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Abstract: The high-quality economic and social development of the Yellow River Basin is a combined
system comprising the coordinated development of “economy–resources–environment–society”,
with resources and the ecological environment bearing capacity as the constraints, and green innova-
tive development as the driving force. Based on the systematic analysis of the structural dimensions
of the composite system, this paper uses the balanced indicators and their coordinated development
effectiveness to describe the development quality of the macro-composite system. In order to reveal
the mechanism of the evolutionary path of the macro system, the resource- and environment-bearing
capacity, regional high-quality development potential, regional innovation capacity, and high-quality
development guarantee capacity are adopted as the main attributes and decision-making basis of
the autonomous agents. The simulation results show that, under the existing development model,
the economic development of all of the provinces in the Yellow River Basin will be constrained by
resources and the environment. However, different policy scenarios significantly affect the evolu-
tionary trends of economic development, resource consumption, and the environmental pollution
situation. The mechanisms to overcome the bottleneck of the resource and ecological constraints
are different for these policies, and the effects of the same policy in different provinces are also not
the same.

Keywords: eco-conservation; high-quality development; agent-based model (ABM); composite
system; balanced indicators

1. Introduction

With the increasing concern of humans regarding the issue of sustainable development,
an increasing number of studies are exploring the path of sustainable economic develop-
ment from the perspective of a complex eco-economic system (Sun et al., 2018) [1]. As
economic development leads to a large concentration of the regional population, materials,
and energy, and a high level of the consumption of resources, the ecological relationship
becomes imbalanced; this reduces the ecological function of the natural system. Mean-
while, strict ecological constraints and the maintenance of ecological functions necessarily
require constraints on economic growth, thus weakening the economic function of the
system, which indicates a conflict between the two. At the same time, the improvement
of the ecological function can improve the livelihoods and physical and mental health
of watershed residents, which is conducive to the attraction of capital, talent, and other
economic development factors, and has an important role in promoting the full exploitation
of the economic function. Therefore, the two are unified, and there is a complex non-linear
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relationship between economic development and ecological and environmental protection
that is antagonistic.

The Yellow River Basin is an important core area in China for food production, energy-
rich areas, and raw chemical materials; it is an important industrial base, and serves
multiple ecological functions as an important ecological resource protection area. In terms
of economic and social development and ecological security, it occupies an important
position. However, due to various factors, such as its history and natural conditions, the
economic and social development of the Yellow River Basin is relatively lagging, and the
ecological environment of the basin shows strong vulnerability. With increasing human
economic activities, the shortage of water resources, water environment pollution, and the
over-utilization of water resources in the Yellow River Basin are becoming more serious.
The unbalanced development of the provinces and regions in the Yellow River Basin
and the inadequate development of the nine provinces in the upper and middle reaches
are becoming increasingly prominent. Based on multi-agent modeling technology, this
paper constructs a computational, experimental model for high-quality economic and
social development in each province and region of the Yellow River Basin, combines
multi-dimensional equilibrium indicators of the composite system with the attributes and
behaviors of the agents, contrasts and analyzes the evolutionary paths of eco-conservation
and high-quality development in each province and city of the Yellow River Basin through
evolutionary simulation analysis under multiple scenarios, and explores the systematic
optimization schemes of policy strategies such as green innovation, regulatory constraints,
ecological compensation, and upstream and downstream linkages.

The remainder of this paper is organized as follows: Section 2 reviews the relevant lit-
erature, Section 3 presents an analysis of the subsystem components from a complex system
perspective and the basis for measuring the effectiveness of the coordinated development
of complex systems, Section 4 describes the construction and rules of the agent-based
model (ABM), Section 5 analyzes the simulation results in terms of different scenarios, and
Section 6 presents the discussion and conclusions of this paper.

2. Literature Review

Since General Secretary Xi Jinping’s speech at the symposium on the eco-conservation
and high-quality development of the Yellow River Basin in 2019, there has been an in-
creasing amount of academic research on this topic (Ma et al.; Shi; Ren and Zhang) [2–4].
It is believed that synergistic development is the optimal solution to achieve ecological
and social sustainability in the Yellow River Basin (Wang and Li) [5], and the “ecological
priority” policy should be used as a guide to promote eco-conservation and high-quality
development in the Yellow River Basin (Geng et al.) [6].

