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Abstract: Urban sustainable development of cities could ameliorate many aspects such as population
expansion, housing price increase, and ecological environment. For a better understanding of urban
sustainability, many scholars have conducted different frameworks to make an accurate evaluation for urban
planning. However, a myriad of existing research analyses sustainable development based on separate and
static indicts, which inevitably miss some important information related to interconnects between different
indicators and timelines. This study, thus, proposes a comprehensive method that integrates the system dynamic
and Monte Carlo sensitivity analysis to examine the interrelationships between different subsystems with a
time series, in order to predict the feasibility of new policies for future development. A probabilistic system
dynamics approach for policy optimization of sustainable urbanization is proposed with the consideration
of dynamic changes and time flows. Several scenarios are simulated to perform and validate the proposed
framework, where the comparisons from different results provide optimal strategies for urban sustainability.
Some interesting findings can be drawn: (1) the social system is more sensitive to policy change, typically
for transport connections and traffic saturation flow respects; (2) policies Al, B1, and B2 are encouraged to
implement, as these regulations will boost the urban development; (3) the proposed hybrid method can be used
to analyze the variables with a dynamic and long-term urban system.
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1. Introduction

ow to accomplish sustainable urbanization

has been regarded as the main issue in the

urban planning domain. To satisfy human
activities, the extensive territorial growth of land space
and the consumption of natural resources becomes
a big challenge from both environmental and social
perspectives. To improve inhabitants with better
good quality of life, governments have to overcome
great obstacles every time to balance the benefits
and damages by enacting policies and regulations.
Sustainable development as a multidimensional concept
that involves social, economic, and environmental
aspects attracts attention from both scientists and
policymakers.

Owing to the complexity of the urban system,
policy implementation is one of the central concepts
that influence urban sustainability. Numerous cities
have made efforts to achieve urban sustainable
development by enacting regulations or offering
subsidies. Traditional methods normally analyze urban
sustainability from three individual pillars, such as
the social, economic, and environmental sectors. For
example, Santoyo Castelazo and Azapagic'” considered
these three dimensions and proposed a decision-support
framework to assess the outcomes of the informed
decision or published policy. Wang and Peng!’
conducted a fuzzy multi-criteria decision analysis
(FMCDA) to quantify the safety, fairness, resources,
and environmental aspects. However, the separation
of environment, society, and economy often leads to
a narrow result of the entire ecological urban system.
These three major dimensions cannot be completely
independent, and their interrelationships should be
taken into consideration in terms of assessing the entire
urban system. Fan er al.”! developed two subsystems
of social economy and ecological environment varied
in 31 provincial capital cities for promoting ecological
civilization construction and sustainable development.
In addition, the economic section is often given priority
in policy making and the environmental section is
deemed as an important part of human’s daily life. Zhu
et al stated they are connected, where the economy
relies on the society and environment. Meanwhile,
the environment is a cradle for human society and
economic development.

Recent studies not only refine the basic three
aspects but also discuss their interactions, including
the socio-economic, economic-environmental,
and socio-environmental issues. Hassan and Lee"
summarized ten aspects that are highly relevant to
sustainable development, including urban sprawl,
transportation, mitigating greenhouse gases, vegetation
area, etc. Turcu' presented the intersection between
sustainability indicators and examined the priority of
different characteristics. Nevertheless, few studies
analyze the uncertainty of the policies in urban
sustainability with predictive perspectives and dynamic
circumstances. Liu e al.” developed an optimization
method with several scenarios to handle watershed
management under uncertainty techniques and policies.
Zhou" proposed some strategies and policies based
on the fuzzy sets theory to mitigate the conflicts under
various environmental and socio-economic conditions.
Although preliminary studies enlighten and provide
some approaches for urban sustainable development,
few researchers focus on the interaction between
different policies and predict their effectiveness.

Monte Carlo (MC) technique, also known as
multivariate sensitivity simulation (MVSS), is used to
simulate the input data by using probability distribution
to describe and reduce uncertainties during the
characterization and measurement of input factors.
Monte Carlo simulation is, then, a common way to
tackle such problems, since it reduces integration to
function evaluations at many random points and to
averaging on such values. As a result, virtually any
product can easily be priced in any dimension. This
study employs the MC method due to its two main
advantages. The first is the MC technique performs
accurate sensitivity indicators within a small sample
size of the database. In addition, the simulation
process acts as a black box to predict the output. The
complexity of the sustainability system requires high-
dimension computation. Therefore, a typical approach
to solving such issues is to use Monte Carlo simulation,
which reduces integration to function evaluations at
several random locations and to averaging on such
results. Moreover, the MC method is rarely employed
in sustainability assessment. Though Peng et al."”!
proposed a conceptual model based on the fuzzy
set theory and Monte Carlo simulation. The lack of
prediction of the police implementation may face huge
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challenges for urban sustainability practices with the
aim of global promotion.

