research on indoor
comfort. Literature [17] investigated the relationship between perceived indoor environmental quality and comfort
in office buildings, finding that noise is the most significant influencing factor, followed by air quality, lighting, and
thermal comfort, while personal characteristics and building characteristics also influence these relationships.
Literature [18] found that indoor comfort is significantly associated with users' physical and mental health, work
efficiency, and overall health status. Therefore, they utilized computational fluid dynamics (CFD) technology to
create a visual chart of indoor comfort, which was used to simulate and analyze the comfort conditions of indoor
spaces. Literature [19] explores the interrelationship between indoor space design, indoor environmental quality,
and occupant behavior, aiming to ensure energy efficiency and a healthy environment. It focuses on the impact of
thermal comfort, visual comfort, indoor air quality, and acoustic quality on the emotional expression of space.

This paper first constructs a transition probability matrix for emotional spaces, calculates the distance between
moods and basic emotions in the mood space, and uses this as a basis to adjust the transition probability matrix of
the emotional space, quantitatively calculating the relationship between moods and emotions, and establishing a
personalized emotional model. Second, a synonym dictionary is used to bridge the “place attachment” emotional
elements to the OCC emotional model, and combined with PAD emotional semantic quantification values, emotional
calculations are performed on “place attachment” to reveal the emotional intensity values of each dimension.
Subsequently, based on surveys of people's perceptions of spatial scenes, combined with “place attachment” PAD
and emotional intensity values, emotional elements are evaluated and classified from the perspectives of necessity,
expectation, and activation. Finally, regression analysis methods were used to explore the relationship between
electrocardiogram (ECG) signal indicators and spatial comfort, and to quantitatively evaluate indoor spatial comfort
based on the model designed in this paper.

Il. Personalized emotion model based on PAD

Il. A.PAD Model

There is no unified definition of the concept of mood in the field of psychology. The PAD model has three dimensions:
pleasantness, arousal, and dominance. P represents pleasantness, indicating the positive or negative
characteristics of an individual's emotional state. A represents arousal, indicating an individual's level of
neurophysiological activation. D represents dominance, indicating an individual's state of control over situations and
others [20]. The numerical range for each dimension is [-1, +1], where -1 indicates the lowest value on that
dimension, and +1 indicates the highest value on that dimension.

Il. B.State Space Model

Let us assume for the moment that basic emotions consist only of the three simplest emotions: happiness, anger,
and fear. The three-dimensional emotional state space is shown in Figure |1, where the three basic emotions form
a three-dimensional emotional space.

Z-axis (Fear)

(1,0,1)( 23

(0,1,0)

Y-axis
(Anger)

X-axis (Happy)

Figure 1: Three-dimensional emotional state space
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Assuming that there are m basic emotions, each of which can be divided into #» levels, the emotional space

has ,~ emotional states. Let ;_,~, then the ;-dimensional Markov transition matrix p_ " is:
by P o Dy
Py Py 0 Py
emotion M . N ! (1)
Piv P 0 Py

(1) In the formula, P, is the transition probability from the ; th emotional state to the ; th emotional state, and
satisfies the following relationship:

1
pr,jzla(izlaza'”al) (2)
=

In order to evaluate the overall performance of the emotion model, borrowing the concept of information entropy,
we define emotion entropy as:

1
Entropy == p,log p,,(i=1,2,--,1) 3)

i=1
3) In the formula: Entropy is the emotional entropy of the emotional model. . is the probability of the ;th
2
emotional state occurring.

Il. C.Model Establishment
Il. C.1) Basic Concepts
1) Personality space
In this paper, human personality is considered to be constant. Personality space is constructed using FFM.
Personality vectors are represented as 5-dimensional vectors:
Byersonatiy =[Po»> Pcs Prs Pas Py ]

0< py, Pc>Pe>Pys Py <1

(4)

2) Mood Space

There is no unified definition of mood in the field of psychology, so the PAD model is used to describe mood.
Based on this, mood space uses the PAD model to describe [21].

