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Abstract: Over the past decade, enhancing the quality of cities and building vibrant urban streets
has become a hot topic in urban planning in China. Although there are many studies on how the
built environment affects street vitality, the unique built environment of the street space in historic
areas, as the core node of the city, has not been fully explored. This study constructs an association
model between the street built environment (SBE) and street vitality in historic areas and evaluates
the influence of SBE on street vitality by spatial analysis and statistical analysis methods using POI
data, road network data, and Baidu heat map data, taking Wuhan, China, as an example. The results
showed that (1) appropriate built environment development intensity, street width-to-height ratio,
and facade ratio of historic buildings on the street frontage all can promote street vitality; (2) the
spatial distribution of historic buildings converted to commercial functions in historic areas has a
high consistency with the spatial distribution of street vitality, and the consistency is significantly
higher than that of general urban streets; (3) historic buildings converted to residential functions and
those in vacancy or under renovation in historic areas have a significant inhibitory effect on street
vitality; and (4) the spatial distribution of transportation facilities and the spatial distribution of street
vitality are mutually exclusive in historic areas. This study proposes a method for studying the SBE
and street vitality in historic areas and initially explores the relationship between the influences of
the SBE on street vitality in historic areas. Since the functional replacement of historic buildings can
affect the street vibrancy in historic areas, our findings suggest moderating commercial renovation
rather than simply repairing or maintaining the status for enhancing the street vitality. Moreover, the
intervention of transportation facilities will reduce the street vitality in historic areas, which provides
a basis for the strategy of renewing historic areas into pedestrian street spaces.

Keywords: historic areas; street built environment; street vitality; quantitative analysis; spatial
analysis and statistical analysis

1. Introduction

Under modern urban planning theory, which integrates the street into the urban
system, the street not only has a traffic function to join the different types of space in the city,
but also serves a social function as the carrier of public space [1]. Moreover, citizens’ life
and travel rely on streets of various types and scales in the city, so their existence plays an
important role in human life. As Jacobs claims, when we think of a city, what first comes to
mind is the street; when the streets are lively, the city is lively, and when the street is boring,
the city is boring [2]. Since Yoshinobu Ashihara put forward humanism and aesthetic
thoughts, the experiences and feelings of pedestrians in the street space have gradually
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become the core components of street planning and design [3]. As an important cultural
memory of the city, the street space of historic areas and the surrounding environment
infiltrate each other, and the cultural vitality generated by the unique street space style has
become an important node that cannot be ignored in city culture [4].

Nevertheless, since the 21st century, with the urbanization development of China’s
road design, dominated by car behavior, the traffic function of urban streets has become
stronger and stronger, but its social function has gradually disappeared, and this situation
will bring great challenges to the street form and city style [5]. At the same time, schol-
ars in mounting numbers have gradually begun to pay attention to the social value of
streets [6—12]. Furthermore, the Chinese government has put forward a people-oriented
new urbanization strategy since 2016. People have also begun to rethink the previous
urban development mode and pay attention to the quality of street space. In October 2016,
the Shanghai government issued the “Shanghai Street Design Guidelines”, in which the
concept of street vitality, street safety, and people-oriented streets aroused widespread
discussion [13]. In June 2018, “Guangzhou Complete Street Design Manual”, issued by
the Guangzhou government, also proposed that urban streets should be transformed from
traffic-oriented to people-oriented [14]. In June 2019, the Wuhan government successively
issued “Planning and Design Guidelines for Total Factors in Wuhan Urban Streets”, which
put forward the design guidelines for building a people-oriented and vibrant urban street
space in order to improve the quality of urban construction [15].

The concept of “street vitality” was first proposed by Jane Jacobs, who highlighted the
public space properties of streets from the perspective of “the diversity of people’s lives” [2].
Since then, street vitality has become an important indicator to evaluate the attraction
and potential of urban sustainable development. Meanwhile, with the development of
modern urban planning theory and practice, people are paying more and more attention to
diverse and vibrant street spaces, which will improve the happiness and social cohesion of
urban residents. Therefore, as an important space for urban residents’ activities, the built
environment of the street is closely related to the vitality of the city.

Specifically, relevant studies on how the street built environment (SBE) affects street
vitality can be traced back to the 1960s. However, the existing discussions have not fully
established the association between the two [16]. On the one hand, the activity behavior of
people is dynamic and intangible, which is difficult to evaluate [17-21]. Therefore, in the
past, researchers have often relied on personal observations. On the other hand, it is still
challenging to systematically construct evaluation indexes for many variables of SBE and
to build the relationship between SBE and street vitality. Therefore, the current research
concerns which variables of SBE have an impact on street vitality [22-25].

In recent years, the research on the relationship between SBE and street vitality has
grown. There have been some empirical studies on the variables of urban street space, such
as the continuity of street interface, greenery rate, sky visibility rate, POI function, and
others, which will promote street vitality [26-30]. With the development of information
technology, some scholars have applied big data research methods to the research of street
vitality at present. They use cell phone signaling data [31,32], format POI data [33], Internet
social data [34], street view data [35,36], and others to study the spatial structure of the city
and the spatial-temporal evolution of vitality and other aspects, and analyze the correlation
between human activity and urban features.

