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A B S T R A C T

Contemporary research on the walking environment focuses closely on the construction logic and
internal correlation. Walkability is one of the vital characteristics of the old town street space. To
understand how to improve the old town street space effectively, the investigation of the corre-
lation mechanism of street walkability is essential. This study utilizes structural equation model
(SEM) to construct a street walkability measurement model composed of four unobserved factors.
Then, take Old Southern Area in Nanjing as an example, integrate Depthmap, ArcGIS and Python
to obtain multi-source data, and establish a database of observed factors on street space. Finally,
the matrix of the observed factors is set by SEM to calculate the correlation of the unobserved
factors. This paper provides a novel technical approach for the correlation study of spatial con-
struction logic as well as a reference for strengthening the spatial quality of the contemporary
built environment.

1. Introduction

The contemporary built environment places a premium on the spatial construction logic, and related research has gradually
developed from qualitative description to quantitative identification, from physical identification of observed factors to algorithmic
analysis of unobserved factors. Unobserved factors, as a feature that cannot be directly measured, have led to growing emphasis on the
spatial research of the built environment, which tends to be composite and multivariate [1]. Based on scientific cognition and
quantitative measurement of unobserved factors of the built environment, a comprehensive exploration of its correlation mechanism is
of great significance. Spatial analytic technique simulates spatial phenomena through statistical models, thus providing technical
support for quantitatively analysing the correlation rules of such unobserved factors [2].

Walkability is a significant indicator of the urban pedestrian environment assessment [3]. Contemporary urban streets are no
longer the traditional carrier dominated by traffic, but also an important activity space for providing social interaction. Contemporary
urban residents’ requirements for a high-quality walking environment cannot be met by maximising traffic efficiency [4,5]. Scientific
research on the construction logic of street walkability and its influencing factors will help provide an objective basis for the scientific
planning and renovation of the street environment as well as a research basis for shaping a high-quality walking environment.

The Old Town, a reasonably stable area established throughout urbanisation, serves as a crucial vehicle for the preservation of the
traditional city’s spatial form and the demonstration of its space performance. However, in the process of urban development around
the world, the street spaces of old town areas have long been neglected and underestimated. This has gradually led to issues such as
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insufficient functionality, loss of public attributes, imbalanced development of public spaces, and increasingly poor environmental
conditions. As a result, people’s willingness to visit has decreased while the vitality of such spaces has been lacking. Furthermore, most
old towns find it challenging to fundamentally adapt their road patterns for historical reasons. China’s urban construction and
development enters a new phase focused on upgrading the existing built environment and conducting finer-grained management [6],
enhancing the environments of historic city districts has currently become a topic of wide social concern. As a significant step towards
bettering the street environment in the old town, the concept of urban micro-renewal emerges at a pivotal time in the face of numerous
challenges [7]. By conducting detailed identification on the old town’s street space, we can not only forestall the need for massive
destruction and reconstruction, but also provide the groundwork for its restoration.

Contemporary studies on street walkability provide a more sophisticated and scientific study trend, propelled by multi-source data
integration technologies [8]. The current study rests on two pillars: the acquisition of precise data on the street environment and the
realisation of the quantitative expression of environmental variables. Key factors include an examination of the reasoning behind the
construction of a quantitative analytical model of street walkability. Taking the old southern area in Nanjing as a research case, we
construct a street walkability measurement system from four unobserved dimensions of feasibility, comfort, centrality, and conve-
nience. Then, we integrate multi-source data such as road network data, point-of-interest (POI) data, and street view images (SVI) to
quantitatively measure the influencing factors of street walkability. Consequently, we construct an analytical model of street walk-
ability based on the structural equation model (SEM). Furthermore, the relationship of multi-dimensional data is quantitatively
described via factor analysis, which provides the research basis and technical support for improving the precision of street space
analysis and promoting the scientificity of urban renewal design and management.

2. Relevant research progress

2.1. Research on street walkability determinants

Different eras endow streets with different spatial characteristics and travelling capabilities, from the pedestrian streets that
pursued aesthetics and order in the Renaissance, to the vehicle roads that pursued function and efficiency in the era of motor vehicles,
to the period of returning to human nature when the shared street with quality and vitality was advocated, walking was given the
highest priority again, and the street traffic suitability and environmental comfort also received attention. ‘Walkability’ refers to the
degree to which the built environment accommodates walking, including providing a comfortable environment for pedestrians,
enabling people to reach multiple destinations within a reasonable time and cost, and providing visual attraction on the journey in the
walking network [9]. This concept was proposed in the late 1990s, and scholars and government agencies from various countries
investigated the current situation at different levels related to walking in their own countries.