Research on the coordination relationship between two or more subsystems from
the perspective of a composite system of the economy, society, resources, ecology, and
the environment has become the basic framework for sustainable development issues
(Fang et al.) [7]. Because of the complex non-linear coupling relationships among the sub-
systems, the process of coordinated development in composite systems is also the process
of system coupling evolution (Sun et al.) [8]. The theory of the coordinated development of
complex systems has been widely applied to the human environment (Srinivasan et al.) [9],
the economic resource environment (Ma et al.) [10], the economic and social environment
(Bastianoni et al.) [11], social ecology (Estoque and Murayama) [12], the urban environment
(Li et al.) [13], and the climate economic environment (Aldieri and Vinci) [14]. Conceptual
analysis and relationship analysis in the framework of the coordinated development of
complex systems enrich the theoretical connotations of sustainable economic and social
development. On the methodological side, environmental Kuznets curves (Zhao et al.) [15],
coupled coordination models (Xing et al.) [16], gray models (GM) (Shi et al.) [17], autore-
gressive moving averages (ARMA) (Han et al.) [18], and machine learning algorithms
(Li et al.) [19], etc., have been used for the analysis, evaluation, and prediction of compos-
ite systems.
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In multi-objective complex systems, subsystems cooperate synergistically to transi-
tion from a disordered non-equilibrium state to a dynamic equilibrium state with certain
functional and self-organizing structural mechanisms, which is a basic requirement for
the coordinated development of complex systems (Turner) [20]. Based on complex system
theory, synergy theory, and the idea of ecological civilization and green development in
the “new normal” period, Zhao and Zhang divided the three regional unit subsystems in
the spatial dimension into five subsystems: economic growth, social development, envi-
ronmental quality, ecological health, and governance regulation [21]. They constructed a
coordinated ecological development system composed of multiple interacting subsystems
based on the state indicators and sequential parameters of each subsystem. Deng et al.
used the gray water footprint and bearing capacity coefficients to predict the coupled
evolution of the water environment and socioeconomic system under different scenarios
in the Yangtze River Economic Zone based on physical and statistical models, and they
accordingly proposed policy recommendations for the coordinated and sustainable devel-
opment of the regional ecological environment and socio-economy [22]. In order to further
clarify the mechanisms by which to achieve the performance goals, Kaplan and Norton
proposed and enriched the balanced scorecard theory, and viewed it as a comprehensive
strategic management and implementation tool for the translation of strategic goals into
action [23–25]. However, the balanced scorecard neither establishes a causal relationship
between indicators nor takes into account the time delay in the causal relationship; it is a
diagnostic control system rather than an interactive control system (Ahn) [26].

As a bottom-up modeling approach, the multi-agent modeling technique offers the
possibility to reveal the non-linear relationship between the global state of a complex
system and the interaction of local constituent elements. Compared with modeling ap-
proaches based on system effects (such as System Dynamics (SD)) or process-oriented
modeling approaches (such as Discrete-Event Simulation (DES)), ABM has unique research
paradigm advantages, from individual behavior to macro “emergence”. It can better reflect
the evolution mechanism and process of the complex system of the Yellow River Basin
under resource and environmental constraints. Specifically, SD simulates the evolution of
system development through the causal relationship between system elements. It is diffi-
cult to reflect the impact mechanism of environmental changes on the micro-individuals
constituting the system, nor can it reflect the individual heterogeneity and the “emergence”
of individual behavior response and individual interaction changes at the system level.
Although DES has a high efficiency, reflecting the response of specific environment change,
it is not suitable for a composite system because of its poor scalability and low coupling be-
tween modules. On the other hand, ABM reflects the differences of resource endowments in
different regions through individual attributes such as environmental carrying capacity and
innovation ability. It also reflects the heterogeneity of policy responses through individual
behavior rules, and reflects the relationship between the upstream and downstream of the
Yellow River Basin through individual interaction rules. When micro-adjustments of local
agents accumulate to a certain extent, it will in turn restrict and affect the macro system
environment, causing the agent to be in a dynamically changing environment and generate
new evolution and learning momentum [27–29]. This will eventually lead to the appear-
ance of deeper complex structural characteristics in the system. Therefore, ABM is suitable
to simulate the evolutionary process deeply, and to reveal the micro-mechanism of the
development of the Yellow River Basin. Multi-agent modeling technology is widely used
in the study of the complex system evolution path. For example, Zhang et al. integrates
the macro-factors (investment volatility) and micro-factors (individual behaviours) into a
single analytical model, and simulates the evolutionary path of residential photovoltaic
industry from the perspective of consumer behaviors [30]. Macal and North describe the
following three elements as the basis of an agent-based model [31]:

(1) a set of agents, including their attributes and behaviors;
(2) a set of agent relationships, i.e., an underlying topology of connections that determines

which agents interact with each other;
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(3) the agents’ environment, with which they can also interact.

In this paper, the Yellow River Basin’s eco-conservation and high-quality development
system is regarded as a composite system of economy–resources–environment–society.
Potential, regional innovation ability, and high-quality development guarantee ability, etc.,
are the attributes and decision-making basis of the basin’s constituent units. Based on
multi-agent modeling technology, the economic development, resource consumption, and
ecological environment development of the Yellow River Basin provinces under different
policy scenarios are simulated, including their trends and evolution. Compared with
existing studies, this study combines empirical data with simulation methods to reproduce
the microscopic dynamics of the macro-level state changes of composite systems through
virtual–real linkage, and visualizes the policy design by comparing and analyzing the
intrinsic mechanisms and laws of the system’s evolution under different scenarios.

3. Analysis of the Composite System

This study focuses on the measurement of the state of high-quality development in the
Yellow River Basin by constructing a balanced framework and tracking the evolutionary
characteristics of key indicators across regions within the basin under different policy
scenarios. To this end, based on complex systems theory and from the perspective of
the complex multi-factors affecting the level of industrial water resource utilization, this
paper builds a conceptual model of the economy–resource–environment–society complex
system, incorporating economic development and natural resource development and
utilization, including water resources, into the research scope. Due to the materiality of
human life and the diversity of activities, it is difficult to objectively distinguish between
resources, the environment, the economy, and society, which have formed a coupled
and complex relationship of interaction, interconnection, and mutual influence among
themselves and their subsystems and elements. In this context, the indicators are screened
and theoretically analyzed using the theory of the human–earth relationship, based on
relevant domestic and international literature on the design of economic, social, natural
resource, and environmental indicators.

The relationship between subsystems in the composite system of eco-conservation
and high-quality development in the Yellow River Basin is formed by the development of
three levels of systematic coupling: (1) the coupling within a single subsystem develops
in a coordinated manner, (2) the coupling between the two subsystems develops in a
coordinated manner, and (3) the coupling between the systems develops in a coordinated
manner. The three levels of the system constitute a complex system with their characteristics,
structure, and function through various types of influence mechanisms, such as mutual
influence, interdependence, and interaction, and this complex system—along with its
characteristics, structure, and function—can be expressed using the following equation:

MCS ∈ {S1, S2, S3, S4, Rel , Rst, Ob}, Si ∈ {Ei, Ci, Fi}, i = 1, 2, 3, 4 (1)

Here, SI represents the ith subsystem, and Ei, Ci, and Fi refer to the characteristics,
structure, and function of the subsystems. Rel denotes the coupling relation of mutual
influence, interdependence, and interaction in the system coupling, which is called the sys-
tem coupling set. It includes not only the internal coupling relation of the four subsystems
but also the coupling relations between subsystems. Rst is a set of constraints faced by the
subsystems, and Ob refers to the goals to be achieved by each subsystem. The coupling
structure of the resources–environment–economy–society system in the Yellow River Basin
is shown in Figure 1.