To fill these gaps, this study establishes a system
dynamic model to forecast the feasibility and influence
of the potential policies under different situations.
System dynamic (SD) modeling has been employed
for interpreting relationships among the three different
systems with their feedback loops. Besides, the
optimized results provide some solutions to accelerate
sustainable urban development and reduce or eliminate
social, economic, and environmental problems by
using SD. Furthermore, MC multivariate sensitivity is
operated for identifying the greatest influence policies
that can be defined as the most efficient strategies for
implementing urban sustainable development. This
study mainly contributes: (1) to perfect the model
formulation by recognizing the most sensitive variables
in the model; (2) to investigate how uncertainty affects
the assessment under different policies; (3) to optimize
the robust strategies that could be considered as
sustainable policies implemented by local authorities.

The rest of the paper is organized as follows. Section
2 reviews the related studies about urban sustainability
modeling and assessment. Section 3 elaborates on
the flow work of the proposed method, from system
dynamic model, and Monte Carlo simulation to
Optimization. Section 4 breaks down the entire system
and makes an in-depth review of each subsystem.
Based on the sensitivity analysis, the optimization task
is conducted to reflect how the policy would affect the
three systems. Section 5 discusses the optimized result
and identifies which policy should be encouraged.
Section 6 concludes and suggests future works.

2. Related studies

Modeling and assessment of urban sustainability are
crucial for helping with target setting, performance
reviews, and facilitating communication among
policymakers, experts, and the general public!”.
As a result, many methods are proposed for urban
sustainability indicator selection, which is an initial
step and an essential part of determining the accuracy
of the assessment result. A wide range of urban
sustainability indicators is therefore in use across the
diversity of different cities and regions, which vary

according to their particular needs and goals''". Shen

et al.l"¥

made a comprehensive list of sustainable
urbanization indicators, namely the International Urban
Sustainability Indicators List (IUSIL), where more
than one hundred indicators are divided into six sets
and 37 groups. Several frameworks and approaches
used to analyze urban sustainability based on indicators
have been developed. Ugwu and Haupt'"” examined
available techniques for evaluating different aspects of
sustainability through the use of indicators. Zhang et
al"™ used the methodological foundations of various
assessment methods to propose a classification, which
divided them into three different groups: system
engineering, monetary evaluation, and biophysical.
However, practical challenges have led to mixed
results in applying sustainability indicators and various
policies in different environments and sometimes with
little gain in sustainability performance!*"®.

It has been argued that one of the main reasons
for failing to attain the desired performance is the
inadequate selection of indicators guiding and
monitoring the sustainable urbanization process"*'”.
The lack of consensus on urban sustainability indicators
between different practices has been confusing
when selecting and relating them with the objectives
defined or policies implemented. Others opined that
there are still no pertinent standards and universal
methods or criteria for selecting urban sustainability

indicators!*"

| Taking the environmental aspect as an
example, traditional policies on urban environmental
issues could be roughly divided into two categories,
environmental protection and inhabitants’ healthy life.
Sustainable urban development should be focused
on parks, green fields, non-polluted air, and drinking
water. Lu and Chen™ emphasized what must be taken
into consideration is not only the city’s relationship to
its nearest hinterland but also its ‘ecological footprints’
in an international and global context.

Previous works conducted to improve urban
sustainability are mainly objective-led and principle-
based approaches that have been criticized for their
[21

superficiality and lack of quantification””"’. The primary
causes can be concluded as the insufficient provision
of the benchmarks or difficulties in threshold setting

21 Yigitcanlar et al.*

and variables identification
developed a multiscale approach to evaluate the
sustainability performance at micro, mezzo, or macro

levels, and they drew some experiences from the
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neighborhood case into a testbed case in Gold Coast,
Australia. Xu and Coors"™" instigated ArcGIS and 3D
visualization techniques to interpret urban residential
development and to provide comprehensive plans
of sustainability for decision-makers. Phillis et al.*”
employed fuzzy logic theory to examine the overall
sustainability by two factors, ecological and well-being,
and they ranked the sustainability performance among
the 106 cities in total. However, these preliminary
related studies are mainly based on the subjectiveness
data or physical reality, they lack the quantitative
method to identify the uncertainty and highest potential
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To measure the influence of different policies and
mitigate the disadvantages of existing studies on urban
sustainable development, a sustainability dynamic
model is established by three steps shown in Figure
1. To be specific, the integration of the SD and MC
techniques is used to analyze the most robust policies
and interactions between various indicators as well as
to predict the influence of the proposed strategies for
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Figure 1. Flowchart of the proposed approach for performing urban sustainability analysis and optimization

3.1 System dynamic model construct

Urban sustainable development is a dynamic and
complex process since it is facing a great deal of
internal and external relations between the variables

29 Dynamic modeling is considered

and constants
a proper tool for developing mental models through
systematic thoughts. The simulated results are
presented by different scenarios, which will help
monitor the current and future status®”’.