The mood vector is defined as a 3-dimensional vector:

M :[mp,mA,mD]T

mood (5)
-1<m,,m,,m, <1
3) Emotional space
Assume that there are m basic emotions, and each basic emotion can be divided into » levels. Thus, the
emotional space has ,» nodes, i.e., ,» emotional states.
4) Basic Emotion Intensity
For convenience, let ;j_,~ . Suppose the coordinates of the ; th node in the emotional space are

Do Vagos sV 1 (Vﬁj e{O,L 2 .’1},1':1,2’...’,") the probability of this node appearing is p,. Then, the

> Vm,j s [
n—1n-1

components of all node coordinates in the ; th dimension can be represented as a vector [v,,,v,,, -

-,v;,1, since the
i th dimension corresponds to the ;th basic emotion, this vector represents the change in the intensity of the ;th

basic emotion when emotions transfer between nodes. The intensity of basic emotions is defined as:

!
Expectation, = va. p;(i=1,2,---,m) (6)
j=1
(6) In the formula, Expectation, is the intensity of the ; th basic emotion in the emotion space, which represents
the average intensity value of the ;th basic emotion. The higher the value, the stronger the basic emotion;
conversely, the lower the value, the weaker the basic emotion.

Il. C. 2) Interrelationships between personality, mood, and emotions
1) Mapping of personality space and mood space

Personality is a 5-dimensional space, and mood is a 3-dimensional space. Therefore, the mapping relationship
between personality and mood is established as follows:

1974



A Study on the Relationship between Spatial Emotion Expression Models for Multidimensional Data Computational Analysis and Indoor

fa
P=021-E+0.59-4+0.19-N

A=0.15-0+0.30-4-0.57-N (7)
D=025-0+0.17-C+0.60-E—0.32- 4

(7) In the formula: p, 4, D represent Pleasure, Arousal, and Dominance, respectively. 0,C,E,A,N represent
Openness, Conscientiousness, Extraversion, Agreeableness, and Neuroticism, respectively.
That is:

M (8)

mood

= P _M .F)pj;rsonality
(8) In the formula:
0 0 021 059 0.19
P M=|015 0 0 030 -057 9)
025 0.17 0.60 -032 0
Defined as a personality and mood mapping matrix.
2) Mapping of mood space and emotion space
Define the Euclidean distance matrix in the emotion space as:

dl,l dl,z e dl,j
d d d, .

emodion = ?,1 ?,2 ?,/ 7(j = 17 27.”71) (10)
d d d

Jil 2 T %

In equation (10), d,,i=12,--,1 is the Euclidean distance between the ;th node and the ;th node in the

emotional space. It represents the magnitude of the transition probability between two emotional states. If the
distance between two nodes is greater, the probability of transition between the two nodes is lower. Conversely, the
probability is higher.

The transition probability matrix in the emotional space is defined as:

Py P o Dy
Py Py 0 Pay .

emotion : : ;] 9(]:1929'”71) (11)
Pjy Pja 0 Py

In the formula (11), P, is the transition probability from the ;th node to the ;th node in the sentiment space.
It satisfies the following relationship:

1
> p, =Li=12,0) (12)
j=1

Suppose that the transition probability from one node to another is inversely proportional to the Euclidean distance
between them, i.e.:
c .
pi,j:d_l’(jzlszy"'al) (13)
i,J
In the equation (13), C, is a constant, je{l,2,---,/} . By combining equations (@) and (m), we can calculate
p,;»and thus construct p

emotion "

If the emotion space has m dimensions, i.e., there are m basic emotions, then the mood space also
corresponds to m basic emotion points. To accurately construct the emotion space and conform to cognitive laws,
the values of z  (k=1,2,---,m) and the superposition process should satisfy the following conditions.

(1) Since 7, is added as a multiplication coefficient to the Euclidean distance, z, >0.When z =0, the distance
between a node in the emotional space and different nodes will be 0, so z, =0.
Therefore, z >0.

(2) When the distance between A7, ~ and all basic emotion points in the PAD space is equal, the additional

d
influence of mood on emotion should be canceled out in all directions. thus, when x =x =-..=x ,

m

21222:”':Zm:1'
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(3) In this model, the probabilities of nodes not on the coordinate axes are not directly processed, so all nodes in
the emotion space whose appearance probabilities need to be changed appear on the coordinate axes.
(4)In d; how the specific values are changed is the key to constructing the model and also the key to achieving

the mechanism of mood influencing emotion.
Based on the above conditions, the process of obtaining z, is as follows.

a)Let x=(x,x,,-,x,); establish the mapping f, as:

('xk — xmean) £ X
2 “Ymax min
yk = fl (xk ) = (xmax - xmin) (14)
0’ xmax = xmin

In the formula (14): x = max(x,,x,.--,X,)- X, =min(x,x,,,X,)- X, = Qx)/m-
i=1
b)Let y=(y,y,,~-,y,) and establish the mapping f, as:
z,=f,(3)=60",0>1 (15)
In the formula (@): @ is the standardization factor. z, is the distance superposition factor.