Systems 2022, 10, 105 5 of 23Systems 2022, 10, x FOR PEER REVIEW 5 of 24 
 

 

 

Figure 1. Coupled structure of the resource–environment–economy–society system in the Yellow 

River Basin. 

The concepts of the four subsystems of the economy, society, resources, and the en-

vironment are separately extrapolated and defined, and the concepts of the economy 

(gross regional product, economic structure, etc.), society (employed population, educa-

tion expenditure, science, and technology investment; the share of cultural and recrea-

tional expenditure in consumption expenditure; per capita disposable income, etc.), re-

sources (water resources, land resources, forest coverage, ecological adaptability, etc.), 

and the environment (industrial waste gas in relative emissions of pollutants, wastewater 

emissions, energy consumption per unit of gross regional product, etc.) are clarified. The 

specific index system of each subsystem is selected to reflect both the basic characteristics 

and comprehensive effects of each subsystem, and to include the key variables that affect 

the change in the state of each decision unit. This paper evaluates the relative effectiveness 

of decision-making units (DMUs) with multiple inputs and outputs using Data Envelop-

ment Analysis (DEA) measures. Because the C2R model is an ideal and effective method 

to study “production sectors” with multiple inputs, especially “production sectors” with 

multiple outputs that are “scale-efficient” and “technically efficient” at the same time, the 

C2R model cannot simply evaluate the technical validity between sectors; the C2GS2 model 

compensates for the shortcomings of the C2R model, and is an ideal method to study the 

relative technical validity between production sectors. Therefore, in this paper, the C2R 

model is used to analyze the comprehensive effect of the decision unit, and the C2GS2 

model is used to analyze its specific technical effect. Taking the coupling relationship be-

tween subsystem A and subsystem B as an example, the coordinated development effec-

tiveness function of both, based on the C2R model, is 
𝑍𝑒(𝐴/𝐵) = min (𝜃𝑒(𝐴/𝐵) )  

𝑠. 𝑡. {

∑ 𝑥𝐴𝑗𝛾𝐴/𝐵𝑗 + 𝑠
− = 𝑥𝐴0𝜃𝑒(𝐴/𝐵)

𝑛
𝑗=1             

∑ 𝑦𝐵𝑗𝛾𝐴/𝐵𝑗 − 𝑠
+ = 𝑦𝐵0

𝑛
𝑗=1                               

∀𝛾𝐴/𝐵𝑗 ≥ 0, 𝑗 = 1,2, … , 𝑛; 𝑠
+ ≥ 0; 𝑠− ≥ 0

              
(2) 

where 𝑍𝑒(𝐴/𝐵) denotes the coordination development effectiveness of subsystem A on 

subsystem B; the denominator is the input of subsystem A; the numerator is the output of 

subsystem B; n is the number of decision units; x and y are the input and output quantities 

of the subsystem, respectively; and 𝑠− and 𝑠+ are slack variables. 

Similarly, the coordination validity function of subsystem A and subsystem B based 

on the C2GS2 model is 
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River Basin.

The concepts of the four subsystems of the economy, society, resources, and the
environment are separately extrapolated and defined, and the concepts of the economy
(gross regional product, economic structure, etc.), society (employed population, education
expenditure, science, and technology investment; the share of cultural and recreational
expenditure in consumption expenditure; per capita disposable income, etc.), resources
(water resources, land resources, forest coverage, ecological adaptability, etc.), and the
environment (industrial waste gas in relative emissions of pollutants, wastewater emissions,
energy consumption per unit of gross regional product, etc.) are clarified. The specific
index system of each subsystem is selected to reflect both the basic characteristics and
comprehensive effects of each subsystem, and to include the key variables that affect the
change in the state of each decision unit. This paper evaluates the relative effectiveness of
decision-making units (DMUs) with multiple inputs and outputs using Data Envelopment
Analysis (DEA) measures. Because the C2R model is an ideal and effective method to
study “production sectors” with multiple inputs, especially “production sectors” with
multiple outputs that are “scale-efficient” and “technically efficient” at the same time, the
C2R model cannot simply evaluate the technical validity between sectors; the C2GS2 model
compensates for the shortcomings of the C2R model, and is an ideal method to study the
relative technical validity between production sectors. Therefore, in this paper, the C2R
model is used to analyze the comprehensive effect of the decision unit, and the C2GS2

model is used to analyze its specific technical effect. Taking the coupling relationship
between subsystem A and subsystem B as an example, the coordinated development
effectiveness function of both, based on the C2R model, is

Ze(A/B) = min(θe(A/B) )

s.t.