System dynamics (SD) simulation combines both
qualitative and quantitative research methodology,
proposed by Forrester™, aiming to solve complicated
dynamic and nonlinear problems by constructing proper
structures and loops. In SD models, stocks and flows
are two main structural principles. A stock is a term
for any entity which accumulates or depletes over time
and flow is the rate of change in stock. Converters and
connectors are regarded as two other basic elements

of this structure. The converters convert the inflow to

the outflow, which represents the value or information.
The connectors connect the stocks to the converters,
the stocks to the regulative flows, and the converters
to other converters””. The application of the system
dynamics modeling approach could be beneficial in
decision-making for sustainable urbanization, as it is
able to conceptualize complex interrelationships and
facilitate their understanding and monitoring[30-31].
It has been widely applied in various fields, such as
project delay analysis”?, quality control”™”, biding

[36]

strategy"", risk management””, metro system ", and

sustainability assessment"’"",

In the domain of urban sustainable development.
Abdi-Dehkordi et al.””’ SD method for modeling a
complex system, including water management, water
quantity, and quality allocation for urban’s social and
economic system. Assuncio et al.*” focused on the
urban sustainability assessment based on environmental

protection, social cohesion, and economic growth
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aspects by using fuzzy cognitive mapping and the SD
model. Generally, the SD model is a systematical and
appropriate technique that is warranted for effectively
forecasting future changes and for validating those
selected indicators and proposed policies for dealing
with these changes'*'™*.

However, most of the research only used SD
to propose a conceptual framework to illustrate
the relationship among different variables. Few
studies focused on the policies' application to urban
sustainable development. Therefore, based on the
evaluation model, this research compares several
scenarios under different policies. Scenario analysis is
considered useful in sustainable policy planning, which
could be used to predict the uncertainties existing in
the socioeconomic systems and the corresponding
environmental problems.

3.2 Monte Carlo simulation

The traditional analytical approaches are particularly
difficult to be applied due to the complexity of the
sustainability evaluation and the requirement for
realistic consideration for modeling their availability
and reliability. The Monte Carlo simulation that allows
to design the behavior of complex systems under
realistic time-dependent operational conditions is
developed in this study. This approach is the generation
of specific random and discrete occurrences in a
computer model to build a realistic simulation with
time series.

Sensitivity analysis (SA) could be used to the
assessment of how variations in the output of a model
can be distributed according to different sources of
variations and how the given model will change due

[43

to the input information'’. SA is crucial for model

development, uncertainty analysis, scenario analysis,

41 Based on the literature and

and decision-making
factors’ attributes, SA techniques can be categorized
into two types: local sensitivity analysis and global
sensitivity analysis. Local sensitivity analysis is a
common method, which focuses on the local affection
of the factors from the model output. However, there is
no guarantee for the reliability of the result, as the local
sensitivity techniques based on the one-factor-at-a-time
approach has limitation for non-linear system analysis.
To avoid this downside, a global sensitivity analysis
is proposed, which takes into account the whole

variation range of the input with the lowest possible
computing cost'™. It quantifies the overall effect of the
model input on the output by adjusting model input
parameters within large ranges.

A number of different distributions are possible for
the payoff variable, including the Normal, Poisson,
Uniform, and Triangular distributions*”’. Usually, the
uniform distribution is used if no additional information
apart from the ranges in key variables is known'""".
Since additional information on the underlying
distribution was not available, input parameters were
described using the uniform distribution. The degree
of variation reflecting the uncertainty of the parameter
is quantified with a five-score scale to represent the
influence of different policies. The distribution of
each specified parameter is sampled in order to run a
single multivariate test, and the obtained values are
then used in a simulation. For instance, if the number
of simulations is set to 200, this procedure will be
carried out 200 times repeatedly. Since the standard
deviation is lower than the mean, uncertainties in the
output parameters are often lower than uncertainties in
the input parameters (or the coefficient of variation is
less than 1). It is also feasible to calculate the viability
of implementing the policies and determining the
different indicators from the results of the Monte Carlo
simulations.

