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High-intensity dents. However, the existing studies predominately focus on a certain types of open space.
residential areas; In addition, there is lack of objective quantification. In this study, a novel approach is devel-
Quality of outdoor oped in order to quantify the quality of outdoor space based on the identification of value di-
space; mensions and the classification of the open spaces. Firstly, the residential outdoor space is
Control index; divided into six types of open space. Secondly, the value weights of different open spaces
Open space; are calculated through Structural Equation Modeling (SEM) and Analytic Hierarchy Process
Value weight (AHP) based on the data from on-site and online questionnaire survey. Finally, the approach

developed in this study was tested in high intensity residential areas. Results of this study helps
to better understand the quality of outdoor space in high intensity residential development,
hence provides useful inputs for the future planning of such developments.
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1. Introduction 2023). This rapid urbanization has resulted in various
challenges such as urban heat island (Li et al., 2018), de-
livery of public services (Zhao et al., 2022), social
inequality (Guo et al., 2018), traffic related pollution (Rajé
et al., 2018), and public health (Wang et al., 2020). During
this process, to accommodate the housing demands of
growing population, the land resources become scarce
which saw a lot more high density development. There are
benefits of high intensity developments such as the high
efficiency of land use, more efficient provision of services
such as utilities (e.g., water, electricity, gas). Together

1.1. Current issues associated with high-intensity
residential areas

The last decades witnessed rapid urbanization at the global
scale as more people move into urban areas (Cheng et al.,
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with high quality public transport, the high intensity
development contributes to the low carbon transformation
of cities.

Indeed, urbanization has significant impacts on the land
use (Sumari et al., 2020). These include the incorporation
of rural land into urban spaces (Wang, 2024). Focusing on
displaced senior farmers living in resettlement neighbor-
hoods, Fan et al. (2022) found that outdoor space is one of
most influential factors to determine their wellbeing. They
consequently suggested to using scattered transitional
spaces rather than centralized large-scale plazas. Accord-
ing to Peng and Maing (2021), it is paramount for elderly
people to use outdoor open space. This is because they
have limited mobility and resources, e.g., not being able to
move too far away from their housing.

High-intensity settlements are densely populated resi-
dential areas with high capacity rate. The construction of
high-intensity settlements has become an effective
approach to intensively use land, solve living problems, and
reduce operating costs such as urban commuting and
municipal administration costs in large cities with unique
environmental and resource constraints (Liu et al., 2023).
However, the quality of outdoor residential space has
become a common issue in high-intensity residential areas
due to increasing population density and decreasing out-
door land area per capita (Ono and Muya, 2024).

In such kind of developments, outdoor space plays a
more important role as the community shares this space
more often. There are established evidence that the out-
door space plays an essential role in human being’s daily
life (Zhang et al., 2021).

Policies and control measures have been introduced in
global context. Existing indicators for enhancing the quality
of residential areas have paid more attention to the quantity
of outdoor space. For instance, plot ratios and building
densities mostly guide the quantity of planned buildings
rather than the quality. Indeed, the quality of outdoor space
plays a crucial role in attracting people to spend more time
outdoors that boosts the vitality of cities (Sun et al., 2023).
However, the quality of outdoor space in residential areas in
China is mainly controlled by means of green space rate or
green space per capita. Taking Nanjing as an example, the
“Nanjing Urban Greening Regulations” specified that the
green space rate of new residential areas in the city shall not
be less than 30%. The "“Nanjing Public Facilities Supporting
Standards” requires concentrated green space to be no less
than 0.5 m? per person. However, there are other types of
open space than green space such as water and carpark.

In addition, in the limited research on the quality of
outdoor spaces, existing studies have not taken various
types of open spaces into consideration. More recent
studies have focused on a single type of open space, such
as green spaces and streets in living environments, which
are more relevant to the effects of outdoor activities and
emotional well-being of adolescents (Poulain et al., 2020).
Chang et al. (2020) examined the perceived preference of
residential areas for green spaces as a way to enhance the
environmental quality of green spaces in residential areas.
Indeed, majority of existing studies are qualitative by
nature, proposing improvement strategies for residential
areas’ outdoor spaces in terms of elderly-oriented spaces,
activity facilities (Li and Wang, 2023), and children’s
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activity spaces. Some studies have attempted to develop
quantitative models, including an environmental quality
evaluation model for residential areas based on the fuzzy
comprehensive evaluation method (Hua et al., 2009). Data
envelopment analysis was used to evaluate the spatial
efficiency of the outdoor environment in residential areas
(Li et al., 2022). However, these models focus more on
evaluation mechanisms than on control mechanisms. This
requires the development of a new approach that com-
bines qualitative and quantitative analysis for different
types of open spaces in residential areas. This is essential
to enhance the control of outdoor space quality.

A novel approach is proposed in this study to more
accurately represent the quality of outdoor space in high
density developments, taking into account the different
weighting values of various types of open space. Thus, it is
more precise that provides a valuable reference for plan-
ning the future high-intensity developments.

2. Literature review

In response to the issues presented in high-intensity resi-
dential areas, numerous studies have been conducted in
order to improve the quality of outdoor space in high in-
tensity development. These studies can be broadly classi-
fied into following categories.

2.1. Outdoor space

Various terms have been used to describe the outdoor space
in residential areas. These include public open spaces,
residential outdoor activity venues, and so on. For instance,
outdoor space can be classified into environmental space
outside the horizontal projection of the building and gray
space inside the horizontal projection of the building
(Zhang, 2008). Furthermore, there are studies that provide
more detailed classifications of outdoor open space. Sub-
sequent research has further categorized outdoor open
spaces into more specific types, such as public activity
spaces like courtyards, squares, and parks; traffic spaces
including motorways, non-motorized roads, sidewalks,
shared pedestrian-vehicle spaces, and outdoor parking lots;
and transitional areas like entryways and landscaped lawns
(Lei, 2011).