In summary, the research trend of street vitality has two aspects. First, theoretical
research and practical research show a rapid growth trend. Second, the research methods
have gradually transformed from qualitative analysis to quantitative analysis and from
traditional research to big data research. The research on street vitality in recent years,
big data, and the quantitative research trend continue to increase. The research method
of street vitality has shifted from field surveys and interviews to multi-source data for
the mainstream trend, and the research on the SBE features has expanded from a single
analysis method, such as space syntax, to a multi-source data analysis method.
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It is not difficult to know from the above-mentioned research of many scholars that,
whether based on traditional research methods or emerging data, they all build an associa-
tion between human behavior and evaluation indexes on the common features of streets.
However, for streets with historical and cultural features, there is a lack of relevant research
on the impact of their characteristic features on street vitality.

Nevertheless, as a street space in historic areas, the street form that is generated by its
unique architectural style is the environmental features that are not available in the usual
street space. From the macroscopic perspective, those unique environmental features are
one of the important factors in forming the overall cultural features of the city, because their
historical value will have an important impact on the connotation quality of urban vitality
in the cultural aspects [37]. From the microscopic perspective, the existence of unique
environmental features also has a significant impact on the feelings of those who are active
in these street spaces [38]. Therefore, as an important part of the urban communication
space, the street space, especially in historic areas reflecting the historical context of the city,
is the most direct embodiment of urban vitality and is the core node of urban vitality [39].

The research on SBE of historic areas mainly focuses on its characteristics and the
correlation between it and human behavior. For the study of its characteristics, it is often
reflected in the study of interface features, physical characteristics, and cultural values
of street space [40-43]. At the same time, some scholars study it from the perspective
of the relationship between people and street space, using tools such as environmental
psychology or quantitative assessment of features, so as to establish an association between
features of street space and people’s activities [38,44-46].

Furthermore, it can be seen that the current studies on SBE of historic areas mostly
start from the perspective of conservation strategies from the above studies. Although
some scholars have analyzed the relationship between street space and human activities
from the perspective of environmental psychology, they have not established a relationship
with street vitality.

Although many new methods and tools have been used in the research on street
vitality and SBE, there is no segmented research on some specific areas at present. The
most obvious is that common features of SBE, such as greenery rate, sky visibility rate, POI
function, and other characteristics, have been correlated with street vitality by scholars, but
the characteristics of streets are rarely studied. Nowadays, some scholars divide streets
into residential streets, commercial streets, and mixed streets according to their functions
from the macroscopic perspective [47]. However, there are few studies on the subdivision
of visual environment features and cultural value features from microscopic perspective.

Therefore, our study attempts to elucidate the influence mechanism of street vitality
generated by SBE features and human activities in historic areas, and the research horizon
is refined from common street features to characteristic street features to make up for the
lack of existing research on street vitality. In this way, this work provides a new idea and
perspective for the research of street vitality and its related SBE characteristics.

2. Materials and Methods
2.1. Study Area

Wuhan, the capital of Hubei Province, is the largest city in Central China. In 2021,
its GDP reached 1.77 trillion RMB, ranking ninth in China. Wuhan has a population of
13.649 million, and the migrant population is 5.156 million, which accounts for 37.78% of
the total population. Among these people, more than 1.68 million were college students,
and this number is first in China (from http:/ /tjj.wuhan.gov.cn/, accessed on 8 October
2022). These economic and demographic factors have contributed to the vitality of Wuhan.
In history and culture, there are 16 historical and cultural style areas and 93 excellent
historical buildings in Wuhan. Among them, there are ancient relics, concession buildings,
early modern Li-Fen culture, revolutionary historical sites, industrial sites, and other types
of cultural heritage. These diverse cultural styles constitute the multicultural cultural
characteristics and the unique historical and cultural style in Wuhan [48].
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As presented in Figure 1, this study focuses on three historical areas: the Qingdao
Road area, the August 7th Meeting site area, and the Jianghan Road and Zhongshan Avenue
area, located in the district of Wuhan old city, referenced by “System planning of historical
and cultural style area in Wuhan Main City”. These three historical areas are geographically
connected and have unified historical and cultural features. At the same time, the historical
buildings and historical environment features in this area are basically the original objects
retained by history and have relatively complete historical features. Therefore, this study
takes these three areas as the study area.

Wauhan City
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Figure 1. Location of the study area (http://datav.aliyun.com/portal/school/atlas/area_selector,
accessed on 15 September 2022).

2.2. Research Design

As claimed by Mehta, a vibrant street is where many people participate in a series
of fixed or continuous activities, especially social activities [49]. Moreover, the physical
environment of the street provides a place for people’s activities, which has a certain impact
on these activities [50]. Therefore, the study of street vitality can be carried out in two
dimensions: SBE is the internal factor of street vitality, and pedestrian activity intensity is
the exterior characterization of street vitality.

Furthermore, we chose to use the intensity characteristics of pedestrian activity as
the independent variables of street vitality, and the functional characteristics of buildings
and the morphological characteristics of streets as the independent variables of SBE, based
on the literature study in Section 1. The reason for these variables is explained in detail
in Section 2.3. Subsequently, these variables were objectively described through spatial
analyses, statistical analyses, and semantic analyses. Then, we compared these results with
the results of the analysis of pedestrian activity intensity. By comparative research, it is
possible to capture which dimensions would play a more important role in street vitality
in historic areas, and which dimensions affect street vitality differently in the particular
context of historic areas as opposed to general urban spaces (Figure 2).
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Figure 2. The framework of the study.