The research on the observed factors affecting pedestrian space has developed to a relatively mature stage. Relevant research has
transitioned from observed to unobserved factors, and from quantitative identification to algorithm measurement and spatial infor-
mation statistics integration [10–13]. Scholars and government institutions from various countries have developed relevant walk-
ability measurement index systems based on the current spatial conditions of street spaces in their own urban cities [14]. With the
deepening of research, researchers have established that many factors in the walking environment are theoretically abstract; that is,
unobserved factors that cannot be directly measured or observed, and the measurement of observed factors is needed to realise the
representation of unobserved factors [15], such as feasibility [16,17], comfort [18,19], convenience [20,21], centrality [22–24], and
so on.

A shift from qualitative analysis to quantitative metrics has occurred in the corresponding field of study: the evaluation of
perception preference based on questionnaires and interviews [25], the statistics of street micro-features based on audit tools [26,27],
walking score evaluation based on network evaluation tools [28], and quantitative measurement of spatial information based on
multi-source data [29,30]. While audit-based evaluations of street walkability have advanced to a useful stage, achieving large-scale
data gathering and spatial refinement measurement at the municipal level remains a challenge. Moreover, owing to the respondents’
diverse backgrounds, the collected data have certain limitations regarding validity and reliability. With the advancement of digital
technology, the acquisition of spatial information has become more convenient in recent years, and the data types exhibit the char-
acteristics of multi-source heterogeneity, such as POI, street network, street view image data [31–33], and so on, which respectively
display the characteristics of street space from multiple angles and scales, and provide the possibility for accurate measurement of the
street walkability.

Relevant studies demonstrate that contemporary urban streets have distinct walking behaviour characteristics and play a funda-
mental role in related research on pedestrian-friendly environments. The academic community has devoted considerable attention to
the street walkability, which has resulted in a number of notable accomplishments. Current research is primarily focused on analysing
the spatial morphological properties, integrating multi-source data to improve the accuracy of street space measurement, and on
conducting correlation analysis to shed light on unobserved factors of street space.

2.2. Research on street walkability mechanisms

Based on previous explorations of streetscape environmental quality factors, empirical studies have increasingly examined the
relationships between street space landscape metrics and walkability, highlighting the potential to improve walkability through
modifications to the built environment. Overall, research has more comprehensively revealed the coupling mechanisms between
spatial morphology and walkability, as well as the quantitative associations between different streetscape factors and walkability
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scores. Current studies commonly recognise that components of the street environment like traffic functionality, scenic qualities, and
adjacent architecture can impact walkability. Researchers from diverse fields including architecture, urban planning, transportation,
and behavioural psychology have also weighed in with multi-disciplinary perspectives. Their work has further analysed the underlying
mechanisms by incorporating human behavioural and perceptual preferences [34,35].

From the perspective of research approaches, common methods include establishing walkability measurement systems and
developing mathematical models to analyse the mechanisms of interaction between observed walkability indicators. Traditional linear
causal relationship analysis models include regression and path analyses. Regression analysis is the basis for establishing linear causal
relationship models and has been the most widely used mathematical model to date and can measure and validate the linear re-
lationships between variables. For example, using multiple logistic regression models, Lin et al. compared the correlation strength
between objective and subjective environmental attributes and physical activity [36]. Xu et al. adopted the macro functions and micro
environmental elements of streets as independent variables, and pedestrian activities and subjective satisfaction as external dependent
variables, analysed their underlying correlations through multiple linear regression models [37].

Path analysis further allows researchers to explore complex relationships between variables, including indirect effects and re-
lationships between multiple dependent variables. These methods have been widely applied to test whether a variable (mediating
variable) plays an intermediary role between the independent and dependent variables. For example, Dyck et al. examined the
relationship between objectively assessed walkability characteristics and neighbourhood satisfaction and the mediating effects of
physical environmental perceptions and moderate-to-vigorous physical activity on these associations [38]. Frehlich et al. focused on
the mediating effects in the correlations between walkability, greenery, physical activity and health levels [39].

The fact that owing to the complex nature of street environment elements, and the differences in environmental conditions and
developmental contexts between various study areas, the degree to which observed factors influence walkability also varies across
different environments and developmental backgrounds is worth noting [40]. Additionally, unobserved factors may have complicated
relationships with street physical characteristics [41], and existing research lacks in-depth data analysis of the causal relationship
between unobserved factors that impact street walkability. Therefore, adopting statistical methods to integrate the observed and
unobserved factors and measure their correlation mechanism followed by the formation of a practicable technical framework is an
urgent task [42].

