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Abstract: With the purpose of limiting the drastically increasing quantity of travel volumes and the
sustainability of urban traffic systems, many cities have implemented urban traffic restriction (UTR)
policies. However, insufficient stakeholder involvement in UTR policy assessment often leads to
a lack of social and political support, in addition to a lack of acceptability with respect to policy
implementation. In this background, participatory system dynamics modeling (PSDM) is presented
as a methodology to engage stakeholders in UTR policy assessment. By the proposed methodology,
a comprehensive case study of UTR policy in the city of Xi’an was illustrated. Based on the assessment
results, the leverage point influencing the performance of the UTR policy was identified and discussed,
with different policy scenarios simulated and tested. The simulation results show that developing
public transportation while implementing UTR policy was indicated as the most reasonable solution
at the present stage, and the annual growth rate of private cars should be monitored in the future.
The results confirmed that the PSDM methodology can facilitate the system thinking of stakeholders,
which is important to reach consensus-based assessment results and to enhance the social support for
UTR policy.

Keywords: urban traffic restriction policy; policy assessment; participatory modeling;
system dynamics

1. Introduction

Urban traffic restriction (UTR) policies are widely applied in cities with heavy traffic jams or
air pollution problems. Some scholars claim that UTR policies are able to instantly increase the
sustainability of traffic systems [1,2] and reduce motor vehicle emissions [3,4]. However, controversies
still exist with regard to this policy, due to the involvement of complex scientific and technical issues.
The wide array of stakeholders, as well as the value conflicts and social dynamics involved, mean that
effective UTR measures are difficult to design and implement. Further, insufficient stakeholder
involvement often leads to a lack of social and political support, as well as of acceptability for policy
implementation [3-7], which lead in turn to policy failure and to a decrease of trust in the government.
UTR policy tries to solve the problems whose social complexity means that it has no determinable
stopping point. Moreover, because of complex interdependencies, the effort to solve one aspect of a
problem may reveal or create other problems [8]. To solve these “wicked problems” [9], this paper
argues that it is essential to engage the stakeholders in the policy assessment process.

This paper builds on, and contributes to earlier studies on UTR policy research; it presents a
system dynamics (SD)-based model [10,11] and uses participatory system dynamics modeling (PSDM)

Sustainability 2019, 11, 3930; doi:10.3390/su11143930 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/2071-1050/11/14/3930?type=check_update&version=1
http://dx.doi.org/10.3390/su11143930
http://www.mdpi.com/journal/sustainability

Sustainability 2019, 11, 3930 2of 16

to engage stakeholders to support a social and policy complexity assessment [12]. This model allows
stakeholders to understand the influences between different variables and the long-term effects of
policy [12]. Moreover, the modeling experience and communication process may improve social
support and consensus between stakeholders.

We investigated a case from Xi’an, China, a city with a population of 10 million and more
than 3 million vehicles [13,14]. Besides serious traffic jams, the exhaust gas of motor vehicles
contributes about 21.4% of particulate matter (PM) 2.5 emissions, which is one of the main factors
of air pollution [15]. UTR policies are related to green development and sustainable development
issues in China, and correspondingly, UTR policy advocated by the government of Xi’an has two
effects. The most important one is to reduce motor vehicle travel volume, and the other is to control
motor vehicle emissions. The Transportation Bureau of Xi'an is the policy issuing department, and the
Environmental Protection Bureau has become the most active supporter. UTR policy assessment and
analysis has been implemented in Xi’an to public discontent, with various technical and social issues,
e.g., with scientific foundations and fairness discussed.

This paper is structured as follows. Section 2 presents the proposed UTR policy and how SD
was adopted in traffic policy assessments. In Section 3, the PSDM methodology is applied in a case
study related to the UTR policy in the city of Xi’an, China as well as the simulation design. Section 4
presents the results of a consensus-based assessment between stakeholders through multiple rounds of
communication. Finally, Section 5 presents the findings and draws the main conclusions.

2. Literature Review and Background

2.1. Urban Traffic Restriction Policy

The recent increase in environmental pollution and traffic congestion has negatively affected
urban sustainable development. With an increasing number of vehicles on the road, the need to control
urban traffic flow has become increasingly important in order to maximize safety and capacity, and to
minimize both the time loss and air pollution associated with congestion [16]. In order to limit the
drastically increasing quantity of private cars, travel volumes, and emissions, over the past few decades
several cities have attempted to reduce the demand for car usage by implementing private car control
policies within their territory [17,18].