2.3. Variables of Indicators

In terms of internal factors, SBE mainly includes its characteristics and surrounding
characteristics which are manifested in the location of streets, street texture, development
intensity, traffic accessibility, and functional density [16,51-56]. This study mainly focuses
on the built environment indicators of historical streets, which are composed of unique
built environment features. At the same time, this study combines the results of previous
studies to measure and compare the unique features of historic streets with the features
that significantly affect the vitality of the street, such as functional density of the street, and
we analyze the differences in their relationship to vitality.

In exterior characterization, the description of human activity intensity in a specific
space can be expressed by a variety of data, such as heat map data, cell phone signaling
data, nighttime light imagery, social media data, and census data [57-59]. Considering the
representativeness, precision, and availability of data, it can be known that the heat map
data provided by the Internet can be better applied in the study of street vitality as the
representative data of human activity intensity.

2.3.1. Variables of SBE

Pedestrians’ spatial perception is significantly influenced by various environmental
features in the street, and spatial perception also directly affects street vitality [60]. In
this regard, many scholars have confirmed the relationship between various variables
of SBE and street vitality [22,61]. Among them, many features such as street function
distribution, development intensity, interface characteristics, and visual environment have
been proven to have an influence on street vitality [62—-69]. Therefore, combined with the
above research results, this study will select several significant SBE indicators, and at the
same time add related indicators of SBE characteristics unique to historical streets to study
their relationship with street vitality in the special environment of historic streets (Table 1).
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Table 1. Variables of SBE.

Indicators Meaning Data Source

Historical Building Density historical buildings in statistical

The number and distribution of An Overview of Outstanding

Historic Buildings in Wuhan
research

Macroform

Functional Density of

Statistics and analysis of functional

types of historic buildings after An Overview of Outstanding

Historical Buildings . Historic Buildings in Wuhan
renovation
Statistical POI point for analysis, the
Functional Density of POI functional density of the street is the POI Data

POI point density of the street

Statistics and analysis of the
Traffic Facilities distribution and quantity relationship POI Data
of traffic facilities

Development Intensity

Statistics of the underlying area of the
street surface buildings, multiplied by
the number of floors to obtain the total 3D Building Data
area of the building, calculate the ratio
of the underlying building area

Built Environment

Street Interface

Statistics of the average width of the

Street Width-to-Height Ratio street and the height of the building, Baidu Map Data

and calculate the ratio of the two

Facade Ratio of the Historical  historic buildings along the street to the
Buildings on Street Frontage contour length of all buildings along

The ratio of facade contour length of
3D Building Data

the street

Visibility of Historical building interfaces in panoramic

Statistics on the proportion of historic

Buildings images of central points of different Street View Image Data

vital sections in streets

2.3.2. Variables of Street Vitality

The essence of street vitality originates from the pedestrian engaged in various activi-
ties on the street, and the change in street vitality is caused by the intensity and pattern of
pedestrian activity in the street space [70,71]. Therefore, we argue that pedestrian activity
intensity can be used as the exterior characteristic of street vitality [72]. In this study, to
avoid the impact of the rush hour of weekday commuting, the activity intensity data from
September 17 to 18, 2022, within the specified study area will be collected, which come
from the platform interface of developer API provided by Baidu Map [73-78]. According
to privacy protection requirements, detailed coordinates cannot be provided directly. As an
alternative, the vector graphic data which can reflect the activity intensity were used as
characteristics of street vitality imported into ArcGIS for statistical analysis.

2.4. Source and Type of Data

The road data, 3D building data, and point of interest (POI) data were provided by the
Baidu Map open platform (https://Ibsyun.baidu.com/, accessed on 29 August 2022). The
Baidu Map open platform is the online mapping service provided by Baidu since 2005; its
collected data has covered all cities in China, with over 500 million users, 180 million POI
data, and coverage of 98% of the country’s points of interest. The data relating to historical
buildings were provided by Wuhan: Overview of National Historical and Cultural Cities
and An Overview of Outstanding Historic Buildings in Wuhan [79,80].

The data used in this paper are divided into textual data and spatial vector data.
Among them, urban facilities POI data and historical building data are text data, and
Baidu heat map data, road network traffic, and 3D building data are spatial vector data. In
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addition, we also obtained the land use planning map of the main urban area of Wuhan
2022 (http:/ /whonemap.zrzyhgh.wuhan.gov.cn:8020/, accessed on August 2022), and
the spatial structure and grading map of the overall protection system of the historical
and cultural style districts of Wuhan (http:/ /gtghj.wuhan.gov.cn/qs/pc-993-59911.html,
accessed on 31 July 2022) as supplements to the data in this study.

Through the API platform interface of Baidu Map Developer, we obtained 22,879 POI
data of various facilities in Jiang’an District and Jianghan District of Wuhan, including
the name, latitude, longitude, function type, and detailed address of the facilities. The
historical building data were obtained from the historical building information provided in
books. We obtained data on a total of 105 historical buildings from the first batch to the
tenth batch of Wuhan in the category of Jiang’an District and Jianghan District, including
building names, detailed addresses, and function status.

Immediately, as demonstrated in Table 2, combined with the data classification of
Baidu Map API, the data were defined as street functional types of commercial function,
life service function, official function, residential function, and traffic function. After that,
they were imported into ArcGIS by coordinate correction to form vectorial spatial data.
Historical building data refer to the above classification and are defined by five categories
of functional forms: commercial function, life service function, living function, official
function, and under repair or vacant. Subsequently, the vector spatial data were created
in ArcGIS by building addresses and function information provided in An Overview of
Outstanding Historic Buildings in Wuhan.

Table 2. Function type classification.