2.3. Application of structural equation model in street space research

In the previous section (2.2), traditional causal analysis models, such as regression analysis and path analysis, established a
foundation for understanding the spatial characteristics of street space. However, these methods have limitations when dealing with
complex relationships and latent variables. Structural Equation Model, as a statistical analysis method, effectively integrates factor
analysis and path analysis to estimate causal relationships within theoretical models [43]. The core logic is to convert the causal
relationship between variables to a matrix and calculate the matching degree between theoretical model and the measured data, so as
to verify the reliability of the theoretical model. Aside from its obvious promise in ecological and behavioural sciences, economics, and
others, SEM technology also has considerable implications for the field of urban design. SEMworks well for constructing many types of
assessment indicator systems, analysing the relationships between influential aspects, and data from multiple sources simultaneously.
The model is a valuable tool for determining the relative importance of various environmental factors via numerical analysis.

Recent street space research has gradually shifted from social satisfaction and behavioural regulations based on the user’s
perspective to the assessment of street space quality [44–46]. The data sources for model fitting have expanded as a result of the
development of digital technologies, going beyond simple sociological surveys and statistical data from questionnaires. The SEM has
been expanded to include more influencing factors depending on environmental characteristics. Diverse parametric feature extraction
strategies and the model analysis approach have contributed to the interdisciplinary of the research [47–49]. On the other hand, the
SEM provides a scientific approach for walkability analysis in the space environment [50], enabling the quantitative measurement of
spatial factor correlation mechanism supported by causal analysis models. For instance, Hahm et al. conducted a Global Positioning
System (GPS) experiment observing pedestrians’ choices of walking routes, and assessed their causal relationships with built envi-
ronments using a SEM [51]. Similarly, Xing and Meng depicted urban landscapes by metrics such as the density of POIs, PLAND of
buildings, LSI of buildings and density of roads, subsequently utilised SEM to determine the relations among urban landscapes and
commercial patterns [52].

Table 1 summarises the characteristics of three common causal analysis models: regression analysis, path analysis, and structural
equation model. It is evident that the methodology has evolved progressively from regression analysis to path analysis and then to
structural equation model, with these three models being interconnected yet distinct. Compared to the first two traditional analytical
techniques, SEM can solve the problem of variables that cannot be directly observed, and it has various advantages such as simul-
taneously testing the causal relationship between multi-dimensional observed and unobserved variables, and allowing both inde-
pendent and dependent variables to contain measurement error [53]. Currently, numerical research on the built environment has been
conducted, a preliminary research technique has been developed in conjunction with theoretical requirements, and the technological
support system is progressively developing. The application of SEM technology to investigate the correlation between the spatial
factors of old town street walkability needs to be further examined.
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Table 1
Comparison of causal analysis models.

Causal model Regression analysis Path analysis Structural equation model

Type of causal
relationship

Unidirectional Unidirectional, bidirectional Unidirectional, bidirectional

Type of effect Direct effect Direct effect, Indirect effect Direct effect, indirect effect

Type of variables Measured variables Measured variables Measured variables, latent variables

Model diagram

Modelling
principles

Based on the methodology of linear causal
relationship modelling, suitable for simple
causal relationship studies

An extension of linear causal relationship modelling, suitable for
causal relationship studies with mediating variables or
bidirectional relationships

Focuses on exploring linear causal relationships involving latent variables,
suitable for complex causal relationships with measurement errors and latent
variables

Advantages 1. Mature theories and methods
2. Requires a smaller sample size

1. Can analyse reciprocal causal variables
2. Can measure indirect effects

1. Can handle multiple dependent variables simultaneously
2. Allows for measurement errors in both independent and dependent
variables
3. Can estimate factor structure and factor relationships simultaneously
4. Provides greater flexibility in measurement models
5. Can estimate the overall model fit

Disadvantages 1. Authenticity of data fitting needs verification
2. Cannot handle situations with more than one
dependent variable
3. Cannot handle unmeasurable variables
4. Does not allow for variable errors

1. Can only observe causal relationships among manifest variables
2. Does not allow for variable errors

1. Requires a large sample size
2. The model testing and modification process may compromise the initial
theoretical model

Source of
literature

Jin (2008) [54], Chatterjee and Simonoff (2013)
[55]

Streiner (2005) [56] Doloi, Iyer and Sawhney (2011) [57]
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3. Materials and methods

3.1. Technical route

To accomplish accurate measurement of street space, this study integrates multi-source data such as road network, SVI, and POI
data. The SEM method is utilised to excavate the correlation mechanism of street walkability. The specific research steps were as
follows (Fig. 1).

(1) Construction of street walkability measurement system. Based on the construction situation of the old town street, combined
with the existing research and data availability, the observed indicators of street space were selected, and the measurement
system of street walkability constructed.

(2) Data collection of observed factors. Python and Depthmap software were used to collect raw data of the old southern area in
Nanjing, which was loaded into the ArcGIS platform to develop an observed factor database for subsequent parameter esti-
mation into SEM.

