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Abstract: The walkability of the built environment has been shown to be critical to the health of
residents, and open data have been widely used to assess walkability. However, previous research
has focused on the relationship between the built environment and walking behavior rather than
perceived walkability, and there is a lack of systematic research on walkability at the urban scale
using open data. This paper presents a methodological framework for systematically measuring
and assessing perceived walkability at the urban scale, considering general and specific features.
The walkability indices are obtained using variables from open data or calculated automatically
through machine learning and algorithms to ensure they can be evaluated at a larger urban scale.
The proposed method is applied to Harbin, China, to assess the perceived walkability of streets
using hundreds of thousands of street view images and points of interest obtained from open
data. The results are compared with a subjective evaluation of walkability to validate the proposed
method. The results demonstrate that measures of the urban built environment can describe perceived
walkability. Thus, the proposed framework shows promise for assessing the walkability of urban
spaces, supporting policy proposals, and establishing design guidelines for optimising urban spaces.
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1. Introduction

Walkability is an important characteristic of the built environment since it is a quantita-
tive and qualitative measurement of how inviting or un-inviting an area is to pedestrians [1].
Traditionally, research frameworks of walkability were based on studies of the relationship
between the built environment and walking behavior [2,3]. Studies from a public health
perspective have also investigated the relationship between the built environment and the
frequency and type of physical activities. In addition, objective quantitative assessment
methods and models have been used to evaluate factors influencing walking activities [4].
Although the results of objective quantitative assessments are relatively accurate and reli-
able, the indices may not match residents’ perceptions, and it is difficult to reflect the street
level walkability from the perspective of the pedestrians’ perception. In other words, the
subjective dimension or perceived walkability has often been overlooked, until recently.

Perceived walkability, i.e., how walk-friendly people experience a certain urban area
or street space [5], has received limited attention. Only recent studies have shown that
environmental elements affect people’s willingness to walk, and objective and perceived
walkability are highly correlated but not always in the same direction [6,7]. In addition,
Jensen et al. [8] found that walkability measurements typically did not include micro-scale
streetscape features associated with perceived walkability [9,10]. Therefore, a framework
for assessing perceived walkability based on existing frameworks is required to conduct an
objective assessment of perceived walkability.
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Another shortcoming of current perceived walkability research is a lack of methods
applicable to the urban scale and with a balance between universality and local identity.
Previous studies of human scale walkability have used field surveys and questionnaires, but
these methods are time consuming and cannot be carried out on a large scale. In addition,
although many studies have been carried out, it is difficult to compare the results in terms
of the impact of the built environment on perceived walkability because they have been
conducted in different times and spaces using different audit tools. Open data, as an
emerging data source, has a wide variety of data, many of which are closely linked to the
built environment at the micro-scale, such as POI data or road network data, and street
view image data can well simulate the built environment from the human perspective.
In addition, its data coverage is wide, dense, and frequently updated, and can be rapidly
collected on a large scale. Therefore, the shortcomings of current perceived walkability
research can be addressed by combining built environment elements information obtained
from open data with the weights of each element in terms of perceived walkability in
general or in a particular dimension obtained through Analytic Hierarchy Process (AHP)
or Principal Component Analysis (PCA), etc. Thus, it can become a potential tool for large-
scale acquisition of urban built environment features for perceived walkability research.

Based on the above analysis, the following three research objectives are proposed:

1.  Develop a framework for assessing perceived walkability. Specifically, identify the
elements of the built environment that are relevant to perceived walkability and the
extent to which they influence perceived walkability.

2. Establish a methodology for using open data to assess perceived walkability in a
built environment within the above framework. Specifically, the relationship between
perceived walkability and elements of the built environment will be expressed through
mathematical formulae and algorithms based on open data, forming a perceived
walkability audit scale.

3. Validate the perceived walkability audit scale. Specifically, the evaluation results of
this scale through open data can reflect the pedestrian’s walking experience.

2. Literature Review

This section provides the background on walkability research with a special focus
on the relationship between users’ perception of the built environment and data-based
measurements of walkability in the urban built environment.

