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Abstract: To analyze the differences in the optimal urban scale of a country, a government, and
residents under different urban development goals and to provide a reference for urban development,
an urban development model is constructed based on the constant elasticity of substitution (CES)
utility function. The objective function includes four indicators: the economic level, the traffic level,
environmental quality, and living conditions. The urban development model is constructed by
integrating an urban road planning model, bus route planning model, land use model, and four-stage
traffic sharing and traffic allocation model. Based on the setting of different development goals, this
model is used to calculate the urban utility value perceived by each stakeholder at different urban
scales. Through comparative analysis, we determine the following: (1) When the urban development
goals are different, the optimal urban scale of residents and the government differs greatly, and the
optimal scale of the country differs very little. (2) When facing the same development goal, the
optimal urban scales of the three stakeholders are not the same. However, the three stakeholders
are closely related to urban development. Therefore, the selection of the optimal urban scale should
comprehensively consider the interests of the three stakeholders.

Keywords: urban scale; the constant elasticity of substitution utility function; land use; route planning

1. Introduction

Cities are the crystallization of human civilization. Overall, the construction and
development of cities have received much attention from all parties. Countries have called
for the construction of beautiful cities. For example, China set the theme of the 2010
Shanghai World Expo as “Better City, Better Life”. The Istanbul Declaration issued by UN
Habitat in 1996 stated “our city must be a place where human beings can live a dignified,
healthy, safe, happy and hopeful life”. Furthermore, in the new century, young people have
paid attention to the development of cities. They are no longer choosing to find jobs directly
in their hometowns. Instead, they are choosing the most suitable city to find jobs and settle
in based on the direction of their future development [1,2]. Therefore, the development
and construction of cities themselves are particularly important. Additionally, how large
cities should be developed is the first matter that needs to be considered.

Cities are first developed to concentrate population, production, tools, capital, recre-
ation, and needs. As the scale of a city grows from small to large, the types of industries are
enriched, the value of output is increased, and the economic level is improved. Furthermore,
the transport network is improved, citizens’ travel time is reduced, and traffic accessibility
is increased. Generally, cities are developed in a good direction. However, as the scale of a
city grows from large to super large, many negative outcomes will result [3,4]. As cities
develop, the economic level will continue to improve, and the price of real estate in the
central area will become increasingly expensive such that many people will not be able to
afford it. In this situation, some people will choose to buy smaller houses, which will lead
to a reduction in the per capita living area and lower livability; others will choose to move
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to suburban areas where housing prices are lower [5,6]. However, since most companies try
their best to choose locations in the city center to obtain more development opportunities,
the problem of the separation of jobs and residences has arisen. As reflected in traffic,
commuting in the morning and evening causes tidal phenomena, traffic congestion is
serious, urban traffic accessibility is reduced, and environmental pollution is aggravated [7].
Therefore, while achieving economic development, blind urban expansion will bring hid-
den dangers to cities in terms of traffic, the environment, and livability [8]. Thus, in this
paper, we study the optimal urban scale with a utility function of urban development that
integrates four elements: the economic level, the traffic level, environmental quality, and
living conditions.

In the process of urban construction, urban development goals change with the
differences in cities, national policies, and human understanding. Under different urban
development goals, the above four elements have different weights when evaluating urban
utility. Therefore, this study selects several realistic urban development goals to study
them separately. The first goal is economic development. For a city that is just starting to
develop, improving its economic level is usually the most important goal. The second goal
is green and low-carbon development. In early 2008, the Ministry of Construction of China
and the World Wide Fund for Nature (WWF) proposed the construction of low-carbon
cities and selected pilot cities for actual construction. The United Nations Environment
Programme also stated that “a low-carbon economy is the only way to achieve sustainable
urban development”. Thus, low-carbon environmental protection is an important goal for
the current construction of some cities. The Second United Nations Habitat Conference in
1996 proposed the concept that cities should be habitable places for human habitation. As
soon as this concept was proposed, a broad consensus on it was formed in the international
community, and it became the new urban outlook in the 21st century. Livable cities have
also become a goal pursued by the construction of many cities.

In addition, the purpose of urban construction is to make the lives of residents better.
However, for a country, its government, and residents themselves, the range of residents
whom these stakeholders care about is different, and the evaluation of the effectiveness of
urban construction is also different. The country needs to pay attention to the quality of life
of the residents of the entire country, and a city is only one part of the country. Therefore,
instead of focusing on just a single city, the country pays more attention to the coordinated
development of all cities. The government of a city pays more attention to the development
of the city. Residents are more concerned about whether urban development meets their
own needs. Since the three evaluations of the utility of urban development are different
and all-important, the optimal urban scales under the three perspectives must be studied.
In summary, this paper studies the optimal urban scale under different urban development
goals and different perspectives.