These types of policies are called urban traffic restriction (UTR) policies [19]; they consist of
strategies that aim to reduce travel volume and to control private car ownership. These policies are not
new in the world. Buenos Aires, Caracas, Athens, Sao Paulo, Santiago, Mexico City, and other cities
have already introduced driving restrictions to reduce automobile use. More recently, several large
and growing Chinese cities, including Beijing, Tianjin, Changchun, Lanzhou, Hangzhou, Guiyang,
and Chengdu, adopted traffic restriction policies to adjust trip volumes and reduce emissions. As recent
practices in China show, UTR policies have been extended to include car plate restrictions, whereby
vehicles are forbidden to be used on one or more weekdays, depending on plate numbers [20]. In this
line, other Chinese cities are currently considering the introduction of such policies to control the rapid
growth of cars and related traffic problems.

However, effective UTR measures are difficult to design and implement. UTR policies connected
with social, economic, urban design, and environmental issues may have extensive impacts throughout
the city. UTR policies are usually transplanted from other regions, or designed through static
and empirical analyses, and this negatively affects both scientific foundations and practical results.
Apart from technological problems, the lack of public support is usually recognized as one of the main
obstacles to the achievement of the expected goals of UTR measures [3]. These measures are closely
related to the vital interests of stakeholders, including government departments, ordinary citizens,
corporate employees, bus and taxi drivers. Hence, the settlement of urban traffic problems can be
understood as the consequence of both conflicting interests or values between stakeholders and the
dilemmas present in the decision-making.
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UTR policies may also lack the required social and political support, in addition to acceptability
for policy implementation [3,4,6,21]. Jia et al. [3] took the restriction policy of Tianjin, China as an
example, which indicated that lower acceptance may weaken the policy’s effectiveness. In addition,
the main factors affecting the level of stakeholder acceptance of the policy were found, such as the
perceived effectiveness, social norms, perceived cost-benefit, and different problem perceptions among
stakeholders. Anciaes [22] analyzed the traffic restriction policy of Lisbon’s old city center, and pointed
out that the reasons for social opposition and abandonment are constitute insufficient consideration of
the terms of restriction policy in terms of the distribution to different social groups. Choocharukul et
al. [23] compared the social acceptance and support of the restriction policy in Japan and Thailand
to propose that different communicative strategies for different stakeholders should be effective in
increasing the public acceptance of restriction policy measures. Overall, most of the research on
restriction policy acceptance focuses on the post-acceptance and identification of their influencing
factors, while few studies focus on the stakeholders” involvement in the policy process to enhance
social acceptance and social support. Unfortunately, there has been scant research on the social
acceptance of stakeholders of UTR policies in China, even though such policies are currently being
widely implemented.

Additionally, multi-variable regression and multi-actor multi-criteria analysis have been adopted
in a few studies to determine stakeholder objectives and values, as well as the acceptance of traffic
restriction policies. There is little evidence that the dynamic approach may demonstrate the complex
dimensions and factors implied in UTR policies, this in turn encourages stakeholders’ participation to
improve policy support. To fill this gap, system dynamics is an invaluable tool to show the complex
interrelations between economic, social, and environmental elements [24-26]. Moreover, participatory
system dynamics modeling has the potential to improve stakeholders’ participation in UTR policy
assessment by providing a framework for structured deliberation, as well as a more transparent way to
persuade them to help implement decisions.

2.2. System Dynamics Application in Traffic Policy Assessments

System dynamics (SD), proposed by J.W. Forrester in the early 1960s, is a methodology to help us
to see the world as a set of unfolding behavior patterns, and to shift our focus from single pieces of a
system [10]. Forrester developed world dynamics (WD) to present a preliminary version of a model
to show the consequences of population and economic growth [27]. Under the direction of Dennis
Meadows, and based on Forrester’s original, a more elaborate world model entitled “The Limits to
Growth” (LTG) was built [28]. LTG is a popularized version of WD and a more complete explanation
of the data used.

In the past several decades, cities have progressively absorbed a larger part of the human
population. Especially, urban dynamics (UD) presented in the late 1960s is applied to model various
elements of the metropolitan system to support the decision-making process. Erickson [29] developed
an integrated urban transportation and land use model to simulate the choice behaviors that determine
future population movement, employment opportunities, housing availability, and allocates these
elements to zones. Haghani, Sang, and Byun [30] constructed a model based on the causality functions
between a large number of physical, socioeconomic, and policy variables and tested it on a data set
from Montgomery County.