A number of studies have attempted to examine specific
types of open spaces via quantitative approach, such as
green spaces (Opoku and Abdul-Muhmin, 2010), stilt floors
(Huang et al., 2017), outdoor activity venues (Song et al.,
2016), and three-dimensional public spaces (Zhou and
Wang, 2015). In spite of lacking a systematic comparison
between different types of open spaces, these studies
provide a valuable foundation for quantifying outdoor
spaces via a holistic approach.

It is evident that different types of open space in resi-
dential areas have varying effects on the quality of outdoor
spaces. For instance, outdoor activity spaces can enhance
the vitality of residential areas (Niu et al., 2022). Increasing
landscape interactivity can promote neighborhood relations
(Shu and Ding, 2018), and promote the evident positive
links between green spaces and mental health (Barton and
Rogerson, 2017). Stilt floors can reduce spatial crowding on
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the ground floor (Hou and Zhang, 2006), while creating
opportunities for residents to interact and connect with
each other (Wang, 2024). However, parking problems in
residential areas can affect neighborhood harmony.
Therefore, the contribution of various open spaces to the
quality of the residential outdoor space varies, i.e., with
different weighting.

2.2. Quality of outdoor space

The evaluation of outdoor space quality in residential areas
have attracted a growing level of attention, such as using
the level of residents’ activity as a criterion to determine
its quality (Nejad et al., 2020). Alternatively, based on
positive neighborhood relations, residential areas can be
optimized for functional diversity in outdoor space, and the
degree of spatial recognition can be improved (Lu and Li,
2012). In addition, further research has been conducted
to enhance particular open spaces by optimizing residents’
perceptual experiences. This includes enhancing the
accessibility of outdoor walking and activity spaces (Liu et
al., 2023), and improving the quality of outdoor green
spaces in residential areas by implementing perceived
greening shapes (Cheng et al., 2023). Furthermore, an
increasing number of studies have attempted post-
evaluation of residential areas for the purpose of con-
ducting investigations on residential satisfaction, with the
aim of enhancing community development and the living
environment in a focused manner (Shen et al., 2024). These
studies have successfully improved the human-centered
design idea by prioritizing the subjective experiences and
evaluations of residents, which typically lack of objective
evaluation criteria.

Some studies aim to directly use theoretical models to
evaluate outdoor spaces in residential areas (Jung and Lee,
2012). For example, the evaluation is based on the envi-
ronmental design evaluation index system of the residential
area. In addition, in order to improve the outdoor envi-
ronment of the residential area, some quantitative controls
are used. Quantitative indicators have been established to
control the area and location of outdoor activity areas in
residential areas (Wang, 2011). These include reducing the
density of residential areas and increasing the spatial
openness of residential areas by analyzing the layout of
buildings (Azad et al., 2018).

In summary, existing studies on the quality of outdoor
spaces in residential areas did not take into account
different types value of open space. A unified value system
is needed to conduct a holistic evaluation of different types
of open space. The quantification of the quality of outdoor
spaces in residential areas requires the identification of
differences in the contribution of various types of open
space to the overall quality, based on a unified value sys-
tem. This involves assigning value weights to each type of
open space. When evaluating the outdoor space of a resi-
dential area, the total area of open space does not accu-
rately reflect the quality of the outdoor space. To account
for both quantity and quality, it is necessary to incorporate
the relative area of open space with different open space
value weights. Therefore, the calculation of the value
weight of different types of open space becomes the focus
of this research.
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3. Research methods
3.1. Definition of different types of open space

In various existing studies, different names and definitions
have been used for residential open spaces, such as outdoor
space, external space, open space, space environment,
outdoor environment. In this paper, all types of outdoor
space will be collectively referred to as “open space”. The
term “open” refers to public and unenclosed areas that are
available for use and enjoyment by residents. This defini-
tion and terminology of “open space” can fully encompass
the various types of open space in residential areas, which
have a more general significance.

Based on the various definitions in existing literature, the
outdoor space of residential areas can be divided into six
types of open space, which are open green space, outdoor
activity space, water area, stilt floor activity space, sky
courtyard, and activity-unsuitable infrastructure land.
Among them, open green spaces and water areas can pro-
vide esthetic value for residents. Outdoor activity space,
stilt floor activity space, and sky courtyard offer opportu-
nities for inhabitants to relax and engage in recreational
activities. Furthermore, sites that do not have proper land-
scaping and infrastructure that is inappropriate for activities
might be called activity-unsuitable infrastructure land. The
precise definitions and contents of each type are provided in
Table 1.

3.2. Calculation of different types of open space
value weights

3.2.1. Construction of an open space value system and
calculation of influence coefficients of different value
dimensions
The value of open space in the residential area reflects the
combination of spatial characteristics and the needs of the
residents. The latter can be divided into material needs and
spiritual needs. In our previous studies, we have employed
structural equation modeling (SEM) to examine four di-
mensions for the value of outdoor space, i.e., space physical
comfort, space function, space safety, and DAT (space di-
versity, accessibility, and sustainability). These four di-
mensions were refined into 24 indicators to establish a
system for evaluating the quality of outdoor space in resi-
dential areas (Yang et al., 2023) as demonstrated (Table 2).

When selecting value items, several considerations were
taken into account. Firstly, the selected items can effec-
tively reflect the quality of outdoor spaces. Secondly, the
selected items should align with the needs of residents.
Finally, the index attributes should be common to all types
of open space in the residential area. To ensure a universal
value system, it is important to eliminate the influence of
internal space design during the later period. The design
should also reflect the outdoor space characteristics of the
high-strength residential area. Additionally, it should be
identifiable and operable for convenient subsequent verifi-
cation work.