By integrating a land use model, a bus route planning model, an urban road planning
model, and a traffic sharing and traffic allocation model, a complete urban development
model is established. This model simulates the entire process of a city from its initial
establishment to its development and maturity, and it obtains the city’s final economic level,
traffic level, environmental quality, and living conditions. Then, based on the constant elas-
ticity of substitution (CES) utility function, the objective function is designed. The objective
function covers four indicators: the economic level, traffic level, environmental quality, and
living conditions. The different weight settings of the four indicators are used to obtain the
optimal urban scale under different urban development goals. Additionally, different γ
value assignments are used to obtain the optimal urban scale from different perspectives.

This study contributes by applying the CES utility function to the optimization prob-
lem of the optimal urban scale and by studying the optimal urban scale from multiple
perspectives. By constructing an urban development model to simulate the process of
urban development and evolution, the general situation of cities after completion is shown
before the cities are built, and the cost and irreversibility of the modification plan in urban
construction are avoided. The different results of different urban construction goals and



Sustainability 2022, 14, 13694 3 of 16

different perspectives provide governments with a clearer construction direction. The paper
is organized as follows: Section 2 summarizes the existing research. Section 3 proposes the
urban development model. Section 4 proposes a case study, analyzes and compares the
results. Section 5 discusses the analysis of the results, and Section 6 provides the conclusion
and outlook.

2. Literature Review

The optimal scale of cities considering different stakeholders and different devel-
opment goals is studied in this paper. Thus, research on the optimal urban scale of is
introduced in this section. The literature review is based on three aspects: the definition of
the optimal urban scale, the factors to be considered in modeling the optimal urban scale,
and the construction of the model.

The earliest research on the optimal scale of cities can be traced back to Alonso’s
research on the single-center city model in 1964 [9]. Afterward, Mills (1967) [10] gradually
added production, transportation, and housing issues to the single-center city model,
gradually perfecting the theoretical system of modern urban economics. When research on
the urban scale was first proposed, most research actually obtained the equilibrium urban
scale (e.g., [11,12]). Then, different views on the definition of the optimal urban scale have
appeared. Camagni (2013) [13] defined the optimal urban scale as when the marginal site
location cost equals the marginal site location benefit. Zheng (2007) [14] defined the optimal
urban scale as the urban population size that maximizes the residual function, which is
the difference between the total disposable income and total expenditure of households
working and living in a city. However, in general, the abovementioned research studied
the optimal urban scale from the perspective of only a single stakeholder. In fact, the
construction and development of a city are closely related to three main stakeholders,
i.e., the country, the city itself, and residents, and the three simultaneously affect the
development of the city. Therefore, in this paper, all three stakeholders are considered by
introducing the CES utility function to ensure comprehensiveness.

With the development of cities, the agglomeration characteristics of economic activities
in cities have gradually revealed externality problems, such as residential congestion, traffic
congestion, and environmental pollution. These problems have promoted research on
the relationship between externality problems and the urban scale. For example, studies
have examined the relationship between the environment and urban scale [15,16], the
relationship between the urban scale and economy [17,18], and the impact of oversized
cities on sustainable development [19]. Although these studies found relationships between
the urban scale and the economy, the environment, and sustainable development, they
did not propose a model for the optimal urban scale. In addition, research on the optimal
urban scale usually considers only the city itself and does not consider the impact of
external national policies. A few studies, such as Chen (2017) [20], have considered the
impact of policies on the urban scale but have not studied the optimal urban scale under
different policies. However, they are key elements that must be considered in actual urban
construction. Therefore, in this paper, the four subobjectives of the economy, transportation,
livability, and the environment, are considered at the same time; the urban development
goal is transformed into different weight settings for each subobjective in the urban utility
function, and a model is built. By changing the weight value, different urban development
target cases are simulated to analyze the optimal urban scale.

In terms of constructing urban construction models, some start from economics and
construct economic models by discussing market equilibrium (e.g., [11–13]). Others focus
on the empirical analysis of a certain area and analyze the optimal urban scale based
on the existing urban development data. For example, Wang (2021) [21] investigates the
dominating latent forces that affect China’s city size distribution through mathematical
modeling of the hierarchical scaling laws based on census data of 1982, 1990, 2000, and 2010.
Using a data set covering the 1950–2018 period and fixed-effect models, Sun (2021) [22]
explores the trends in city-size distributions at the national level and the key determinants
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at both national and city level that shape city-size distributions and city growth. However,
they consider macroscopic data and do not specifically study the evolution of the internal
structure of the city. This brings difficulties to the specific analysis of the reasons for the
negative impact, and it is difficult to draw a general model for solving the optimal urban
scale. Therefore, in this paper, a city is divided into same-scale grids by a grid network
for model construction. Then, a model that combines a four-stage traffic sharing and
traffic allocation model, a land use model, a bus route planning model, and an urban road
planning model is constructed to simulate a series of specific structural changes in urban
development, such as transportation, corporate site location, and residential site location.