∑n

j=1 xAjγA/Bj + s− = xA0θe(A/B)
∑n

j=1 yBjγA/Bj − s+ = yB0

∀γA/Bj ≥ 0, j = 1, 2, . . . , n; s+ ≥ 0; s− ≥ 0

(2)

where Ze(A/B) denotes the coordination development effectiveness of subsystem A on
subsystem B; the denominator is the input of subsystem A; the numerator is the output of
subsystem B; n is the number of decision units; x and y are the input and output quantities
of the subsystem, respectively; and s− and s+ are slack variables.

Similarly, the coordination validity function of subsystem A and subsystem B based
on the C2GS2 model is
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Xe(A/B) = min(σe(A/B) )

s.t.


∑n

j=1 xAjγA/Bj + s− = xA0σe(A/B)
∑n

j=1 yBjγA/Bj − s+ = yB0

∑n
j=1 γA/Bj = 1
∀γA/Bj ≥ 0, j = 1, 2, . . . , n; s+ ≥ 0; s− ≥ 0

(3)

The developmental validity of subsystem A for subsystem B is calculated by the
following equation:

Fe(A/B) = Ze(A/B)/ Xe(A/B) (4)

As a result, the coordination validity, development validity, and coordinated devel-
opment validity of the four subsystems of resources, ecology, the environment, and the
economy, as well as society, are expressed as follows:

Xe(1, 2, . . . , k) =
∑4

i=1 Xe
(
i/ik−1

)
× Xek−1

(
i/ik−1

)
∑4

i=1 Xek−1
(
ik−1

) (5)

Ze(1, 2, . . . , k) =
∑4

i=1 Ze
(
i/ik−1

)
× Zek−1

(
i/ik−1

)
∑4

i=1 Zek−1
(
ik−1

) (6)

Fe(1, 2, . . . , k) = Ze(1, 2, . . . , k)/ Xe(1, 2, . . . , k) (7)

Here, Xe, Ze, and Fe refer, respectively, to the coordination validity, coordinated de-
velopment validity, and development validity of the four subsystems; k = 4, ik−1 refers
to the set of different forms of any other k − 1 subsystems except a single subsystem i.
The formula Zek−1

(
ik−1

)
refers to the coordinated development among k − 1 subsystems,

and the formula Zek−1
(
i/ik−1

)
refers to the coordinated development validity of any other

k − 1 subsystems.

4. Construction of the Agent-Based Model

In order to further study the dynamic process and evolutionary law of the synergistic
evolution of the subsystems in the Yellow River Basin at different scales, and to reveal
the influence mechanisms of policy scenarios such as innovation policy, environmental
regulation, and ecological compensation on the high-quality economic and social develop-
ment of the provinces and regions in the Yellow River Basin and the evolutionary law of
the synergistic development of the composite system, this section summarizes the factors
affecting the effectiveness of the coordinated development of the Yellow River Basin into
four dimensions, namely the resource and environmental bearing capacity of the basin,
the guaranteed capacity of high-quality development, the potential for the high-quality
development of the region, and the innovation development capacity of the region. The
interaction mechanism between the behavioral results of the agents and the coordinated
development states of the system is shown in Figure 2.