(3) Parameter of SEM. The data of observed factors were imported into AMOS software for SEM analysis, and the correlation
measurement model of unobserved factors of old town street walkability was formed by parameter estimation and fitting in-
dicator test.

(4) Correlation analysis of street walkability. Via the quantitative interpretation of the fractal properties of the observed factors and
the correlation degree of the unobserved factors, the correlation analysis of the latter of the old town street walkability is
realised.

Fig. 1. Methodological framework for street walkability analysis.
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3.2. Construction of street walkability measurement system

On the basis of summarising measurement systems proposed by relevant studies and considering the availability of data, the core
influencing factors of street walkability are summarised into four unobserved and 15 observed factors (Table 2). Among them,
feasibility entails that the road network is continuous, and can provide pedestrians with sufficient path selection possibilities. Con-
venience means that urban streets can provide pedestrians with sufficient services and fulfil their needs for various functions. Comfort
refers to the urban street space that can provide pedestrians with a comfortable walking experience and pleasant visual perception.
Centrality refers to the possibility of pedestrians gathering in a certain area.

3.3. Research object and scope definition

Taking old southern area in Nanjing as a case study, the street walkability measurement model is constructed along with the
correlation of unobserved factors. The old southern area is located in Qinhuai District, Nanjing, east and west to Ming Dynasty City
Wall, south to Zhonghua Gate, north to Baixia Road, with a total study area of 600 ha (Fig. 2). Since the mid-Ming Dynasty (1360s), the
old southern area has been the most densely populated area of commerce and residence, and its urban streets have also undergone a
process from a walking to vehicle traffic environment, and then returning to a human-oriented walking environment. With the fast
expansion of urbanisation and the modernisation of the main urban area, numerous problems exist in the old town street space, such as
the encroachment of vehicles into pedestrian lanes, and the low quality of street landscape. Therefore, the old southern area in Nanjing
is not only a case of the progression research of walkability, but also a representative sample for the study of urban street walkability
from a humanistic scale. This study defines the research scope as the space between the road red line and the building boundary,
including the topological road network and the three-dimensional street space.

3.4. Data collection

According to the street walkability measurement system constructed above, the data of all observed factors need to be recorded into
the geographic database for format conversion and spatial analysis. The data type include road network data in CAD format, SVI, and
POI data.

Among them, the CAD drawing data originates from the government digital map of Qinhuai District, Nanjing, China in 2017, which
is applied primarily for geographic coordinate positioning and providing physical space data. The road network data were topolog-
ically processed, and simplified to the road centre line, yielding 199 valid road network data observations (Fig. 3). Then, we imported
the road network data into Depthmap software, and measured the degree of connectivity, integration, topology depth, and
betweenness. In addition, the road boundary and road centreline are organised so that they can be imported into the ArcGIS platform to
measure the physical observed factors of the street.

Then, by writing a Python programme, taking the midpoint and endpoint of the road as sampling points, the street view image data
and POI data were gathered by inputting the sight angle and viewpoint position (Fig. 4). After completing the digital capture, using the
neural network model and machine deep learning data sets, we extract main elements such as greenery, sky, pedestrian lanes, vehicle
lanes, and building facades in the SVI, and then calculate the pixel area ratio of each element (Fig. 5). The 3393 collected POI data
observations were further divided into 12 types of fundamental functions, including catering, shopping, community services, medical
care, parks, accommodation, sports, housing, government agencies, education, banks, companies, and enterprises. Then, we used the
ArcGIS platform to ascertain the sorts of POIs covered by each street with a buffer of 50m. This distance also corresponds to the scale at
which individuals can observe the sides of the road while casually strolling through urban street spaces [37].

Table 2
Street walkability measurement indicator system.

Unobserved
factors

Observed factors Quantitative description

Comfort Street width The distance between buildings on both sides of the street
Building height Average height of buildings facing the street
Distance-to-height ratio (D/
H)

The ratio of the building height to the street length

Pedestrian rate The ratio of the area occupied by pedestrian lanes to the area occupied by vehicle lanes in the street view
image

Sky view ratio The ratio of the area of the sky to the total street view image
Feasibility Street length Length of the road centreline

Connectivity The number of connections from a street to other adjacent streets
Betweenness The number of spatial conversions from a street to all other streets

Centrality Integration The number of direction changes from a street to all other streets
Topology depth The topological distances from a street to all other streets
Green view ratio The ratio of the area of greenery to the total area of street view image

Convenience POI diversity Types of POIs covered within 50 m of the street
POI density The ratio of the number of POIs covered within 50 m of the street to the length of the street
Intersection density The number of all intersections in this street
Public transport density The number of public transport stops covered within 50 m of the street

X. Han et al.
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Following the data collection, the identification results with geographic coordinate information are projected into the urban space
to analyse the composition of the walkability influencing factors of each street. Each factor data of each street is aggregated as average
to form a table and normalised to develop correlation analysis of unobserved factors of street walkability.