In this study, a total of several policies regarding
three dimensions are selected as the input variables.
The most and least sensitive parameters in this well-
established model are tested by using the MC sensitivity
analysis function in Vensim with a sample size of 200
runs. The sensitive index is calculated by Eq.(1) for
the year period between 2000 and 2050 as followed:

BM,, —Bm,, | [ PM,—Pm,

J

where, S;; stands for the sensitivity index of the target
variable i related to the parameter j; OM,, and Omi,t are
the maximum and minimum values of the 7 the variable
at time ¢; Bd,, represents the default model value of the
ith variable at time #; PM; and Pmj denote the maximum
and minimum values of the jth parameter, and P, is the
default model value of the jth parameter. Specifically,
the parameter in this sensitivity index are divided into
five categories, including insensitive (S;; = 0%), low
sensitivity (S;; < 10%), moderate sensitivity (10% < §;;
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< 50%), high sensitivity (50% < S,; < 100%), and very
high sensitivity (S;, = 100%).

In order to obtain the confidence intervals of the
model output influenced by the change of the most
responsive parameter, 12 target variables are simulated
by the Vensim tool. The percentile bounds of the
established model with 200 times simulation have
four ranges, namely 50%, 75%, 95%, and 100%. The
variation coefficient (VC) of the sustainability model is
simulated by MC sensitivity analysis for the year period
between 2000 and 2050, which can be represented as:

BM95,, — Bm95,,
VCI-j :( i, _ i, J
' T

where, the VC,, denotes the relative change of the

)

target variable i with respect to its mean value within
the 95% confidence bounds; BM95,, and Bm95,, are
the maximum and minimum values of the ith target
variable at time ¢, and T; is the mean value of the target
variable i.

In this study, the continuous time simulation
technique, the Vensim platform has special features to
easy Monte Carlo type of simulation experiments and
provide confidence interval estimations "**. In order
to determine the key indicators and the appropriate
policies output from the SD result, hundreds or
even thousands of simulations can be performed,
with constants sampled over a range of values, and
output stored for later analysis. Only such packages
as COSMIC and Vensim make it possible to connect
simulation and optimization. The SD models usually
contain several parameters, which are capable to
examine the effect of their variation on simulation
output. Some parameters and assign maximum and
minimum values along with a random distribution are
set to examine and predict the impact on the model
behavior. The present study discusses and compares
several scenarios of implementing different policies
and evaluates the effectiveness of changing rules. Key
indicators and policies for urban sustainability could be
optimally designed in the context of specific scenarios.
Thus, the proposed model can be adapted to other cities
and can be extracted and analyzed by applying the
conditions of other cities too.

3.3 Optimization for policy selection
Optimization here involves minimizing a statistical

function that expresses how well the model fits a time
series of data pertaining to an important model variable.
In other words, a vector of parameters is explored
with a view to determining the particular parameter
combination which offers the best fit between the
chosen important model variable and a past time
series data set of this variable. The Vensim software
uses a derivative of the basic Powell algorithm. This
algorithm works on the basis of a power hill climb. It
can be used for policy optimization.

The method of Powell optimization finds a locally
optimal solution, which is given by Eq. (3) and Eq.
(4). In each iteration, one tries to find an improving
point by performing a line search along n linearly
independent search direction s&',...,&" Initially, these
search directions are the coordinate vectors, and thus
in the beginning one modifies one of the variables
in x’= (xf,?..,x,?) at a time. In the latter steps of the
method, the search directions are modified, such that
the search directions are still linearly independent,

S (x,00x,) (3)
s.t. Xi5..0nX, €ER (€))

max

where the method starts from an initial approximation
of an optimal solution x0.

4. Case study

To determine the robustness of different policies and
interrelationships between the three systems to urban
sustainability performance, a case study in the city of
Wuhan, China is used for demonstration purposes. The
MC simulation is applied in the probabilistic analysis
of the sustainability framework, where the different
variables and policies within a certain range are
examined by different scenarios . Several policies
are tested to perform the proposed SD model and prove
their applicability in reality.

4.1 Case background

The metro network in Wuhan is selected as a case study
in this research, which has a total of 11 urban lines, 282
stations, and 435 operation kilometers in length with
an average annual capacity of 1.013 billion passengers
by the end of 2021. The total timeline is from the
year 2000 to 2050, including the historical data from
2000 to 2022 and the evaluating period after 2022.
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To explore the interrelationships among variables and
make optimal strategies in an uncertain environment,
an MC-based SD model is constructed with influential
factors and potential policies. The model takes
advantage of evaluating all possible results after
applying the indicators and policies, as well as making
better strategies in an uncertain environment'“**",

The proposed structure for the SD model consists
of 56 variables, including 4 stock variables, 5 rate
variables, 20 lookup properties, and the rest of the 27
auxiliary variables. Specifically, seven policies are
added to this model to investigate their effects on urban

sustainable development. Table 1 describes the specific
strategies for each policy. For the social system, the
measurements for the tunneling-induced settlements
and restrictions for traffic are proposed to improve
social sustainability. Also, three suggested policies,
such as transport fares, property-purchasing limitations,
and investment in metro lines, are expected to boost
economic development. Meanwhile, heavy industry
and urbanization will be considered to implement into
the environmental perspective with the aim of urban
sustainable development.

