
Heliyon 9 (2023) e19900

Available online 9 September 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Assessing and improving active travel around urban hospitals: A 
case of Xiangya hospital, China 

Haoyu Deng, Tao Wang * 

Beijing Institute of Technology, Beijing, 102488, China   

A R T I C L E  I N F O   

Keywords: 
Extenics 
COVID-19 
Urban planning 
Active travel 
Hospital 

A B S T R A C T   

Since the outbreak of COVID-19, there has been a growing trend toward active travel. However, 
many cities have not given sufficient attention to active transportation, resulting in inadequate 
safety measures for pedestrians and cyclists. This issue becomes particularly critical around 
hospitals, closely associated with COVID-19 and where traffic can be more intricate and haz-
ardous. Hence, there is a pressing need for a quantitative assessment of the active travel envi-
ronment surrounding hospitals to obtain a practical evaluation and devise improvement 
strategies. This study constructs an Extenics evaluation model to assess the safety, accessibility, 
traffic pressure, convenience, and comfort of the active travel environment near Xiangya Hos-
pital. Subsequently, optimization strategies are proposed based on the evaluation outcomes. The 
evaluation results show high traffic pressure around the hospital during peak hours while the 
infrastructure is insufficient. A diversion strategy must be developed based on the evaluation 
findings to address safety concerns. Furthermore, issues such as inadequate non-motorized lanes 
and accessibility facilities in the area are identified. Correspondingly, improvement strategies 
tailored to the specific problems of each street are suggested based on the evaluation results. 
While this research focuses on urban hospitals, it aims to offer valuable insights into evaluating 
and enhancing active travel environments around large public buildings.   

1. Introduction 

Active travel, including pedestrian and non-motorized modes of transportation, is gaining popularity as a means of short-distance 
travel and connecting with transit options in modern transportation systems [1]. Besides mitigating urban air pollution, active travel 
offers significant health advantages by lowering the risk of diseases associated with sedentary lifestyles [2]. Consequently, numerous 
cities are now recognizing the pivotal role of active travel and its associated benefits [3]. 

During COVID-19, a significant shift in travel behavior occurred as individuals tended to minimize social contact. Car usage 
declined while cycling experienced a resurgence, leading to an increased propensity for utilizing active travel for commuting [4,5]. A 
study revealed that 40–60% of respondents in major cities across the United States, China, and Western Europe expressed their 
intention to reduce the use of public transportation during the lockdown. Additionally, there was a notable rise in adopting bicycles 
and shared bikes in the United States and China [6]. The reduction in travel during the lockdown decreased overall traffic-related 
casualties, particularly minor or non-fatal injuries. However, no significant decrease in serious or fatal injuries. Notably, during 
COVID-19, the average number of bicyclists who died or were injured per crash more than tripled in New York City compared to the 
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same period in previous years [7,8]. Furthermore, the lockdown harmed e-bike safety in some Chinese provinces [9]. 
The increasing popularity of active travel has highlighted the issue of roads prioritizing the needs of cars. A recent investigation 

uncovered common deficiencies in sidewalk conditions and the absence of bicycle lanes as contributing factors to active travel casualty 
hotspots in Ahmedabad [10]. Car-oriented roads often exhibit inadequate space allocation for active travel, including narrow bike 
lanes or sidewalks and insufficient infrastructure [11,12]. Consequently, pedestrians and cyclists face inconvenience and encounter 
safety hazards. However, providing safe infrastructure can mitigate car risks to cyclists [13,14]. The odds of injury per kilometer on 
roads with bicycle lanes are one in nine on major roads without bicycle infrastructure [15]. 

Insufficient parking capacity is a prevalent issue in certain large hospitals in China. Limited parking spaces in central Shanghai 
hospitals result in prolonged waiting times for cars, leading to traffic congestion. Consequently, many vehicles park illegally on the 
roadside or intrude on the sidewalk, contributing to traffic mixing [16]. A case study conducted in Nanjing demonstrated that on-road 
parking encourages bicycles to navigate on motorways [17]. Furthermore, hospitals implemented a closed-loop management system 
and pre-screening and triage procedures at their entrances during the lockdown. Only a designated entrance for patients and staff 
remained open, while individuals seeking admission to the hospital had to undergo information verification [18]. Additionally, to 
make it easier for people who need to get a NAT, there usually is a detection site around the hospital [19]. These measures concentrate 
traffic flow, which, combined with inadequate parking spaces and inadequate facilities, heightens risks associated with active travel 
around the hospital. However, addressing such issues by widening roads or building a parking lot is often unfeasible due to hospitals’ 
urban center locations. Therefore, it is essential to evaluate the capacity of each road to handle peak traffic flow and propose 
appropriate adjustment strategies. 

To devise a sound strategy, analyzing the existing traffic conditions is necessary. Quantitative evaluation offers a logical, stan-
dardized, and precise approach. It enables the examination of cause-and-effect relationships among various phenomena, thereby 
facilitating deriving conclusions. These conclusions, in turn, serve as valuable guidance for strategy development. 

Presently, the main quantitative evaluation systems for active travel environments primarily concentrate on the quality of 
equipment and facilities. Teng et al. introduced an evaluation framework from two key aspects: facility and operation, to assess the 
hardware components within the active transportation network in Jiawang District, Xuzhou City, Jiangsu Province [20]. Their focus is 
ensuring safety. Jin Jun et al. evaluated the effectiveness of connectivity, physical and psychological comfort to examine the quality of 
walking environments in commercial centers [21]. Their research narrowed the scope from city-wide evaluation to building complex 
areas, emphasizing walking environment comfort and transportation convenience. Guo et al. quantitatively investigated pedestrian 
transportation systems, considering aspects such as space, interface, and facility comfort [22]. Their study specifically targeted a 
residential community and emphasized the pedestrian experience. However, there is a lack of research focusing on the surroundings of 
large public buildings such as hospitals. Since large public buildings may influence surrounding traffic, impacting traffic safety and 
improvement strategies, existing evaluation metrics may not meet demand. 

In evaluation tools, the commonly applied methods in current research include the TOPSIS and DEA. Yan combined entropy power 
with TOPSIS analysis methods to construct an evaluation model for assessing active travel environments and urban design coordi-
nation [23]. This model evaluated 12 streets in Zhongnanhu District, Handan City, Hebei Province. The study found that TOPSIS is 
suitable for examining active travel environments. However, using Euclidean distance encountered challenges in scale, and the relative 
closeness calculation method within TOPSIS lacked sufficient stability. DEA is a comparative ranking method that evaluates indicators 
[24]. Cheng employed the APH-DEA method to evaluate optimal locations for bicycle parking in active travel environments in the 
Haidian, Chaoyang, and Tongzhou districts of Beijing [25], ranking each parking area based on its merits. Nonetheless, the DEA’s 
classification of subjects solely through ranking may result in certain subjects being considered ineligible despite meeting the required 
criteria due to their lower ranking. 

Extenics stands apart from other evaluation methods due to its distinctive characteristics. Firstly, Extenics does not impose a 
uniform scale, allowing each indicator to possess its independent scale. This flexibility enables the simultaneous evaluation of multiple 
indicators with varying scales. It also permits adjustments based on varying standards across different regions, thus enabling adap-
tation to various scenarios. Furthermore, the classification criteria for different grades in the Extenics evaluation remain fixed, 
eliminating the need for indicator ranking. Instead, indicators that meet specific criteria are assigned to corresponding levels, thereby 
avoiding potential errors or omissions. 