3. Model Construction

The model is divided into two layers: the upper layer is an optimization model, and
the lower layer is the city development simulation model. In the upper-level model, a
city utility function is designed based on the CES utility function, and the setting of the
γ parameter is used to change the form of the utility function, thereby representing the
utility of different stakeholders. The utility function covers four indicators: the economic
level, the traffic level, environmental quality, and living conditions. Additionally, different
combinations of weight values are used to represent different urban development goals. The
optimal urban scale is obtained when the utility function is maximum. The four indicators
are obtained through the urban development simulation model. The simulation model
integrates an urban road planning model, a land use model, a four-stage traffic sharing and
traffic allocation model, and a bus route planning model. In this section, we elaborate the
assumptions of the model and the contents of the upper- and lower-level models.

3.1. Model Assumptions

In this study, a virtual city is constructed. It is assumed that the city is square and that
it is divided into grids with a side length of 2 km. A coordinate system is constructed to
define the coordinates of each point, each line, and each grid, as shown in Figure 1. Then,
the model is constructed based on the coordinates. In the model, we use the coordinates of
point (i, j) in the upper right corner of the grid to represent grid g(i, j). Since the relationship
between two grids needs to be expressed in the model, two variables of g(i, j) and g′(i, j)
are used to distinguish different grids. Variables with g(i, j) and g′(i, j) indices in the model
have the same meaning, only referring to different grids. We use i and j to denote a straight
line with x = i, y = j, respectively. The set of all i is defined as I. The set of all j is defined
as J.
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3.2. Optimal Urban Scale Optimization Model Based on the CES Utility Function

The utility function represents the relationship between the utility obtained by a
stakeholder and the various indicators that affect the utility, as shown in Equation (1). Here,
a classic form of the utility function, the CES utility function [23], is chosen. This utility
function represents a kind of utility function whose replacement elasticity is constant, and
when the γ→ 0 parameter is related to the replacement elasticity value, the CES utility
function is reduced to the Cobb–Douglas utility function. When γ = −1, it is a complete
replacement-type utility function. When γ→ −∞ , it represents a fully complementary
utility function. The CES utility function is an important tool for analyzing the impact of
different types of stakeholder utility. The decision-making problem of stakeholders is the
optimal urban scale to maximize utility under different development goals.

Four indicators are adopted as the elements for evaluating a city: the economic level,
the traffic level, living conditions, and environmental quality. The objective function is
as follows:

Max
(
α1Q1

−γ + α2Q2
−γ + α3Q3

−γ + α4Q4
−γ
)−1

γ (1)

α1 . . . α4 are the weights of the four indicators, which represent the importance of the
four indicators under different development goals. Q1 . . . Q4 represent the values of the four
indicators, i.e., the economic level, the traffic level, living conditions, and environmental
quality. Among them, economic level Q1 is expressed by the number of employees per unit
area (see Equation (2)), E is the total number of employees in the city, R2 represents the
area of the city, and σ1 is a parameter. R is the decision variable.

Q1 = σ1
E
R2 (2)

Traffic level Q2 is expressed by traffic accessibility (see Equation (3)), and A(i,j) is the
accessibility of other areas to point (i, j) (see Equation (4)). t(i,j)(i′,j′) represents the shortest
traffic time from point (i, j) to point (i′, j′), n is the number of grids, and σ2 is a parameter.

Q2 = σ2
∑i∈I,j∈J A(i,j)

R2 (3)

A(i,j) =
1

n− 1 ∑
(i′,j′)

1
t2
(i,j)(i′,j′)

(4)

Living conditions Q3 are represented by the area per capita (see Equation (5)). Ng(i,j)
represents the number of residents in grid g(i, j), and σ3 is a parameter.

Q3 = σ3
∑g(i,j) Ng(i,j)

R2 (5)

Environmental quality Q4 is expressed by the car sharing rate (see Equation (6)). P1 is
the car sharing rate, and σ4 is a parameter.