The superposition method of z, is as follows.
Define the new distance matrix in the emotion space as:

* * *

d1,1 dl,z dl,j

. d,, d,, - d,

emodion = 2’1 _?’_2 f’_‘l 5(.] = 19 2’991) (16)
d;,l d;,z d;,j

In equation (16), 4, ,i=1,2,---,/ is the new Euclidean distance between the ;th node and the ;th node in the

sentiment space.
Let z=(z,z,,--,z,) then define:
d:,- =d;; -z (17)
In the formula (17)): ;e Node; j € Node, ;k =1,2,---,m . Node is the set of all node numbers in the emotion space,
and Node, is the set of node numbers represented by the  th basic emotion.

Based on p*

emotion

, a new emotional space can be constructed.

Il. C.3) Selection of standardization factors
(15) introduces a normalization factor g, whose selection greatly affects whether -z =(z

preserves the numerical characteristics of x =(x

1,Zy,000,2,) adequately
X%, ,x,) is well preserved.

Assume that the emotional space contains only the three simplest emotions: happiness, anger, and fear, i.e.,
m=3-Thus, x=(x,x,,x,),z=(z,2,,2,) -

Define the following three ratios:

Ry=(z,/2)/(x,/x)
S, =(zy/2)/(x, /%) (18)
T, =(zy/z,)/ (x,/ z,)

The closer R ,S,,7, are to 1, the better -=(z,z,,z,) better preserves the proportional relationship of
x=(X,%,,%;) -

Assuming that ¢ is a constant, and a set of personality vectors P .~ corresponds to a setof (R ,S,.T;), if
all possible values of P rsonaiicy have 7, then we should get 3 7 dimension vectors R= (R,R),+,R))
S:(SI,SZ,"',SH) and T:(]—Ists"'sz—;]) .

Therefore, we define:

7/ = \/(Rmean - 1)2 + (Smean - 1)2 + (T;nean - 1)2
A= \/ (R, —0)*+(S,, —0) +(T, —0)

var

(19)
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(M) Where Rmean = (ZR[)/U;Smean and Tmean are Slmllar Rvar = Z(Rl _Rmean)2 ! Svar IS analogous to T;'ar ) ]/
i=1

i=1

denotes the sum of the variances from the meanto 1 for r 5,7 respectively. ; denotes the sum of the variances
of R,s,T relative to 0.
Considering the above, we define:
A=y -A]6 (20)
In the formula (@), A is the selection factor. When y and j aresmaller,and g2 islarger,then A issmaller.
Conversely, it is larger.

lll. Analysis of Emotional Computing and Evaluation in Architectural Spaces

lll. A. Emotion computing based on PAD’s “place attachment”

lll. A. 1) Calculating Emotional Values for Emotional Semantics

Research on the Emotional Computing Process of “Place Attachment” in Architectural Spaces the emotional
experience of “place attachment” in architectural spaces is summarized into nine specific semantic keywords, which
are then calculated using the OCC emotional model. Each OCC emotional term has specific P, A, and D values.
Therefore, using OCC emotional terms as a medium, place attachment emotional terms can be mapped to the
emotional semantic space, yielding the position coordinates of the feature term within the emotional semantic space.
The mapping relationship between “place attachment” feature terms and OCC emotional terms is shown in Table .

Table 1: The mapping relationship between "place attachment" and occ emotional words