Recently, SD modeling has also been employed as an effective learning tool for complex urban
public policies in a number of areas such as environmental and sustainable development issues, welfare
reform, education, and health. It captures real-world policy problems through a feedback structure
for further discussion, debate, and consensus building. The construction of a system dynamics
model follows the continuous progression of iterative and interconnecting steps, namely (1) system
thinking; (2) problem definition; (3) conceptualization; (4) model formulation; (5) simulation; (6) policy
analysis [12]. When implementing model-based recommendations in the real world, the modeling
cycle will be closed.
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Urban traffic problems are usually complex and dynamic, and SD has shown the capacity to
solve urban traffic problems. Zhang [31] underlined the importance of studying urban traffic, energy
consumption, and emissions by using the SD. Cao and Menendez [32] used SD to assess urban parking
problems macroscopically. Stave [33] analyzed traffic and environmental problems in Las Vegas and
indicated that SD has the potential to improve public participation in the decision-making process and
solve complicated policy issues. MacDonald and Carpenter [34] developed an SD model to assess the
trade-offs between programs, emphasizing education and enforcement in traffic safety management.
Goh [35] used SD to simulate the interactions between driver, infrastructure, and vehicle to improve
traffic safety policy. All these studies show the widespread and dynamic use of SD in traffic-related
policy assessment; however, when the results of the scientific analyses are introduced into public policy,
further efforts are needed.

As Lindblom [36] demonstrated, the complexity and multifaceted nature of policy make it
particularly difficult for public managers to make decisions. Policy assessment, being characterized by
multi-objectiveness and dynamic relevance, must present a comprehensive picture of the endogenous
complexity of policies, including technical and value analysis. The formulation or implementation
of policies sometimes triggers implicit or real conflicts in other fields [11], while some policy effects
may appear only at a later stage. As a mechanism for the authoritative allocation of values, policies
are a complex mixture of both social resources and values; hence, the pressure to involve a broader
representation of the public in decision-making continues to increase. Scientific experts and city
managers make decisions and then try to “tell people what is good for them” [37]; this in turn does not
lead to wide and long-lasting support for these policies [38]. Therefore, the involvement of stakeholders
in complex traffic policy assessment is urgent.

3. Research Design

3.1. Methodology Description

Participatory approaches are required in transport policy assessment [39,40] as different
stakeholders play important roles and decision makers face the added challenge to enhance social
support [41]. “Modeling with problem-owners” is a defining feature of the SD method [42,43],
which allows for the identification of the values of a stakeholder-based modeling process at the earliest
stages of its history. PSDM is a combination of public participation, system thinking, and simulation.
It uses a system perspective to engage stakeholders in different stages of policy assessment, including
problem definition, system description, the identification of policy levers, model development, and/or
policy analysis. PSDM has been used on a variety of policy problems such as air quality, organizational
change, and sustainable environmental management. Stave [12] describes four case studies using
PSDM to incorporate diverse stakeholder knowledge, support stakeholder learning and changing
environmental conditions. Weeks et al. [44] used group system dynamics modeling to enhance members’
communication and consensus, seek a deeper understanding of the system, and address problems in
the system of HIV testing services. Schweiger et al. [45] showed how resistance affects organizational
change, by providing a participatory system dynamics perspective. In addition, other models have
been developed e.g., for water quantity and quality management [33,46-48], wildlife health [49],
tourism management [50], as well as a social-ecological model of syndemic risk [51]. As the application
of PSDM in these studies shows, model building and facilitated group problem solving emerge as
two important processes in participatory modeling, which are both of great benefit to stakeholder
participation and consensus building.

As shown in Figure 1, a generic participatory modeling methodology involves four main
phases [12,52]. Moreover, understanding of the system developed during the modeling process
contributes to social learning to build consensus [41,53]. The modeling and learning between
stakeholders emphasize the rationality of the assessment results and the dynamic behavioral patterns,
rather than simply emphasizing the predictive accuracy of the assessment results [54]. Hence,
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the correspondence between each phase and the stakeholders involved is highlighted, as well as the
duration of each phase and the activities developed “behind the scenes.”
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Figure 1. Participatory system dynamics modeling of UTR Policy in Xi’an.

We used the methodology illustrated in Figure 1, based on the PSDM approach, in conjunction
with the UTR policy assessment in order to engage stakeholder participation in Xi’an. The research was
performed in four phases which are briefly described below. The chronology of model development
and stakeholder interaction was summarized in Table Al.