Extenics, pioneered by Professor Wen Cai, employ formalized models to explore the potential expansion possibility of various 
objects. Furthermore, Extenics facilitates the generation of innovative methods and optimal strategies through evaluation [26]. The 
application of Extenics has been extensive, including studies on urban road quality evaluation and road development assessments. Ling 
applied Extenics to conduct a comprehensive evaluation of pavement performance. By employing Extenics evaluation, even objects 
within the same grade could exhibit discernible differences, formulating maintenance and repair strategies [27]. Cheng applied 
Extenics to evaluate urban road intersections and compared them with other methods, such as grayscale and fuzzy analyses. Extenics 
evaluates specific indicators and provides a simultaneous assessment of intersection safety across the entire city, thus offering reliable 
and objective strategies [28]. In active travel, Chen et al. used the Extenics method to construct an evaluation model for the bicycle 
travel system. They derived optimization strategies based on the evaluation results, which were subsequently employed to propose 
adjustments for the bicycle travel system in Taixing City [29]. While the indicators in this study primarily focused on road network 
planning for bicycle transportation rather than facilities, the applicability of Extenics in the realm of active travel is demonstrated from 
a macro planning perspective. Moreover, the research focused solely on assessing the existing conditions of the bicycle travel system, 
and no specific measures or recommendations for improvement were derived from the evaluation outcomes. 

In summary, the pandemic has brought greater pressure and safety risks to active travel around hospitals[16–19]. However, current 
research on active travel lacks attention to hospitals, and the evaluation criteria are relatively broad[20–22], making it difficult to 
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devise strategies based on evaluation results [29]. Therefore, this study aims to develop an evaluation system for active travel envi-
ronments around large urban hospitals. Simultaneously, this system should be capable of optimizing the hospital’s surrounding travel 
environment and reducing traffic congestion and risks based on the evaluation results. Moreover, this study utilizes Extenics theory as 
an evaluation tool, which is more flexible and accurate compared to other methods[27,28]. In contrast to existing research, the novelty 
of this study lies not only in proposing a new set of evaluation criteria but also in employing Extenics theory to establish a compre-
hensive logical chain from problem identification to core issue localization and solution generation. This provides valuable insights for 
policymakers and researchers in related fields. 

The subsequent sections of this paper are structured as follows: Section 2 presents an overview of the entire evaluation system and 
details the process of constructing the Extenics evaluation model. Section 3 applies the evaluation method to a practical case to obtain 
quantitative data. Then, Section 4 analyzes the evaluation results and provides strategies to assess the feasibility and validity of the 
evaluation method. Finally, Section 5 outlines the limitations of this study and proposes directions for future research. 

2. Method 

This section describes the construction of the evaluation system and the details of the Extenics evaluation method. 

2.1. Construction of evaluation system 

In the previous studies, Teng introduced an assessment index system for facilities to fulfill active travelers’ safety, equity, con-
venience, and psychological comfort requirements [20]. In this section, based on existing research [20–22,29], this study presents a 
novel set of evaluation indexes specifically tailored for active travel surrounding urban hospitals. These indexes are categorized into 
five aspects: Safety, Accessibility, Traffic pressure, Convenience, and Comfortableness. 

2.1.1. Safety 
Pedestrians and cyclists are vulnerable when they come into contact with motor vehicles during active travel [30]. Furthermore, 

secure hardware facilities can increase participation in active travel [31,32]. This metric evaluates whether the road infrastructure 
provides enough space for pedestrians and cyclists. Hence, the primary focus of this indicator is to assess whether the sidewalks and 
bicycle lanes meet national standards [33,34]. Additionally, parking occupancy and other factors are also considered in the evaluation 
criteria. Indicators and calculation methods are shown in Table 1. 

2.1.2. Accessibility 
Greater emphasis should be placed on providing adequate care for individuals with limited mobility around hospitals. This indi-

cator assesses the availability of tactile pavements along pedestrian pathways, the presence of ramps adjacent to roads, and the 
installation of audible signals at intersections [35,36]. The indicators are shown in Table 2. 

2.1.3. Traffic pressure 
This indicator assesses the traffic volume on the road during peak hours. Additionally, the distribution of different traffic modes is 

utilized to determine the primary source of traffic on the road during the peak period. Pedestrian density denotes the number of 

Table 1 
Evaluation index of safety.  

Tier 1 
Indicator 

Tier 2 Indicators Calculation Note 

Safety Sidewalk occupied rate [20] 
Y1 =

L′
1

L1 

L′
1 = Sidewalk occupancy length by road facilities, parking facilities, and 

other elements (m). 
L1 = Total length of the sidewalk (m) 

Non-motorized lane occupied rate 
Y2 =

L′
2

L2 

L′
2 = non-motorized lane occupancy length by road facilities, parking 

facilities, and other elements (m). 
L2 = Total length of the non-motorized lane (m) 

Non-motorized lane separation rate 
[37] 

Y3 = I3，(I3 =

1, 0.9,0.8, 0.7)
Total separated (90%–100%): I3 = 1;  
mostly separated (＞50%) I3 = 0.9; 

few separated (＜50%) I3 = 0.8; 
no separation I3 = 0.7.

Sidewalk sub-panel status [37] Y4 = I4，(I4 =

1, 0.9,0.8, 0.7)
Total sub-panelled (90%–100%): I4 = 1; 
mostly sub-panelled (＞50%): I4 = 0.9; 
few sub-panelled (＜50%): I4 = 0.8; 
no sub-panel: I4 = 0.7.

Non-motorized lane width 
compliance rate [34] 

Y5 =

∑n
i=1

( li
lm

× wi

)

wr 

li = Corresponding length of the non-motorized lanes in different widths; 
wi = the actual width of the non-motorized lane; 
wr = the standard width of the non-motorized lane 

Sidewalk width compliance rate 

Y6 =

∑n
j=1

( lj
lm

× wj

)

wr  

lj = Corresponding length of the sidewalk in different widths; 
wj = the actual width of the sidewalk; 
wj = the standard width of the sidewalk  
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individuals passing through within a given time frame, and if it surpasses a specific threshold, it is regarded as congestion. The level of 
mixed motor/non-motor traffic indicates the proportion of motor vehicles to non-motor vehicles passing through within the same time 
frame, and a higher percentage signifies a greater number of motor vehicles—similarly, the non-motor/pedestrian traffic mix. The 
indicators are shown in Table 3. 

2.1.4. Convenience 
The road must offer convenience for individuals accessing the hospital and residing in the surrounding neighborhood. This indi-

cator evaluates the extent of interchange facilities and crossing facilities available. Also, the road grade may affect its reachability [37]. 
And the indicators are shown in Table 4. 

2.1.5. Comfortableness 
A pleasant travel environment ensures a comfortable experience for pedestrians and cyclists. Moreover, well-developed urban 

green infrastructure plays a crucial role in enhancing the resilience of cities and their inhabitants in the face of a pandemic [38]. Hence, 
this indicator assesses various environmental factors that have the potential to influence individuals engaging in active travel. And the 
indicators are shown in Table 5. 