The PAD value of OCC The PAD value of the word

The word being tested OCC Feature words . .
Semantic feature words being tested
imilarit
Site attachment Synor.1yms OoCC Synor.1yms simrianty P value | Avalue | D value | P'value | A' value | D' value
coding coding
Disappointment Ee08B01 0.71 -0.2 0.1 0.6 -0.6 -0.12 0.24
Ef07AO1 Schadenfreude| Ee02B02 0.71 0.3 -0.2 -0.2 0.43 -0.34 0.32
Comfort Pride Ee34A02 0.71 0.6 0.3 0.3 0.28 0.54 0.29
i
Ee34D02 0.71 0.6 0.3 0.3 0.26 0.49 0.27
Ga06C01 Satisfy Ga06B01 0.89 0.8 0.6 0.6 0.51 0.64 0.41
Pleasure | Ga01A01 Joyfulness Ga01A01 1.00 0.6 0.2 0.2 -0.24 0.78 0.52
o ) Be afraid of Ga16B01 0.66 -0.8 0.8 -0.6 0.46 -0.44 0.21
Quality identity Ga13B01 -
Panic Ga16B04 0.66 -0.6 -0.2 -0.7 0.07 0.59 -0.24
Disappointment Ee08B01 0.6 -0.2 0.1 0.6 -0.58 -0.16 0.22
Schadenfreude| Ee02B02 0.6 0.3 -0.2 -0.2 0.44 -0.35 0.29
Slacken Ef10A01
Pride Ee34A02 0.6 0.6 0.3 0.3 0.28 0.49 0.33
Ee34D02 0.6 0.6 0.3 0.3 0.29 0.48 0.29
Eb09BO1 Hate Ed41B01 0.54 -0.8 0.8 0.3 0.37 -0.34 0.21
Love Ed40A01 0.54 0.6 0.2 0.1 -0.11 0.4 0.27
Disappointment{ Ee08B01 0.6 -0.2 0.1 0.6 -0.56 -0.2 0.23
Ef0BAO1 Schadenfreude| Ee02B02 0.6 0.3 -0.2 -0.2 0.46 -0.35 0.3
) Ee34A02 0.6 0.6 0.3 0.3 0.31 0.52 0.3
Safety Pride
Ee34D02 0.6 0.6 0.3 0.3 0.29 0.5 0.3
Ga07A01 Satisfy Ga06B01 0.77 0.8 0.6 0.6 0.43 0.55 0.29
Satisfaction Ga06A01 0.77 0.3 -0.2 0.6 0.25 -0.67 0.32
Df02A03 Love Df05C01 0.71 0.6 0.2 0.1 -0.15 0.55 0.35
Disappointment Ee08B01 0.6 -0.2 0.1 0.6 -0.61 -0.15 0.22
. Privacy Schadenfreude| Ee02B02 0.6 0.3 -0.2 -0.2 0.46 -0.29 0.33
Behavior support Ed44B01
Pride Ee34A02 0.6 0.6 0.3 0.3 0.28 0.49 0.28
Ee34D02 0.6 0.6 0.3 0.3 0.29 0.5 0.26
) Hi21A01 0.63 -0.2 -0.2 0.6 -0.58 0.17 0.2
HjO5A01 Blame -
Hi21A03 0.63 -0.2 -0.2 0.6 -0.55 0.16 0.21
Hope Df0O8A01 0.52 0.2 0.2 -0.2 0.38 0.28 0.29
Autonomy P Df08B01 0.52 0.2 0.2 -0.2 0.4 0.28 0.33
Dd01A25 Joy Df12A04 0.52 0.6 0.2 0.1 -0.14 0.48 0.31
Love Df05C01 0.52 0.6 0.2 0.1 -0.1 0.49 0.33
Df12B01 0.52 0.6 0.2 0.1 -0.14 0.47 0.31
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Resentment Df06D01 0.52 -0.2 -0.2 -0.2 0.49 0.07 0.3
Hate Ed41B01 0.6 -0.8 0.8 0.3 0.45 -0.37 0.3
Ee10D01
Love Ed40A01 0.6 0.6 0.2 0.1 -0.15 0.51 0.34
Ga06C02 Satisfy Ga06B01 0.89 0.8 0.6 0.6 0.49 0.63 0.4
Disappointment Ee08B01 0.6 -0.2 0.1 0.6 -0.63 -0.14 0.23
Ed31A01 Schadenfreude| Ee02B02 0.6 0.3 -0.2 -0.2 0.45 -0.33 0.33
Familiar Pride Ee34A02 0.6 0.6 0.3 0.3 0.3 0.51 0.28
with Ee34D02 0.6 0.6 0.3 0.3 0.3 0.51 0.31
Like Gb09A01 0.74 0.6 0.2 -0.2 -0.47 0.45 0.36
Gb08A0O8
Love Gb09B01 0.74 0.6 0.2 0.1 -0.19 0.66 0.4
Hate Ed41B01 0.6 -0.8 0.8 0.3 0.49 -0.36 0.32
Ee07A01
Emotional Love Ed40A01 0.6 0.6 0.2 0.1 -0.13 0.58 0.35
dependence Affinity Disappointment| Ee08B01 0.6 -0.2 0.1 0.6 -0.57 -0.16 0.24
Ed32A01 |[Schadenfreude| Ee02B02 0.6 0.3 -0.2 -0.2 0.45 -0.33 0.34
Pride Ee34A02 0.6 0.6 0.3 0.3 0.29 0.51 0.28
Hope Ee34D02 0.6 0.6 0.3 0.3 0.27 0.49 0.28
Joy DfO8A01 0.52 0.2 0.2 -0.2 0.42 0.27 0.28
Domain Dd05B03 Love Df05C01 0.52 0.2 0.2 -0.2 0.41 0.29 0.31
Df12B01 0.52 0.6 0.2 0.1 -0.12 0.5 0.32
Resentment Df06D01 0.52 0.6 0.2 0.1 -0.13 0.5 0.3

Based on the synonym dictionary, we constructed a mapping relationship between “place attachment” and OCC
feature words. We calculated the PAD values of the “place attachment” feature words using semantic similarity
values and OCC feature word PAD values. The PAD values of the “place attachment” feature words are shown in
Table 2.