4. Quantitative research results of old town street walkability

4.1. Exploratory factor analysis based on SPSS

After collecting 15 normalised factors, we performed exploratory factor analysis (EFA) in SPSS 26 to divide the observed factors
into theoretically significant groupings, that is, unobserved factors. The results of EFA are reported in Table 3.

According to the Kaiser–Meyer–Olkin (KMO) and Bartlett’s test results, the KMO sampling adequacy is more significant than 0.6,
and the significance level of the Bartlett test is less than 0.001. The variables were initially screened according to the common factor
variance, and four variables (street aspect ratio, relative walking width, POI density, and public transport density) with an extracted
value less than 0.5 were eliminated and finally 11 variables were retrieved.

Principal component analysis was used to extract the unobserved factors, and the maximum variance rotation method was used to
extract the common factors. A total of four principal components were extracted, including four important factors: feasibility, comfort,
centrality, and convenience. The cumulative variance percentage explained by the above four categories of common factors to the
dataset is 70.271 %, which is higher than the critical value of 60 %. In addition, the absolute value of factor loading of each observed
factor is greater than 0.5, indicating that the convergent and discriminant validity of each variable meet the requirements.

4.2. Confirmatory factor analysis based on SEM

We employed AMOS 24 software to develop the correlation path map, and imported the normalised data for confirmatory factor
analysis to measure the relationship between the four unobserved factors and walkability.

The fitting results are presented in Table 4; the absolute fitting indicator χ2/df is 1.177, the RMSEA is 0.029, and GFI is 0.965. The
relative fitting indicator NFI and CFI of the model are 0.893 and 0.981, respectively. The parsimony fitting indicator PNFI and PGFI are

Fig. 2. Location of the old southern area in Nanjing.

X. Han et al.
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0.568 and 0.512, respectively. All of them fall in the ideal range, thus indicating that the assumed theoretical model had a high degree
of fit with the observed data.

The path coefficient between each unobserved factor and the street walkability was fitted through the SEM. The greater the co-
efficient, the more important the factor is to the casual relationship. The estimated results (Table 5 and Fig. 6) indicate that the four
unobserved factors all have a positive effect on the walkability. Centrality and feasibility are the most influential factors of walkability,
whereas convenience has a relatively weak impact.

4.3. Spatial analysis of street walkability

Based on the correlation results measured by SEM, the standard path coefficient was taken as the weight value of each factor. Then,
the non-dimensional factor drawings were superimposed with weight to obtain the spatial distribution of the four unobserved factors
and the walkability measurement drawings (Fig. 7). We divided the values of each factor into nine levels at quantile breaks in clas-
sification. Colours from blue to red represent walkability from low to high, respectively.

Furthermore, we performed hotspot analysis of walkability in ArcGIS platform to generate spatial clustering with statistical sig-
nificance. The Moran’s Index of the walkability in the old southern area in Nanjing reveals that the values all pass the 1 % significance
level test; the Moran’s Index is 0.688, which indicates that the distribution of walkability has a high clustering phenomenon, that is, the
high/low walkability value will positively/negatively affect the walkability value around it.

The spatial distribution of walkability exhibits a decreasing trend from the middle to the outside. Specifically, the red plaques
represent the walkability in the high-value range, with 12.6 % of the areas having high walkability, which further influence the
walkability of surrounding streets, being equally high. The area of red plaques is mainly concentrated on the main road in the middle of
the study area. Yu Garden, East Zhonghua Gate Historical Block, Wuding Gate Park, Confucius Temple along the Qinhuai River, and so
on, are involved, which have famous attractions, historical blocks, industrial park, and so on. In 10.7 % of the areas, the walkability is

Fig. 3. Road network data and sampling point.

X. Han et al.
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Fig. 4. POI data extraction results.

Fig. 5. Element identification results of street view images.
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in the low range. For example, blocks in the northeast and southeast corners of the study area have large blue plaques, which are
dominated by old residential areas.

5. Discussion

The correlation analysis results emphasised the importance of various observed factors in influencing street walkability. For
different dependent variables, the significant levels and effect sizes of various factors are not exactly the same. Accordingly, the de-
mands and sensitivities to factors under different dimensions of walkability are different. Specifically, centrality and feasibility are the
main dimensions influencing walkability. Among the factors that exert a positive influence, connectivity, topological depth,
betweenness, street length displayed comprehensive and strong effects, and they all respectively belong to the two dimensions of
centrality and feasibility. The observed factors under comfort and convenience alone exerted weaker influences. Integration has the
greatest negative impact on walkability.