2.2. Determination of the weights of the indicators 

After establishing the evaluation system, it is necessary to allocate weights to each indicator, with a greater weight assigned to 
indicators of greater significance. The general approach employed for this purpose is the Analytic Hierarchy Process (AHP), which 
determines weights by assessing the relative sizes of indicator numbers, often requiring the input of experts [39]. After distributing 
questionnaires, 30 valid responses were obtained from experts, including designers and scholars specializing in architectural design, 
urban planning, and environmental design, as well as doctors and staff working in major hospitals. And the results were obtained as in 
Table 6. 

2.2. Establishment of the Extenics evaluation model 

2.2.1. Establishment of the matter-element model 
Matter-element is a logical cell within Extenics that conveys both the characteristics of an object and the corresponding character 

values. It consists of three components: the object P, the characteristic c, and the value v. And it can be noted as: 

M =(P, c, v) (1) 

If M contains multiple characteristics: c1, c2, … cn. And the corresponding quantity value are v1, v2, …, vn. Then the matter-element 
model can be indicated as: 

Table 2 
Evaluation index of accessibility.  

Tier 1 Indicator Tier 2 Indicators Calculation Note 

Accessibility Tactile paving coverage 
Y7 =

L′
7

L7 

L′
7 = Length of the Tactile paving (m); 

L7 = Total length of the sidewalk (m) 
Curbs with ramps coverage 

Y8 =
L′

8
L8 

L′
8 = Number of curb junctions with ramps; 

L8 = Total number of road junctions 
Acoustic signalized intersections coverage [20] 

Y9 =
L′

9
L9  

L′
9 = Number of acoustic signalized intersections; 

L9 = Total number of road junctions  

Table 3 
Evaluation Index of Traffic pressure.  

Tier 1 
Indicator 

Tier 2 Indicators Calculation Note 

Traffic 
pressure 

Peak crowd density Y10 =
N

t × s 
N = Total number of people passing through the observation area per unit 
of time; 
t = unit time 
s = Observation area size (m2) 

Peak non-motorized vehicles/Motor vehicles 
mix 

Y11 =

P11

P11 + Q11 

P11 = Non-motorized traffic volume during peak hours (V/h); 
Q11 = Motorized traffic volume during peak hours (V/h) 

Peak pedestrian/non-motorized vehicles mix 
[34] 

Y12 =

P12

P12 + Q12  

P12 = pedestrian volume during peak hours (P/h); 
Q12 = Non-motorized traffic volume during peak hours (V/h)  
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Table 4 
Evaluation index of convenience.  

Tier 1 
Indicator 

Tier 2 Indicators Calculation Note 

Convenience Interchange site coverage Y13 =
R13

L13 

R13 = The length of the road covered within a radius of 500 m, with the interchange 
node as the center.; 
L13 = Total length of the street 

Street crossing facility 
coverage 

Y14 =
R14

L14 

R14 = The length of the road covered within a radius of 200 m, with the crossing 
facility as the center.; 
L14 = Total length of the street 

Road grade [37] Y15 = I15，(I15 =

0.8, 0.9)
Urban expressways and arterial roads: I15 = 0.8 
Secondary arterial roads or local roads: I15 = 0.9  

Table 5 
Evaluation index of comfortableness.  

Tier 1 Indicator Tier 2 Indicators Calculation Note 

Comfortableness Interface 
permeability [22] 

Y16 =

D1 × 1.25 + D2 × 1.0 + D3 × 0.75 + D4 × 0
L16 

D1 = Length of the open façade 
D2 = Length of the transparent façade 
D3 = Length of the transparent window 
D4 = Length of the opaque solid wall 
L16 = Total length of the underlying interface 

Road flatness Y17 = I17，(I17 = 1, 0.9,0.8) Flattened: I17 = 1 
The road surface exhibits minor unevenness, but it does not 
impede usability: I17 = 0.9 
The road is rough and uneven: I17 = 0.8 

Road cleanliness [37] Y18 = I18，(I18 = 1, 0.9,0.8) Clean: I18 = 1 
There is some litter present on the road: I18 = 0.9 
The road is littered with a significant amount of trash, making it 
difficult to clean and resulting in stains and unpleasant odors.: 
I18 = 0.8 

Resting seat setting 
coverage [20] Y19 = 0.5

E′

E
+ 0.5g, g < 1 

E′ = Number of bus stops with seats; 
E = Number of bus stops; 
g = Average number of seats within 200 m in the study area 

Street tree pond 
coverage Y20 =

w′

W  
w′ = Width of green belt with trees planted 
W = Road red line width  

Table 6 
Evaluation indicators weights of active travel environment around hospitals.  

Tier 1 Indicators Weights Tier 2 Indicators Weights 

Safety (B1) 0.40272 Sidewalk occupied rate (C1) 
Non-motorized lane occupied rate (C2) 
Non-motorized lane separation rate (C3) 
Sidewalk sub-panel status (C4) 
Non-motorized lane width compliance rate (C5) 
Sidewalk width compliance rate (C6) 

0.09498 
0.0566 
0.06616 
0.05468 
0.06902 
0.06128 

Accessibility (B2) 0.19288 Tactile paving coverage (C7) 
Curbs with ramps coverage (C8) 
Acoustic signalized intersections coverage (C9) 

0.08018 
0.05808 
0.05462 

Traffic pressure (B3) 0.25592 Peak crowd density (C10) 
Peak non-motorized vehicles/Motor vehicles mix (C11) 
Peak pedestrian/non-motorized vehicles mix (C12) 

0.13298 
0.06538 
0.05756 

Convenience (B4) 0.08052 Interchange site coverage (C13) 
Street crossing facility coverage (C14) 
Road grade (C15) 

0.03464 
0.03316 
0.01272 

Comfortableness (B5) 0.06796 Interface permeability (C16) 
Road flatness (C17) 
Road cleanliness (C18) 
Resting seat setting coverage (C19) 
Street tree pond coverage (C20) 

0.01302 
0.0207 
0.01248 
0.0107 
0.01106  
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M =

⎡

⎢
⎢
⎣

P, c1, v1
c2, v2
... ...

cn, vn

⎤

⎥
⎥
⎦ (2)  

2.2.2. Determination of the classical domain, nodal domain, and the matter-element 
The classical domain matter-element, denoted as Mj, represents the range of values (aj, bj) of an indicator at a specific grade. In 

evaluations, a single indicator has multiple ranges of values across different classical domains. Distinct ranges represent different levels 
of superiority or inferiority. If a certain grade is Pj, the indicator is expressed as ci, and the range of value is vj. The classical domain 
matter-element Mj can be expressed as: 

Mj =
(
Pj, cj, vji

)
=

⎡

⎢
⎢
⎣

Pj, c1, vj1
c2, vj2
... ...

cn, vjn

⎤

⎥
⎥
⎦=

⎡

⎢
⎢
⎢
⎢
⎢
⎣

Pj, c1, 〈 aj1, bj1 〉

c2, 〈 aj2, bj2 〉

... ...

cn, 〈 ajn, bjn 〉

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(3) 