Table 2: The pad value of the "place attachment”

Place attachment P' value A' value D' value Emotional intensity E Emotional Quadrant
comfort 0.25 0.48 0.29 0.64 Exuberant +P+A+D
Quality recognition pleasure 0.38 0.19 0.22 1 Exuberant +P+A+D
slacken 0.43 -0.43 0.25 0.67 Relaxed +P-A+D
safety 0.22 -0.65 0.33 0.8 Relaxed +P-A+D
Behavioral support privacy -0.12 0.54 0.34 0.66 Hostile -P+A+D
autonomy 0.46 0.64 0.38 0.88 Exuberant +P+A+D
Familiar with -0.17 0.63 0.4 0.77 Hostile -P+A+D
Emotional dependence affinity -0.13 0.53 0.35 0.63 Hostile -P+A+D
domain -0.11 0.48 0.35 0.63 Hostile -P+A+D

lll. A.2) Emotional semantic calculation results for “place attachment”

Overall, pleasant, autonomous, safe, and familiar have high emotional intensity values. Among these, comfort,
pleasantness, and autonomy are located in the “joy” quadrant, indicating that they generally exhibit a joyful
emotional tendency. Safety and relaxation are located in the “relaxed” quadrant, exhibiting a relaxed emotional
tendency. Familiarity, intimacy, affinity, and domain are located in the “hostility” quadrant, indicating an exclusive
emotional orientation. The pleasure (P') mapping results show slightly more positive coordinate values than negative
ones, with all positive coordinate values greater than 0.2 and all negative coordinate values less than 0.2, indicating
that the pleasure of “place attachment” is more influenced by positive emotional states.

lll. B. Survey on the perception of “place attachment” in architectural spaces

lll. B. 1) Purpose and Significance of the Survey

This paper calculates the emotional intensity and P, A, and D values of cognitive feelings in different dimensions
through “place attachment” emotional computing. The primary task in creating buildings with “place attachment” is
to conduct an emotional assessment of the existing spatial environment. Therefore, this paper conducts an in-depth
and detailed survey of the architectural spatial environment.
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lll. B.2) Survey Content and Methods

This survey explores people's perceptions of “place attachment” in three types of spaces (bedrooms, public activity
spaces, and corridors). Based on the emotional elements of “place attachment,” the survey conducts in-depth
interviews with people about their perceptions of the spatial environment of buildings.

lll. B.3) Overview of the survey implementation

In the preliminary stage of the study, more than 400 real-life photos of the spatial environment were collected. The
case photos were divided into 10 groups (A1-A10, B1-B10, C1-C10), with each group containing 8 to 11 photos.
Each participant randomly selected a group of photos for a questionnaire interview, and each group had to have
more than 10 participants respond. A total of 400 valid questionnaires were collected.

lll. C. Emotional calculation and evaluation of core spaces in buildings

lll. C. 1) Correlation analysis between emotional computing intensity values and perceptions of various dimensions
A total of 380 cases were selected for emotional assessment in this study. In the three functional spaces, the
emotions of “comfort,” “pleasure,” and “identification” showed a strong correlation with “place attachment,” with
“pleasure” being the most prominent. “Freedom” and ‘safety’ showed a strong correlation with “place attachment,”
while “privacy” showed a weak correlation. The emotions of “familiarity,” “affinity,” and “territory” are strongly
correlated with “place attachment,” with “territory” being the most significant. This indicates that the nine constituent
elements of “place attachment” constructed in this study have high rationality and validity, and are strongly correlated
with the intensity of “place attachment” emotions.

lll. C. 2) Emotional evaluation of space

The emotional assessment results for each space are shown in Figure Q (Figures a to c represent residential spaces,
public activity spaces, and corridor spaces, respectively). As can be seen from the figure, in residential spaces, the
E value of cluster A1 is approximately 2.5, indicating a high degree of “place attachment.” Relaxation is the strongest
emotion, with a central value of approximately 3.53, followed by pleasure and autonomy. Privacy fluctuates greatly
and is significantly lower than other emotions.