Since the importance of different value items depends
on the specific perception and evaluation of the residents
in the residential are. In this study, online questionnaire
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Table 1

Definition and content of different types of open space in residential areas.

Types of open
space

Definition

Contents of open space

Reference illustrations

Open green space

Outdoor activity
space

Water area

Stilt floor activity
space

Sky courtyard

Activity-
unsuitable
infrastructure
land

The feature is situated within
residential areas, positioned at
ground level, and excluding
building entity. The natural
vegetation is the predominant
feature of this open space.

The feature is situated within
residential areas, positioned at
ground level, and excluding
building entity. It is primarily
designed to accommodate the
residents for their everyday
activities.

The feature is situated within
residential areas, positioned at
ground level, and excluding
building entity, primarily serves
esthetic purposes.

The feature is situated within
residential areas, lacking
maintenance structure, and
consisting solely of a support
framework. Typically, the
transparency and openness of
space is achieved by eliminating
the maintenance structure from
either the entire area or a portion
of a level in a building.

The feature is situated within
residential areas and serves as a
public activity space. It is not on
the ground floor of a building and
is not affected by climate
boundaries. Additionally, its
primary purpose is to offer rest
and recreation.

The feature is situated within
residential areas, positioned at
ground level, and excluding
building entity. The space is
unsuitable for residents’ daily
activities, as well as is relatively
passive.

The category of open green space
encompasses various components,
including accessible active green
space, inaccessible manicured
lawns, installations within green
space, trees, and bushes.

The outdoor spaces encompass
recreational playgrounds, exercise
and sports facilities space,
pathways for running and walking,
and activity areas used as
firefighting coverage.

Water bodies are commonly
utilized as decorative features,
encompassing both static water
bodies such as pools, and dynamic
water bodies such as fountains.

Stilt floor activity space comprises
an open space for activities that
are not enclosed by climate
boundaries and does not have
parking for non-motorized
vehicles.

Sky courtyards include roofed,
open-air suspended courtyards; as
well as rooftop gardens located on
building roofs, which are open to
the outdoors.

Activity-unsuitable infrastructure
land that is not appropriate for
activity comprises surface parking
lots, roadways, locations where
trash receptacles are placed, fire
lanes, and areas used for traffic
and fire suppression.

survey was undertaken to obtain residents’ evaluation of
the importance of each value item. The survey instrument
is developed based on our previous studies (Yang et al.,
2023). The questionnaire was designed for residents of

the high-intensity residential area in the Yangtze River
Delta region as the research subjects, and the importance
evaluation was carried out using 5-point Likert scale. It
ranges from 1 to 5, indicating the level of importance: not
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Table 2
system.

High-intensity residential area open space value

Value dimensions

Specific value items

Spatial physical
environment comfort
Thermal comfort

Spatial functionality
Function

Spatial safety
Safety

Spatial diversity
Diversity

Spatial accessibility
Accessibility

Spatial sustainability
Sustainability

Sound environment
Light environment
Wind environment

Air quality

Thermal comfort
Outdoor space size
Functional complexity
Functional scale
Function age-range
Function time-range
Daily safety

Disaster prevention
Social security
Hygiene safety
Spatial layering diversity
Spatial form diversity
Outdoor space diversity
Spatial attraction
Path clarity

Spatial concentration
Cultural sustainability
Societal sustainability

Ecological sustainability
Financial sustainability

important, slightly important, moderately important, fairly
important, or extremely important.

For the data obtained from the survey, SPSS25 was first
used for reliability and validity analysis to confirm the
validity of the data. Validity was measured by assessing the
effectiveness and accuracy of interpreting each latent
variable (i.e., each value dimension) by the observational
variable (i.e., each value item). In addition, the open space
value system was optimized according to the needs of the
subsequent calculations. On this basis, a structural equa-
tion modelling (SEM) is established, and the model is tested
for fit. After confirming its validity, the influence coeffi-
cient Rm of each value dimension and each value item on
the quality of the outdoor space is calculated, which forms
the basis for the subsequent value weight calculation.

3.2.2. Calculation of open space value weights

The previous research stage identified the influence coef-
ficient of various value dimensions on outdoor space qual-
ity. All open spaces cover several value dimensions, but the
importance rank of each dimension varies depending on the
types of open space. For instance, “spatial functionality” is
more crucial in outdoor activity spaces than in open green
spaces. The calculation structure of this index is complex
due to its layered and interlaced nature. To determine the
value weights of different types of open space, this
research will use the Analytic Hierarchy Process (AHP).
Residents’ evaluation of the relative importance of open
space (pairwise comparison) will serve as the basis for
calculation. The relativity of this evaluation will then be
used to solve the comprehensive evaluation problem that is
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difficult to quantitatively describe. The calculation involves
the following processes:

1) Firstly, a hierarchical model is built. This model is
established based on the previous optimization outcome
of the open space value system. The quality of outdoor
space in high-intensity residential areas is set as the
“target layer”, with different value dimensions as the
“criterion layer”, and different open land types as the
"object layer”. The previous structural equation model
calculation has determined the influence weight of the
“criterion layer—target layer”, which refers to the influ-
ence of different value dimensions on the quality of the
outdoor space of residential areas, throughout the model.
To determine the influence of different types of open
space on the quality of outdoor residential areas, we
need to assess the degree of membership of the “object
layer—criterion layer” for each type of open space and its
influence on different value dimensions. The importance
of this different value dimension for different types of
open space needs to be evaluated through questionnaires
to obtain more general and reliable data.

2) Calculated data should be obtained through question-
naire survey. An online questionnaire was used to invite
relevant professionals engaged in residential area design
and planning in the Yangtze River Delta region as well as
residents to carry out pairwise comparisons of each open
space in the target layer for each value dimension in the
criterion layer to obtain data. The questionnaire consists
of two sections: section 1 collected basic information
about the respondents, such as gender, career direction,
and age; section 2 is designed to determine the signifi-
cance of conducting pairwise comparisons between each
open space under each value dimension.