Q4 = σ4P1 (6)

3.3. City Development Simulation Model

The urban development simulation model is composed of several submodels, namely,
an urban road planning model, a land use model, a traffic sharing and traffic allocation
model, and a bus route planning model. The submodels constitute a cycle to simulate the
development of each stage of the city, as shown in Figure 2. When the output of all the
sub-models fluctuates within a certain range, the mature state of the city is considered
to exist.
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3.3.1. Urban Road Planning Model

The input of the urban road planning model is the city scale, and the output is the
urban road network. The specific model is as follows:

dmin
Nr ≤

R(∑
i∈I

xir + ∑
j∈J

xjr)

R2 ≤ dmax
Nr ; ∀r (7)

Equation (7) indicates that the road density should be within a specified interval. dmin
Nr

represents the lowest road network density of the r-level road network when the population
is N, and dmax

Nr represents the highest density. xir and xjr are 0–1 variables, i and j are the
straight lines where the two coordinate axes are located, and r indicates whether to build
an r-level road on the pointed straight line. r is divided into four levels, namely, freeways,
main roads, submain roads, and branch roads.

3.3.2. Land Use Model

The land use model is a deformation of the Lowry model (see details of Lowry model
in [24]). The input is the urban scale, the road network, and the scale and location of
basic industries. The output is the population distribution, each person’s residence and
workplace, and the land use layout. The specific model is shown below.

Residents choose their place of residence by comparing the utilities of residences. Here,
we use Equation (8) to express the utility function of the choice of residence:

Ug(i,j)g′(i,j) = ρ log cg(i,j)g′(i,j) (8)
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Ug(i,j)g′(i,j) represents the utility of workers working in community g′(i, j) and living
in community g(i, j), and ρ is a parameter. cg(i,j)g′(i,j) represents the cost of commuting
between community g′(i, j) and community g(i, j). When determining where a resident
chooses to live, the location of his or her employment must first be obtained. Workers E are
divided into basic industry workers EB and non-basic industry (only business is considered
here) workers ER (Equation (9)).

E = EB + ER (9)

EB is known, and ER is calculated by Equation (10). η is the non-basic industry propor-
tion coefficient, and its distribution is determined by potential market ϕg(i,j) (Equation (11)).
ϕg(i,j) is affected by population Ng′(i,j), the number of employees Eg′(i,j) and traffic resis-
tance Dg(i,j)g′(i,j) (see Equation (12)). β1 and β2 are the weights.

ER = ηR2 (10)

ER
g(i,j) =

ϕg(i,j)

∑
g(i,j)

ϕg(i,j)
ER (11)

ϕg(i,j) = ∑
g′(i,j)

β1Ng′(i,j) + β2Eg′(i,j)

Dg(i,j)g′(i,j)
(12)

Based on the number of employees Eg′(i,j) and residential utility Ug(i,j)g′(i,j) , the
coefficient of residential potential ψg(i,j) can be obtained (see Equation (13)). Residents
choose their residence location by ψg(i,j) (see Equation (14)), which means the residential
potential of people who work in other communities g′(i, j) and live in community g(i, j).

ψg(i,j) = ∑
g′(i,j)

Eg′(i,j)

Ug(i,j)g′(i,j)
(13)

Ng(i,j) =
ψg(i,j)

∑
g(i,j)

ψg(i,j)
N (14)

In addition, the population is supported by the workers who live with them. Thus,
the total population N is determined by the dependency ratio f and the total number of
workers (see Equation (15)).

N = f ∑
g(i,j)

Eg(i,j) (15)

Based on residential population Ng(i,j) and residential density ZH
g(i,j), the number of

employees in non-basic industries ER and the per capita floor space e, the area of residential
land demand AD

g(i,j), and the area of non-basic industry land AR
g(i,j) can be obtained (see

Equations (16) and (17)). The sum of the area of land used for basic industries AB
g(i,j) and

the area of unusable land AU
g(i,j) cannot exceed the total area of the community Ag(i,j) (see

Equation (18)).

AD
g(i,j) =

Ng(i,j)

ZH
g(i,j)

(16)

AR
g(i,j) = eER

g(i,j) (17)

Ag(i,j) > AU
g(i,j) + AB

g(i,j) + AR
g(i,j) + AD

g(i,j) (18)

3.3.3. Traffic Sharing and Traffic Allocation Model

In this model, the input is the workplace and residence of residents, and the output is
the traffic distribution. Since the land use model can derive the workplace and residence
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of residents, the commute origin-destination (OD) volume between any two grids can be
calculated by Equation (19).

ODg(i,j)g′(i,j) =

Eg′(i,j)
Ug(i,j)g′(i,j)

∑g(i,j) ψg(i,j)
N (19)

Usually, when choosing a commuting mode, the utility of each transportation mode Uk
should be considered, including the time and cost (see Equation (20)). The sharing rate Pk of
each transportation mode is obtained based on the utility (see Equation (21)). k represents
the k-th transportation mode, which includes cars, buses, walking, and urban rail transit.
ckg(i,j)g′(i,j) represents the cost of commuting between two grids through transportation
mode k. tkg(i,j)g′(i,j) indicates the required time. τ represents the value of time.