3.1.1. Phase 1: Stakeholders Analysis and Advisory Group Building

Stakeholders are identified as social actors who are influenced by the outcome of a decision, or who
have a strong interest in the outcome of policy [55]. In the first phase, we analyzed the stakeholders
of the UTR Policy in Xi’an and invited them to form advisory groups. After a series of preparatory
meetings between the Xi’an Transportation Bureau staff and our research team members, the relevant
driving forces and pressures affecting the management of urban traffic problems and the restriction
policy in Xi’an were identified.

In May 2017, we convened an advisory group of 24 stakeholders with the support of Xi’an
Transportation Bureau and Xi’an Environmental Protection Bureau. They met once per month until
December 2017 and performed activities such as problem identification, system conceptualization,
model formulation, deliberative feedback, and scenarios assessment and simulation [56,57]. Except the
two key bureaus mentioned above, representatives of the Public Security Bureau, the Development
and Reform Commission, the Finance Bureau, the Municipal Bureau, the Science and Technology
Bureau, the City Investment Group, the Urban Construction Committee, the Industrial and Commercial
Bureau, the Urban Management Bureau, the Meteorology Bureau, the Price Bureau, and the Industry
and Information Committee are involved in the advisory group. These group members had no
particular knowledge of the modeling process and the system dynamics and had other full-time jobs.
The aim of the group was to develop UTR policy recommendations to address the rapidly worsening
and interconnected problems of urban traffic in Xi’an. We introduced the group members to the
fundamental system dynamics modeling and to simulation methods, goals, and expected outcomes, as
well as to the problems to be solved in the subsequent participatory system dynamics modeling.
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3.1.2. Phase 2: Interviews and Modeling Workshops

At the beginning of the second phase, a comprehensive literature review was conducted, followed
by exploratory interviews with policymakers, scholars, and citizens [42,53]. These interviews could help
to set system boundaries and map stakeholder perceptions. Specifically, we conducted interviews with
the advisory team members in June. Through the brainstorming method, the team members listed the
factors and the causal links of traffic and related environmental problems in the city according to their
own experience, and answered questions such as: “How do you think the traffic and environmental
problems can be solved?” and “What are the key factors affecting the traffic and environmental
governance in Xi’an?”. After the meeting, the research team sorted out and listed these opinions based
on the answers. The interviews and the questionnaires provided valuable information to identify the
problem to be solved and to capture the “mental model” of the stakeholders before participating in the
modeling process.

Participatory modeling processes help to understand the diversity of public values, as these values
are reflected in the modeling process through simulated “what-if” scenarios. At the end of the second
phase, the government staff and the public were invited to develop other policy scenarios and try more
possibilities (see Table 1).

Table 1. Description of the policy scenarios considered.

Name Details

Base Run Xi’an continues to develop without taking any policy measures.

Based on the UTR policy proposed by Xi’an in 2017, the circulation of
Current UTR Policy motor vehicles is restricted according to the last number of the car plate,
whereby two numbers are restricted every day.

The number of buses is increased while implementing the UTR policy, in
Public Transportation Development order to improve bus travel sharing ratio and reduce private cars’
travel volume.

A series of traffic demand management policies are adopted to reduce
Total Private Car Quantity Control private car usage and to control private car ownership, such as car
license plate lottery/license plate auction policies.

A UTR policy based on even-odd-numbered car plates is adopted,

UTR Based on Even-odd-numbered Plates whereby five numbers are restricted every day.

3.1.3. Phase 3: Model Simulation and Work ‘behind-the-scenes’

Model parameters and equations were set in September and October with the collected data.
The parameter values are shown in Table A2. Additionally, we tested the validity of the SD model and
discussed the changes in several meetings with group members. Based on these ‘behind-the-scenes’
activities such as developing detailed scripts for the workshop activities, collecting historical data
on the variables represented in the system dynamics model, identifying interrelationships between
problems, improving reference patterns, and model validation and testing, all the elements of the
model have been formalized to show behavior over a time range.

Reducing the total travel volume of urban motor vehicles is the most important goal of the UTR
policy in Xi’an. Therefore, in the third phase, we first simulated the model with this goal, and then
we assessed the policy leverage point with sensitivity analysis and the overall trends of the policy
scenarios selected by the advisory group members. The specific simulation design is presented in
Section 3.2.