3) Data processing and analysis. The response of all re-
spondents are geometrically averaged according to
Equation (1). A final comprehensive judgment matrix is
established under each value dimension (Table 3), and
the value weights of each open space under each value
dimension are calculated. The matrix will be tested for
consistency to ensure the coordination and validity of
the data within it.

E:\k/Bm1XBm2><"'XBmk- (1)

B is the judgment matrix after comprehensive processing
of all sample data under the mth value dimension, By is

Table 3 Judgment matrix of each open space value
weight under a certain value dimension.

B, Cm Cm2 Cme Ranking value weight W,
Cm Cmi1 Cm12 Cm16 Wi = wm1/ZZ:1wmi
Cm2 Cm21 Con Cmze Wm = wmz/ 26,-:1wmi
Cri Crit Criz Crmie Wi = (L)mi/zi?ﬂ*)mi
Cm(: Cm61 Cm62 Cm66 Wm6 = wm(;/ Zi:1wmi

Note: wmi = V/Cmit X Cmia X = ** X Cpis, Bm represents the value
dimension, m = 1, 2, 3, 4; C,,; represents the open land cate-
gories, i = 1, 2, 3 ..., 6; Cy,;; represents the importance of C;
type open space compared to the B, value of C; type open
space, and Cpjj X Cpji = 1.
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the judgment matrix of the kth evaluator under the mth
value dimension, and K represents the sample size.

4) Finalizing the weight of each open space value. This is
done by combining the normalized result R,,’, which is
the influence coefficient R, of different value di-
mensions determined by the structural equation model
in the first stage on the quality of outdoor space in high-
intensity residential areas, with the value weights of
each open space under different value dimensions
calculated in the previous step. The final value weights
W;n of various open spaces can then be calculated using
Equation (2).

Win=> R/ x Wi (2)
i=1

Among them, Wy, is the final value weight of the nth
types of open space, R; is the influence coefficient of the
ith value dimension on the quality of the outdoor space of
the high-intensity residential areas, and W;, is the value
weight of the nth types of open space under the ith value
dimension.

5) Determine the open space conversion coefficient. We
previously found that the sum of the weights of various
open areas is 1, which is multiplied by the corresponding
open space to obtain Wy,. However, a relative area alone
lacks a benchmark for comparison. Therefore, we need
to convert the value weight Wy, into the area conversion
coefficient Wg. According to Equation (3), the conver-
sion coefficient for the most common open green space
in residential areas is set to 1. Additionally, the ratio of
the value weight of other types of open space to that of
open green spaces is represented by the conversion co-
efficient Wy for each type of open space.

_Wn

Wp' = ,
fn Wf1

3)

where Wp,' is the area conversion coefficient of the nth
type open space, Wj, is the final value weight of the nth
type open space, and Wy, is the final value weight of the
open green space.

3.3. Validation of open space value weights

Whether the calculated open space value weight is valid
still needs to be verified by the actual residential areas.
The specific verification method is to take the value
weights of the open space as the core, establish a new
index, select some residential areas, calculate their in-
dexes data, and analyze the consistency between indexes
data and the satisfaction data of the outdoor space of the
residential area, and to see whether this indexes can
effectively reflect the quality of the outdoor space of the
residential area.

3.3.1. The setting of “relative total open space area”

To obtain the relative area of each type of open space,
multiply the absolute area (S;) of each type by its corre-
sponding conversion coefficient. The sum of these relative
areas (S,) is the “relative total open space area”, as shown
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in Equation (4). This converted relative area is relatively
close to the absolute area, so that these two data is
comparable.

Sr: 21 Wﬁ, X S,’. (4)

Among them, S, is the relative total open space area of
the residential area (unit: m?), Wy, is the area conversion
coefficient of the type | open space, and S; is the actual
area of various types of open space (unit: m?).

3.3.2. The setting of “relative open space per household”
The indexes are set to regulate the quality of outdoor space
in residential areas. Improving the quality of outdoor space
is ultimately for the benefit of residents. Resident popula-
tion density is also an important factor affecting the out-
door environment of residential areas (Soma and Ugoku,
1986). Although the relative total open space area re-
flects the quality of outdoor space in the residential area, it
is not a reliable indicator of population quantity. Thus, it is
not an adequately effective index. The population quantity
in the residential area is difficult to confirm at the planning
stage, and only the number of households is relatively
clear. Therefore, it is not an adequately effective index. It
is difficult to confirm the population quantity in the resi-
dential area during the planning stage, and only the number
of households is relatively clear. Therefore, when designing
the index, it is important to divide the relative total open
space area by the number of households to obtain the
“relative open space per household” (ROSH). This index can
effectively ensure that each individual has access to quality
outdoor space in residential areas.

3.3.3. Field research for residential areas

For instance, in this paper, 26 residential areas were
selected in Nanjing. These areas were built within the last 10
years, had a high occupancy rate, a plot ratio greater than
2.2, land size less than 8.5 hm? (hectare, ha), and high-rise
residential buildings (Fig. 1). Through field research, we
considered the construction drawings of various residential
areas and measured the area of open spaces within them.
We then calculated the open space area per household and
the relative open space area per household in each resi-
dential area. 30 residents were randomly surveyed to obtain
their satisfaction ratings for each type of open space in the
outdoor area, as well as overall satisfaction data. The val-
idity of the indexes was verified using a linear regression
equation. At the same time, a control group was formed
using the open space area per household and the relative
open space area per household. This was done to verify
whether the relative open space area per household could
better reflect the quality of the outdoor space in the resi-
dential area than the absolute area.