2.1. The Relationship between Perceived Walkability and the Built Environment

Recent research on perceived walkability has shown that the built environment, espe-
cially elements related to the human scale, significantly influences pedestrians” walking
experiences. The results of these studies demonstrate both the generality and specificity
of urban environmental elements in relation to the walking experience. The generality
aspect is reflected in the fact that factors of the built environment that influence perceived
walkability are similar across studies, e.g., the number and density of sidewalks and in-
tersections influence a pedestrian’s perception of a destination’s accessibility [11,12], the
number of everyday amenities within walking distance is correlated with a measure of
convenience [13,14], the aesthetic elements increase the pedestrian’s comfort [15-17], and
the traffic volume, sidewalk width, and the level of street lighting [18-20] can affect the
sense of safety. This suggesting that a generalised research framework can be established
to assess perceived walkability. On the other hand, the specificity aspect is reflected in the
degree of influence of the built environment’s elements on perceived walkability and the
correlation between the elements and perceived walkability differ for different climates,
geographic areas, demographics, cultural backgrounds, urban designs, and walkability
policies [21-23]. Overall, the built environment has a significant impact on perceived
walkability. Although the elements of the built environment that affect perceived walka-
bility are generally the same, the degree to which the elements of the built environment
affect perceived walkability may vary in different research contexts. Therefore, research on
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perceived walkability requires an assessment methodology with a general framework that
reflects the relationship between perceived walkability and the built environment, and with
elements and their weights that reflect the characteristics of different research contexts.

2.2. Utility of Open Data for Walkability and Built Environment Research

Open data, including street view imagery (SVI), OpenStreetMap (OSM) topographic
data, and point of interest (POI) data, have been widely used to evaluate the relationship
between walkability and the built environment. The data are freely available in large
quantities from several data providers, such as Google, Tencent, and Baidu. Open data
have been used in two main research areas of walkability and the built environment.
The first area has focused on identifying attributes of the built environment and their
distribution, and their relationship with objective walkability at large spatial and temporal
scales, i.e., a district, city, or a comparison of multiple cities. These include extracting a
specific element from open data and reflecting the pedestrian friendliness of the urban
environment through its distribution pattern [24], or the walking-related characteristics
of the urban road network [25] at the city scale. Alternatively, the identification results of
several environmental elements can be combined and calculated to describe [26] or predict
the distribution pattern of walking-related features in a given urban form pattern [27]. These
studies confirmed that identifying and extracting built environment attributes from SVI
through semantic segmentation reflected their real distribution at a large scale and described
correlations between the built environment and walking trip characteristics. However, the
walking preference from the subjective perspective of pedestrians was ignored.

The second type of research has focused on establishing relationships between the
built environment and human perception. These studies analysed the relationship between
human perception and characteristics of the built environment. These studies characterised
people’s preferences for particular urban environments through differences in shortest paths
and actual behaviour between two locations [28], or measured the relationship between
people’s perceptions and urban environments through mass online questionnaires [29].
Data collection and comparative analyses have been carried out in a number of cities [30,31],
and the results provide insights into the relationship between the built environment and
subjective human perceptions such as boring, lively, and safe. The methodology and results
of these studies provide guidance for investigating the relationship between perceived
walkability and the urban environment, although the environmental elements associated
with perceived walkability and the similarities and differences in their influence on other
perceptions need to be further explored.

In conclusion, current research has demonstrated a strong link between the human-
scale built environment and pedestrians” walking experience, and the potential of open
data and algorithms in assessing perceived walkability. However, there are still several
research gaps in perceived walkability assessment research, including the establishment
of a research framework that is both general and adapted to the specificities of different
research contexts, the elements of the built environment that are relevant to perceived
walkability, and the methodology for collecting and calculating these elements through
these open data. Filling these gaps is a contribution of this study.

3. Development and Formulation of a Walkability Scale
3.1. A General Perceived Walkability Framework

This paper proposes a perceived walkability measurement framework based on the
research described in the literature review and specifically on the framework Jacobs used
to describe the effect of the built street environment on people’s perceptions of a liveable
city [32]. The proposed framework considers five pedestrian experiences: accessibility,
convenience, visual comfort, safety, and climate adaptation. The focus is on built environ-
ment features at the microscale. The built environment elements for assessing perceived
walkability are derived from audit tools used in former studies, including NEWS [33],
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MAPS [34], EAST-HK [35], FASTVIEW [36], PEAT [37], and REAT [38]. The following
factors were evaluated:

1.  Accessibility. A well-connected road network encourages walking due to shorter
distances and less time for typical daily trips while meeting the needs of a diverse
range of travellers and providing various convenient road options.

2. Convenience. This refers to the ease of reaching destinations (or places of daily
amenities) within walking distance.

3. Climate adaptation. This refers to the existence of facilities and their spatial design to
reduce pedestrian vulnerability to the effects of extreme weather conditions. Many
cities suffer from long, cold winters or hot summers, and urban spatial designers
should consider the walking experience and reduce the negative impact of extreme
weather conditions on pedestrians.