Functional Density

Functional Density
of Historic Buildings

Classification Street Function Types Amount of Data
Commercial Function Recreational facility, shopping, 13,640
restaurant, hotel
Hospital, research and education
Life Service Function institutions, cultural facilities, sports 3378
facilities
Official Function Enterprise, trammg.base, studio, 1239
government, social groups
Residential Function District, apartment, residence 4286
Traffic Function Bus station, subw;}ilesrtatlon, parking lot, 336
Commercial Function Shopping, restaurant, hotel 45
. . . Medical establishment, cultural
Life Service Function ers . . s 11
facilities, convenience service facilities
Official Function Enterprise, trammg.base, studio, »
government, social groups
Residential Function Residence 45
Under Repair or Vacant Under repair or vacant 9

2.5. Methods
2.5.1. Kernel Density Estimation

Kernel density estimation (KDE) is a nonparametric statistical method used to estimate
unknown probability distributions in probability theory [81,82]. It is a generalization of the
idea of histogram density estimation proposed by Rosenblatt and Emanuel Parzen [83,84].
When a histogram is used for density estimation, the histogram is always a discontinuous
step function; even if random variables are continuous, KDE can solve this shortcoming.
Conceptually, KDE of point elements means that each point is covered by a smooth surface,
and the position of the point has the highest surface value. With the increase in the distance
from the point, the surface value will gradually decrease, and it will eventually be zero
where the distance from the point is equal to the search radius.
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This formula defines the predicted kernel density at (x, y) position:

. o 1 n 3 dist,- 2
De?’lSlt}/ - (radius)2 lgl E X popl 1 - (radius)
Fordist; < radius

In the equation, i = (1, ..., n) is the input point, pop; is the number of samples to
calculate the location of the target, dist; is the distance between point i and the (x, y)
position, and radius is the bandwidth at which the KDE algorithm works, which is the most
important parameter in KDE. Although there are many different mathematical forms of
KDE in practical applications, the kernel functions of various mathematical forms have
little effect on the kernel density as long as the bandwidth is determined. This study is
based on the quartic function described in Silverman’s work (1986 edition, p. 76, equation
4.5) [81].

This formula defines the radius value of the bandwidth:

n (v _ % n (. 1
Searchradius = 0.9 x min (\/le(x, %) + Lin1 (Vs y), \/1 X Dm)
n n In2

In the equation, x;, y; are the latitude and longitude coordinates of factor i, X,  are
the average central coordinates of the elements, D,;, is the median distance from the mean
center, and N is the total number of all factors. The method used to select the bandwidth
is based on the bandwidth estimation formula of the Silverman Rule of Thumb, which
has been adjusted to apply to multiple dimensions [81]. Compared with other calculation
methods, this calculation method can avoid the phenomenon of “circles around points” in
sparse datasets and prevent spatial outliers. In this study, ArcGIS10.8 was used to conduct
kernel density analysis and relevant mapping of functional POI data, point of historic
buildings, and point of functional density of historic buildings after reconstruction within
the study area.

2.5.2. Histogram Analysis

Histogram analysis is a method for calculating the distribution and proportion of
features in an image. The specific operation is to import the image into Adobe Photoshop,
use histogram data and color range tools to classify and count each element of the rasterized
image, and set the cache level to 1 to count the number of pixels of each graph. Finally, we
can obtain the average value [85].

This formula determines the distribution ratio of each feature in the image:

n .
i=15i

HBR =
Si

In the equation, S is the number of pixels of a building’s facade visible in the image,
and s is the number of pixels visible on the facade of a historic building in the image. In this
study, Adobe Photoshop was used to conduct histogram analysis and relevant mapping of
the visibility of historical buildings.

3. Results
3.1. Variables of SBE Analysis
3.1.1. Morphological Characteristics Analysis

Historical building data and functional POI data are corrected and standardized by
ArcGIS spatial analysis tools. Then, the data are imported for kernel density analysis
(KDA). The relevant mapping of historical building density, the functional density of
historic buildings after reconstruction, and functional density were used with the Jenks
classification method to reflect the distribution characteristics in the KDA diagram.

(1) Analysis of historical building density
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Figure 3 demonstrates the spatial distribution of the historic buildings in the study area.
On the whole, the spatial distribution demonstrates a multi-core state, mainly concentrated
in Janghan Street, Zhongshan Street (M) and Baohua Street, and Huangxing Street. Among
them, Janghan Street has the highest aggregation density, Zhongshan Street (M) and Baohua
Street have higher values of kernel density, while Huangxing Street also demonstrates a
trend of concentrated distribution of historical buildings.
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Figure 3. Spatial distribution of density of historic buildings.

(2) Analysis of functional density of historical buildings and POI

Figure 4a,b demonstrates the spatial distribution of commercial functions of historical
buildings and the spatial distribution of POI's commercial functions. First, historical
buildings with commercial functions are mainly concentrated in the north and central parts
of Jianghan Street, and there is also a certain gathering phenomenon on Lihuangpi Street.
The distribution of these buildings in other locations is more scattered, such as the north
of Dongting Street and the north of Yanjiang Street. The POI’'s commercial functions are
mainly concentrated in the north of Jianghan Street and Zhongshan Street (W), while the
distribution of commercial functions in other parts is low.