The nodal domain is the overall range of values for an indicator. The nodal domain matter-element Pp contains three parts. The 
nodal domain P, indicators ci and values vpi. and it can be expressed as: 

Mp =
(
P, cpi, vpi

)
=

⎡

⎢
⎢
⎣

P, c1, v1
c2, v2
... ...

cn, vn

⎤

⎥
⎥
⎦ (4) 

Before evaluating, it is necessary to transform each street into a matter-element model. Once the transformation is completed, the 
evaluation can be carried out using the methodology of Extenics. Based on equation (1) and equation (2), consider road P as the object, 
representing the active travel road matter-element M0, encompassing indicators c0 and corresponding data v0 obtained from field 
surveys. The model can be established as follows: 

M0 =(P, ci, vi)=

⎡

⎢
⎢
⎣

P, c1, v1
c2, v2
... ...

cn, vn

⎤

⎥
⎥
⎦ (5)  

2.2.3. Determining the association between the values and classical domains 
The Extenics evaluation method considers the quantitative values within a matter-element as points on an axis. It determines the 

degree of conformity between the value and a specified range. After obtaining the quantitative value (vi) of the road matter-element 
(M0), it is necessary to calculate the association degree Ki(vi) between this data and each different value range (a, b) corresponding to 
its classical domain (vji). The specific calculation can be expressed as follows 

Kj(vi)=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ρ
(
vi, vji

)

ρ
(
vi, vpi

)
− ρ

(
vi, vji

),
(
vi ∕∈ vji

)

−
ρ
(
vi, vpi

)

⃒
⃒vji

⃒
⃒

,
(
vi ∈ vji

)
(6) 

Where: 

ρ
(
vi, vji

)
=

⃒
⃒
⃒
⃒vi −

aji + bji

2

⃒
⃒
⃒
⃒ −

bji − aji

2  

ρ
(
vi, vpi

)
=

⃒
⃒
⃒
⃒vi −

api + bpi

2

⃒
⃒
⃒
⃒ −

bpi − api

2  

⃒
⃒vji

⃒
⃒=

⃒
⃒aji − bji

⃒
⃒

2.2.4. Determination of association degree and evaluation 
Extenics examines the association value Kj(P) between a matter-element and each different level (excellent, good, moderate, poor, 

very poor) to derive the comprehensive evaluation result Kj0. 
The association value Kj(P) for the indicator i concerning level j (i.e., classic domain) is obtained by multiplying the Kj(vi) value by 

its corresponding weight, resulting in λiKj(vi). Subsequently, the λiKj(vi) values for all metrics located within the level j are summed 
together, yielding the association value Kj(P): 
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Kj(P)=
∑n

i=1
λiKj(vi) (7) 

Subsequently, the obtained Kj(P) values are compared to determine the highest value. The level corresponding to the maximum 
Kj(P) value represents the comprehensive evaluation result Kj0 for the road: 

Kj0 =max Kj(P), (j= 1, 2, ...,m) (8)    

(1) If Kj0 <-1, it indicates that the indicator does not meet the criteria for the grade.  
(2) If − 1≤Kj0＜0, it also means that the indicator does not meet the demand of the grade, but it is possible to be converted to meet 

the demand.  
(3) If 0≤Kj0＜1, it indicates that the indicator meets the requirements of the grade. 

3. Validation 

This study focuses on Xiangya Hospital and its surrounding area in the Kaifu District, the center of Changsha. This region comprises 
three national-certified top-tier hospitals, each differing in size but maintaining a high standard of medical services, and these hospitals 
are highly renowned. The research area was defined based on the location of interchange nodes, as depicted in Fig. 1. It is delineated by 
Xiangya Road, Furong Middle Road, Yingpan Road, and Huangxing North Road, encompassing internal streets such as Xiangchun 
Road, Cai E North Road, and other internal alleyways. 

After considering the distance and transfer nodes, this study divides the selected area into two parts for calculations and evaluations 
(as shown in Fig. 2). 

3.1. Regional status analysis 

The population residing in Kaifu District, Changsha, exceeds 850,000 individuals [40], and electric bicycles serve as a prevalent 
mode of transportation for Changsha’s residents. By 2020, the number of electric bicycles had surpassed one million [41], contributing 
to significant pedestrian and non-motorized traffic during peak hours. 

The area comprises six arterial roads: Xiangya Road, Furong Middle Road, Xiangchun Road, Cai E North Road, Yingpan Road, and 
Huangxing North Road. During peak hours, the traffic volume on these roads tends to concentrate towards the hospitals (as Fig. 3 
shows). During the field research, it was found that these roads generally have relatively complete infrastructure and rarely experience 
missing sidewalks or accessibility facilities. However, there are issues such as road occupation due to construction and parking (as 
Fig. 4 shows), and some roads neglect the provision of non-motorized lanes (as Fig. 5 shows). The ground floor interface of the 
buildings primarily includes hospitals, shops, restaurants, pharmacies, and supermarkets, and it is relatively compact. 

On the other hand, the internal alleys are closely connected to the residents’ daily lives in the area. In Sector M, the main focus is 
residential neighborhoods, while Sector N includes a morning market, vegetable market, and, notably, two adjacent kindergartens and 
elementary schools. Many parents commute to drop off their children during rush hour, resulting in a relatively dense presence of 
pedestrians and non-motorized vehicles. However, during the research, it was discovered that these alleys are generally narrow. To 
accommodate motor vehicles, there are instances where pedestrian sidewalks are not separated, creating a situation where various 
modes of transportation intersect during peak hours and increasing safety hazards (as Fig. 6 shows). Moreover, the lack of sidewalks 

Fig. 1. A map of the research area.  
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also prevents the installation of other facilities, such as tactile paving and resting seats, creating obstacles and inconveniences for the 
residents’ mobility (as Fig. 7 shows). 

3.2. Data of indicators 

This study primarily employed on-site surveys to gather data on the roads. Measurements were taken using tools to record 
pedestrian sidewalk width, non-motorized lane width, length of facilities occupancy, length of different road surface interfaces, and 
width of roadside tree green spaces et al. During peak hours, fixed-point observations were conducted on each street to record the 
volume of vehicles, pedestrians, and non-motorized vehicles passing through. Additionally, mapping software was utilized to obtain 
the data for certain aspects that were difficult to measure on-site (such as coverage of transfer stations and pedestrian crossing 

Fig. 2. A demonstration of sections.  

Fig. 3. Concentrated traffic volume.  

Fig. 4. Construction and parking occupation.  
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facilities). Through a combination of field surveys and calculations, data for each street was obtained. Furong Middle Road is shown in 
Table 7 below as an example (see supporting materials for other roads). 

3.3. Association calculation and grade rating 

3.3.1. Determine the classical and nodal domains of the indicators to be evaluated 
According to equation (3) and equation (4), the evaluation grades are categorized into five levels: “Excellent, Good, Moderate, 

Poor, Very poor,” ranked from best to worst, and are represented as P1, P2, P3, P4, and P5, respectively. The value ranges for the classical 
and nodal domains are determined based on expert opinions and relevant criteria. The classical domains R1, R2, R3, R4, R5, and the 
nodal domain Pp are defined as follows: 

Fig. 5. non-motorized lanes missing.  