4. Visual comfort. This refers to the degree to which the built environment provides a
visually pleasant experience for pedestrians. A pleasant visual environment provides
visual appeal on walking journeys and keeps people interested in walking.

5. Safety. This factor includes social and traffic safety.

3.2. Development of a Perceived Walkability Scale for Harbin City

A two-round expert survey with questionnaires was conducted to develop the per-
ceived walkability scale. The questionnaires included a scale of 5 factors and 20 indices,
which were selected based on the audit tools mentioned in Section 3.1. The built envi-
ronment factors and indices related to walking behaviour or perception included in each
audit tool were first listed, from which the factor categories used in most of the scales
were selected, as well as the built environment indices more commonly associated with
medium-to-high density urban environments. The factors and indices included in the scale
also took into account the specificities of the city of Harbin. Harbin is China’s northernmost
provincial capital city, with a population of 4.6 million and five hundred square kilometres
of a built-up urban area. Since Harbin is located inland and at a high latitude, the area has
a very cold climate with mild summers and long, cold winters. Central heating is required
for six months of the year. The average temperature is —19 °C in January and 23 °C in July.

The questionnaire was administered to 20 experts in the fields of urban design, architec-
ture, and urban management, all of whom have been working in their respective fields for
more than 10 years, 15 of whom work and live in Harbin for more than 10 months a year,
and another 5 of whom work in Beijing, Shanghai, and Tianjin but have lived in Harbin for
more than 5 years. All experts reported being “very familiar” or “familiar” with walkability
studies and the built environment of Harbin. Of the 20 experts, 8 were female and 12 were
male. The average age was 42.8 years. Each expert participated in both rounds of the survey.

The purpose of the first round of questionnaires was to screen for factors and indices
that should be included in the perceived walkability scale. We sent the questionnaire to
each expert and asked them to select whether these factors and indices were appropriate
for assessing perceived walkability and whether any factors and indices should be added.
As a result, all 19 experts agreed on the five general context factors, three of the 20 indices
were deleted because they were considered to be weakly related to perceived walkability,
and four were considered to be similar to the other indices and were therefore combined
into one. This resulted in a perceived walkability scale with 5 factors and 12 indices.

The purpose of the second round of the questionnaire was to determine the weight of
each factor and index. Here we used the Analytical Hierarchy Process (AHP) [39], which
is a common analytical method used in sociological research for complex multi-objective
decision problems. The AHP method usually treats the objective problem as a system
and calculates the hierarchical ranking by building a hierarchical model, constructing a
judgement (pairwise comparisons) matrix and fuzzy quantitative methods for qualitative
indicators. This in turn generates multi-level, multi-indicator decision making and evalua-
tion. We asked each expert to compare the importance of each factor and index in pairs,
using a five-point scale ranging from 1—very unimportant to 5—very important.
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3.3. Formulation of the Indices Based on Open Data

In this section, we define the indices relevant to perceived walkability in the results of
the expert questionnaire and develop equations for them. It is assumed that the variables
can be obtained from open data sources or calculated automatically using machine learning
and algorithms. Subsequently, the indices were evaluated at the larger urban scale.

3.3.1. Accessibility

Two indices were used for the analysis of road networks (Table 1). Spatial design
network analysis (SDNA) is a convenient method for calculating these indices [40]. As the
method in sSDNA, we describe roads as a network of nodes and edges and use intersections
as endpoints. The betweenness of a node is defined as the degree to which this node is
selected, and the closeness is defined as the ease of access from one point to the rest of the
network within a walking radius.

Table 1. Equation and computation for indices of accessibility factor.

Index Equation Computation Process
Bt _ dst(x)
e(x ) s#%év dst
Bte(x ) denotes the value of betweenness index,
ost(x) denotes the number of times the
Betweenness shortest path between point s and t passes Betweenness index and closeness index will be calculated
through point x within the radius R, and dst using the sSDNA plug-in in GIS and the R-value
denotes the number of shortest paths between — represents the interrelationship of paths within the
point s and t. corresponding distance of activity for a particular path,
in this case 400 m, which is the empirical distance
Clo(x) = % d§<<xy>y> considered acceptable for most pedestrians in
YERy 7 7 . walkability studies.
Closeness Clo(x) denotes the value of Closeness index, p

(y) is the weight of node y within the radius R
of the computational range, 40(x,y) denotes the
shortest path distance from point x to point y

3.3.2. Convenience

The convenience factor is calculated by using POI and street network data (Table 2).
Access to public transit is represented by a connection. The function diversity index is a
measure of the richness of the variety of travel destinations, and the function-density represents
the density of basic services on both sides of the street, i.e., the ratio of the number of different
types of residential service POlIs in the street section to the length of the walking space.