=

Fractional value

=]
=3
L

Fractional value

7 |~ Relaxation h Pleasure —— Autonony* e
= Safety = Familiar Field
1.54~ Comfort = Affinity Privacy
[ b’cms}{ii)na\ su‘cngth_é_ A2 gl A i
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(c) Corridor space

Figure 2: The emotional assessment results of each spatial case
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lll. C. 3) Classification of the emotional impact of space
1) Emotional Essentials: This is an indispensable perception in “place attachment.” Spaces with this perception may
not necessarily increase people's ‘attachment’ to such spaces, but their absence can make people feel alienated
and lonely. In all three types of spaces, “safety” is an essential emotional element.

2) Emotional Expectations: These are the emotional experiences people anticipate. Possessing such experiences
enhances the intensity of “attachment,” while their absence may negatively impact living quality to some extent.

3) Emotional Activation: This refers to the surprising and charming emotional experiences brought by “place
attachment.” While their absence does not affect the emotional attachment to a space, experiencing them
significantly enhances place attachment.

IV. Indoor design space comfort test

IV. A. Comfort Regression Analysis

IV. A. 1) Multivariate regression analysis

Regression analysis is a statistical and analytical method used to determine the quantitative relationship between
two or more variables. Multivariate regression analysis is employed to describe this phenomenon, explain its causes,
and ensure greater precision and reliability in the control process, while minimizing variance and mean squared
error [22]. The primary method of regression analysis involves establishing a regression model based on existing
data. In this process, selecting appropriate and primary variables from among multiple explanatory variables is
particularly important. In other words, the goal is to preserve variables closely related to the dependent variable
while minimizing the number of independent variables, thereby ignoring factors with minimal influence.

IV. A. 2) Multivariate regression calculation method
(1) Single-dependent variable multiple linear regression model
Assume that there are m independent variables x, x,,.....x, representing factors, y is the dependent

variable representing the indicator, and » experiments are conducted, yielding »n sets of data
Vis X3 Xy X, (i=1,2,....n) . Assume that the dependent variable y has a linear relationship with the m

im

independent variables x ,x,,---,x, and can be represented by the following model:
y=pF+Bx + -+ 0%, +& (21)
Substituting » sets of data, we obtain:
=P+ Bx, et B X, T8
Yy =By + By Fen, +B,%,, + & 22)

Vo =By X, +o + B X TE,
Among these, g .43 ,---,, arethe parameters to be estimated, which we refer to as regression coefficients, and

£,€,,...&, are n independent random variables that follow the same normal distribution  §(0,5?) [23].

» I x, .. x,
y= Vs C= I x, . x, —(1X)
yn l ‘xnl xnm
(23)
B €
ﬂ = ﬂz . E = 81
le g}‘l
The matrix form of the regression model is:
Y=Cp+¢ Y=Cp+¢
p or P ) (24)
E(g) = On ’D(g) = 0-2]2 &~ Nn (0,0- [n)

The above model is referred to as the classical multiple regression model, where y is an observable random
variable, ¢ is an unobservable random variable, ¢ is a known matrix, p &* are unknown parameters, and

n>m and rank(C)=m+1.
(2) Least squares estimation of parameter vectors
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In the model, the least squares estimator of the parameter g is g= (}[}O,I[}“._ﬁm) minimizes the sum of squared

errors (p), i-e., forall g o(B)=minQ(B) -

where,
0B) =350 =3 1=y + B, +-t B, )V = (F=CPY (Y =CP) (25)

If 3 isthe least squares estimate of g, then 3 is the linear unbiased estimator of 4 with minimum variance.
If ¢~ N, (0, 0-21’1), B is also the estimator with the smallest variance among all unbiased estimators.

(3) Sum of squares decomposition
For the observed data array:

X Im
y2 ‘x21 x2m (26)
yn xnl xnm
There is a formula:
DI =23 G- (27)
i=1 i=1 i=1
Among them:
_ 1
y== Y (28)
nio
-)A/i = ﬁO +ﬁlxxl +"'+Bmxxm (29)
B,
P _ ﬂl _ ! R Val 30
p= =(CC)y Y (30)
IBm

It is the least squares estimate of . The above formula is called the sum of squares decomposition formula.