3.1.4. Phase 4: Policy Analysis and Follow-ups

In phase 4, the participatory modeling process was concluded with a series of dissemination and
evaluation activities. The PSDM methodology aims to further refine the UTR policy, better solve the
urban traffic and related environmental problems in Xi” an, and enhance social support. Therefore,
in this last phase, the assessment results should be returned to the stakeholders for consideration
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and review. Specifically, after simulating and assessing the trends of the policy scenarios, we did not
identify directly the optimal solution, but presented again these results to the advisory group members,
asking them to find consensus over the assessment results based on policy costs, implementation
possibilities, potential risks, and public satisfaction.

After the end of the workshops and the meetings, we summarized and reviewed the results to
gain insight into the impact of the whole PSDM process, along with the following four aspects [48]:
(1) Is the PSDM methodology useful? (2) Does this process promote social learning and mutual trust
building? (3) Does the participatory process improve communication and promote consensus? (4) Are
the assessment results available in the real world? Have the UTR policy problems in Xi’an been
alleviated? Follow-ups actions included the dissemination of the policy assessment results. To this end,
our research team reported the results to the government departments for UTR policy improvement.

3.2. Simulation Design

Before July 2017, our research team held several meetings with advisory group members to
brainstorm the key challenges in this case. According to their insights/knowledge, group members
presented the following solutions: adding more roads, optimizing urban layout, encouraging public
participation in green commuting, as well as reducing the motor vehicle travel volume and travel time
(hexagons in Figure 2a). Solutions can be divided into five main problem dimensions including traffic
flow, traffic volume, air quality, public transportation and public participation (circles in Figure 2a).
This diagram was used to facilitate further discussion about how the system works, and it was
eventually simplified by the advisory group into three problem dimensions and measures (circles in
Figure 2b). The simplified definition of problems including improve air quality, reduce travel volume
and develop public transportation, which covered important concerns from the Transportation Bureau,
the Environmental Protection Bureau and the public. Simplified problems can be measured by the SD
model, and related to specific policies.

improve
Air
Quality

improve
Air
Quality

develop
Public
ransportatiol

The
Traffic
Challenge

The
Traffic
Challenge

enhance
Public
Participation,

develop
Public
Transportation,

environmentally
friendly  °

participation awareness

in
green

commuting

(a) (b)

Figure 2. Definition of problems. (a) Initial map of problem dimensions and measures; (b) Simplified
map of problem dimensions and measures.

In the subsequent several months, our research team worked with the advisory group as shown
in Table A1, to confirm that our representation of the system was reasonable and to collect data to
parameterize the model from government departments (see Table A2). We also came to advisory group
meetings as observers and to respond to any questions that came up in the discussion.
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Based on problem dimensions and measures, Figure 3 shows the causal loop of urban traffic
system models. As the objective of UTR policy in Xi’an, the total travel volume of urban motor vehicles
is determined by the number of private cars, buses, and trucks. Traffic congestion is influenced by the
total travel volume of urban motor vehicles, public transportation, and road capacity. UTR policy will
limit the total travel volume of urban motor vehicles and stimulate the willingness of purchasing a
second private car. An increase in traffic congestion, which in turn stimulates energy consumption
and traffic pollutant emissions including nitrogen oxides (NOx) and PM. Increasing environmental
pollution will reduce the city’s GDP; then decreasing GDP inhibited private car purchases, urban logistic
development, and transport investment. The promotion of the city’s GDP will increase transportation
investment, including public transport and road construction. The increase in the number of buses and
the enhancement of road capacity will alleviate traffic congestion and thus reduce traffic emissions.
The number of taxis accounts for a small proportion of the total urban motor vehicles in Xi’an; therefore,
the number of taxis was not considered in the system model.

Household +

consumption level Xian's GDP

Environmental
/ pollution
* +
Annual gmwth:d;‘“\ Development of + +
of private cars Purchase of a urban logistics
second private car
+ +
3 Transport
Total quantity of Nﬁti(“s of iuvesul;ent Amount of PM
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UTR policy + Amount of NOx
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+ +
y Truck travel
Total travel volume of volume .
urban motor vehicles
+ Road
+ investment
Traffic
Private cars Number of buses eliussmus

travel volume

+

4
Energy

+ - .
Traffic +consumption

Public
transportation
development -

congestion

Figure 3. Causal Loop Diagram.

The Stock flow diagram (see Figure 3) is normally used to show dynamic processes and clearly
illustrate the accumulation effect between variables. The system dynamics simulation software Vensim
DSS (www.vensim.com) was used to establish the system’s stock flow diagram; results are shown in
Figure 4. The model ran from 2016 to 2030.