Table 2. Equation and computation for indices of convenience factor.

Index Equation Computation Process
Trans = Y. Ni X wi 1. Select POI of all types of traffic facilities within the buffer zone of the street
Ni denotes the number of type i public segment. (The buffer zone is the area within a radius of 400 metres * from the
Connection transport facilities within the buffer zone ~ centre of the street segment)

of the road segment, wi denotes the weight 2. Calculate the product of the number of POIs and weights for each type of

of type i public transport facilities traffic facility and add them together. (Transport facility weighting:

bus stop = 0.1, metro stop = 0.7 BRT stop = 0.2)

Function diversity

Ser = —_i PInP;

n denotes the total ni1:1;1ber of POI types, 1. Collect POI within main city area of Harbin City, and divide POI into
P; denotes the share of the i-th POI type in 11 categories: eating and drinking, shopping, health care, amenities, public

the total. If there is only one POI type, the ~ SPace, sports and leisure, education and culture, public transport, government
Shannon index is the minimum value of 0. gencies, corporations, public facilities.

2. Select POI within the buffer zone of the street segment. (The buffer zone is

Qua = % the area within a radius of 400 metres * from the centre of the street segment)
Function density Nyoi denotes the total number of facility 3. Calculate function diversity index and function density index as
POIs within the buffer of the street the equation.

segment, L denotes the length of the
street segment.

* A 400 m buffer zone is the empirical value considered acceptable for most pedestrians in walkability studies.
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3.3.3. Climate Adaptation

Three indices are used to assess the adaptation to climate: snow load, direct solar
radiation, and winter wind environment (Table 3). The snow load index is the capacity of
the sidewalk buffer space to accommodate snow generated by snow shovelling. A study of
the subjective perceptions of the thermal environment quality in winter found no significant
correlation between residents’ perceptions of the temperature when walking outdoors and
the air temperature in the street. However, residents were more sensitive to sunlight
conditions and wind speed [41]. Therefore, the winter wind environment index and the
direct solar radiation index are included.

Table 3. Equation and computation for indices of climate adaptation factor.

Index

Equation Computation Process

Winter wind
environment

Tow = Stowards + Swidth

evaluation score, S, denotes the street

width evaluation score.

&
-t
Stowards denotes the street orientation

crosswind vertical wind

100

2

vertical wind crosswind

winter wind direction distribution of Harbin score of cold wind resistance
1. The street orientation is scored according to the angle of the street facing the prevailing winter wind
direction in Harbin, reflecting the ability of the street to withstand cold winter wind crossing.
2. Street width is scored according to the street classification, reflecting the ability of the street to reduce
the wind speed of cold winter winds.

Direct solar
radiation

Sol =

pdirect denotes the number of pixels of the
sun track in the image within the sky area, p
is the total number of pixels of the sun track
in the image, and fgynshine denotes the
number of hours of sunlight in selected day
(such as winter solstice day), which can be
obtained by looking up a table of hours of

sunlight

1yvn
i

pdirect
P

@xnet
@©LUON

sunshine

1. Semantic segmentation of the image.

2. Crop the image and convert it to a fisheye image.

3. Create a map of the sun’s trajectory for selected date in winter and project it horizontally.

4. Superimpose the trajectory projection onto the fisheye image and calculate the percentage of sky area
within the trajectory.

3.3.4. Visual Comfort

We chose two indices describing visual comfort (Table 4). The level of greenery is
a critical element in assessing urban environments and walkability. In this study, the
vegetation view index is the ratio of the area occupied by different vegetation types in
the SVI, as identified by semantic segmentation, to the total area of the street interface.
The facade colour index is a measure of warm colours on the fagade because they provide
psychological comfort to pedestrians in a cold urban area [42].
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Table 4. Equation and computation for indices of visual comfort factor.