In the sum of squares decomposition formula, the left-hand side of the equation, i(y’_ —y)*, represents the total
i=1

variation of the observed values of y, y, y,,..y of the variable y, known as the total sum of squares of

deviations, denoted as L, or 57 . The second term on the right-hand side of the equality, i(yi—y)z ,
i=1

represents the total variation of the , estimated values 3,5, ...5 due to the fact that there is indeed a linear
relationship between the dependent variable y and the independent variables x,x,,..,x, and is caused by
changesin x,x,,...x, - We refer to this as the regression sum of squares, denotedas 7 or spys - The first term

on the right-hand side of the equation, i(yi -3, +igf , is called the residual sum of squares, denoted as Q
i=1 i=1
or SSE . Under the model assumptions, we have:
E(Y):ﬁ0+ﬂ1xl+.“+ﬁmxm (31)
Q is caused by random errors, so Q is also called the residual sum of squares. The sum of squares
decomposition can also be abbreviated as:
L, =0+U or SST == SSE + SSM (32)

R =1-3G, -7/ 3077 (33)

The coefficient of determination R-squared is used to indicate the accuracy of the linear regression equation, i.e.,
the extent to which the linear regression equation can explain the total variation in the Y values.
(4) F-test for regression effectiveness
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The validity of the regression model should be determined through a significance test of the regression
effectiveness. There are three methods for testing the significance of regression analysis effectiveness: the ;- test,

the g test, and the ; test. These three methods are essentially the same. This study uses the g test method
to test the regression effectiveness. That is:

A Study on the Relationship between Spatial Emotion Expression Models for Multidimensional Data Computational Analysis and Indoor

_ r2(n—=2)

2

F F(l,n-2) (34)

For a given significance level ¢, if:
F>F_ (,n-2) (35)
If there is a significant linear relationship between x and y, then the linear regression is considered significant.

Otherwise, the linear regression is not significant. The value of F_ (1,n-2) can be obtained from the F distribution
table.

IV. B. Analysis of Results

IV.B. 1) Correlation Analysis

To investigate the relationship between the spatial emotional expression model based on multidimensional data
analysis and the comfort of indoor design spaces, this section of the experiment explores the relationship between
the proposed model and spatial comfort through changes in electrocardiogram (ECG) signal indicators. We
conducted a correlation analysis on the ECG data collected during the experiment to determine the degree of
correlation between various ECG indicators and users' subjective comfort levels, providing a reference basis for
establishing a user-oriented comfort evaluation model in subsequent stages. The heart rate data in this paper was
obtained through processing and calculating the raw ECG signals from wireless ECG sensors. The comparison of
participants' heart rates before and after the experiment is shown in Figure @ (Figure a shows the test results in a
conventional indoor space, and Figure b shows the test results in an indoor space designed based on the method
proposed in this paper). It can be observed that when entering a conventional indoor design space, users' heart
rates show a slight increase. However, when participants enter the indoor space designed based on the method
proposed in this paper, their heart rates begin to rise significantly and reach a peak after 5 seconds. Overall, it was
found that changes in heart rate were relatively slow, with the maximum heart rate (25 seconds) not appearing until
the latter half of the indoor space designed using the method described in this paper or even after the experiment
had ended. This is because, during the experiment, when participants were stimulated by changes in the
environment, there was a certain delay in the effects on the ECG signals, and there were also differences in the
results among different participants.

90 90
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£ E ]
< 754 < 754 |
& 2 1
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i i=

g g .|
T 651 M/ T 65 Nv.,

60 60 |
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(b) The test results of the indoor space designed based

(a) Test results of ordinary indoor Spaces on the method in this paper

Figure 3: The experiment was compared with the participants' heart rate

The comfort ratings of the participants in the experiment, along with their heart rates and R-R interval distributions,
are shown in Figure E (Figure a shows the heart rate distribution, and Figure b shows the R-R interval distribution).
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From the heart rate distribution box plot, it can be seen that when the comfort ratings are high, the heart rates are
distributed between 50 and 70. At this point, the participants' spatial comfort is in a good state.

A Study on the Relationship between Spatial Emotion Expression Models for Multidimensional Data Computational Analysis and Indoor
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(b) The distribution of R-R intervals
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(a) Heart rate distribution

Figure 4: The comfort score of the subjects and the distribution of heart rate and R-R intervals

The electrocardiogram (ECG) parameter data are shown in Table 3. It was found that during the experiment, the
values of all ECG parameters were generally higher than those in a typical indoor space. The lower the user comfort
score, the higher the average heart rate and the greater the heart rate variability during the experiment. Additionally,
since the pNN80 data was 0 during the experiment, indicating that the difference between adjacent R-R intervals
generally did not exceed 80 ms, it is concluded that pNNS5O0 is more suitable for describing changes in user comfort.