Uk = ∑
g(i,j)

∑
g′(i,j)

(
ckg(i,j)g′(i,j) + τtkg(i,j)g′(i,j)

)
(20)

Pk =
exp(Uk)

∑k exp(Uk)
(21)

Based on the sharing rate and the OD volume, using the user equilibrium model
(see [25] for details), the car traffic allocation is shown below. q(i′′ ,j′′ )(i′′′ ,j′′′ )1 represents
the car traffic flow between (i′′ , j′′ ) and (i′′′ , j′′′ ). t(i′′ ,j′′ )(i′′′ ,j′′′ )k(w) represents the traffic
impedance of k-th transportation mode between (i′′ , j′′ ) and (i′′′ , j′′′ ), when the traffic flow
of it is w. m is the transportation path, k is the transportation mode, and f is the path
traffic volume.

min Q = ∑
(i′′ ,j′′ )(i′′′ ,j′′′ )

∫ q
(i′′ ,j′′ )(i′′′ ,j′′′ )1

0
t(i′′ ,j′′ )(i′′′ ,j′′′ )1(w)dw (22)

∑
m

f (i,j)(i
′ ,j′)

mk = PkOD(i,j)(i′ ,j′); ∀(i, j), ∀
(
i′, j′

)
, k = 1 (23)

f (i,j)(i
′ ,j′)

mk ≥ 0; ∀(i, j), ∀
(
i′, j′

)
, k = 1 (24)

Since the subsequent calculations need to use the section flow, path flow f is converted

to section flow q by Equation (25), where δ
(i,j)(i′ ,j′)
(i′′ ,j′′ )(i′′′ ,j′′′ )mk is a 0–1 variable that indicates

whether section (i′′ , j′′ )(i′′′ , j′′′ ) is on path m and through transportation mode k.

q(i′′ ,j′′ )(i′′′ ,j′′′ )k = ∑
(i,j)

∑
(i′ ,j′)

∑
m

f (i,j)(i
′ ,j′)

mk δ
(i,j)(i′ ,j′)
(i′′ ,j′′ )(i′′′ ,j′′′ )mk; ∀(i′′ , j′′ ), ∀(i′′′ , j′′′ )∀k (25)

The traffic distribution of buses and subways requires the allocation of traffic flow to
the corresponding bus routes and subway routes. Here, we regard the bus network as an
external network. On the network, each OD pair uses directly connected equivalent bus
routes to represent the impact of the actual bus network on the car network. The traffic on
the bus route is PkOD(i,j)(i′ ,j′), and the travel time on it is as follows:

t(i′′ ,j′′ )(i′′′ ,j′′′ )2
(

PkOD(i,j)(i′ ,j′), q(i′′ ,j′′ )(i′′′ ,j′′′ )1, q(i′′ ,j′′ )(i′′′ ,j′′′ )2
)

= 1
θ ln

P2OD(i,j)(i′ ,j′)
P1OD(i,j)(i′ ,j′)

+ ψ(i,j)(i′ ,j′)

+u(i,j)(i′ ,j′)2

(
q(i′′ ,j′′ )(i′′′ ,j′′′ )1, q(i′′ ,j′′ )(i′′′ ,j′′′ )2

) (26)



Sustainability 2022, 14, 13694 9 of 16

In this way, the following model can be used to calculate the traffic distribution on the
bus and subway routes:

min Z
(

q(i′′ ,j′′ )(i′′′ ,j′′′ )1, P2OD(i,j)(i′ ,j′)

)
= ∑

(i′′ ,j′′ )(i′′′ ,j′′′ )

∫ q(i′′ ,j′′ )(i′′′ ,j′′′ )1
0 t(i′′ ,j′′ )(i′′′ ,j′′′ )k(w)dw

+ ∑
(i,j)(i′,j′)

∫ P2OD(i,j)(i′ ,j′ )
0

[
1
θ ln w

∑k q(i′′ ,j′′ )(i′′′ ,j′′′ )k
+ ψ(i,j)(i′ ,j′)

+u(i,j)(i′ ,j′)2

(
qn
(i′′ ,j′′ )(i′′′ ,j′′′ )1, qn

(i′′ ,j′′ )(i′′′ ,j′′′ )2

)]
dw

(27)

S.T.
∑
m

f (i,j)(i
′ ,j′)

mk = PkOD(i,j)(i′ ,j′); ∀(i, j), ∀(i′, j′), k = 2 (28)

f (i,j)(i
′ ,j′)

mk ≥ 0; ∀(i, j), ∀(i′, j′), k = 2 (29)