Index Equation Computation Process

_ Sug
Veg = 3 full
Vegetation
view Syeq denotes the vegetation area
identified by semantic segmentation 2
g‘ Lhet fuglst':eretawfext/\}ll mfll?l%irif ull 1. Image semantic segmentation to identify various types of vegetation.
enotes the area ot the 8¢ 2. The area of each type of vegetation is summed to obtain the total vegetation area.
3. Calculate the proportion of the vegetation area in the image.
@xnet
®LUON “~ ‘
| .
1 2 3
cluster  pixels name. HEX RGB HSV
m . e aae s
Warzg"’J B oo warm cool warm U e T T
O eoox |« ?.. NSVM 120 180 u:ﬂ;ou 360 B A:D 2 -
Fagade color m oo | Wpandas | "SI i B O ot i bico oz oz e
o "oy | IR . #6A5858 8 816 42
H oo 5 4 o '.“
Swar denotes the warm pixels . . L.
identified in the full street view image. 1. Conduct semantic segmentation of street view images;
S pui1 denotes the area of the full image. 2. Extracting building facade areas using the OpenCV library in the Python program,
with the semantic segmentation result image as mask.
3. Analyse the top five main colour categories of the building facade and output RGB
and HSV values;
4. Filtering according to the RGB and HSV values of the clusters and retaining the warm
colour cluster categories.
5. Derive statistics on the proportion of warm colours in the panoramic image, to derive
the street building warm colour index.
3.3.5. Safety
Two indices are selected to describe pedestrian safety (Table 5). The vehicle index
quantifies the areas of motorised vehicles in the SVI. The sidewalk index is the proportion
of the sidewalk area in the SVI.
Table 5. Equation and computation for indices of safety factor.
Index Equation Computation Process
Non = 1
Sveh
Sye, denotes the total motor vehicle
) area identified by semantic
Vehicle segmentation, including cars, buses,

trucks, and motorcycle. Sy, denotes 1 2 3
the area of the full image. A higher
score presents that walking behaviour
in the street segment is less disturbed
by motor vehicles

1. Image semantic segmentation to identify various types of motor vehicles.
2. The area of each type of motor vehicle is summed to obtain the total area
occupied by motor vehicles.

3. Calculate the proportion of the area of motor vehicles in the image.
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Table 5. Cont.

Index Equation Computation Process
Sid = it
full
Sidewalk s¢ig denotes the total sidewalk area 4 4 A_
identified by semantic segmentation. 2

S fun denotes the area of the full image.
A higher score presents larger
walkway area

1. Image semantic segmentation to identify sidewalks.
2. The areas of sidewalks are summed to obtain the total sidewalk area.
3. Calculate the proportion of the sidewalk area in the image.

4. Application and Validation of the Walkability Scale

We applied the walkability scale to Harbin, China, and used open data to evaluate the
walkability of the streets. The results of this evaluation were compared with the results of a
manual evaluation to validate the walkability scale.

4.1. Measuring and Visualising Walkability in Harbin
4.1.1. Study Area

This study uses Harbin, a cold-region city in China, as a case study and develops
a walkability measurement tool for urban built-up areas with similar urban scales and
extreme climates. The geographic scope is the urban area within the third ring road of
Harbin, which includes the main built-up areas of the city. The outer suburbs and villages
are not included.

4.1.2. Data Collection and Processing

POI data: We used the free API interface of the AutoNavi Online Map to obtain basic
data. AutoNavi Map provides 20 categories of POls. We used Python to collect web page
data within Harbin’s urban administrative divisions and added it to the map. The data
collection period is March 2022. The final POI data consist of 86,710 daily service facilities
in eleven categories (Table 6). The POI data distribution is shown in Figure 1.

Table 6. Classification and number of POlIs in the study area.

Classification of POI Content Quantity Proportion

Chinese restaurants, international restaurants, fast food restaurants,

Eating and Drinking casual dining venues, cafes, tea houses, beverage shop, pastry, bakery 17,100 29%
shops, etc.
shopping malls, convenience stores, home appliance stores,

Shopping supermarkets, flower, bird and fish markets, furniture markets, general ~ 1331 2%
markets, etc.

Health Care general hospitals, specialist hospitals, clinics, emergency centres, 5935 10%
pharmacies, etc.

Amenities bea}ut‘y salons, hai}‘dresse.l‘s, repair stationsi lagndrie§, post offices, 7668 13%
logistics and courier services, telecommunication offices, etc.

Public Space parks, squares 70 0.10%

Sports and Leisure sports venues, entertainment venues, leisure venues, cinemas 2789 5%

Education and Culture s.choo.ls, museums, exhibition halls, convention ceptres, art galleries, 5807 10%
libraries, science and technology centres, planetariums, etc.