We used the ArcGIS platform to map the results of the observed factors, thereby enabling the examination of the spatial distribution
characteristics of the street walkability, and we incorporate the results of the path coefficients to discuss the correlation mechanisms of
the observed factors under various dimensions.

Table 3
Factor loading and commonality.

Unobserved factors Observed factors Communality Factor loading Variance explained (%) Cumulative variance (%)

Feasibility Betweenness 0.818 0.899 32.231 32.231
Connectivity 0.854 0.898
Street length 0.765 0.856

Comfort Sky view ratio 0.631 0.764 13.435 45.666
Building height 0.703 0.749
Street width 0.654 0.719

Centrality Topology depth 0.802 0.805 12.879 58.545
Integration 0.864 − 0.791
Green view ratio 0.418 − 0.515

Convenience POI diversity 0.657 0.766 11.726 70.271
Intersection density 0.564 0.713

Table 4
Model fitting results.

Fitting indicator Fitting standard Fitting result Results explanation

χ2/df 1<χ2/df < 3 1.177 Ideal
RMSEA >0.10 0.029 Ideal
GFI >0.80 0.965 Ideal
NFI >0.80 0.893 Relatively ideal
CFI >0.80 0.981 Ideal
PNFI >0.50 0.568 Ideal
PGFI >0.50 0.512 Ideal

Table 5
Standardised path coefficient estimates of the structural equation model.

Path Path direction Estimate

Street walkability Feasibility 0.616 ***
Centrality 0.666 ***
Comfort 0.501 ***
Convenience 0.230

Feasibility Connectivity 0.963 ***
Betweenness 0.839 ***
Street length 0.818 ***

Centrality Topology depth 0.830 ***
Integration − 0.913 ***
Green view ratio − 0.054

Comfort Sky view ratio 0.693 ***
Road width 0.682 ***
Building height 0.440 ***

Convenience POI diversity 0.177 ***
Intersection density 0.622

***p < 0.001.

X. Han et al.
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Fig. 6. Standardised path coefficient map.

Fig. 7. The results of the walkabilty in Nanjing old southern area: (a) The result of the walkability; (b) Hotspot of the walkability; (c) The result of
global spatial autocorrelation analysis.

Fig. 8. The results of the observed factors of the feasibility: (a) betweenness; (b) connectivity; (c) street length.

X. Han et al.
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5.1. Feasibility

The standardised path coefficient of feasibility is 0.62, and the three observed factors of connectivity, betweenness, and street
length all display a substantial positive correlation with feasibility. The most fundamental function of streets is transportation.
Convenient and efficient paths are the primary conditions for fulfilling the transportation function. Sugiyama et al. also confirmed that
street connectivity was significantly associated with both recreational and utilitarian walking [58]. From the perspective of spatial
distribution, the overall feasibility in the study area presents a distribution characteristic that the two roads in the inner centre,
horizontal and vertical, which progressively diminishes to the outside (Fig. 8). Street betweenness and connectivity display similar
characteristics. The high-value areas are also clustered near the main road in the middle of the study area, and the connectivity and
betweenness near the Qinhuai River and Ming Dynasty City Wall on the south and east sides of the area are relatively low. It is more
convenient for pedestrians to traverse the street space with the ideal route when the street interface is smooth and open, which in-
creases the visual attraction and traffic connection between the street space and neighbouring streets. Streets with a high connectivity
can link most of the area of the block and effectively gather popularity, which is consistent with Montgomery [59], that is, to increase
the permeability of street space and provide more turning opportunities, thereby increasing potential passenger flow volume.

The scale distribution of the street blocks in the study area is not uniform, which is related to the evolution characteristics of the plot
shape in the process of urban development. Traditional streets provide small-scale blocks because of their uneven surfaces and
crannies, mainly distributed in residential areas in the middle of the west side and historical protection blocks in the south of the study
area. Nonetheless, with the development of a graded street network and the presence of the large blocks, the size of the street increased
notably in the crossing major road in the centre of the study area and the factory area in the southwest. According to the measurement,
the street length is mostly distributed between 100 and 400 m and has a significant positive correlation with the connectivity and
betweenness, thereby indicating that on the basis of adopting dense grid-shaped streets of small blocks, proper meeting of land
development and function requirements will contribute to form good street feasibility and spatial characteristics. This is consistent
with Doyle et al., who emphasise that scale, proportion of small blocks, and so on are important characteristics constituting a good
walking environment [60].