3.3.4. Bus Route Planning Model

In this model, the input is the traffic distribution, and the output is the bus route
planning schedule. The decision variable is zb(i,j)(i′,j′), which is a 0–1 variable and represents
(i, j) as the immediately preceding stop of (i’, j’) on bus route b. Equations (30)–(33) are
constraints of the model. Equation (30) indicates that only points on main roads and
submain roads can be selected as candidate points for bus stops. y(i,j) is a 0–1 variable, and
y(i,j) = 1 means that (i, j) is the candidate point for bus stops. Equation (31) selects the
points on bus route b from the alternative points. Equation (32) is the distance constraint
between two stations on a bus route. Equation (33) is the constraint for the total length of
the bus route.

y(i,j) =

{
1, ∑

r=2,3
xir + ∑

r=2,3
xjr ≥ 1

0, others
(30)

(y(i,j)y(i′,j′) − 1)zb(i,j)(i′,j′) = 0 (31)

LS
min ≤ zb(i,j)(i′,j′)d(i,j)(i′,j′) ≤ LS

max ; ∀b, (i, j), (i′, j′) (32)

LR
min ≤ ∑

(i,j)
∑
(i′,j′)

zb(i,j)(i′,j′)d(i,j)(i′,j′) ≤ LR
max ; ∀b (33)

4. Case Study
4.1. Data

Although the model is constructed on the basis of a virtual city, when all the parameters
in the model are designed based on actual conditions, the results obtained by the model can
have guiding and reference significance for actual city development. The model parameters
in this article are given based on China’s current standards.

Based on the requirements of urban road network planning, the highest value dmax
Nr

and lowest value dmin
Nr of urban road network density in the model are set as shown in

Table 1. The remaining parameter values are shown in Table 2.

Table 1. Urban road network density range *.

Lowest Road Network Density dmin
Nr (km/km2) Highest Road Network Density dmax

Nr (km/km2)
Population N

(Thousand
People)

N ≤ 1000 1000 < N ≤ 2000 N > 2000 N ≤ 1000 1000 < N ≤ 2000 N > 2000

Freeways - 0.3 0.4 - 0.4 0.5
Main roads 1 0.8 0.8 1.2 1.2 1.2

Submain roads 1.2 1.2 1.2 1.4 1.4 1.4
Branch roads 3 3 3 4 4 4

* The data in the table are taken from Code for urban road traffic planning and design.
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Table 2. Values of the Parameters.

Symbol Definition Value

η Non-basic industry proportion coefficient 10 persons/km2 1

β1, β2 Parameters of potential market ϕg(i,j) Function of the non-basic industry sector 0.7, 0.3 2

F Dependency ratio 5.87 3

e Per capita land area occupied by employees in non-basic industry sectors 100 2

τ Value of time 34.13 yuan/h 4

1 η is obtained by the regression of the number of people employed in basic industries in cities across the country
and the value of the urban area. 2 According to the actual survey data collation, 3 the total population of Dalian is
6.69 million and the employed population is 1.14 million. The dependency ratio is 669/114 ≈ 5.87. 4 The average
wage in Dalian is 68,258 yuan/year. Assuming that the annual working time is 250 days and the average daily
working time is 8 hours, the time value is 68258/250/8 ≈ 34.13 yuan/hour.

4.2. Policy Setting and Related Parameter Design

The goals of urban development are usually formulated by the city government in
response to the call of the country and based on the city’s own development situation.
Urban development goals are different, which, in the model in this article, is reflected as
changes in the weight values of the four indicators in the objective function α1 . . . α4. Since
the design of urban goals is given by the government, there is no actual value that can
be referred to. Therefore, in this study, the corresponding weight values are designed by
analyzing the emphasis of each goal, as shown in Table 3. This weight value sequence is
not unique and should be adjusted based on the focus of urban development in practical
applications. In addition, the value of the γ parameter in the function determines the form
of the function. Based on the functional characteristics of the trial calculation analysis, we
use the functions corresponding to the three values of −0.1, −1, and −1000 to represent
the decision-making behavior of residents, the city government, and the country.

Table 3. The weight value of the four indicators of the objective function.

City Development Goal Economic Development Green and Low-Carbon
Development Livability

α1 0.7 0.1 0.1
α2 0.1 0.1 0.3
α3 0.1 0.1 0.3
α4 0.1 0.7 0.3

4.3. Result Analysis

This section first analyzes and discusses the actual values of the four subgoals and
then discusses the differences in and reasons for the optimal urban scale values under
different perspectives when the urban development goals are different.