Fig. 6. Narrow alley and mixed traffic.  

Fig. 7. Obstacles for the residents.  

H. Deng and T. Wang                                                                                                                                                                                                 



Heliyon 9 (2023) e19900

10

R1 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

P1 c1 (0, 0.2)
c2 (0, 0.2)
c3 (0.95, 1)
c4 (0.95, 1)
c5 (1, 1.5)
c6 (1, 1.5)
c7 (0.8, 1)
c8 (0.8, 1)
c9 (0.8, 1)
c10 (0, 1.5)
c11 (0, 0.3)
c12 (0, 0.3)
c13 (0.8, 1)
c14 (0.8, 1)
c15 (0.95, 1)
c16 (0.8, 1)
c17 (0.95, 1)
c18 (0.95, 1)
c19 (0.8, 1)
c20 (0.35, 0.5)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

R2 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

P2 c1 (0.2, 0.4)
c2 (0.2, 0.4)
c3 (0.85, 0.95)
c4 (0.85, 0.95)
c5 (0.75, 1)
c6 (0.75, 1)
c7 (0.7, 0.8)
c8 (0.6, 0.8)
c9 (0.6, 0.8)
c10 (1.5, 3)
c11 (0.3, 0.5)
c12 (0.3, 0.5)
c13 (0.6, 0.8)
c14 (0.6, 0.8)
c15 (0.85, 0.95)
c16 (0.6, 0.8)
c17 (0.85, 0.95)
c18 (0.85, 0.95)
c19 (0.6, 0.8)
c20 (0.3, 0.35)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

R3 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

P3 c1 (0.4, 0.6)
c2 (0.4, 0.6)
c3 (0.75, 0.85)
c4 (0.75, 0.85)
c5 (0.5, 0.75)
c6 (0.5, 0.75)
c7 (0.6, 0.7)
c8 (0.4, 0.6)
c9 (0.4, 0.6)
c10 (3, 4.5)
c11 (0.5, 0.6)
c12 (0.5, 0.6)
c13 (0.4, 0.6)
c14 (0.4, 0.6)
c15 (0.75, 0.85)
c16 (0.4, 0.6)
c17 (0.75, 0.85)
c18 (0.75, 0.85)
c19 (0.4, 0.6)
c20 (0.25, 0.3)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

R4 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

P4 c1 (0.6, 0.8)
c2 (0.6, 0.8)
c3 (0.65, 0.75)
c4 (0.65, 0.75)
c5 (0.25, 0.5)
c6 (0.25, 0.5)
c7 (0.5, 0.6)
c8 (0.2, 0.4)
c9 (0.2, 0.4)
c10 (4.5, 6)
c11 (0.6.0.8)
c12 (0.6.0.8)
c13 (0.2, 0.4)
c14 (0.2, 0.4)
c15 (0.65, 0.75)
c16 (0.2, 0.4)
c17 (0.65, 0.75)
c18 (0.65, 0.75)
c19 (0.2, 0.4)
c20 (0.2, 0.25)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

R5 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

P5 c1 (0.8, 1)
c2 (0.8, 1)
c3 (0, 0.65)
c4 (0, 0.65)
c5 (0, 0.25)
c6 (0, 0.25)
c7 (0, 0.5)
c8 (0, 0.2)
c9 (0, 0.2)
c10 (6, 10)
c11 (0.8, 1)
c12 (0.8, 1)
c13 (0, 0.2)
c14 (0, 0.2)
c15 (0, 0.65)
c16 (0, 0.2)
c17 (0, 0.65)
c18 (0, 0.65)
c19 (0, 0.2)
c20 (0, 0.2)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

Pp =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Pp c1 (0, 1)
c2 (0, 1)
c3 (0, 1)
c4 (0, 1)
c5 (0, 1.5)
c6 (0, 1.5)
c7 (0, 1)
c8 (0, 1)
c9 (0, 1)
c10 (0, 10)
c11 (0, 1)
c12 (0, 1)
c13 (0, 1)
c14 (0, 1)
c15 (0, 1)
c16 (0, 1)
c17 (0, 1)
c18 (0, 1)
c19 (0, 1)
c20 (0, 0.5)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

Table 7 
Furong Middle Road indicators data.  

Street Indicator Value Street Indicator Value 

West side of Furong Middle Road C1 0.189 East side of Furong Middle Road C1 0.511  
C2 0  C2 0  
C3 0.8  C3 0.8  
C4 1  C4 1  
C5 0.746  C5 0.48  
C6 1  C6 1.5  
C7 0.687  C7 0.838  
C8 1  C8 1  
C9 0  C9 0  
C10 8.3  C10 2.01  
C11 0.242  C11 0.237  
C12 0.676  C12 0.517  
C13 1  C13 1  
C14 1  C14 1  
C15 0.8  C15 0.8  
C16 0.497  C16 0.836  
C17 1  C17 1  
C18 1  C18 1  
C19 0.788  C19 0.788  
C20 0.385  C20 0.368  
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3.3.2. Establishment of a matrix of matter-elements 
Before building the matrix, each street is transformed into an Extenics matter-elements as shown in Table 8 and Table 9. 
According to Equation (5), the matter-elements matrixes can be established (M3, for example. Other roads are omitted): 

M3 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

P3 c31 0.189
c32 0
c33 0.8
c34 1
c35 0.746
c36 1
c37 0.687
c38 1
c39 0
c310 8.3
c311 0.242
c312 0.676
c313 1
c314 1
c315 0.8
c316 0.497
c317 0.8
c318 1
c319 0.788
c320 0.385

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

3.3.3. Determination of the association degree of each road regarding different grades 
According to equation (6), each road’s nodal and classical domain values can be derived, as Table 10 shows. (M3, for example. See 

supporting materials for other roads). 
According to equation (7), the obtained classical domain values for each indicator are multiplied by their corresponding weights, 

resulting in the following outcome (as Table s11 and 12 indicate). 
According to equation (7), The comprehensive association value can be determined by summing up the association values of each 

indicator within the same grade, thereby allowing the classification of the road into its corresponding level (as shown in Table s13 and 
14). 

According to Table 13, Table 14 and Equation (8), the comprehensive evaluation of the active travel environment around Xiangya 
Hospital can be derived as shown in Fig. 8. 

4. Discussion 

It can be observed from Fig. 8 that the active travel environment around Xiangya Hospital is generally in a mediocre state, ac-
cording to the overall evaluation. Out of the 34 road samples, only seven roads are rated as “Good” or above, while eight are rated as 
“Poor” or below. The remaining roads fall into the “Moderate” category, accounting for approximately 44% of the total roads. There is 
much room to improve active travel in the area. 

4.1. Identification of the primary issues and target roads 

Following the comprehensive evaluation analysis mentioned above, the overall performance of the active transportation spaces in 
the region was obtained. The next step involves examining the evaluation level of every tire one indicator on each road, identifying the 
existing issues within the study area, and pinpointing the roads with more apparent problems among the various indicators. This 
process aims to identify optimization objectives and develop targeted strategies for improvement. 