Public Transport bus stations, subway stations 4099 7%

Government Agencies government agencies, social organizations office space 6281 11%

Corporations companies, enterprises 7262 12%

Public Facilities public toilets, accessible facilities, emergency shelters 501 1%

Total - 58,863 100%
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Sports & Leisure Education and Culture Public Transport

Government Agencies Corporations Public Facilities
Figure 1. Distribution of POIs within the study area.

Road network: A basic road network dataset in the main urban area of Harbin was
established using OSM as the data source and layers from the Harbin urban vector road
network in the National Geographic Information public service platform Sky Map.

Street View Imagery: The street view images used in this study were sourced from
Baidu Maps and were collected between August and October 2017. According to the
Harbin City Statistical Yearbook, from 2017 to 2022, the population, the road and street
area, the landscape and greenspace area, and the new built area within the study area only
increased by 0.7%, 0.08%, 0.6%, and 0.2%, so although the street view imagery data were
collected six years ago, they could still reflect the present street environment as there were
few new developments and renovations in the study area.

The road network is divided by breakpoints every 50 metres. The breakpoints were
converted to coordinates in the WGS84 coordinate reference system, and four images were
acquired at each coordinate (at 0°, 90°, 180°, and 270°, respectively), thus constituting a
panoramic view of the streetscape at a single breakpoint. A total of 131,044 panoramic
images from 32,761 break points were obtained in the study area in Harbin (Figure 2).

Figure 2. Example of the street view image capture method and semantic segmentation results.

Following this method, we established a breakpoint every 50 m on the road network in
order to calculate the indices. The average of the scores for each breakpoint was the score for
that street segment. Six of the twelve indices were analysed using semantic segmentation of
the street view images. We used the Cityscapes dataset [43] and the Deeplabv3+ algorithm
model trained by the MXNET deep learning framework [44] for the semantic segmentation
of the images. The other six indices were calculated using the road network and POI data.
The results of the indices and the product of the scores and weights for the indices were
added and represented the walkability index of the street.
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4.1.3. Results

As shown in Table 7, the results of the expert survey showed that the weights of the
five factors ranged from 0.1 to 0.32, with Climate adaptation and Convenience having high
impacts of 0.32 and 0.27, respectively, and Safety having a low impact of 0.1. The weights
of the 12 indices ranged from 0.04 to 0.13, with Betweenness and Street direction having
high impacts, both above 0.1, and Vegetation view, Vehicle level, and Sidewalk all having
values of 0.05 or less. The rating results were tested for consistency, and the consistency of
the comparison results for all factors and indices ranged from 0.65 to 0.88.

The measurement results of walkability index for Harbin City are shown in Figure 3.
The results for the factors and indices are shown in Figure 4, and a typical street space
with high, medium, and low scores of the walkability index and the factors are shown in
Figure 5.

Table 7. Perceived walkability Scale.

Factors Weight Indices Weight Description
I Betweenness 0.11 Route numbers in a certain radius (variety of route choice)
Accessibility 0.18 . o .
The difficulty, on average, of navigating to all possible
Closeness 0.07 R . . .
destinations in a radius from each link
Access to ppbhc 0.09 Ease of access to public transportation
Convenience 0.27 fransportation
0 ’ Function diversity 0.09 Variety of infrastructures and amenities
Function density 0.09 Number of infrastructures and amenities
Snow load ability 0.10 Side space of sidewalk (usually vegetation which could pile
: : snow and prevent melt snow hazard to sidewalk)
Climate adaption 0.32 . . T .
N Influence of micro-climate, avoiding direct west and
Street direction 0.13 e
northern wind in winter
. L. Influence of micro-climate; direct sunshine is the main
Direct solar radiation 0.08 o
source of warmth for pedestrian in winter
. Vegetation view 0.04 Presence of green plants
Visual comfort 0.13 Facade color 0.09 Warm or cool tones
Safet 010 Vehicle level 0.05 Motor vehicle presence and volume
y ’ Sidewalk index 0.05 Presence and width of sidewalk
9

. ;};f/

e

—6

Figure 3. Visualisation of the results of total walkability of Harbin City.
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Snow load Winter wind environment Direct solar radiation
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Facade color

cCanwhOON®O

Safety Non-vehicle Sidewalk

Figure 4. Visualisation of the results of factors and indices of Harbin City.
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The perceived walkability is high in the central city and low in the surrounding urban
areas, and a clustered distribution is observed in the central city. Streets with high scores
are mainly located in the centre of the three old urban areas and on primary and secondary
streets in mixed residential and office areas. A concentration of high-score streets occurs in
the southwest of the city, where several universities are located. The eastern side of the city
has a more even distribution of perceived walkability, with most of the area scoring medium
to high. This area has been being developed as a mixed residential and commercial/office
urban area for 20 years. Areas with low perceived walkability scores are concentrated at
the city’s edge, along the railway line through the city centre, and on the west side of the
city in newer, predominantly residential urban areas that have been developed since 2010.