Figure 3 show the employed population density, traffic accessibility, residential popu-
lation density, and car sharing rate, which represent the economic level, the traffic level,
living conditions, and environmental quality, respectively. Figure 4 is a trend graph of the
growth of the urban scale of the subobjective values obtained after normalization of the
various indicators. When the length of the city square increases from 20 km to 120 km, that
is, the urban area increases from 400 km2 to 14,400 km2, and the total number of employees
in the city increases linearly from 160 people/km2 to 960 people/km2. The economic level
of the city is continuously improved. The traffic accessibility was initially 0.1101, and it first
declined rapidly with the expansion of the urban scale. Then, the rate of decline slowed
to 0.0169, which shows that the city’s traffic level has been on a downward trend. The
population density increased from 520 people/km2 to 3120 people/km2, an increase of
5 times; resultingly, the living conditions of residents have deteriorated. The car sharing
rate first dropped from 0.58 to 0.25, began to fluctuate to 0.79, and then slowly increased
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and stabilized. Environmental quality first improved and then worsened. Thus, changes in
the urban scale have different effects on the four indicators.
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Figure 3. (a) Employed population density; (b) Traffic accessibility; (c) Residential population density;
(d) Car sharing rate.
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4.3.1. Urban Construction with the Goal of Economic Development

Figure 5 shows that for residents, as the urban scale expands, the utility value first rises
and then declines. The utility function value reaches the highest when the city side length is
76 km, that is, when the urban scale is 5776 km2. Comparing the results in Figure 5, we see
that when the city first begins to expand, the economic level has a relatively large impact
on the entire utility function; thus, the curve shows an upward trend. After the urban
scale reaches 5776 km2, residents become more concerned about the level of traffic, living
conditions, and environmental quality, and the curve begins to decline. This result shows
that with the goal of economic development, even if the economy continues to improve
with the expansion of the city, citizens still do not want the city to expand indefinitely. For
city governments, the utility value continues to rise with urban expansion. When economic
development is the goal, the larger the city is, the better. For countries, the utility value
curve first shows a downward trend and then rises; thus, there are two optimal urban scales.
One is a very small city, and the other is a very large city. In fact, a very large-scale city can
be understood as an urban economic circle or economic belt, which is consistent with the
concept of complementary and intercity development introduced by many countries. Thus,
for the country, small-scale urban management is easy, while large-scale joint development
can improve the overall economic level, and the combination of the two is the optimal
urban development plan.
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Figure 5. The objective function value of different urban scales with the goal of economic development.

4.3.2. Urban Construction with the Goal of Green and Low-Carbon Development

Figure 6 shows that for residents and the government, as the urban scale expands, the
utility value first rapidly increases. When the side length of the city reaches 32 km, that
is, when the city area reaches 1024 km2, the utility function value reaches the highest, and
then, it begins to fluctuate and decrease. Compared with Figure 4, the trend of the utility
curve is basically the same as that of the environmental quality curve. This finding means
that when green and low-carbon development is taken as the goal of urban development,
residents and governments will ignore a low economic level in pursuit of environmental
quality and choose smaller cities. The curve trend of utility from the country perspective in
Figures 5 and 6 is the same. This finding means that the joint development of small-scale
cities is still the best choice for the country.
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Figure 6. The objective function value of different urban scales with the goal of green and low-carbon
development.

4.3.3. Urban Construction with the Goal of Livability

As shown in Figure 7, for residents, as the urban scale expands, the utility value
first increases and then decreases. When the city side length is 28 km, that is, when the
urban scale is 784 km2, the utility function value reaches the highest. Compared with
Figure 4, environmental quality and the economic level initially increase, whereas living
conditions and the traffic level continue to decline. This finding means that residents can
tolerate the decline in the traffic level and living conditions to a certain extent, but beyond
a certain point, they will be sensitive to them, and the utility value will also gradually
decline. For the city government, the entire curve shows a downward trend, indicating
that small-scale cities are the best choice. In the process of the gradual development of
cities from small to large, the government needs to invest a considerable amount of money
in infrastructure construction. Clearly, when the development goal of a city is livability,
the smaller the city is, the more the government can maximize the comfort of residents
with minimal investment. For countries, the trend of the curve in Figure 7 is similar to that
in Figures 4 and 5. Thus, the optimal urban scale for a country is small-scale city linkage,
regardless of the goal of city construction.
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5. Discussion

The optimal urban scale is discussed from the perspectives of residents, the govern-
ment, and the country based on three goals: economic development, green and low-carbon
development, and livability. In this section, we mainly discuss the implications of the above
results and propose some suggestions for urban development in the future.