Table 3: Electrocardiogram data

Comfort rating SDNN RMSSD pNN50 pNN80 HRmax HRmin HRc HRmean

Base line 41.5 28.2 0.08 0 63.45 52.6 12.31 56.05
9 48.09 31.7 0.15 0.03 69.14 52.8 11.57 58
9 56.03 34.18 0.14 0.07 65.27 49.13 15.34 57.72
8 57.58 25.55 0.12 0 68.53 55.48 14.19 60.55
6 67.35 26.45 0.06 0 75.11 58.37 18.84 61.01
5 77.29 25.39 0.09 0 69.65 50.12 19.63 56.9
4 48.14 39.74 0.23 0.06 71.75 56.01 15.35 61.39
3 78.72 31.42 0.1 0.03 70.28 52.09 19.02 60.98
2 85.26 106.71 0.33 0.09 98.25 51.98 46.97 66.09
2 67.96 33.81 0.11 0.05 71.54 53.72 17.41 62.47
1 119.64 42.71 0.19 0.06 80.77 52.58 25.36 68.09
1 98.62 38.65 0.19 0.05 85.49 57.8 28.39 71.95

Acorrelation analysis was conducted between the user comfort scores in the table and eight ECG signal indicators.
The correlation analysis between ECG indicators and comfort scores is shown in Table 4 (* indicates significant
correlation at the 0.05 level (two-tailed); ** indicates significant correlation at the 0.01 level (two-tailed)). It can be
seen that the absolute values of the correlation coefficients for SDNN, pNN50, RMSSD, and HRmax-min are all
above 0.5, indicating that these ECG indicators have a moderate or higher correlation with comfort. The correlation
coefficient for pNN8O is relatively low at -0.43, and the significance test shows 0.136 > 0.05, indicating no significant
effect, and it is not suitable for describing changes in comfort.
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Table 4: Correlation analysis of ECG index comfort score

Comfort rating SDNN RMSSD pNN50 pNN80 HRmax HRmin HRc HRmean
Correlation coefficient -0.886** -0.623* -0.789* -0.43 -0.616 -0.128 -0.856* -0.443

Double tail test 0.001 0.067 0.035 0.136 0.069 0.721 0.002 0.055

Case number 110 110 110 110 110 110 110 110

IV. B. 2) User comfort evaluation

A regression model was established based on users' subjective ratings of the comfort of simulated indoor space
designs, followed by a goodness-of-fit test for the regression equation. The significance of the regression model
was tested, and the results of the variance analysis for comfort evaluation are shown in Table 5. In the table, F is
the F statistic in the F-test, and Sig is the P-value. As can be seen from the data in the table, all Sig values are less
than 0.05, indicating that the null hypothesis is rejected, and the regression equation is considered significant. The
results of the goodness-of-fit test and significance test for the regression equation indicate that the regression
equation in this study fits well, and the independent variables and dependent variables exhibit a high degree of
significance in their linear relationship.

Table 5: The results of regression analysis of variance for comfort evaluation

Subjective scoring Degree of freedom Sum of squares Mean square sum F Sig.
) ) 110 391.826 3.643
Y1 Regression residue 1.063 0.00047
20 53.625 3.372
) ) 100 421.057 4.487
Y2 Regression residue 1.052 0.02395
30 117.344 4.269

The results of the comparison of simulated indoor design space comfort scenarios are shown in Figure @ The
figure shows a comparison between the actual scores of user comfort evaluations and the scores calculated by the
regression equation. The horizontal axis represents the sample number, and the vertical axis represents the score.
The accuracy of the user comfort evaluation model is within an acceptable range, with most comfort scores above
4 points, indicating that people have a positive evaluation of the comfort of indoor design spaces.

Bl Actual value
Bl Regression value

— N W Rk WO OO O

T

4 6 8 10
Comfort rating

Figure 5: Experimental comparison results

V. Conclusion

In architectural design, incorporating emotional elements into spatial design can create a sense of comfort, thereby
enhancing people's happiness and sense of belonging. Therefore, this paper proposes a personalized emotional
model based on PAD to address the issue of spatial emotional expression. The research conclusions of this paper
are as follows:

Through emotional assessments of various spatial cases, it was found that in the A-type cluster of residential
spaces, the E-value of the A1-type cluster was approximately 2.5, indicating a high intensity of “place attachment.”
The sense of relaxation was the strongest, with a central value of approximately 3.53, followed by feelings of joy
and autonomy.
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Through heart rate monitoring experiments on participants, it was found that when participants were in spaces
designed using the method proposed in this paper, their heart rates were distributed between 50 and 70, indicating
that their spatial comfort was in a good state.

In simulated indoor design spatial comfort scenario comparison experiments, user comfort scores were mostly
above 4 points, indicating that people have a positive evaluation of indoor design spatial comfort.
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