As Forrester [58] argued, system dynamics models rely on three sources of information: numerical
data, written databases (reports, operations manuals, published works, etc.), and expert knowledge
of the key participants in the system. Based on this, in the simulation process, we used the official
economic and social development statistics of Xi’an as the system input and as the basis for the variables
and the parameters. The main sources of data used include the following: Xi’an Statistical Yearbook;
China Urban Statistical Yearbook; Statistics Bulletin of the National Economic and Social Development
of Xi’an; Report on the State of Xi’an’s Environment; Annual Report on Motor Vehicle Pollution
Prevention and Control in Xi’an; and the Comprehensive Xi’an Transportation System Planning.

In order to verify whether the model could reflect the essential characteristics of the real world,
we make simulations of beginning from the year of 2010 to make comparisons with statistical data of
2016. Xi’an’s GDP, amount of NOx generated, and number of trucks were selected as test variables to
make comparisons and subsequently examine.
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Figure 4. Stock Flow Diagram.

As can be seen from the results in Table 2, the deviation of Xi’an’s GDP, Amount of NOx generated
and Number of trucks were all within +3%, which is quite reliable. Therefore, the model can be used
to analyze the long-term effects of UTR policy in Xi’an.

Table 2. Results of model validation.

Variable Simulation Value  Statistical Data Deviation
Xi'an’s GDP (billion CNY) 634.478 625.718 1.4%
Amount of NOx generated (Tons) 7.907 8.171 —2.4%
Number of trucks (Units) 221,480 224,322 -1.3%

4. Results and Discussions

Two types of analysis were established for the components of the urban traffic system in Xi’an.
First, we assessed what will happen to the system if the pattern of behavior continues over time, with all
possible scenarios proposed in Table 1. Second, we performed a sensitivity analysis to recognize the
key variables that will affect the system behavior.

4.1. Assessment Results

Reducing the total travel volume of urban motor vehicles is the objective of UTR policy in Xi’an,
after assessing each policy scenario proposed by the advisory group members, their future trends were
compared and visualized. The results are shown in Figure 5.

The base run of the model represents a scenario where without taking any policy measures.
According to the results, the total travel volume of motor vehicles in Xi’an may continue to rise from
0.57 million units in 2016 to 5.6 million units in 2030. This unlimited rise is unmatched with urban
capacity and will bring a huge press to society and the environment. The Base Run outcome helps
group numbers to understand how serious the urban traffic problem is, and call them to action for
related policy issues.

The current UTR Policy represents a scenario where the travel of motor vehicles is restricted
according to the last number of car plates, whereby two numbers are restricted every day. Under this
scenario, the total travel volume of motor vehicles in Xi’an will be 4.48 million by 2030. In the Public
Transportation Development scenario, the number of buses will increase while the UTR policy will
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be implemented, in order to improve bus travel sharing ratio and reduce travel volume. In 2030,
under this scenario, the total travel volume of motor vehicles in Xi’an will be 3.67 million. The total
quantity control of private cars represents a series of traffic demand management policies that aim to
reduce private car usage and to control private car ownership, such as car license plate lottery/license
plate auction policies. Under this scenario, the reduction of travel volume before 2021 is not as good
as in the current UTR Policy. It is also not as effective as the public transportation development
scenario until 2027. However, the total travel volume of motor vehicles gradually diminished over
time, at 3.23 million units in 2030. Finally, the UTR based on even and odd-numbered license plates,
whereby five car plate numbers are restricted every day, is the more effective strategy in the long-term,
with 2.81 million cars expected to circulate in 2030.

Total Travel Volume of Urban Motor Vehicles
6M

4M

M

Number of Vehicles

2016 2018 2020 2022 2024 2026 2028 2030
Time (Year)
UTR Based on Even-odd-numbered Plates Current UTR Policy
Total Quantity Control of Private Cars Base Run
Public Transportation Development

Figure 5. Total travel volume of urban motor vehicles in all policy scenarios.

4.2. Sensitivity Analysis

In previous meetings, the advisory team members mentioned that after the introduction of the UTR
policy in Xi’an, citizens had a strong willingness to purchase a second private car with a different plate
tail number, so as to cope with the inconvenience caused by the UTR policy. However, the purchase of
a second private car will stimulate the annual growth rate of private cars, which will greatly weaken
the effect of the restriction policy. This problem enables us to observe that the annual growth rate of
private cars is affecting the total travel volume, an issue that has been analyzed more deeply in the
sensitivity analysis.