Table 1. Specific measurements and descriptions of the suggested policy

Subsystem

Policy

Policy Al: Implementation of settlement restrictions for a large city, such as reducing the number of

Social system

settlement quotas and increasing settlement conditions;
Policy A2: Traffic restrictions, such as traffic restrictions based on even- and odd-numbered license plates

and lower highway tolls, and increased intercity trains.

Economic
system

Environmental
system

Policy B1: Public transport fares, such as reducing tariffs to encourage the use of public transport;
Policy B2: House purchase restriction policy, such as interest rate adjustment;
Policy B3: Investment in the construction of the metro to increase the construction of the metro.

Policy C1: Reduction of heavy industry, such as effluent or waste discharge, relocation of heavy industry;
Policy C2: Urban expansion, such as the expansion of urbanization.

4.2 Modeling of urban sustainability

The sensitivity of the results is analyzed by using
uncertain parameters in each iteration. It is needed to
understand the boundaries of a model and also test the
robustness of the policies. The sensitivity of influenced
factors and policies is tested by changing uncertain
parameters with the Monte Carlo simulation. The
result simulated by SD is evaluated and validated by
historical data.

Considering the non-linear interactions and feedback
between these factors, the assessment of sustainability
should be conducted from a holistic perspective”’. An
entire ecological system, presented by the SD model
shown in Figure 2, provides in-depth knowledge of
the main components of three subsystems and their
changes over time. The model is structured with three
sectors, which integrate the 47 parameters, including
the constants, coefficients, and lookup variables. A total
of 7 policies are distributed among the three related
subsystems. Each policy may influent the subsystem
where it is applied, and these changes can help people
to anticipate the implementation of the policy. A brief
conceptual description of the model is summarized
below.

(1) The social system presents the main driving
forces, such as the population and transportation
situations. The net immigration of the urban
population has a great impact on the total population.
Social development is strongly influenced by
traffic connections. Meanwhile, the connectivity of
traffic is also affected by traffic accidents and road
saturation. For example, Zhao et al.”” stated that
rapid urbanization will lead to internal mass migration
from rural areas to urban centers. Gotgbiowski et
al.”™ pointed out that the transport connection,
traffic saturation flow, and actual traffic volume have
significant impacts on the urban transportation network.

(2) The housing price and investment in metro
construction are the main influence factors in the
economic system. The perfection of the published
transport will make life more convenient, which is the
reason for the rising in property prices. In this situation,
economic growth will occur and it may result in an
increasing GDP. Housing prices and infrastructure
investment are regarded as essentials component for

54 .
1. Severe soil and water

evaluating sustainability!
erosion as a result of metro construction necessitate

government funding for programs aimed at reducing
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soil and water loss. However, the construction of tunnel
infrastructure leads to a thriving real estate market and
an increase in the cost of homes in the area"”.

(3) The environmental sustainable development is
susceptible to the air quality and surrounding geological
environment. Although the control in surface settlement
and water-soil erosion has overcome this limitation, the
green area and PM10 concentration are not enough to
satisfy the ideal leave. To be specific, concentrations
of particulate matter (PM), such as PM 10, are linked

to the negative health impacts of air pollution in
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Figure 2. Built SD model for simulating the development of the entire ecological system over time

4.3 Assessment of urban sustainability

To identify the most influential variables and sub-
systems in the entire ecological system, a sensitivity
analysis of three sub-systems is discussed separately.
A tolerance interval describes lower and upper bounds
that enclose a specified proportion of a population with
given confidence bounds"”. Four color-coded intervals
with the confidence bounds, such as 50%, 75%, 95%,
and 100%, are demonstrated as red, green, blue, and
yellow areas, respectively. The Random Uniform
Distribution is suitable for most sensitivity testing
and is selected by default. Another commonly-used
distribution is the Normal Distribution (or Bell Curve)
in which values near the mean or more likely to occur
than values far from the mean"”.