Figure 4c,d demonstrates the spatial distribution of life service functions of historical
buildings and the spatial distribution of POI’s life service functions. First, the spatial
distribution of life service functions of historical buildings demonstrates a double core state,
located near Huangxing Street, Lihuangpi Street, and Zhongshan Street (M) and Baohua
Street, respectively, and there is also a certain distribution in the south of Poyang Street.
The spatial distribution of POI’s life service functions has broader coverage compared to
the former. Except for Baohua Street and Yanjiang Street, there is a high distribution of life
service functions. This distribution characteristic indicates that the service functions that
are more relevant to the daily life of the residents tend to exist along with other functions
that contribute to the efficiency of the services.

Figure 4e,g demonstrates the spatial distribution of the official function and residential
function of historical buildings, and Figure 4f,h demonstrates the spatial distribution of
PQOI’s official function and residential function. The spatial distribution characteristics of
these two types of functions are similar, and both demonstrate a more significant distri-
bution characteristic of aggregation. First, the official function of historical buildings is
concentrated on Lihuangpi Street, the south of Shengli Street, and the south of Poyang
Street, while the residential function of historical buildings is mainly concentrated in the
middle of Baohua Street and Zhongshan Street, and partly in the vicinity of Lihuangpi
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Street. The POI’s official function is mainly distributed on Lihuangpi Street and Qingdao
Street, and the POI's residential function is concentrated on Jianghan 1st Street, Jianghan
2nd Street, and the intersection of Nanjing Street and Huangshi Street, and there is also a
relatively high concentration in the middle section of Shengli Street.

Figure 4. Spatial distribution of function type density of historic buildings. (a) Commercial function
(historical building); (b) commercial function (POI); (c) life service function (historical building);
(d) life service function (POI); (e) official function (historical building); (f) official function (POI);
(g) residential function (historical building); (h) residential function (POI); (i) under repair or vacant
(historical building).
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Figure 4i demonstrates the spatial distribution of under-repair or vacant historical
buildings. They are concentrated in the north of Poyang Street, the middle of Dongting
Street, Lihuangpi Street, the middle of Lanling Street, and Hezuo Street, with Panoffs’ Man-
sion as the core. The whole distribution demonstrates a significant aggregated distribution
pattern.

(3) Analysis of traffic facilities

Figure 5 demonstrates the spatial distribution of traffic facilities. It demonstrates
three core parts, among which the highest gathering density is located on the north side of
Zhongshan Street and at the intersection of Nanjing Street and Zhongshan Street, followed
by the south side of Yanjiang Street. The main reason for this distribution is that the
road network is dense in these areas. Bus stops, subway stations, flyovers, and other
transportation facilities are often placed at points with the above characteristics.

Figure 5. Spatial distribution of traffic facility density.

3.1.2. Street Interface Characteristics Analysis

(1) Analysis of built environment development intensity

While dense buildings improve the integrity of the street, more floorage allows the
street to have more capacity, both for pedestrians and functions. Therefore, the built envi-
ronment development intensity is the prerequisite for the street to generate the necessary
activities and the basis for influencing its vitality. This study counts and summarizes the
built environment development intensity of 22 streets in the study area, using the floor area
ratio as a measure of the built environment development intensity.

Figure 6 demonstrates that Lanling Street, Baocheng Street, Jianghan Street, Jianghan
2nd Street, and Zhongshan Street (W) have higher development intensity, while Huangxing
Street, Beijing Street, Zhongshan Street (M) and Baohua Street, and Tongyi Street have
lower development intensity. Among them, Jianghan Street has the highest development
intensity, reaching 1.25 times the average development intensity, and Beijing Street has the
lowest development intensity, only 0.46 times the average development intensity.
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Figure 6. Built environment development intensity.

(2) Analysis of street width-to-height ratio

Jacobs claims that tight spacing can often lead to a clear sense of street space definition
more easily than a loose layout [86]. Generally speaking, if the spacing between buildings is
large, then the architectural volume presented by the building body will become the focus
of vision, and if the spacing between buildings is small, then the interface of the building
as a whole is continuous, and the continuity and change of the building interface become
the center of vision and it is the conscious composition of the senses on the street [87].
Similarly, a desirable street width-to-height ratio reflects the comfort and continuity of the
interface scale in the street space [88]. R. Hedman also believes that the need to conform to
the human visual field between the enclosed interfaces is the key to a pleasant spatial scale
of the street to ensure the movement of pedestrians [89].

This formula determines the street width-to-height ratio:

n
i1 hi

AR =
S W,

In the equation, h; is the average height of buildings on both sides of the street. W;
is the average width of the street, which is calculated from the ratio of the enclosed street
area to the length of the street centerline.

Figure 7 demonstrates the street width-to-height ratio data for each street within the
study area. Among them, Beijing Street and Huangxing Street have a low street width-
to-height ratio, which indicates that these streets have wider streets as well as low street
frontage buildings. Streets such as Poyang Street and Dongting Street have a higher
street width-to-height ratio, which indicates that these streets are narrow and crowded in
pedestrians’ perception.
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Figure 7. Street aspect ratio.
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(3) Analysis of facade ratio of the historical buildings on street frontage

The order of historical buildings, as usable and observable symbols of history, and
non-historical buildings in the street space reinforces the pedestrian’s sensory perception
of the historic area, and the alternation of different architectural features creates a dynamic
superposition in the pedestrian’s sensory memory, constantly awakening the pedestrian’s
long cultural memory [90].

Figure 8 demonstrates the facade ratio of the historical buildings on street frontage for
each street within the study area. Overall, the ratio of historical building frontage varies
widely by street. Jianghan Street, Zhongshan Street (M) and Baohua Street, and Poyang
Street have a higher ratio. While Beijing Street and Baocheng Street have a lower ratio, they
all have values below 10%.