4. Results
4.1. Optimization of the value system

Following the establishment of the open space value system
(Table 2), we conducted an online questionnaire survey to
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evaluate the importance of each value item among resi-
dents. We collected 251 valid questionnaires, meeting the
sample size requirements for SEM analysis. In general, for
SEM analysis, the ratio of observational variables to the
number of samples required should be around 1:10 to 1:15.
In this paper, we have established a questionnaire con-
taining 24 value indexes, which means that the estimated
sample size should be between 240 and 360.

Firstly, we analyzed the reliability of the questionnaire
data. The Cronbach’s o coefficients for each value dimen-
sion are 0.764, 0.767, 0.742, 0.811, 0.771, and 0.778, all of
which are greater than 0.7, indicating good reliability.

Secondly, validity analysis was also conducted on the
data, with a calculated KMO value of 0.920 and a signifi-
cance level of the Bartlett spherical test of 0.000 < 0.01.
The statistical test shows the significance of residents’
evaluation of each value item in the outdoor space. The
data is suitable for using exploratory factor analysis (EFA)
to examine the validity. Following the original assumption,
factor analysis extracted six factors (Table 2). The cumu-
lative percentage of variance was 64.319%, more than
56.6%, meeting the statistical requirements and indicating
that the six factors better reflect the original data.
Following this, we extracted the common factors using an
orthogonal rotation method. The results differed slightly
from the original hypothesis. Three factors, namely spatial
diversity, accessibility, and sustainability, were classified as
a type of factors referred to as DAT in this paper. DAT is
calculated based on the combination of three spatial
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Three-dimensional schematic diagram of the sample residential areas.

attributes: spatial diversity, accessibility, and sustainabil-
ity. The term S” has been used to refer to safety, so “T” is
used to refer to sustainability. Additionally, spatial scale
comfort was extracted as a single type of factor. As each
measurement model of the structural equation model must
have at least three observational variables (Wang et al.,
2011), this factor only contains one factor. Therefore,
subsequent calculations cannot be performed. Other than
that, personal preferences and individual differences have
a significant impact on the evaluation of spatial scale
comfort. As a result, this index was excluded. Finally, each
value item is identified and divided into four dimensions,
which constitute an optimized open space value system
(see Fig. 2). The value dimension is reduced from six to four
dimensions. The number of dimensions in the value system
has been reduced from six to four, which eliminates
duplication and redundancy of information. This change
will improve the scientific and operational aspects of sub-
sequent AHP calculations.

4.2. The influence coefficient calculation of each
value dimension on the quality of outdoor space

Using the optimized open space value system, we estab-
lished a structural equation model and tested its fitness
using various indexes including the chi-square value 2,
degrees of freedom df, chi-square value/degrees of
freedom (x2/df), Tucker-Lewis Index (TLI), Comparative
Fit Index (CFl), Standardized Root Mean Square Residual
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Fig. 2 Optimized high-intensity residential areas open space
value system.

(SRMR), and Root Mean Square Error of Approximation
(RMSEA) (Wang et al., 2011). The results of the test are
presented in Table 4, indicating that the model is accurate
and effective. A fitness test is conducted to ensure the
accuracy and validity of the model by evaluating the dif-
ference between the covariance matrix of the model and
the covariance matrix of the sample. The model was
calculated using AMOS 24.0, and path coefficients for each
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Table 4  Structural equation model fitness test results.

Fit index Fit criteria Final model
calculation
results

e The smaller, 378.149

the better

df / 218

Y2/ df 3 1.735

TLI 0/9 926

CFI 0/9 0.936

SRMR 0:08 0.048

RMSEA (LO, HI) 0:08 0.054 (0.045, 0.063)

value item and dimension (Fig. 3) were obtained to deter-
mine their influence on the quality of outdoor space.

All paths passed the significance test, and each path
coefficient R was greater than 0.5 (Fig. 4), indicating a
significant influence. Furthermore, the quality of outdoor
space is influenced by various value dimensions: spatial
functionality (R = 0.958) > DAT (R = 0.838) > spatial
physical environment comfort (R = 0.808) > spatial safety
(R = 0.746).

4.3. Value weight calculation of open space

Based on the four optimized value dimensions shown in
Fig. 2 and the six types of open space presented in Table 1,
an AHP model can be constructed, as illustrated in Fig. 4.
124 valid questionnaires were obtained for the “object
layer—criteria layer” questionnaire survey. Four judgment
matrices were constructed based on four different value
dimensions. The value weights of each open space were
calculated and passed the consistency test (refer to Tables
5-8 for details).

Based on the calculation results from the previous stage,
the impact coefficients Rm for four dimensions—physical
environment comfort, functionality, safety, and DAT—on
the quality of outdoor space in high-intensity residential
areas are as follows: 0.808 for physical environment com-
fort, 0.958 for functionality, 0.746 for safety, and 0.838 for
DAT. The corresponding value weights Rm ’can be calcu-
lated by normalization, resulting in 0.2412, 0.286, 0.2227,
and 0.2501, respectively. By using formula (2) in combina-
tion with the value weights of each open space under each
dimension (refers to Tables 5-8), the final value weights of
each open space can be obtained (refers to Table 9).

The final results indicate that the value weight of various
types of open space is: C2 outdoor activity space
(Wg, = 0.212) > C1 open green space (Wy = 0.209) > C4
stilt floor activity space (Wg = 0.160) > C5 sky courtyard
(Wgs = 0.149) > C3 activity-unsuitable infrastructure land
(Wi = 0.139) > C6 water area (Wg = 0.131). Then, the
area conversion coefficient of each type of open space is:
C2 outdoor activity space (Wy’ = 1.013) > C1 open green
space (Wp’ 1.000) > C4 stilt floor activity space
(Wr” = 0.766) > C5 sky courtyard (W' = 0.713) > C3
activity-unsuitable infrastructure land (Wg’ = 0.666) > C6
water area (Wg' = 0.625).
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Fig. 4 High-intensity residential areas outdoor space quality hierarchical model.