5.2. Centrality

Centrality has the strongest positive correlation with street walkability (standardised path coefficient is 0.67). This finding confirms
that the ‘street network itself is the most influential factor in shaping mobility’, as proposed by Turner [61]. Among them, topological
depth has a positive influence on centrality, but integration is negatively correlated (standardized path coefficient is − 0.91). From the
computational principles of topological depth and integration, depth refers to the shortest topological distance from one axis to
another within the system. Integration is the reciprocal of depth, which indicates the degree of aggregation and dispersion of the street
and alley space [62]. The greater the integration, the higher the degree of aggregation of the space within the overall system, and it also
indicates that the human flow within the space is relatively large.

The integration and depth value data can also reveal the hierarchy of streets and alleys. Within the street network, themain street in
the area has the lowest spatial topology. This often extends from the main street to both sides to create branch roads, ultimately
establishing clusters of stores and pedestrian crossings. The branches are situated at the perimeter of the street network, and in areas
with a high topology depth. These streets are less accessible to pedestrians; hence they are more isolated, and the function is more
single. To create a street space suitable for the dispersion of people flow and the growth of economic potential, investigation of the
functions and connection of secondary roads is essential; otherwise, traffic congestion issues may arise [63]. Therefore, while guar-
anteeing the high integration of the main street, streets with clear topological characteristics can make its spatial organisation more
intuitive for pedestrians.

The relationship between the green view ratio and centrality is relatively weak and negative (standardized path coefficient is

Fig. 9. The results of the observed factors of the centrality: (a) topology depth; (b) integration; (c) green view ratio.
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− 0.05), which is inconsistent with previous studies. While some research has demonstrated that street greenery can provide a range of
health and well-being benefits [64–66] and also influence pedestrians’ thermal comfort by encouraging them to walk in shaded areas
[67], one exception is Jin’s research [68], in which a negative correlation pattern was established between greenery level and
walkability, which is consistent with our findings. This may be due to the fact that when people perceive the urban street environment
dominated by buildings, greenery is perceived as the background elements, which are easy to ignore. In addition, excessive vegetation
will inhibit the building interface, thus affecting the openness of the street space, and therefore affecting the orientation of pedestrians’
vision and the choice of travel paths (Fig. 9).

5.3. Comfort

Factors related to comfort also have a significant impact on street walkability (standardized path coefficient is 0.50). Among them
(Fig. 10), the coefficient of the sky view ratio is the highest (standardized path coefficient is 0.69), and that for building height is
relatively low (standardized path coefficient is 0.44). This is consistent with Lin et al.’s findings; their study validated ‘the importance
of sky elements as indispensable and valuable elements in landscape perception’ [69]. In terms of the spatial distribution of the factors,
the sky view ratio presents the distribution characteristics of continuous internal holes, transparent, and open underlying the Ming
Dynasty City Wall and Qinhuai River. In the Qinhuai River and historic district, the sky view ratio has a relatively high degree of
influence on people’s vision, and in combination with other environmental factors, it reflects people’s perception orientation, whereas
the main street in the centre of the area is in a relatively dim state.

The coupling analysis with the street level implies that the street comfort is related to the street level and the layout of the road
system; the higher the road level, the wider the street. More than 60 % of the street width is distributed between 10 and 30 m. On the
streets with a width of about 20–30 m, the vision on both sides can connect with each other, which is a visually pleasing, enclosed and
intimate space for pedestrians [70]. Compared with these small-scaled streets, the street width of the main road surpasses the human
scale, thereby making it difficult to create a sense of enclosure for pedestrians. The secondary division is typically accomplished by
planting trees between the pedestrian path and the roadway to control the scale within an appropriate range.

The building height of the street interface also has a positive impact on walking experience and is strongly related to enclosure. On
the one hand, different building heights can make people feel a sense of either broad and bright, or narrow and dark, that is, people’s
perception of the D/H in the street environment. On the other hand, the facade colour, shape, and style of the building have a
stimulating influence on people’s vision perception.

In addition, most of the street D/H ratios are between 1 and 2, which coincides with Ashuhara’s theory presented in his book ‘The
Aesthetics of the Street’ [71]. He summarised the street D/H ratios that make people feel intimate or distant, believing that a D/H ratio
between 1:1 to 1:2 is a comfortable scale for street spaces. However, from the results of the correlation statistics, the D/H ratio is not
related to the expected unobserved factors such as comfort and walkability. The primary reason is that the D/H ratio is a purely
proportional numerical relationship, which ignores the different feelings of people with the same spatial scale but different distances;
that is, the openness and enclosure of the space is not only affected by the ratio but also by the absolute size [72]. Consequently, a
reasonable D/H ratio can only induce a strong perception of walkability within the appropriate scale of the street.