Street Frontage Ratio of Historical Buildings
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Figure 8. Street frontage ratio of historical buildings.

3.2. Variables of Street Vitality Analysis

In this study, we tracked the distribution of the Baidu heat map for two days from
September 17 to 18, 2022, and acquired the heat map data in the time period from 9:00 to
21:00 every three hours. After correcting the coordinates, the data were classified into 6
levels in raster cells, and heat maps were averaged for different time periods in ArcGIS.
The pattern of pedestrian activity distribution was then summarized.

Figure 9 demonstrates the distribution of pedestrian activity intensity at different
times and the average distribution of pedestrian activity intensity, which can identify that
the distribution of pedestrian activity intensity in the study areas on weekends will not be
greatly affected by the change in time. The vitality core is mainly located in Jianghan Street,
Zhongshan Street (W), Zhongshan Street (E), and Jianghan 2nd Street, which demonstrates
that these areas have the largest flow of pedestrians. Secondly, there is also greater vitality
in parts of Lanling Street, Hezuo Street, and Yanjiang Street, but in general, its intensity is
less than the core part. However, located at the intersection of Lihuangpi Street, Dongting
Street, Poyang Street, Beijing Street, and Zhongshan Street (M), there is a large pedestrian
hole.
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Average heat map 21:00

Figure 9. Heat maps at different times and the average heat map after treatment.

The street vitality intensity of the 22 streets was measured by rasterizing the data
for different vitality areas, using the average vitality of all streets as the standard value,
and Figure 10 demonstrates the street vitality intensity of each street. It demonstrates that
Lanling Street, Jianghan Street Jianghan 1st Street, Jianghan 2nd Street, Zhongshan Street
(E), and Zhongshan Street (W) have high street vitality, and their street vitality intensity is
1.23 to 1.62 times higher than the average intensity. For streets with lower street vitality,
such as Lihuangpi Street, Beijing Street, Zhongshan Street (M) and Baohua Street, Poyang
Street, and Dongting Street, their street vitality intensity is 0.71 to 0.84 times lower than the
average intensity.
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Figure 10. Street vitality intensity.

3.3. Correlation Analysis between SBE and Street Vitality in Historic Areas
3.3.1. Correlation Analysis between Morphological Characteristics and Street Vitality

Figure 11 demonstrates the spatial distribution of historical buildings and the spatial
distribution of street vitality. By comparing the two, we find that areas with a concentrated
distribution of historical buildings show two contrasting results in terms of street vitality.
On one hand, the northern and central sides of Jianghan Road and the central part of
Zhongshan Avenue (West) have a high density of historical buildings along with the
presence of high street vitality. On the other hand, Huangxing Street, Lihuangpi Street,
Zhongshan Street (M), and Baohua Street have a high density of historical buildings and a
low street vitality.

Density of Historical building

e
e e

e

Intensity of pedestrian activity
(Street vitality) |

Figure 11. Spatial distribution of street vitality versus spatial distribution of historical buildings.

To explain the reasons for this spatial distribution phenomenon, we further compare
the spatial distribution of historical building functions, the spatial distribution of POI
functions, and the spatial distribution of street vitality.

Figure 12a demonstrates that the street vitality is higher in the district with higher
density of historical buildings with commercial functions. Meanwhile, the street vitality is
lower in the district with lower density of historic buildings. The spatial distribution of
historical building density fits much better with the spatial distribution of street vitality
than the spatial distribution of POI functional density.
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Figure 12. Spatial distribution of street vitality versus spatial distribution of function type of historical
building. (a) Commercial function; (b) life service function; (c) official function; (d) residential
function; (e) under repair or vacant; (f) traffic function.

Figure 12b,c demonstrates that for life service functions and official functions, street
vitality is lower in both locations with a higher density of historical buildings and locations
with a higher density of corresponding POI functions.
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Figure 12d demonstrates that for residential functions, the higher the density of
historical buildings and the corresponding POI function, the lower the street vitality. The
lower the density of the former, the higher the street vitality tends to be.

Figure 12e demonstrates that the higher the density of historical buildings under repair
or vacant, the lower the street vitality.

Figure 12f demonstrates that for traffic functions, the higher the density of traffic
facilities, the lower the street vitality. The lower the density of traffic facilities, the higher
the street vitality tends to be.

3.3.2. Correlation Analysis between Street Interface and Street Vitality

In order to make a cross-sectional comparison between street vitality and built environ-
ment development intensity, street width-to-height ratio, and facade ratio of the historical
buildings on the street frontage, we used the values of all streets as the benchmark for
measurement, and recalculated the statistics for each variable with values relative to all
streets.

Table 3 demonstrates the result of street vitality versus built environment development
intensity, street width-to-height ratio, and facade ratio of the historical buildings on street
frontage.

Table 3. Street vitality versus built environment development intensity, street width-to-height ratio,
and facade ratio of the historical buildings on street frontage.