Comparing the optimal urban scales of the same stakeholder aimed at different ur-
ban development goals, we find that for residents and the government, when the urban
development goals are different, the optimal city scale is very different. The optimal urban
scale with the goal of economic development is much larger than that with other goals.
However, in the early stages of urban development, urban construction is usually aimed
at economic development, which is also the reason why most cities are rapidly expand-
ing. In the initial stage, the rapid economic development of the city is the goal, which
can easily lead to an excessively large city. When the urban economy reaches a certain
level, the government and residents begin to focus on issues of green development and
livability. However, the optimal urban scale of these two goals is smaller, and it is already
too late to control the urban scale. Moreover, it is very difficult and expensive to adjust the
internal structure of the city at this time. Therefore, in the early stage of urban planning, a
long-term plan should be adopted, and several goals should be taken into consideration
at the same time. Additionally, in the process of urban development, the target should be
adjusted in a timely manner, and the urban planning and development plan should be
adjusted. Doing so can not only prevent the city from becoming too large but also reduce
the cost of urban construction, which is a win–win approach. For countries, under different
urban development goals, there is little difference in the optimal urban scale. For national
development, small-scale cities form an entire economic belt for cooperative development,
which is the optimal model for urban development. This conclusion is also consistent with
the policies being implemented by many countries, such as China’s Beijing-Tianjin-Hebei,
Yangtze River Delta, and Pearl River Delta Economic Belts.

Comparing the optimal urban scale of different stakeholders facing the same urban
development goal, we find the following: When economic development is the goal, the
utility curve trends of the three stakeholders are quite different. For residents, the unlimited
development of a city can continuously improve the economic level, but it will also lead
to side effects such as environmental degradation, traffic congestion, and reduced living
conditions. Therefore, the utility value of residents will begin to decrease when the urban
scale reaches a certain level. For the government, the economic level can be increased by
the development of the city, which is consistent with the urban development goal. Thus,
the government supports continuous city expansion. For the country, small-scale cities are
flexible and conducive to management and have low construction costs, and the country
is concerned about the economic level of the entire country, not just that of a single city.
Therefore, the overall development of small-scale cities is the best choice. When aiming for
green and low-carbon development and livability, the utility curve trends of residents and
governments are similar. They both consider the impact of the economy and corresponding
indicators at the same time. Additionally, for the country, the optimal result is still the joint
development of small-scale cities. Under the same development goal, the optimal urban
scale considered by different stakeholders is not the same.

So, how can we choose when the results of different stakeholders are inconsistent?
In fact, residents, the government, and the country are all vital for the development of
cities, and the needs of the three should be comprehensively considered in the process of
urban planning and development. Residents constitute the productivity of a city. When the
development of a city cannot meet the needs of residents, many residents, especially young
laborers, will choose to migrate, which will cause the development of the city to lose its main
force. Therefore, the requirements of residents must be considered in urban development.
The government is the manager of the city, and the development of the city also determines
the economic and political status of the government; thus, the two are closely related and
inseparable. The development direction of a city, which is part of a country, needs to
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follow the country’s policy guidance and serve the country. Therefore, urban development
also needs to meet the needs of the country. Hence, to determine the optimal urban scale,
the interests of the three stakeholders should be comprehensively considered, and an
intermediate value that satisfies all three stakeholders should be selected.

6. Conclusions

The optimal urban scale is an important issue that needs to be considered in the
process of urban development. It changes due to different urban development goals and
stakeholders. Based on the CES utility model, this paper constructs an objective function
that includes four indicators: the economic level, the traffic level, environmental quality, and
living conditions. The distribution of the weight of the indicators reflects different urban
development goals, and different values of the γ parameter represent different perspectives
of different stakeholders. The urban development simulation model is constructed by
integrating an urban road planning model, a bus route planning model, a land use model,
and a four-stage traffic sharing and traffic allocation model. Through the model, the
optimal urban scale under different development goal settings and different perspectives
is obtained.

The results show that when the urban development goals are different, the optimal
urban scale of residents and the government differs greatly. The optimal urban scale for
economic development is much larger than that for the other two goals. Therefore, a long-
term plan that considers several goals and the timely adjustment of goals and development
plans are more conducive to the healthy development of cities. For countries, different
urban development goals have little effect on the optimal urban scale. Small-scale cities that
form an entire economic belt for cooperative development are the optimal mode for urban
development. When facing the same development goal, the optimal urban scales of the
three stakeholders are not the same. However, the three stakeholders are closely related to
urban development. Therefore, the actual optimal urban scale should be comprehensively
considered for the selection of the interests of the three stakeholders.

In our research, objective factors are mainly considered, which is reasonable for the
government and the country. For residents, however, it ignores their subjective feelings
and personal differences, which will inevitably lead to deviations between the calculated
results and the actual results. Therefore, how to combine the subjective feelings of residents
with objective factors to obtain the optimal urban scale requires continued research in the
future. Then, the assumptions of the city shape and grid are made in the model part. These
assumptions may not hold for some cities, and the results may be sketchy. Therefore, when
solving the optimal scale of a specific city, the model assumptions should be changed and
carried out in a way that is more suitable for the city. In addition, for small cities that
have not exceeded the optimal scale, future city planning can be completed based on the
recommendations. However, for cities that have exceeded the optimal scale, how should
they be remedied? This question should be answered by future studies.
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