In this work, we used the sample data of each province, region, and prefecture-
level city in the Yellow River Basin from 2010 to 2018 as training data to construct an
experimental model and compute a multi-agent framework for high-quality development
in the Yellow River Basin. The data were mainly derived from the China Statistical Yearbook,
China Environmental Statistical Yearbook, China Industrial Enterprise Database, China
Industrial Enterprise Pollution Emission Database, China Ecological and Environmental
Status Bulletin, China Water Resources Statistical Yearbook, China Water Resources Bulletin,
and China City Statistical Yearbook, etc. The model is mainly composed of two parts: the
agent and the spatial grid. The agent is mainly a virtual individual reflecting the economic
and social characteristics and behaviors of each region. In addition to the spatial grid’s
need for the representation of its own assigned spatial environmental characteristics, it also
stores a wide range of policy and statistical information which is needed for computation.
In the process of a specific operation, the agent will make subjective decisions based on
spatial attribute information provided by the grid, and the results of the agent’s behavior



Systems 2022, 10, 105 7 of 23

will be reflected in the changes in various indicators and affect the overall coordinated
development status and environmental layout of the watershed.
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4.1. Agent Properties and Evolutionary Rules

Agent resource and environment bearing capacity includes natural resource variables
(water resources, land resources, forest cover, ecological adaptability, etc.), the population
bearing capacity, and environmental resource variables (including the relative emissions
of pollutants in industrial waste gas, wastewater emissions, etc.). The resource and en-
vironmental bearing capacity is a key constraint for the high-quality development of the
Yellow River Basin. Because the system model estimates the future environmental bearing
capacity, the traditional method of calculating the regional resource and environmental
bearing capacity is not applicable. Here, we use the resource and environmental capacity
to measure the size of the regional resource environmental bearing capacity. The functional
relationship is

Bt = fb

(
Soui

t, Pept, Envj
t

)
(8)

where Bt is the resource bearing capacity of the region in year t, Soui
t is the stock of natural

resources of category i in year t, Pept is the total population in year t, and Envj
t is the stock

of environmental resources of category j in year t. The values of the above variables are all
relative values, with 2018 as the base period.

Agent development potential is the way in which the factor capacity of a region’s
high-quality development is quantified, including the regional GDP, energy consumption
per unit of output value, and pollutant emissions per unit of output value, etc. The function
relationship is

Gt = fg

(
Gdpi

t, Engi
t, Poli

t

)
(9)

Here, Gt is the comprehensive evaluation result of the region’s high-quality devel-
opment potential in year t. Gdpi

t, Engi
t, and Poli

t are the gross regional product, energy
consumption per unit of output value, and pollutant emission per unit of output value of
the industry category i in year t, respectively, and the values are taken as relative values
with 2018 as the base period.

Agent innovation capability is a characterization of the level of science and technology
development and innovation capacity of a region, including the level of science and
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technology (scientific and technological talent, R&D institutions, number of patents, etc.),
labor force, and investable R&D funds, etc. The functional relationship is

Nt = fn(Tect, Labt, Fint) (10)

where Nt is the innovation development capacity of the region in year t; Tect, Labt, and
Fint are the science and technology level, labor force, and investable R&D funds of the
region in year t, respectively, and the values are taken as relative values, with 2018 as the
base period. The investable R&D capital is related to the total regional GDP and R&D
investment strength.

Fint = ∑ Gdpi
t × σt (11)

where σt is the share of R&D investment in GDP in year t; due to the uncertainty of research
development and innovation activities, the following conditions need to be satisfied in
order for R&D investment to drive the progress of science and technology:

1− e−θw×Fint ≥ u (0, 1) (12)

θw is the speed control parameter of scientific and technological progress, and u is
randomly distributed within (0, 1), reflecting the uncertainty of innovation activities. If the
above conditions are satisfied, this indicates that the innovation activity of R&D investment
has achieved specific results and the level of science and technology has been improved:

Tect= Tect−1 + θe1 × u(0, 1)× (Tecmax − Tect−1) (13)

Gdpi
t = Gdpi

t−1 + θe2 × u(0, 1)× (1− ρt)× (Gdpmax − Gdpt−1) (14)

Engi
t = Engi

t−1 − θe3 × u(0, 1)× ρt × (Engt−1 − Engmin) (15)

Poli
t = Poli

t−1 − θe4 × u(0, 1)× ρt × (Polt−1 − Polmin) (16)

θe1, θe2, θe3, and θe4 are the control parameters of the change rate of the technology level,
regional GDP, energy consumption per unit of output value, and pollutant emission per
unit of output value, respectively. Tecmax and Gdpmax are the limit values of the maximum
growth rate of the technology level and regional GDP, respectively (only the contribution
of technological progress is considered for regional GDP in the forecast year). Engmin and
Polmin are the limit values of the reduction rate of energy consumption per unit of output
value and the pollutant emission per unit of output value. ρt denotes the importance of
R&D activities for environmental performance, respectively, and is related to the industrial
policy of the region.