Built Environment Street Facade Ratio of the

Street Vitality Development Width-to-Height Historical Buildings
Street I . .

ntensity Ratio on Street Frontage

Value Ratio Value Ratio Value Ratio Value Ratio
00—All Streets 1.000 100.00% 6.319 100.00% 4.588 100.00% 0.285 100.00%
01—Huangxing Street 1.001 100.07% 3.721 58.88% 4.838 105.46% 0.051 17.88%
02—Lihuangpi Street 0.827 82.69% 3.942 62.38% 5.599 122.05% 0.389 136.73%
03—Lanling Street 1.229 122.94% 7.462 118.08% 4.348 94.78% 0.232 81.60%
04—Hezuo Street 1.155 115.52% 6.001 94.96% 4.126 89.95% 0.129 45.21%
05—Tianjing Street 0.914 91.39% 3.954 62.57% 5212 113.61% 0.221 77.55%

06—Beijing Street 0.759 75.95% 3.759 59.48% 1.620 35.31% 0.000 0.00%
07—Qingdao Street 0.965 96.47% 5.180 81.97% 3.385 73.79% 0.235 82.65%
08—Huangshi Street 1.108 110.81% 5.496 86.97% 2.555 55.70% 0.076 26.64%
09—Nanjing Street 0.996 99.60% 5.262 83.27% 3.910 85.22% 0.561 196.98%
10—Baocheng Street 0.966 96.64% 7.577 119.90% 5.248 114.40% 0.069 24.19%
11—Jianghan Street 1.622 162.20% 7.872 124.57% 4.610 100.50% 0.382 134.18%
12—]Jianghan 2nd Street 1.304 130.36% 7.519 118.98% 4.139 90.23% 0.278 97.83%
13—]Jianghan 1st Street 1.279 127.93% 7.377 116.74% 4.693 102.31% 0.252 88.59%
14—Zhongshan(E) Street 1.493 149.32% 6.791 107.46% 4425 96.46% 0.100 35.20%
15—Zhongshan(M) Streetand ) a3g g3750, 3913 6192% 5809  126.63% 0741  260.44%

Baohua Street

16—Zzhognshan(W) Street 1.429 142.91% 7.824 123.81% 4271 93.09% 0.322 113.12%
17—Yangzi Street 0.938 93.76% 3.610 57.13% 5.361 116.85% 0.394 138.50%
18—Tongyi Street 1.015 101.50% 2.924 46.27% 3.314 72.24% 0.046 16.19%
19—Shengli Street 1.106 110.64% 5.797 91.73% 3.822 83.31% 0.179 62.75%
20—Poyang Street 0.713 71.30% 4.100 64.88% 6.301 137.35% 0.448 157.33%
21—Dongting Street 0.725 72.51% 4.626 73.20% 5.792 126.26% 0.384 134.96%
22—Yanjiang Street 1.136 113.57% 6.423 101.64% 3.583 78.10% 0.229 80.61%

First, for the built environment development intensity, the streets with high street
vitality all have higher development intensity than average and are significantly higher
than other streets, while the streets with low street vitality all have lower development
intensity and are significantly lower than the average development intensity.

Second, for the street width-to-height ratio, the streets with high street vitality all have
street width-to-height ratios between 4.348 and 4.610. As for the streets with low street
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vitality, their street width-to-height ratios are all too high or too low, among which the ratio
of Beijing Street is significantly lower than other streets, only 1.62, while the ratio of Poyang
Street is significantly higher than other streets, reaching 6.301.

Thirdly, for the facade ratio of the historical buildings on the street frontage, the streets
with high street vitality have a higher percentage of historical building facades than average.
The streets with low street vitality have a large difference in values. For example, there are
no historical buildings on the street frontage of Beijing Road, while the ratios of the other
five streets are above the average, but combined with Section 2.4 and the field survey, there
are more vacant or renovated historical buildings on these streets.

4. Discussion

This study discusses the association between the influence of SBE and street vitality
in historic areas. Among them, the SBE, which is the material basis of street vitality, is
centered around the unique street environment factors possessed by the historic areas.
The pedestrian activity intensity, which is the exterior characterization of street vitality,
is reflected by the heat map. In addition, we conducted geospatial visualization analysis,
statistical analysis, and raster data analysis to visually represent the relationship between
the spatial distribution of SBE and the spatial distribution of street vitality. Furthermore,
evaluating the functional types of historical buildings assumes an important role in the
creation of street vitality in historic areas, and compared to the general urban space, the
intervention of traffic facilities can have a different impact on the street vitality in historic
areas.

In addition, the impact of SBE features on street vitality has been discussed in the
existing literature. As the material basis for street vitality, the street location, development
intensity, accessibility, functional mix, functional density, and related characteristics of the
street itself (length, width, road class, speed limit, greenery, etc.) have been studied by
many scholars. Furthermore, many scholars have proposed ways to improve the spatial
quality and comfort of streets through rational planning and design techniques to enhance
street vitality [19,20,23-25]. While the above-mentioned factors are often common in urban
street spaces, special streets such as historical streets, which have an important place in
urban spaces, have rarely been explored. This study has provided new insights from the
perspective of these special spaces in cities such as historic areas.

First, the spatial distribution of historical buildings in historic streets leads to a more
differentiated distribution of street vitality. It shows that the street vitality may become
higher or lower in areas where historical buildings are concentrated.

The main reason for this phenomenon is that these historical buildings have been
renovated and they assume different types of functions in the streets. Among them,
the spatial distribution of historical buildings converted to commercial functions has high
consistency with the spatial distribution of street vitality, and the consistency is significantly
higher than that of spatial distribution for commercial functions in general. The conversion
of historical buildings to life service functions and official functions has an inhibiting effect
on street vitality. Moreover, the spatial distribution of historical buildings converted to
residential functions, as well as those in repair or vacancy, is diametrically opposed to the
spatial distribution of street vitality. This demonstrates that the existence of such historical
buildings will significantly inhibit street vitality.