(1) Social system

Figure 3 shows the results of a sensitivity analysis of

the sensitive parameter (S;; = 50%) for target variables,

namely Policy Al and Policy A2. Four responsive
parameters, such as the total population, volume of
net immigration, transport connection, and traffic
saturation flow, show a moderate response of the model
to changes in parameter values. The variables related to
the population have a low response (shown in Figure 3
(a) and (b)), as the variation coefficient is below 50%,
while the indicators associated with the transportation
condition show a high response to the change of policy
(shown in Figure 3 (c) and (d)). Taking the observation
parameter total population as an example, the initial
population is 7500 in the year 2000, and the value
may uniformly fluctuate from 6875 to 8125 within the
sensitivity bound of 95% in the year 2013. Traffic flow
is the most sensitive indicator when policies changed,
which reflects that road traffic is more controllable than
the local population.
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Figure 3. Monte Carlo SA results for changes in the values of sensitive parameters (local sensitivity over 50%) with

200 runs, for the following target model variables: (a) total population; (b) volume of net immigration; (c) transport

connection; and (d) traffic saturation flow

(2) Economic system

As the economy is always the core objective of
urban development, more policies are implemented
to accelerate economic development. Three policies,
recorded as Police B1, B2, and B3, are added to the SD
model to control the housing price, traffic congestion,
and public transportation investment. A sensitivity
analysis of the economic system is represented in
Figure 4.

The change of these three policies has a middle-
low response in parameter values (variation coefficient

below 50%). From the result, the local GDP has a
significant change in the future, which encourages
the policy-maker or the government to adopt some
economic strategies. The total investment in metro
construction shows an interesting trend at the early
period, where the value is not sensitive to the policy
stimulus, but it becomes robust after the year 2018.
Although the value of the economic growth and
housing price is different, the tendency of the economic
growth changes correspondingly in line with the
housing price trend.
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Figure 4. Monte Carlo SA results for changes in the values of sensitive parameters (local sensitivity over 50%) with 200
runs, for the following target model variables: (a) Local GDP, (b) Total investment in metro construction, (¢) Economic
growth, (d) Housing price

(3) Environmental system of such policies, a set of sustainability indicators is

To explore how uncertainty affects the assessment  displayed in Figure 5. Policies C1 and C2 are used to
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adjust the environmental indicators, where values of
the parameters are restrained to degradation to some
extent. Hence, the number of parameters should be
kept within a certain range that achieves the best model
performance. An important aim of the parameter SA is
to allow a reduction in the number of parameters that
must be estimated, thereby reducing the computational
time required for model calibration.

The results illustrate the air quality and the soil
condition will be mitigated in the coming decades,

which proves the effectiveness of implementing the
environmental policy. All the indicators have a low to
moderate response to the incentive policy. For instance,
the surface settlement and investment in controlling
water and soil erosion have a relatively high sensitivity
to the change of parameters, and PM 10 average
concentration and area of water and soil erosion are in
the low response. Unlike the other indicators, the factor
area of water and soil erosion may become insensitive
to the change of policy after the year 2035.
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Figure 5. Monte Carlo SA results for changes in the values of sensitive parameters (local sensitivity over 50%) with 200

runs, for the following target model variables: (a) PM10 average concentration, (b) area of water and soil erosion, (c)

surface settlement, (d) investment in controlling water and soil erosion

4.4 Optimization of urban sustainability

Sensitivity analysis is a critical tool in the evaluation
of the reliability of model outputs”. The results of the
detailed assessment of robustness showed that there
is sufficient confidence in the model outcomes. Based
on the Monte Carlo analysis, a total of 16 variables
within three subsystems has low to moderate variation.
The values of the parameters were determined
directly when data were available (e.g., almanac data,
statistics, local sources, and scientific literature). When
no reliable information can be found, an automatic
calibration process is carried out, which allowed the
selection of the parameter values that maximized the
adjustment of the simulation results of the model to the
observed data. During this process, the parameter
ranges were constrained to realistic levels for the target
system, since this increases the power of the calibration
without compromising the resulting model structure'®.
All these parameters are subjected to a SA, the purpose
of this work, as described in the following sections.

Calibration is one of the tests used for model
verification. In calibration, the outputs of the model
are compared to the observed data to examine the
consistency of the data obtained from the model
with the historical. Here, the mere adherence of the
model behavior to the observed data is sufficient for

the success of the model™"!

. Moreover, in this study,
the coefficient of determination and the relative Root
Mean Square Error (RMSE) is used to investigate the
significance of the behavior generated from the model
with the observed behaviors.

To determine the influence of the suggested policies,
four main different scenarios are performed to examine
the degree of the impact. The impact of each policy is
normalized to make the result more comparative, where
the range is from O to 1. The larger the value, the strong
impact will be enacted by the particular policy. Taking
the traffic restrictions (A2) as an example, the value
of 0 means there is no regulation for traffic, while if
the value is close to 1, which indicates the government
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will strictly control the traffic system. The proposed
framework could be interpreted as a decision-making
tool for understanding the uncertainties of the entire
urban system and predicting with certainty the result of

each management decision. Besides, the optimization
results will provide a guideline for each subsystem.
Table 2 displays the optimization result for the whole
system and subsystems.