The sensitivity analysis considered variables that influence system behavior [59]. As Meadows [60]
observed, in a sensitivity analysis the value of a small shift in one variable can create considerable
changes in the whole system performance, this is called a leverage point. For this reason, the annual
growth rate of private cars was adjusted to be in the interval [0.2, 0.25] by using Vensim DSS, so to
obtain the leverage point at 22.41%. As shown in Figure 6, after UTR policy causes the annual growth
rate of private cars to increases from 20% to 22.41%, the travel volume caused by the purchase of a
second car will reach 5.85 million by 2030, surpassing the current UTR policy of 1.37 million units.
A more serious implication of this result is that the travel volume will exceed even the base run in
2028. In the long run, the purchase of a second car aggravates road congestion and vehicle emissions
in Xi'an, thus deviating from the original goals of the UTR policy.
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Figure 6. Sensitivity analysis results for the annual growth rate of private cars.

4.3. Follow-Ups

The results of the assessment were illustrated to the advisory group members in November and
December 2017, for further discussion and to find the consensus-based solution. After the whole
participatory modeling process, all advisory group members begin to analyze traffic challenges and
problems in Xi’an with a more systematic scale. Advisory group members used to talk about problems
by their personal experiences, had only a rough understanding of the influences between different
traffic-related problems and long-term outcomes. The participatory modeling process helped to reach
member’s widely disparate concerns together into a workable problem definition and makes the
discussion focused on systemic policy options. A manager from the Xi’an Transportation Bureau was
impressed by the modeling process helped him to get a bigger picture of the problem, remarking that
“this is an interrelated issue, it has a wider impact on citizen’s lives, and [is] related to traffic policy we
use to release. The participatory modeling process makes me think more systematic”.

During this process, stakeholders’ concerns are valued more than in the beginning. Group members
argued that convenient public transport is important if UTR policy was released, and that public
feelings should be respected. All members reached a consensus that a mixed UTR policy was preferred.
Although the assessment result of public transport development was at an intermediate level in
Figure 5, increasing the number of buses while implementing the UTR policy would have a stronger
positive externality and less opposition in the implementation process.

Group members also pointed that the control of the total quantity of private cars, for example
through a car license plate lottery or license plate auction policies, involves consumer rights and
property rights of the public, and its policy effect is not clear in the short term. For this reason,
they agreed that it is not advisable to start immediately without an extensive demonstration of the
effectiveness of the envisaged measures. Moreover, they also pointed out that a UTR based on
even-odd-numbered plates can be considered as an emergency measure. Additionally, based on the
results of the sensitivity analysis, they advised that the annual growth rate of private cars should be
monitored in the future. In this way, a consensus has been established on the assessment results among
the advisory group members.

Finally, the assessment result and consensus-based solution were disseminated and promoted.
Our research team submitted them to the Xi’an Municipal Government, after which Xi’an introduced
the latest implementation notice of its UTR policy in late 2018, which explicitly proposed in the official
policy documents to monitor the annual growth rate of private cars and prioritize the development of
public transportation. In early 2019, we observed the traffic and environmental problems in Xi’an have
been greatly alleviated. For example, the congestion index in Xi’an dropped by 13.1% compared with
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before the implementation of the UTR policy. In addition, the days of heavily polluted weather in
2018 decreased by 26 days compared with 2017 [61]. In a return visit of the advisory group members,
they believed the support to policy measures, such as restriction policy and public transportation
priority strategy, was rising. Besides, we also conducted interviews on the PSDM process, they were
satisfied with the openness of discussions, and the diversity of stakeholder representation. It was
possible to establish a better understanding of feedback and refinement.

5. Conclusions

This paper presents a participatory system dynamics modeling of the urban traffic restriction
policy in Xi’an. Our research allows stakeholders to understand the influences between the different
variables that describe the system, and the impact of the urban traffic restriction policy. Furthermore,
we assessed and simulated different UTR policy scenarios and identified the leverage point. Finally,
a consensus was reached among stakeholders with respect to the assessment results. Based on a
consideration of the impacts of the scenarios, and on the discussion of the assessment results among
stakeholders, we conclude that the most reasonable option for Xi'an is to foster public transportation
development while implementing the current UTR policy. The sensitivity analysis showed that the
annual growth rate of private cars should also be monitored.