In conclusion, it is not difficult to know that the dimension of functional features is
one of the most important variables in street vitality. This finding is largely consistent
with the results of theoretical studies of street vitality and recent empirical studies. Jacobs
argues that functional diversity is the most important fundamental factor in attracting
citizen visitors to activities, as confirmed by Long Y. and Zhou K. et al. [34,50]. Compared
to physical built environment features, functional features can be adjusted and changed
relatively easily in a short period of time in response to changes in actual conditions, and
they are reflective of the immediate needs of current pedestrians [16]. Second, functional
features with historical attributes have a more significant impact on street vitality than
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those without. This also validates Jiang’s explanation of urban vitality, which posits that
cultural vitality is the spiritual connotation of urban vitality, and is an important expression
of human spiritual pursuit on top of social and economic vitality [70]. History and culture
are the deepest connotations of a city; therefore, a street environment with historical style
tends to be more attractive to pedestrians, which is an important characteristic variable
factor of street space in historical districts.

In addition, it is worth paying attention to the mutually exclusive phenomenon of the
spatial distribution of traffic facilities and the spatial distribution of street vitality, which
is contrary to the conclusions reached by previous studies scholars [91]. The reason for
this phenomenon may be that although the presence of traffic facilities will improve the
convenience of the area, the intervention of bus stops, subway stations, flyovers, and other
facilities located in the historical landscape will destroy the pedestrian environment of
the historical streets, thus leading to the phenomenon of reduced street vitality. On the
contrary, streets such as Jianghan Street are the most vibrant of all, even though they are
only walkable. This phenomenon can also reflect the fact that the distribution of traffic
facilities can have a different impact on street vitality in the particular street environment
of historic areas.

Furthermore, the higher intensity of SBE will have a positive effect on street vitality.
This is reasonable because a street with a higher intensity of development means that it has
more places for activities and can accommodate a large number of pedestrians to stay for
the corresponding activities, thus promoting street vitality [92]. In addition, too high or too
low street width-to-height ratios can have an inhibiting effect on street vitality. In general,
if the buildings are relatively loose and have low massing, this will result in the street
environment having no visual center to focus on from the pedestrian perspective, which is
detrimental to street vitality [90]. However, if the street is overdeveloped with an emphasis
on high-density buildings, it can cause street space to be crowded in scale. Therefore, by
maintaining the appropriate volume relationship of the street while keeping the continuity
of the street interface, the area can provide a suitable physical environment for the existence
of street vitality. This also confirms Allan Jacobs” description of the “limited sense of street
space” [86]. Moreover, streets with a high proportion of historic building facades will
enhance street vitality to some extent. However, if there are a large number of historical
buildings under restoration exposed to the built environment of the street, this will have
a significant inhibiting effect on street vitality, which may be determined by the sense of
security.

5. Conclusions

Historic areas are witnesses of a city’s development and the carriers of its spirit and
material. The built environment constitutes the city’s historical and cultural landscape and
unique personality characteristics and is the city’s historical heritage. To protect the history
of the city is to protect the continuity of the city’s history and culture and to preserve the
memory and heritage of the city [93]. Therefore, preserving and sustaining the character
of historic areas, especially the street space, which is an important part of urban space,
is an important agenda in the sustainable development and renewal planning of every
city in the world today. Driven by the development of new research methods and data
sources, this study uses ArcGIS to quantitatively analyze street vitality by applying open
data such as street network data, 3D building data, and POI, and also combining historical
building-related data provided by books. The impact of SBE on street vitality was assessed
through spatial analysis and statistical analysis methods. The empirical results of three
historic areas in Wuhan demonstrate that the SBE in historic areas plays a key role in the
creation of street vitality.

The contribution of this study is threefold. First, the association between the functional
transformation of historical buildings and street vitality suggests that rational restoration
and renewal of historical buildings in historic areas and transformation into public or
even commercial-oriented functions can effectively promote street vitality. Second, when
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designing the renewal of street spaces in historic areas, the principle of not destroying
the original street texture should be adopted. External space design that preserves the
spatial characteristics of the historic environment and the spirit of the place is an effective
way to enhance the street vitality of historic areas. Moreover, although the presence
of transportation facilities can bring more visitors and pedestrians to the streets of the
area, they cannot be perfectly integrated into the historic environment compared to the
general urban streets, and thus can reduce the street vitality in the small area around them.
This verifies that transforming streets in historic areas into pedestrian-oriented streets is
more likely to stimulate their potential to activate urban vitality as historical resources.
These findings will help urban designers and planners develop better renovation planning
strategies for sustainable development and renewal and revitalization of historic areas.

However, this study has certain limitations. Street vitality is a complex and intangible
concept that cannot be fully represented by data from a single time period. Future studies
ought to integrate other data sources, such as cell phone signaling data or nighttime light
remote sensing data, to establish more accurate measures of street vitality. Additionally, at
the early stage of the study, we intended to investigate the ratio of various SBE factors and
the visibility rate of historical buildings by panoramic street view images, but these images
have not yet been collected and need to be further verified. Although we have considered
using street view image data provided by web platforms as a substitute solution, there are
two problems with these data. On the one hand, the timeliness of the data is poor. There
are large numbers of street-view images that are old and differ greatly from the current site
status. On the other hand, the integrity of the data is low. Most of the street view image
data provided by the web platform are collected by companies through street view cars,
but there are many pedestrian streets in historic areas, which resulted in there being many
streets within the study area that have no street view images now. Therefore, the analysis
of relevant indicator variables was not complete at the end of this study, and future studies
should take into account the impact of these indicators on street vitality.
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