Fig. 9 shows that the roads in the area perform poorly regarding the “Safety” indicator. Only ten roads fall under the “Good” or 
higher category, while 14 are categorized as “Poor” or lower. Regarding rating patterns, the areas with lower safety ratings are 
predominantly concentrated in the internal alleys, which aligns with the issues identified during the research. 

Table 8 
Streets and corresponding matter-elements in Section M.  

Street Matter-element Street Matter-element 

The south side of Xiangya Road M1 The east side of Cai E North Road M8 

The north side of Xiangya Road M2 The south side of Pengjiajing Lane M9 

The west side of Furong Middle Road M3 The north side of Pengjiajing Lane M10 

The east side of Furong Middle Road M4 The west side of Pengjiajing Lane M11 

the west side of Huangxing North Road M5 The east side of Pengjiajing Lane M12 

The east side of Huangxing North Road M6 The south side of Liufangling Lane M13 

The west side of Cai E North Road M7 The north side of Liufangling Lane M14  
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Fig. 10 indicates that on arterial roads, the provision of accessibility facilities is relatively complete and reliable, resulting in better 
ratings. However, significant neglect in installing accessibility-related facilities within the internal alleys leads to serious deficiencies. 

Based on Fig. 11, it can be observed that the roads on the side adjacent to the hospital received lower evaluation ratings compared 
to the opposite side. This indicates that the hospital exerts a stronger influence on the surrounding traffic during peak hours, resulting 
in higher traffic volume and congestion than the opposite side. Furthermore, traffic pressure during peak hours can be observed in the 
eastern half of the internal alleys in Sector N. This area coincides with the vicinity of the observed kindergartens and elementary 
schools during the research, where significant traffic flow is experienced during the morning rush hour. The evaluation confirms the 
findings observed during the research. 

Thanks to the relatively dense interchange and pedestrian crossing facilities, the accessibility rating in the area is generally high, 
facilitating convenient access for pedestrians and cyclists from transportation nodes to any location within the area, as Fig. 12 shows. 

As Fig. 13 indicates, In terms of comfort, most streets receive ratings categorized as “good” or above, indicating that the envi-
ronment, landscaping, and ground-level interface of the roads within the area are generally favorable. Relatively lower ratings are 
mainly observed in the internal alleys. 

Table 9 
Streets and corresponding matter-elements in Section N.  

Street Matter-element Street Matter-element 

The south side of Xiangchun Road N1 The west side of Wenxingqiao Lane N11 

The north side of Xiangchun Road N2 The east side of Wenxingqiao Lane N12 

The south side of Yingpan Road N3 The south side of Xuegong Lane N13 

The north side of Yingpan Road N4 The north side of Xuegong Lane N14 

The west side of Huangxing North Road N5 The south side of Hehuachi Lane N15 

The east side of Huangxing North Road N6 The north side of Hehuachi Lane N16 

The west side of Furong Middle Road N7 The south side of Daogucang Lane N17 

The east side of Furong Middle Road N8 The north side of Daogucang Lane N18 

The west side of Cai E North Road N9 The west side of Maotingzi Lane N19 

The east side of Cai E North Road N10 The east side of Maotingzi Lane N20  

Table 10 
M3’s classical and nodal domain values.  

Indicator Nodal domain value Classical domain value 

Excellent Good Moderate Poor Very poor 

C1 − 0.189 0.945 − 0.055 − 0.528 − 0.685 − 0.764 
C2 0 0 − 1 − 1 − 1 − 1 
C3 − 0.2 − 0.429 − 0.2 2 − 0.2 − 0.429 
C4 0 0 − 1 − 1 − 1 − 1 
C5 − 0.746 − 0.254 − 0.005 2.984 − 0.248 − 0.339 
C6 − 0.5 1 0 − 0.2 − 0.5 − 0.6 
C7 − 0.313 − 0.265 − 0.040 3.13 − 0.218 − 0.374 
C8 0 0 − 1 − 1 − 1 − 1 
C9 0 − 1 − 1 − 1 − 1 0 
C10 − 1.7 − 0.8 − 0.757 − 0.691 − 0.575 0.425 
C11 − 0.058 0.193 − 0.5 − 0.816 − 0.861 − 0.906 
C12 − 0.324 − 0.537 − 0.352 − 0.19 1.62 − 0.277 
C13 0 0 − 1 − 1 − 1 − 1 
C14 0 0 − 1 − 1 − 1 − 1 
C15 − 0.2 − 0.429 0.02 2 − 0.02 − 0.429 
C16 − 0.497 − 0.379 − 0.172 2.485 − 0.163 − 0.383 
C17 0 0 − 1 − 1 − 1 − 1 
C18 0 0 − 1 − 1 − 1 − 1 
C19 − 0.212 − 0.054 1.06 − 0.47 − 0.647 − 0.735 
C20 − 0.115 0.767 − 0.233 − 0.425 − 0.54 − 0.617  

Table 11 
M3 tire 1 indicator association K value.  

Indicator Association K value 

Excellent Good Moderate Poor Very poor 

B1 0.10512238 − 0.130081 0.16459024 − 0.23733026 − 0.27239314 
B2 − 0.0758677 − 0.1159072 0.1382634 − 0.13017924 − 0.08806732 
B3 − 0.12467538 − 0.15361698 − 0.04236 − 0.03950848 − 0.0186619 
B4 − 0.00545688 − 0.0675456 − 0.04236 − 0.0680544 − 0.07325688 
B5 0.00297064 − 0.02665442 − 0.0105548 − 0.04819756 − 0.05285518  
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4.2. Generation of optimization strategies 

After identifying the main issues in the study area and target roads, the generation of optimization strategies is guided by analyzing 
and comparing the evaluation levels of tire two indicators on each road. This analysis allows for a clear identification of the weaknesses 
in the target roads, facilitating the development of optimization strategies. 

Among all road samples, the roads adjacent to hospitals include M1 and M2, located at the entrance of the inpatient department of 
Xiangya Hospital; M3 and M4, situated near the outpatient department of Xiangya Hospital; M9 and M10 at the side entrance; N1 and N2 
found near the outpatient department of Hunan Provincial Maternal and Child Health Care Hospital, N3 and N4 close to the outpatient 
department of Changsha First Hospital, N9 and N10, which connect these two hospitals. 

Firstly, by examining the evaluation results of the “Traffic pressure (B3)" indicator, it can be determined whether there are issues 
with the traffic conditions around the hospital during peak hours. Meanwhile, If the road fails to provide a safe and independent 
environment for pedestrians and cyclists in terms of infrastructure, it is highly likely to lead to traffic accidents. Therefore, it is 
necessary to simultaneously examine the performance of these roads in terms of the “Safety(B1)" indicator. 

A “Poor” or below road score on the B3 indicator shows traffic congestion during peak hours. If the road also fails to meet the 
“Good” criteria on the B1 indicator, it suggests that the road’s safety may be compromised under significant traffic pressure during peak 
hours. Roads that meet these criteria need to be identified for diversion and isolation measures by analyzing secondary indicators. And 
these roads are M1, M3, and N1. 

M1 exhibits a “Poor” rating in Peak crowd density (C10), an “Excellent” rating in Peak non-motorized vehicles/Motor vehicles mix 
(C11), and a “Poor” rating in Peak pedestrian/non-motorized vehicles mix (C12). This indicates that the road experiences a high volume 

Table 12 
M3 tire 2 indicator association K value.  