5.4. Convenience

The convenience of services has a positive correlation with street walkability, but the correlation is relatively weak in comparison
to other factors (standardized path coefficient is 0.23). The influence of intersection density is the most noticeable (standardized path
coefficient is 0.62), followed by POI diversity (standardized path coefficient is 0.18). We speculate that the instability of the influence
of convenience may be because for recreational walking activities, pedestrians may not have a clear destination in the process of their
stroll [73]; thus convenience is not the primary goal of consideration. Lu et al. also drew a similar conclusion [74].

The spatial distribution of intersections in the old southern area of Nanjing exhibits a strong positive correlation with the con-
nectivity (Fig. 11). This finding corroborates Southworth’s argument that street network plays an important role in street quality, and
the reflected permeability will greatly affect the walkability [75]. Significant progress toward lessening traffic speeds and spreading
out traffic flows can be made by intersections. Furthermore, presence of a varied range of businesses is another benefit of a street
network with an appropriate density.

The POI density is substantially greater in the centre of the study area and is highest on both sides of the two main roads. The POI
diversity indicates that the high-value spaces are mainly distributed in the historical blocks, such as the Confucius Temple, East
Zhonghua Gate, which reveals that the single-street sections with high functional complexity have been formed, but the block network
with complex and diverse functions has not yet been formed.

By contrast, the POI and public transport densities have no significant relationship with walkability. The reason may be due to the
extensive differences in pedestrians’ interests and daily requirements, thereby necessitating that streets be as complex as possible and
have a wide variety of functions. The results of density only indicate the degree to which stores are concentrated along the street.
Accordingly, it is only necessary to provide for the fundamental requirements and the accessibility of pedestrians on the basis of
ensuring relatively intensive development, so as not to make the distance become the determining factor.

6. Conclusion and prospects

Taking the old southern area in Nanjing as an example, this study discussed the spatial characteristics and walkability. The SEM-
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based measurement model of the street walkability was developed, and the degree of correlation between the four unobserved factors
calculated. The model fit results suggest that the proposed walkability correlation measurement model demonstrates good calibration
with empirical observations. Among the various factors, centrality and feasibility appear to be the primary determinants of walk-
ability, while convenience exhibits a relatively weaker influence. Complex coupling relationships also exist between certain individual
metrics, such as the integration and green view ratio exhibiting negative impacts on enclosure. When ensuring optimal values for key
influential factors, equal attention must be paid to maintaining proper proportional relationships and combinatorial forms across all
components.

The findings also provide clear guidance for practices and policymaking. From a spatial planning perspective, planners can inte-
grate the results of correlation measurements to clarify the importance of physical conditions of old town streets to walkability and
take factors with higher correlation as priority projects for updating, so as to improve the walkability of street spaces more effectively.
Key strategies include optimising road layouts and ensuring high sky visibility to improve the comfort of walking environments, based
on the correlation results related to connectivity, topological depth, choice, road length, and sky visibility. In addition, by analysing the
actual measurement results and spatial distribution characteristics of each factor, planners can identify low-value aggregation spaces
that need improvement, and propose corresponding environmental improvement strategies.

In terms of policy implementation, it is essential to involve multiple stakeholders, including departments, citizens, and planners.
Encouraging citizens to provide feedback on their walking experiences through surveys and public participation activities can guide
planning decisions. Additionally, policymakers should develop comprehensive management strategies to coordinate the efforts of
relevant entities, ensuring the implementation of incremental updating policies. Regular assessments of walkability improvement
measures should be conducted to enable timely adjustments and optimisations of these policies.

Furthermore, Python and ArcGIS platforms were used to digitalise the street space by combining multi-source data, such as road
network data, POI data, and SVI. This research constructed a quantitative method to calculate the correlation mechanism between
unobserved factors and street walkability, which provides a novel assessment approach for the analysis of the construction logic of the
contemporary built environment.

Nevertheless, the following limitations need to be addressed. The results of the associated research are yet to be confirmed in terms
of whether they will reveal similar results in other old town streets. From the perspective of the research content, this study focuses on
the impact of the spatial form on walkability but has not considered pedestrians’ perceived attitudes and walking behaviour. Owing to
the limitation of data acquisition, the quantitative description of the walking space is insufficient, which may bring some bias to the
results. Furthermore, some bias may be present in the findings due to the inevitable simplification or ignorance of intricate features in

Fig. 10. The results of the observed factors of the comfort: (a) sky view ratio; (b) building height; (c) street width; (d) D/H; (e) pedestrian rate.
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certain real circumstances that may occur throughout the process of quantifying unobserved factors and performing statistical
procedures.

Combined with the current research progress, the following contents can be explored in depth: improve the construction of the
theoretical model and compare the correlation of influencing factors under the guidance of various street functions and different
construction periods. According to the spatial distribution results of walkability, as well as the correlation degree of 11 influencing
factors and the low-value cluster area, the street space to be optimised can be further extracted so as to assist street space renewal in the
decision-making process of design more accurately.
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