4.4, Validation of value weight efficacy

Table 10 shows the basic situation and residents’ satisfac-
tion in the 26 settlements selected for research.

A scatter plot was obtained by comparing the actual
area of each type of open space in the residential area with
the overall satisfaction of the outdoor space. Linear
regression was performed using the survey data to deter-
mine the specific relationship between the open space area
per household and the overall satisfaction (Fig. 5). The

figure illustrates a positive correlation between the open
space area per household in the sample area and the
overall satisfaction of the outdoor space. The regression
relationship has a significance test P value of 0.014 (less
than 0.05), indicating that an increase in the open space
area per household can significantly enhance the overall
residents’ satisfaction of the outdoor space, thereby
improving its quality. Furthermore, the individual re-
lationships between each type of open space and overall
satisfaction are positive. Figure 5 illustrates that the
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Table 5 B1 Test results of each open space value weight
and consistency under the dimension of physical environ-
ment comfort value.

B1 C1 C2 c3 C4 C5 Cé6 Win

c1 1.00 1.02 1.61 1.47 1.45 1.80 22.00%
C2 098 1.00 190 1.44 1.47 1.78 22.45%
C3 062 052 1.00 0.82 0.92 0.92 12.66%
C4 068 0.69 122 1.00 1.08 1.15 15.32%
C¢5 0.69 0.68 1.09 092 1.00 1.23 14.80%
C6 055 056 1.08 0.87 0.81 1.00 12.76%

C.R. = 0.000896 < 0.1

Note: C1—Cé represent open green space, outdoor activity
venue, activity-unsuitable infrastructure land, stilt floor activ-
ity space, sky courtyard, and water body. B1—B4 represent
space physical environment comfort, space functionality,
safety, and DAT value dimensions. The others are the same.

Table 6 B2 Value weight and consistency tests of each
open space under the functional value dimension.

B2 (1 C2 c3 C4 c5 Ccé6 Wan
c1 1.00 1.08 1.41 1.12 1.29 1.63 20.22%
c2 093 1.00 1.5 1.59 1.39 1.66 21.61%
c3 071 0.64 1.00 0.98 1.05 1.19 14.84%
C4 09 0.63 1.02 1.00 1.15 1.37 16.10%
¢5 0.78 0.72 095 0.87 1.00 1.16 14.76%
C6 0.62 0.60 0.84 0.73 0.86 1.00 12.46%

C.R. = 0.002352 < 0.1

Table 7 B3 Value weight and consistency test of each
open space under the space safety value dimension.

B3 C1 Cc2 c3 c4 c5 cé6 W3,
c1 1.00 1.06 1.25 1.10 1.20 1.31 18.99%
C2 094 1.00 1.28 1.31 1.44 1.42 20.12%
C3 0.80 0.78 1.00 091 0.96 0.97 14.88%
c4 091 076 1.10 1.00 1.13 1.08 16.34%
¢5 0.8 0.69 1.04 0.88 1.00 1.15 15.23%
c6 076 0.70 1.03 0.92 0.87 1.00 14.43%

C.R. = 0.001336 < 0.1

Table 8 B4 Value weight and consistency tests of each
open space under the DAT value dimension.

B4 C1 Cc2 c3 C4 c5 Ccé6 Wan
C1 1.00 1.24 1.63 1.49 1.41 1.56 22.35%
c2 0.8 1.00 1.74 1.26 1.41 1.56 20.45%
C3 0.61 0.57 1.00 0.87 0.94 1.00 13.23%
c4 067 0.79 1.15 1.00 1.17 1.38 16.26%
¢5 071 0.71 1.06 0.86 1.00 1.25 14.85%
c6 1.61 0.61 1.00 0.73 0.80 1.00 12.86%

C.R. = 0.002091 < 0.1
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Table 9 Final value weights for 6 types of open spaces.
A Ry’ Cc1 C2 c3 C4 C5 Ccé6
B1 0.241 0.220 0.224 0.127 0.153 0.148 0.128
B2 0.286 0.202 0.216 0.148 0.161 0.148 0.125
B3 0.223 0.190 0.201 0.149 0.163 0.152 0.144
B4 0.250 0.224 0.205 0.132 0.162 0.149 0.129
Final 0.209 0.212 0.139 0.160 0.149 0.131

value

weight Wy,

impact of each type of open space on overall satisfaction
varies. This suggests that increasing the area of different
types of open spaces can enhance resident satisfaction.
The types of open space collectively determine overall
satisfaction and reflect different levels of importance.
Therefore, it is necessary to research the value weights of
different types of open space.

The correlation analysis examined the overall satisfac-
tion of the outdoor space using two indexes: the average
open space area per household and the relative open space
area per household. The results are presented in Table 11,
indicating that the P values of the significance test for the
correlation analysis between the open space area per
household and the relative open space area per household
and the overall satisfaction of the outdoor space are 0.023
and 0.014, respectively, both less than 0.05. The statistical
analysis shows a significant correlation between the two
variables. The correlation coefficients are 0.587 and 0.622,
indicating that the relative open space area per household
is a better indicator of the quality of outdoor space in
residential areas than the open space area per household
index. This finding also confirms the reliability of the
calculated value weight of each open floor.

5. Discussion

In this study, the outdoor space of residential areas is
classified into six types of open space, i.e., open green
space, outdoor activity space, water area, stilt floor ac-
tivity space, sky courtyard, and activity-unsuitable infra-
structure land. The weight of each type of open space is
determined from four dimensions, i.e., space physical
comfort, space function, space safety, and DAT (space di-
versity, accessibility, and sustainability). These findings
provide useful references to improve the quality of high-
intensity residential areas.