Indicator Association K value 

Excellent Good Moderate Poor Very poor 

C1 0.0897561 − 0.0052239 − 0.05014944 − 0.0650613 − 0.07256472 
C2 0 − 0.0566 − 0.0566 − 0.0566 − 0.0566 
C3 − 0.02838264 − 0.013232 0.13232 − 0.013232 − 0.02838264 
C4 0 − 0.05468 − 0.05468 − 0.05468 − 0.05468 
C5 − 0.01753108 − 0.0003451 0.20595568 − 0.01711696 − 0.02339778 
C6 0.06128 0 − 0.012256 − 0.03064 − 0.036768 
C7 − 0.0212477 − 0.0032072 0.2509634 − 0.01747924 − 0.02998732 
C8 0 − 0.05808 − 0.05808 − 0.05808 − 0.05808 
C9 − 0.05462 − 0.05462 − 0.05462 − 0.05462 0 
C10 − 0.106384 − 0.10066586 − 0.09188918 − 0.0764635 0.0565165 
C11 0.01261834 − 0.03269 − 0.05335008 − 0.05629218 − 0.05923428 
C12 − 0.03090972 − 0.02026112 − 0.0109364 0.0932472 − 0.01594412 
C13 0 − 0.03464 − 0.03464 − 0.03464 − 0.03464 
C14 0 − 0.03316 − 0.03316 − 0.03316 − 0.03316 
C15 − 0.00545688 0.0002544 0.02544 − 0.0002544 − 0.00545688 
C16 − 0.00493458 − 0.00223944 0.0323547 − 0.00212226 − 0.00498666 
C17 0 − 0.0207 − 0.0207 − 0.0207 − 0.0207 
C18 0 − 0.01248 − 0.01248 − 0.01248 − 0.01248 
C19 − 0.0005778 0.011342 − 0.005029 − 0.0069229 − 0.0078645 
C20 0.00848302 − 0.00257698 − 0.0047005 − 0.0059724 − 0.00682402  

Table 13 
M1 to M14’s indicator association value.  

Street Association value (K) 

Excellent Good Moderate Poor Very poor 

M1 − 0.25398654 − 0.17505802 0.38485748 0.2695731 − 0.40185024 
M2 − 0.0990497 0.22234064 − 0.51187162 − 0.45596336 − 0.041778573 
M3 − 0.09790694 − 0.4938052 0.09376318 − 0.52326994 − 0.50523442 
M4 − 0.0501097 − 0.31512738 − 0.02530718 − 0.60156528 − 0.65736912 
M5 0.11942116 − 0.35070028 − 0.23284934 − 0.35889272 − 0.70781484 
M6 0.1108701 − 0.1969079 − 0.06302924 − 0.40283566 − 0.695322 
M7 − 0.4107918 0.08863518 − 0.29674924 − 0.31503176 − 0.64637106 
M8 − 0.21685462 − 0.10992568 0.03038692 − 0.26281028 − 0.60466092 
M9 − 0.31554528 − 0.51555636 − 0.17196108 − 0.1746031 − 0.3532527 
M10 − 0.31194774 − 0.45751002 − 0.5225662 − 0.19221932 − 0.39991652 
M11 − 0.42869594 − 0.58196304 − 0.2156315 − 0.0581158 − 0.38359272 
M12 − 0.34186186 − 0.57588736 − 0.54321326 − 0.44318804 − 0.4570417 
M13 − 0.4256653 − 0.3177992 0.25644952 − 0.38377284 − 0.42089628 
M14 − 0.37932914 − 0.55374424 0.17794798 − 0.26815432 − 0.4177994  
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of pedestrians during peak hours and frequently interacts with non-motorized vehicles. Additionally, considering the secondary in-
dicators in B1, the road lacks sidewalks and has incomplete sub-panels. Consequently, pedestrians face a higher risk on this road, 
necessitating focused efforts on pedestrian safety through diversion measures. 

In the evaluation of M3, C10 is classified as “Very poor,” indicating a significant pedestrian flow on the road during peak hours. C11 
ranks as “Excellent,” signifying a considerably higher number of motorized vehicles than non-motorized vehicles within a unit of time. 
C12 falls under the “Poor” category, suggesting that pedestrians outnumber non-motorized vehicles passing the road within a given 
time frame. Therefore, it is evident that pedestrians and motorized vehicles are the primary participants in road traffic during peak 
hours. The deficiency in “Safety” is primarily manifested in the insufficient segregation of non-motorized lanes in C3 and the occu-
pation of pedestrian sidewalks by non-motorized vehicles in C1. Hence, it is necessary to consider implementing segregation measures 
for non-motorized traffic to ensure safety. 

Based on the analysis, the following diversion strategies around Xiangya Hospital can be recommended: 
For M1.  

(1) Prohibit long-term parking of motor vehicles during peak hours and allow only temporary loading and unloading.  
(2) Establish designated non-motorized parking areas in the front yard space of the hospital to free up pedestrian pathways from 

parking occupations.  
(3) Designate a specific entrance for vehicles picking up and dropping off patients at the outpatient department, ensuring smooth 

traffic flow and convenience for patients arriving in private cars. 

Table 14 
N1 to N20’s indicator association value.  

Street Association value (K) 

Excellent Good Moderate Poor Very poor 

N1 − 0.24848252 − 0.11575644 0.11354432 0.20554068 − 0.45869946 
N2 0.11111006 − 0.38545758 0.18607564 − 0.1705497 − 0.4760777 
N3 − 0.12174456 − 0.3419058 0.16914826 − 0.54189558 − 0.52747684 
N4 − 0.19639918 0.07209756 − 0.59430844 − 0.67165968 − 0.46996 
N5 0.07943848 0.10267468 − 0.48053902 − 0.58649708 − 0.70085334 
N6 − 0.052514 0.40809742 − 0.45556878 − 0.58335394 − 0.63861568 
N7 − 0.0262178 0.14596204 − 0.33809204 − 0.65344504 − 0.67156902 
N8 − 0.07664154 − 0.0846638 − 0.40889818 − 0.70343904 − 0.70960776 
N9 − 0.1865003 − 0.60563922 − 0.4765646 − 0.3751296 − 0.40698356 
N10 − 0.28783234 − 0.7016794 − 0.55945464 − 0.51868124 − 0.38510382 
N11 − 0.40707542 − 0.57993566 − 0.07702116 − 0.48458592 − 0.3242001 
N12 − 0.53815116 − 0.65707478 − 0.11103232 − 0.50586372 − 0.25298494 
N13 − 0.9332513 − 0.5769689 0.1421789 − 0.5491198 − 0.3172308 
N14 − 0.4633754 − 0.6228173 0.1697468 − 0.5290879 − 0.3071703 
N15 − 0.475271 − 0.5380153 − 0.69705 − 0.5799694 − 0.142915 
N16 − 0.4580989 − 0.7558443 − 0.758428 − 0.6218052 − 0.1727285 
N17 − 0.48227544 − 0.61146978 − 0.39984652 − 0.73020982 − 0.31464834 
N18 − 0.48448884 − 0.61442532 − 0.40427332 − 0.73906342 − 0.32350194 
N19 − 0.5774767 − 0.81599838 − 0.76655018 − 0.65793526 − 0.10788286 
N20 − 0.57331026 − 0.79099948 − 0.7565643 − 0.65706726 − 0.12317706  

Fig. 8. The comprehensive evaluation results.  
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Fig. 9. “Safety” indicator evaluation results.  