The results show that participatory system dynamics modeling methodology is of great help to
provides stakeholders with an effective and structured platform to see their views put into action,
and to enhance consensus on complex public policy. Firstly, stakeholders were selected and invited
to the participatory modeling process. After conducting a comprehensive literature review and
interviews with policy-makers and researchers, we developed a preliminary list of stakeholders
and invited them to form an advisory group. Some of them were directly involved in the early
formulation and implementation of the UTR policy, while others had opinions and suggestions on
the policy. These stakeholders were willing to dedicate time to improve urban traffic problems in
Xi’an without remuneration and were happy to learn about modeling and system thinking. Secondly,
a series of interviews were conducted to elicit stakeholders’ views to form the SD model. The problem
dimensions were gradually refined through multiple modeling workshops, and the main variables
and the causal interrelationships needed for model construction were clarified. Through several
discussions, the causal loop diagram and a stock-flow diagram were constructed and used as a platform
for virtual experimentation with different “what-if” long-term policy scenarios. Overall, this phase
facilitated an open exploration of the issue, and different perspectives helped the SD model simulation
and identification of the leverage point. Thirdly, policy application, dissemination, and follow-up
activities were performed as the last phase of the participatory system dynamics modeling process.
After assessing and comparing trends in policy scenarios, we considered that the optimal solution
should not be to deliver a direct output, but to provide again the assessment results to the stakeholders,
asking them to find consensus and the most reasonable results, based on potential policy risks and
public satisfaction.

Overall, the participatory modeling process is a sustainable way of reducing the hindrances
of confrontation and execution caused by the different perceptions of stakeholders. Moreover,
both researchers and practitioners in other cities with similar traffic restriction policies can use the
participatory system dynamics modeling method to provide a platform for stakeholders such as
governments, experts, and the public, to develop a collective definition of the problem, identify the
most critical criteria for determining consensus-based solutions, organize and connect a large amount
of seemingly unrelated criteria new to most of the stakeholders, keep track of where the process is
going, set boundaries for the types of policy scenario that are possible, document the activity of the
advisory group, identify and assess policy scenarios, perform social learning, as well as enhance social
support for the UTR policy.
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Appendix A
Table Al. Chronology of model development and stakeholders’ interaction.
Date Advisory Group Meeting Agenda Research Team Agenda
1. Interviewed with the team members 1. Problem definition
May 25 2. Introduced the system dynamics modeling, simulation methods 2. Collection and analysis of relevant
and key concepts policy documents
June 28 1. Used brainstorming to list the factors and causal links of the 1. Opinion collection on social media
traffic and environmental problems 2. Key variables identification
1. Presenting .the initial map of Problems to the me-mbe-rs (F1gurg 2a) 1. Identified the cognitive differences
2. Ask the officials and the public separately explain different views - .
July 21 . between the officials and the public
of UTR policy 2. Simplified Figure 2a
3. Developed other possible policy scenarios (See Table 1) ’ P &
1. Converted problem dimensions and
1. Simplified the problem dimensions in Figure 2a to the three measures into §ystem 'models; Key variables
August 24 . . - mapped in relation to each other
problem dimensions and measures in Figure 2b - -
2. Initial construction of the causal loop and
stock flow diagrams
1. Presented causal loop and stock flow diagrams to group
members, and modified them according to the current economic 1. Collected data such as yearbooks,
September 28 and social development status of Xi’an development plans and communique
2. Validation of the model structure and function, 2. Developed equations
and parameterization
October 27 1. Determined the simulation time step, initial and final time, etc. 1. Assessed all policy scenarios
1. Compared directions of policy scenarios listed in Table 1 1. Identified the leverage points that affect
November 21 2. Analyzed the risks, advantages, and disadvantages of each policy future direction through
policy scenario sensitivity analysis

1. Find a consensus-based assessment result to improve social
December 21 support of UTR policy and better solve the environmental and
traffic problems in Xi’an

Table A2. Parameters values.

Parameter Meaning Value Unit

The percentage of exhaust gas of motor

PM Contribution Rate vehicles to total PM emissions each year. 021 o

I The percentage of exhaust gas of motor
NOx Contribution Rate vehicles to total NOx emissions each year. 05 o
NOx Dissipation Rate The percentage of NOX lost and dissipate in the 0.28 .

air each year.

The average amount of NOx emitted per

NOx Emissions Per Vehicle vehicle per year (Note: it is the average state of 20 Kg
all types of vehicles)

Annual Growth Rate of Private Cars 0.2 —
Annual Growth Rate of Trunks 0.11 —

Annual Scrap Rate 0.01 —
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