Table 2. Optimization result of the total seven policies

Sustainability policy Target Range original value Optimized value
Al A2 Al1=0423,A2=0440, Al=1,A2=1,
g . B1=0.268,B2=0.363, Bl =0,B2=1,B3=0,
BB, All evident 10, 1] B3 =0.270, Cl=1,C2=0.934
’ C1=0.670,C2=0.679 Al=1,A2=0
Al A2 Total population; Volume of the net
L immigration; Transport connection; Traffic [0,1] Al=10.44,A2=0.27 Al=1,A2=0
(social system) saturation flow
BLB2BI e comsireetion: Transport [0, 1] B ~0423.B2=0268,  BI <0340,
(economic system) ’ P ’ B3=0.670 B2=0,B3=1

congestion; Housing price

C1,C2
(environmental system)

PM 10 average concentration; Area of water
and soil loss; Surface settlement; Investment
in controlling water and soil loss

[0,1] C1=0.363,C2=0.679 C1=0,C2=0.340

The proposed MC-based SD model not only tests
the historical data from the year 2000 but forecasts
the future development to the year 2050. We assume
that the proposed policies are applied and explore the
development trends within 50 years. According to the
optimization result, the parameters in this SD model are
updated and simulated as shown in Figure 6. Details
are discussed as follows:

(1) In the social section, the change of policy
may effectively control the population and benefit
the transportation condition. The implementation of
policies Al and A2 has positive and negative effects
on socially sustainable development, respectively.
Remarkably, the optimization result for Policy Al is
more promising, where the value from 0.44 increases

Total population

to a maximum of 1. For Policy A2, there is an opposite
trend, where the value drops to 0. To be more specific,
when the maximum value is given to policy Al and the
minimum value is given to the policy A2, the factor
Traffic saturation flow is considered to be the most
beneficial variable as shown in Figure 6 (d), where
the value it triples or even quadruples the original
value. Similarly, the transportation connection also has
a moderate improvement after the implementation of
policies, as it doubles the original situation as shown
in Figure 6 (c). By contrast, the total population in
Figure 6 (a) and the volume of net immigration shown
in Figure 6 (b) have the opposite trend, which indicates
policies may release the population pressure in the
future.

Volume of net immigration

onrgn. Volme oringin
Optmton Volme Optmumton
(a) ()
Transport connection Traffic saturation flow
200 5 —
150 375 >
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©
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Figure 6. Comparison between the original and optimized trend in a social system with indicators: (a) total population;

(b) volume of net immigration; (c) transport connection; and (d) traffic saturation flow
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(2) In the economic section, slight fluctuations
occur in target parameters. Three policies are designed
in the model with the aim of improving economic
sustainable development. A lower value of policy Bl
may boost economic development. In addition, policy
B2 will restrict the urban economy, while policy B3
may have positive effects on it. Although the increase
in Economic growth (shown in Figure 7 (b)) is the
highest, the optimized result is not obvious. The

Local GDP

optimized result of the factor local GDP is expected to
exceed the original situation after 2020, represented in
Figure 7 (a). For target variables increment of yearly
investment and total investment in metro construction,
it is observed that the differences between the original
and optimized results are not distinct. From Figure 7
(¢) and (d), the most of parts are overlapped, which
represents policy changes have less influence on them.
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Figure 7. Comparison between the original and optimized trend in the economic system with indicators: (a) local GDP;

(b) economic growth; (¢) increment of yearly investment; and (d) total investment in metro construction

(3) From Environmental sustainability perspective,
where both indicators shown in Figure 8 have
improved to a certain extent. After the optimization
process, the result shows that two related policies
are unlikely encouraged to apply. For instance, the
value of PM 10 average concentration and Area of
water and soil erosion are decreased. The air quality
had experienced a decline in recent years, where the
pollution level increased from 600 pg/m3 (in 2000) to

PM10 average concentration

735 png/m3 (in 2018), however, it may get better and
recover at the value of 630 pg/m3 until 2050. In terms
of the soil condition, there are several ups and downs
during the assessment period. The area of water and
soil erosion peaked for the first time in 2006 at 1850
m3, and then it reverted or exceeded the original level
(1000 m3) in 2013. The second peak is expected to
reach 2200 m3 in the year 2030.
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Figure 8. Comparison between the original and optimized trend in the environmental system with indicators: (a) PM10

average concentration and (b)

area of water and soil erosion
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5. Discussions

The proposed framework is tested by the case study
based on Wuhan city, aiming to prove the applicability
of the developed system and provide some strategies for
urban sustainability. Based on the optimization results,
Policies A1 and B3 are encouraged to apply, while
A2, B2, and C1 are unlikely suitable for long-term
development. Especially for the social system, where
the transportation connection and traffic saturation flow
may be doubled and quadrupled, respectively. Table 3
demonstrates different types of policy and their specific
functions.