Among the distributions of the scores for five factors, Accessibility, Convenience,
Visual comfort, and Safety are similar to those of perceived walkability. In contrast, high
scores for the Climate adaptation are observed in the southwest of the city and in the
new development district to the east. The distributions of the scores for the five indices
(Closeness, Function diversity, Wind environment, Facade colour, and vehicle level) are
similar to those of perceived walkability. The distributions of betweenness, function density,
and solar radiation are relatively high, whereas the distributions of Snow load and Sidewalk
are relatively low. High scores of Connection and Vegetation view are concentrated around
major arterial roads and scenic spots.

4.2. Validation of the Walkability Scale: User Feedback

To validate whether the proposed walkability assessment method could reflect human
perceptions of walkability, a comparison experiment was designed between the results of
open data measurements and of a personal questionnaire.

4.2.1. Validation Process

The walkability results derived from the open data were categorised into five levels
from 1 to 5 (lowest to highest). An equal proportion of streets in each level was selected,
with three points on each street where street view images were taken. A total of 158 streets,
416 points, and 1664 images (four images for each point) were used for the validation
(Table 8). Images of the location on each sampled street and a map with the address and
orientation of the street were placed on a single slide (Figure 6). Each slide was scored five
times during the experiment, and the average of each score was used as the walkability of
the point and the score for the factors. A total of 21 participants took part in the experiment.
Each participant scored 40 breakpoints on one slide.

Table 8. Street selection.

Open Data Measurement Total Number of Streets Number of Streets
Score Level Selected
1 1302 15
2 2872 44
3 3267 35
4 2699 39
5 1167 25

total 11,307 158
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University of Chinese Medicine,
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Figure 6. Example of a slide shown to participants.

4.2.2. Validation Result

The results were tallied, and 768 valid scored slides were collected, followed by an
additional round of experiments to ensure that each slide had five valid scores. After
averaging the scores for each point in the street on the slide, Pearson correlation analysis
was performed with the results of the open data measurements. The results are listed in
Table 9.

Table 9. Correlation between open data measurement and questionnaire.

et . Climate . Perceived
Accessibility Convenience Adaption Visual Comfort Safety Walkability
Pearson 0.393 ** 0518 * 0.026 0.509 ** 0.462 ** 0.459 **
Correlation
Sig (2-tailed) 0.000 0.000 0.748 0.000 0.000 0.000

“p <0.01.

The experimental results showed significant correlations in walkability and the factors,
except for Climate adaptation, between the open data measurement results and the ques-
tionnaire results. Overall walkability and five factors (Accessibility, Convenience, Visual
comfort, and Safety) had correlation coefficients from 0.393 to 0.518. The results suggest
that the proposed method using open data is suitable to assess perceived walkability and
the factors, with the exception of Climate adaptation. We suspected that the reason for
the irrelevance of the climate adaptation factor might be related to the method used in
the validation experiment, where participants were asked to rate slides rather than onsite.
We then conducted a supplementary experiment in January 2024, in which 47 sample points
on 15 streets were surveyed in situ for the Climate adaptation factor, and each point was
rated by five investigators; the results of the ratings were significantly correlated with the
results of the open data, with a correlation of 0.612.

5. Discussion

People’s perceptions of walkability are highly subjective. Traditionally, these percep-
tions were measured using questionnaires. This paper proposed a new approach to evaluate
perceived walkability. A scale for measuring perceived walkability using open data was
developed. It differs from traditional methods in two ways. First, we used indices related to
the three-dimensional built environment in addition to indices typically used in walkability
studies utilising two-dimensional map data. We incorporated a factor describing climate
adaptation, which is critical for measuring perceived walkability in cities with extreme
climates, such as Harbin, where the case study was conducted. The inclusion of additional
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indices brought the assessment closer to the real walking experience of pedestrians. Second,
all indices were measured using open data. Thus, they could be calculated on a large scale,
saving labour and time compared to traditional interviews and questionnaires. We applied
this method to the main urban areas of Harbin City and obtained the indeXx, factor, and
perceived walkability scores for each street.