5.1. Impacts of various types of open space on
outdoor space

The results show that outdoor activity space (Wy, = 0.212)
has the highest impact on the quality of outdoor space in
residential areas, however only slightly higher than open
green space (W = 0.209) (Table 9). Through further
analysis, the survey data of industry professionals and
residents were processed separately. It was found that
under the spatial functional value system, residents
believed that the importance of open green space to the
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Table 10

Basic situation of the sample residential areas and the overall satisfaction of the outdoor space.

No. Residential areas Total number Land use Plot Overall Green space Outdoor Activity-unsuitable Water Stilt floor  Sky
Name of households size (m?) ratio satisfaction area (m?) activities  infrastructure area (m?) area (m?) courtyard
area (m?) land area (m?) area (m?)
1 Huarun Yuefu 982 77,312 3.4 4.65 37,263 12,180 12,347 1454 0 0
2 Jinyu Zijinfu 1406 57522 3.0 4.45 22,438 9980 12060 472 0 0
3 Haixia Cheng 1232 48972 3.1 3.97 20,989 3431 14045 1046 887 0
Yunlongwan phase 1
4 Ronggiao Yuecheng 1232 49444 2.6 3.93 23,317 7681 12131 0 0 0
5 Baoli Tangyue 2837 76,704 4.4 3.79 29,442 10,211 13,530 0 0 0
6 Wukuang 986 44336 2.75 4.00 20,846 4059 10956.6 1270 0 0
Chongwenjincheng area A
7 Jinsui Huayuan 2938 66975 2.8 3.38 23,417 10,573 17774 0 0 0
8 Wanke Jiuduhui area C 548 16,940 2.57 4.33 8344 2959 2286 0 0 0
9 Baoli Yuegongguan 1146 41956 2.7 3.75 13,304 10,057 12395 0 0 0
10  Wanke Jiuduhui area A 876 14687 3.5 3.57 3688 2927 3153 134 0 0
11 Haixiacheng Yunjingwan 1486 50377 3.17  3.74 23,052 4129 13867 308 0 0
12 ZhaoshangYiyunHuafu 964 32190 3.2 3.93 7893 5618 10680.6 40 0 0
13 Zhongliang Xiangyun 747 32,059 2.6 3.69 12,214 3053 11,404 0 0 0
14 Rongchuang Yulan Gongguan 2494 36,983 3.0 4.14 17,192 6125 5490 302 0 0
area A
15  Hongyang Yanjiangfu 1085 30,086 3.0 3.54 10,521 2428 10,367 357 0 0
16  Baoli Luolan Chuntian 2213 84,601 2.5 4.47 49,288 7054 9250 758 347 0
17  Yuanyang lidiyunfeng 552 21,000 2.5 4.19 8583 971 2667 38 0 0
Gongguan
18  Jindi Zhongxin Fenghua 1449 38,000 2.75 4.14 13376 6457 8834 0 0 0
19  Danguiyuan 607 19098 3.68 3.80 9854 2874 2960 0 0 0
20  Jinshengtian Yangguang 1059 27,000 2.97 2.55 11545 6020 7864 0 0 0
Qingcheng
21 Dingjiazhuang Fengyixiyuan 886 28644 2.66 4.17 10598 3182 6426 0 764 0
22  Dingjiazhuang Fengyidongyuan 887 23513 2.76  3.33 7828 2472 7294 0 2653 0
23 Dingjiazhuang Fengwuyuan 1526 34721 2.99 3.68 16507 5388 12826 0 0 0
24  Fenghexiyuan 1468 38451 2.9 3.64 15105 8031 8590 0 1476 0
25 Fengyi Yuanzhongyuan 1200 30204 2.98 2.85 11,389 1265 5735 0 400 0
26  Dingjiazhuang Fenglai Beiyuan 1376 36139 2.52 3.85 9038 6673 6290 0 1359 0

G65— 185 (SZ07) 1 Yd4easay 1ein}dallyduy 4O SIa13Uo



J. Yang, Y. Liu, S. Ren et al.

5.00

™
) e

Overall satisfaction

3.00

00 20.00 40.00

of open green space for each household
faction
of outdoor activity space for each household

n-land for each household

h household

60.00

Each type of open space area per household(sqm/unit)

Fig. 5

quality of outdoor space (W.; = 0.217) was higher than the
weight of outdoor activity space (W, = 0.208). Industry
professionals, on the other hand, believed that the
impact of open green space on outdoor space (W, = 0.189)
was lower than the weight of outdoor activity space
(W, = 0.224). There is a deviation between the judgments
of residents and industry professionals, which leads to little
difference in the value weight and reduction coefficient
obtained after the data of the two groups are combined.
Through further interviews, we found that more residents
regard open green space as part of outdoor activity space,
while industry professionals are more accurate in their
judgment on the definition of open space. As a result, the
weight of outdoor activity space (Wy = 0.212) is slightly
lower, and the weight of open green space (Wy = 0.209) is
slightly higher. The impact of outdoor activity space is
often related to residents’ behavior (Yang, 2020), including
social behavior (Hao, 2015), stay behavior (Wei, 2015), etc.
This requires people to actually participate in the outdoor
activity space. Therefore, outdoor activity venues should
have a variety of functional types to meet the activity
needs of residents and improve their accessibility and
participation. Previous studies have suggested that
increasing green space can improve residents’ sense of
well-being and effectively reduce stress levels (De Bell

Scatter diagram of open space area per household of each type of open space and satisfaction.

et al., 2020). In high-density residential areas, vertical
greening, as an effective form, can enhance residents’ vi-
sual experience in a limited space, thereby having a posi-
tive effect on mental health (Liu et al., 2019). At the same
time, vertical greening can alleviate the issues associated
with tight outdoor space in high-density residential areas.