The implementation of policies A1 and A2 have
positive and negative effects on social development,
respectively. From Figure 6, Policy Al related to
reducing the number of immigrants in a large city and
adding additional conditions for the foreign population
could be encouraged to implement to control the city’s
population. In Vietnam, there is a Ho Khau system,
which is designed as an instrument of public security,
economic planning, and control of migration, and has
been an important part of society and life in Vietnam

12l Policy A2 may be interpreted as

for over 50 years
some traffic restriction regulations, such as reducing
the number of settlement quotas and increasing
settlement conditions. These policies could release the
traffic saturation flow and strengths traffic connections,
and even bring more benefits to economic growth.
Three Policies are added to the economic system for
optimizing the local financial inputs and outputs. The
performance of sustainability indicators Local GDP and
economic growth will be improved in different periods,
while the investment in transportation does not show
significant changes. Table 2 and Figure 7 illustrate that
both executive forces of policy B1 and B2 are reduced
from 0.423 and 0.268 to 0.3403 and 0, respectively.
To be specific, Policy B1 represents the statutes
like transport fares and Policy B2 relates to housing
purchases. Governments are suggested to reduce tariffs
to encourage the use of public transport and adjust the
interest rate to control the housing market. However,
Policy B3 has an effect on the investment in metro
construction, and the optimization result reflects that
more investment should be poured into underground
transport development. It is likely to strengthen the
implementation of policy B3, which indicates that the

perfection of public transport facilities will promote
local economic growth!®”.

For the environmental system, the result indicates
that two environmental-related policies C1 and C2
are unlikely encouraged to implement. Policy C1 is
related to the location of heavy industrial plants, this
encourages people to reduce gas and sewage emissions
from heavy industry, or to relocate polluting plants.
Another policy, C2, deals with the urbanization of
rural land, as urban expansion leads to soil erosion and
loss of forest cover. For instance, the original value of
policy C1 (C1=0.363) and C2 (C2=0.679) is optimized
and decreases to 0 and 0.34, where two indicators, such
as PM10 average concentration and Area of water and
soil erosion, resulting in a better situation. The PM10
concentration could be decreased by 50 ug/m3 every
year, and the damage of the erosion area releases with
10 m3 per year.

6. Conclusions and future studies

Evaluating urban sustainability in three dimensions is
important to push the government or policy-makers to
move toward the right direction with the consideration
of the interactions between social, economic, and
environmental aspects. Various studies have been
conducted to assess urban sustainability and improve
sustainable development. These preliminary studies,
however, still have some limitations. Therefore,
this research integrates the system dynamic and
global sensitivity analysis to simulate how policy
implementation will affect each sub-system. SD is
simulated to investigate the interrelationships and time
changes during the policy application, while the Monte
Carlo sensitivity analysis is used to identify the most
sensitive policies that could significantly affect urban
sustainability.

The robustness of indicators in the system is
elaborated as shown in the results. The Monte Carlo
simulations showed a low (variation lower than 50%
with respect to the mean value) to moderate (variation
between 50% and 100%) response for 16 of the 27
target model variables to changes in the values of their
most responsive. Seven policies in total are given to
the entire urban system to optimize urban sustainable
development. In light of experimental analysis, several

conclusions are obtained.
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(1) All the performances of three dimensions are
improved by implementing relevant policies, where
the maximum value is given to policy Al (Al=1) and
the minimum value is given to policy A2 (A2=2).
The social system has the most sensitive response,
where factors Transportation connection and Traffic
saturation flow may be doubled and quadrupled in the
next decades, respectively. It indicates transportation
factors are subjected to policy interventions.

(2) Policies B1 and B2 are not encouraged to
implement in this system, as the optimization result
indicates the lower value of B1 (B1 = 0.3403) and
minimum value of B2 (B2 = 0) will have negative
effects on urban sustainability. By contrast, policy B3
is suitable for economic development, which can be
seen after the year 2010, where the value of the factor
Economic growth is increasing by 5% in the future.
The result reflects that the stimulus from monetary and
fiscal measures plays an important role in economic
regulation and control.

(3) Environmental-related policies C1 (C1 = 0) and
C2 (C2 = 0.34) may have a negative effect on future
sustainable development, as the value of these two
indicators is below 0.5. The implementation of policies
may reduce the value of PM 10 average concentration
and Area of water and soil erosion.

The developed system as a decision-making
framework provides some strategies about how to
match relevant policies to improve urban sustainable
development. Meanwhile, the decision-making
framework could assist policy-makers to identify the
most significant factors in a dynamic and long-term
urban system.
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