Fig. 10. “Accessibility” indicator evaluation results.  

Fig. 11. “Traffic pressure” indicator evaluation results.  
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Fig. 12. “Convenience” indicator evaluation results.  

Fig. 13. “Comfortableness” indicator evaluation results.  

Fig. 14. Diversion strategies for M1.  
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(4) Install temporary hard separation barriers to ensure the safety of pedestrians and cyclists (as Fig. 14 shows). 

For M3.  

(1) Install separate and complete separation facilities for non-motorized vehicles from the intersection of Xiangya Road and Furong 
Middle Road.  

(2) Ensure complete separation between non-motorized vehicles, motor vehicles, and pedestrians.  
(3) Allow commuter cyclists to use the designated non-motorized vehicle facilities for seamless passage.  
(4) Advise cyclists coming to the hospital to enter from Xiangya Road and utilize the parking lot established in front of the hospital 

for non-motorized vehicle parking.  
(5) Implement this approach to address the issue of non-motorized vehicles occupying sidewalks near the hospital’s outpatient 

department entrance. 
(6) Install hard separation measures at the entrance of the outpatient department to restrict the intersection of vehicles and pe-

destrians (as Fig. 15 shows). 

Analyzing the B3 indicator for the N1 reveals that C10 is rated as “Poor,” indicating a high volume of pedestrian traffic during peak 
periods. Additionally, C12 is rated as “Moderate,” suggesting a significant presence of non-motorized vehicles on the road during the 
same period. However, in the B1 indicator, C5 is rated as “Very poor,” indicating the absence of a dedicated non-motorized lane on the 
road. Conversely, C11 is rated as “Good,” indicating a low volume of motorized vehicles using the road during peak hours. Therefore, it 
is recommended to prioritize the establishment of a non-motorized lane to accommodate the high volume of pedestrian and non- 
motorized traffic on the N1 road during peak hours. 

In general, the road networks surrounding the two hospitals in Section N are deemed capable of ensuring fundamental safety 
standards in their present state, primarily owing to their high “Safety” ratings, although some of them perform poorly in the B3 index 
during peak periods. The recommendation for the N1 is to add a non-motorized lane with temporary hard separation facilities during 
the peak period. 

Apart from the arterial roads encompassing the hospital, the nearby alleys are crucial in connecting vital traffic junctions and 
serving as essential routes for residents accessing the hospital. Specifically, these roads are M9 to M14 and N11 to N20. Unfortunately, 
owing to the outdated planning of the older city, these roads also show a series of conditions that need to be more friendly for pe-
destrians and cyclists. 

Firstly, concerning the “Safety” indicators, only three are classified as “Good” or higher, while nine of them fall into the “Poor” or 
lower categories, exceeding half of the total. By analyzing the secondary indicators, it is evident that C5 and C6 have relatively lower 
ratings. Specifically, 15 samples from C5 are categorized as “Very poor,” while ten samples from C6 are below the “Poor” category. This 
indicates that the most significant issue in the area is the inadequate provision of sidewalks and non-motorized paths. 

Due to the substantial absence of sidewalks, it can be predicted that there is insufficient space to accommodate various barrier-free 
facilities. As a result, 15 roads in the sample are rated as “Very poor” for the “Accessibility” indicator. The main problem lies in the lack 
of tactile paving. 

Regarding “Comfortableness,” nine roads are rated as “Good” or higher, three are classified as “Moderate,” and only four are 
labeled as “Poor” or below. The primary issues faced by roads with lower ratings are the inadequate provision of resting facilities (C19) 
and shading (C20). 

Fig. 15. Diversion strategies for M3.  
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It is evident that pedestrian and cyclist safety has been overlooked in automobile-dominated urban designs, leading to the absence 
of sidewalks and non-motorized pathways. This oversight has further impacted the development of other essential infrastructure, such 
as tactile paving and street trees. On the one hand, it results in mixed traffic, where pedestrians, cyclists, and motor vehicles share the 
same roadway, thereby increasing safety hazards. On the other hand, it diminishes the appeal of the roads to active travel participants, 
failing to encourage people to adopt greener and healthier modes of travel. Therefore, such narrow lanes are recommended to restrict 
prolonged parking of motor vehicles and convert two-way lanes into one-way lanes. This would provide segregated safety spaces for 
pedestrians and cyclists, installing tactile paving, seating amenities for rest, and planting street trees to offer shade. 

5. Conclusion 

The arrival of the epidemic has given rise to many new urban problems. People began to pay attention to active travel and found 
that the city needs to provide a safe environment for pedestrians and cyclists in response to the new changes. Furthermore, traffic 
problems are especially prominent around large public buildings such as hospitals. 

This study’s significance lies in utilizing a novel model to assess and address the complex and hazardous traffic conditions sur-
rounding large hospitals, particularly during public health crises such as COVID-19. It aims to evaluate the active travel space sur-
rounding these hospitals and provide practical assessment and improvement strategies, offering theoretical insights for policymakers. 
Furthermore, it aims to optimize the travel experience for patients and other traffic participants while reducing accidents. Compared to 
previous studies, this research focuses on a more specific target. It proposes a more granular evaluation framework and methodology 
tailored to the current trend of active travel and the new changes in demands. Additionally, this study is grounded in the principles of 
Extenics theory. Unlike previous literature that solely assesses roads, it establishes a comprehensive logical chain from “identifying 
problematic roads” to “identifying the core issues” to “providing solutions,” emphasizing the practical significance of addressing social 
issues through research. 

However, there are certain areas for future improvement in the current study. To begin with, many factors may still affect the travel 
experience, such as noise and air quality. These street attributes could potentially impact pedestrians and non-motorized vehicle users’ 
travel choices, subsequently affecting the evaluation outcomes. However, due to the random nature of such elements, such factors were 
not included in this study. Also, the weighting of comfort-related factors was minimal in the expert assignment and may not signif-
icantly impact the final results. Additionally, if a street is lengthy, there may be variations among different street segments in terms of 
facilities that impact pedestrian and cyclist travel behavior or safety. In other words, factors like road width or streetscape amenities 
may exhibit dynamic changes within a single street, thus influencing the assessment of the road. In this study, we have attempted to use 
a more reasonable calculation method to avoid errors. Moreover, due to the relatively consistent streetscape characteristics in the 
research area, we did not observe significant impacts on pedestrians and cyclists from differences in the street’s ground-level interface 
during the survey and observation. Finally, in this study, the most representative hospital surroundings in the city center of Changsha 
were chosen as the research subject, encompassing various building functional types and a relatively well-organized road network. 
However, due to variations in urban planning and regional characteristics across different cities, the composition of building types or 
the configuration of road networks around hospitals may differ, the evaluation system may therefore need to be more deeply adapted 
to this type of situation. To address these concerns, in future research, we will strive to upgrade our research methods and evaluation 
indicators to develop a more detailed assessment model and indicator system. 
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