A questionnaire was used to compare the perceived walkability results of the open data
calculations with a subjective assessment of walkability to validate the proposed method.
The results showed moderate and significant correlations between the two approaches for
overall walkability and all five factors, and suggested that the proposed method using
open data is suitable to assess perceived walkability. The moderate correlations could be
attributed to the following factors: firstly, this may be related to the virtual audits methods
which the validation experiment used, as although the participants of the experiment
claimed that they were familiar with the street points shown in the slides, photos and
brief descriptions of the street could not fully replace the onsite built street environment.
Secondly, the moderate correlation may reflect differences in the perceived walkability
of the build environment for different age groups. The weights of the indices used for
the open data rating were based on a survey of experts with an average age of 42.8 years,
whereas the average age of the volunteers who participated in the validation experiment
was 24.9 years. Age might explain the differences in perceived walkability between these
two groups. Thirdly, street function was not assessed in this study, although streets with
different functions have different environmental characteristics. People have different
perceptions of walkability for streets with different functions.

There are possible differences in perceptions of walkable environments because we
did not consider people walking in different environments. The street function was not as-
sessed in this study, although streets with different functions have different environmental
characteristics. People have different perceptions of walkability for streets with different
functions. In addition, the indices and weights were derived from a questionnaire adminis-
tered by an expert panel and validated by another group of participants representing the
general public. The low-to-moderate correlations may be due to differences in perceived
walkability between the experts and the people in the validation group.

The open data measurement and questionnaire results were not correlated for the
adaptation to weather conditions. The reason may be the method used in the validation
experiment, because the participants were asked to look at street view images to rate
walkability. Although previous studies have confirmed that virtual assessments are highly
reliable and valid for evaluating the built environment characteristics [45,46], further discus-
sion is required to determine the ability of virtual assessments to replace on-site assessments
in high-density urban environments and in extreme climate urban environments.

6. Conclusions

Open data are being generated at an unprecedented rate and are increasingly used
in studies of the urban built environment. We established a multidimensional perceived
walkability audit scale that uses open data. The results and validation demonstrated that
open data can be used to characterise perceived walkability on a city scale. The three
objectives proposed in this paper have been achieved as follows:

Firstly, we have developed a scale of perceived walkability with 5 factors and 12 in-
dices, which has been weighted and tested for consistency by an expert survey and can
be used to describe perceived walkability. At the same time, the scale takes into account
the generality and specificity of the built environment, so that it can be used to conduct
comparative studies of perceived walkability in multiple cities to determine similarities and
differences in the relationship between the built environment and perceived walkability.

Secondly, we have developed a method that combines open data from multiple data
sources to simulate and represent the built environment, conducted a simulation analysis of
perceived walkability, and established formulas for calculating each index in the scale using
open data. This provides a new tool for investigating and understanding human behaviour
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and perception in urban spaces. In addition, this study demonstrates that street view
images are highly suitable for fine-scale built environment observations and social sensing
and can model the micro-scale built environment and describe the relationship between
the environment and human behaviour, which is a promising direction for future research.

Third, we validated the perceived walkability scale, confirming that open data can be
used to assess and predict perceived walkability. By comparing the results of open data
and manual scoring of each index in the perceived walkability scale, it was confirmed that
measures of the urban built environment can describe perceived walkability. This finding
provides evidence for understanding the interaction between the urban built environment
and human behaviour.

The limitations to this study are twofold. The first is that the Street View Images used
in this paper are not comprehensive in terms of seasonal elements of the built environment,
e.g., snow or trees with fallen leaves are not covered. Although this does not affect the
calculation of the indices during the semantic segmentation, the lack of winter scenes may
affect the participants” feedback for the validation experiment. Secondly, the validation
experiment was conducted under the influence of the epidemic, and most of the participants
were teachers and students from the same university. With a limited number of samples and
a limited diversity of subjects, their feedback on the images may differ from the feedback
from a sample survey conducted across the city.

The results of this study provide several opportunities for future research. First, this
study has established a method for collecting and calculating elements of the built environ-
ment based on open data, which can be applied to other studies of the relationship between
the built environment and human behaviour and perception. Second, this study has de-
veloped an open data-based method for assessing perceived walkability, which makes it
possible to obtain the distribution of perceived walkability at a large scale, and thus to
study the spatial and temporal heterogeneity of perceived walkability. Third, based on the
audit scale used in this study, population-specific scales could be developed to investigate
population differences in the effects of the built environment on perceived walkability.
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