The value weight of the stilt floor activity space
(Wg = 0.160) is much smaller than that of the outdoor
activity space and open green space. The overhead space
plays a crucial role in the activities of the elderly and
children in the residential area (Yi et al., 2020). It not only
provides an activity space under the eaves, but also plays
an essential role in local shading and ventilation (Niu et al.,
2015). However, the local wind environment and thermal
comfort of the stilt floor activity space will be affected by
the local dominant wind direction and the angle between
buildings. Therefore, not all stilt floor activity spaces in
residential areas will make people feel comfortable (Liu
et al., 2017). In addition, according to field research, we
found that the structure of the stilt floor activity space in
the current residential area is mostly occupied by non-
motor vehicle parking and poorly managed, making it
difficult for residents to carry out activities. At the same
time, the single functional area of the stilt floor activity
space in the residential area may not meet the diverse

Table 11 Correlation analysis between open space indexes and outdoor space satisfaction.

Index Open space Relative open Overall
area per household space area per satisfaction

household

Mean value 28.530 25.554 3.923

Standard deviation 12.978 11.995 0.351

Open space area per household 1

Relative open space area per household 0.998° 1

Overall satisfaction 0.587° 0.622° 1

Note:
2 At the 0.05 level (both tails), the correlation is significant.
b At the 0.01 level (both tails), the correlation is significant.
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needs of residents, and the unreasonable layout will also
make the space lack of effective use (Li and Wu, 2023). In
addition, people’s experience of the stilt floor activity
space is affected by its structure and height. The survey
results show that the height of the stilt floor activity space
in many residential areas is relatively low, and the unrea-
sonable layout of the structure leads to the lack of integrity
and continuity of the stilt floor activity space on the ground
floor of the building, which directly affects the residents’
judgment of the weight of the stilt floor activity space.
Therefore, the space can be functionally zoned according
to the different separation methods of the structural col-
umns and walls in the overhead layer (He, 2022) to improve
the utilization efficiency of the overhead layer space. In
addition, the impact of the layout of the overhead layer
space on the microclimate should be fully considered dur-
ing the design, and the integrity of the underlying overhead
and landscape planning design should be enhanced to build
a public space suitable for intergenerational sharing
(Steinig and Simon, 2005).

In this study, the value weight of water area
(Wre = 0.0.131) has the lowest impact on the quality of
outdoor space in residential areas. In residential areas,
water bodies play a certain role in regulating the microcli-
mate environment in summer (Jin et al., 2017). However,
many residential areas did not take into account the high
maintenance cost of water bodies in the initial design. The
poor management has resulted in low utilization rate of
water space, easy breeding of mosquitoes (Ding, 2010), and
possible safety accidents (Liu et al., 2023). All of these have
caused the water bodies in residential areas to fail to play
their role in regulating the environment and improving
emotional health (Wang, 2024). The impact of water area
setting on residential quality is uncontrollable. For high-
intensity residential areas, if the water area in the outdoor
space is too large, it may occupy the outdoor activity space
When the water area is too small, it is almost impossible for
residents to perceive the impact of water on the residential
area. Therefore, in the design of high-intensity residential
areas, the proportion of waterscape in outdoor space and
safety factors should be fully considered. For high-end res-
idential areas with a large per capita outdoor land area, the
ecological value and economic value can be improved by
increasing the setting of waterscape (Mei, 2010), and the
waterscape management system in the later stage can be
fully strengthened.

5.2. Limitations

The data in this study were collected from a questionnaire
survey with high-intensity residential areas in the Yangtze
River Delta region. People’s cognition of the importance of
outdoor space value dimensions and the relationship
between different types of open spaces and different
value dimensions may vary. However, a novel approach
is developed in this study using structural equation
model and hierarchical analysis method to calculate the
weight of various dimensions, even in different climate
zones.

In addition, the actual design and use of various types of
open spaces in residential outdoor spaces are more
complicated. Therefore, it is necessary to conduct more in-
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depth research on the definition of open space types and
the setting of access standards to make the indicators more
realistic.

6. Conclusions

In this study, various types of open spaces in residential
outdoor spaces are comprehensively examined, and a novel
approach is developed to quantify the weights of various
open spaces in residential outdoor spaces. This provides a
scientific basis with data support for the quality improve-
ment of outdoor spaces in future residential developments.

By comparing different types of open spaces in residential
outdoor spaces, various types of open spaces under different
value systems were calculated. This study provides a scien-
tific quantitative basis for the situation where the per capita
outdoor land area in high-intensity residential areas is rela-
tively tight. This helps to optimize the configuration and
design of open spaces in residential outdoor spaces.

By combining the value weights of various open spaces
with the number of people in the residential area, the
quantitative indicator of “relative open space per house-
hold” (ROSH) is obtained. This indicator measures the
"quantity” of outdoor space in high-intensity residential
areas and helps to improve the quality of the overall envi-
ronment of the residential area. By combining field surveys
with real residential areas, we can obtain the overall satis-
faction of residents with the residential areas. By examining
the relationship between the average relative open area per
household and the overall satisfaction, we can verify the
rationality of the weight results of each type of open space.

The research results effectively fill the gap within
existing literature that only focuses on a single type of open
space in residential outdoor space. By assigning different
value weights to different types of open space in residential
outdoor space, we can transform the absolute area of
outdoor space into a relative area containing quality value
judgments. This provides a relatively objective basis for the
quantification of the quality of residential outdoor space.

In the process of validating the value weight with
"ROSH” as the indicator, we found that the ROSH values
corresponding to residential areas with higher satisfaction
are relatively close, indicating that the ROSH values of
residential areas with higher outdoor space quality are
basically within a certain value range. This value range can
relatively effectively balance the interests of developers
and residents. Therefore, the calculation of this value
range in the future will help to obtain the minimum stan-
dard for the evaluation of outdoor space quality in high-
intensity residential areas, so as to apply it to actual
planning and management work. It will form a linkage
mechanism with existing indicators to better ensure the
outdoor space quality of high-intensity residential areas.
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