Energy consumption per unit of output value and pollutant emissions per unit of
output value change the environmental resource variables, and the functional relationship
is expressed as

Envj
t = fe

(
∑(Gdpi

t × Engi
t), ∑(Gdpi

t × Poli
t)
)

(17)

The labor force variable is related to regional economic development and livability (a
function of resource and environmental bearing capacity). It causes regional population
changes, and the changes in the population variables and environmental resource variables
change the regional resource and environmental bearing capacity. It is assumed that when
the regional resource and environmental bearing capacity reach a threshold value that can
be sustained, the regional environment deteriorates, the labor force is lost, and the rate of
scientific and technological progress, θw, decreases.

Agent development security capacity is used to consider the degree of government,
society, and public support for the region’s high-quality development, including infrastruc-
ture construction, the service guarantee, information sharing, and environmental protection
and governance, etc.; it has a functional relationship with parameter ρt, which improves
environmental performance:

ρt = fv
(
Vg, Vs, Vp, Vc

)
(18)
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Vg, Vs, Vp, and Vc represent the degree of government, society, public participation,
and support for the development and the degree of improvement in related policies.

Regarding the rules of agent evolution, based on the empirical data analysis, a proba-
bilistic language set is used to express the empirical rules of the historical dataset. Specif-
ically, the language set S = {s0 : low, s1 : lower, s2 : average, s3 : higher, s4 : high} is
used to describe the data of various indicators affecting total factor productivity and re-
gional policy information data, etc., for each year from 2010 to 2018, and is categorized
into the regional resource and environmental bearing capacity, high-quality development
guarantee capacity, regional high-quality development potential, and regional innovation
development capacity in four dimensions. The comprehensive evaluation results of each
dimension are expressed in a probabilistic language set, as follows:

Xt,i =
{

sα

(
p(α)

)∣∣∣sα ∈ S, 0 ≤ p(α) ≤ 1, α = 0, 1, 2 . . . , τ, ∑τ

α=0 p(α) = 1
}

(19)

where Xt,i represents the comprehensive evaluation results of each dimension index in year

t, respectively, and sα

(
p(α)

)
is the probability language variable, which is the probability

p(α) related to the language term sα.
The evolution rules of each year in the historical data are expressed as Xt−1,i → Xt,i ;

in other words, based on the comprehensive evaluation results of the historical data, the
equilibrium relationship between the development of the four dimensions of the year
(such as the expected development level based on the current situation of high-quality
development supportability) is predicted. Based on the evaluation results of each factor in
the above period, the possibility of approaching the previous evaluation results is found
from the historical dataset. The distance measurement method of the rule reference was
adopted from Yu et al. (2018):

Suppose that hs(p) =
{

sα

(
p(α)

)∣∣∣α = 0, 1, . . . , τ
}

and h′s(p) =
{

s′β
(

p(β)
)∣∣∣= 0, 1, . . . , τ′

}
are two probabilistic linguistic sets; then, the distance between them is defined as

d( hs(p), h′s(p)) =

{
1
2

(
1
τ ∑
(sα(p(α)))

min(sα(p(α)))∈hs(p)

(∣∣∣ f ∗(sα)p(α) − f ∗
(

s′β
)

p(β)
∣∣∣)r

+ 1
τ′ ∑

(s′β(p(β)))

min(s′β(p(β)))∈h′s(p)

(∣∣∣ f ∗(s′β
)

p(β) − f ∗(sα)p(α)
∣∣∣)r


1
r (20)

where f ∗ is a semantic scale function that can be defined as

f (sα) =
α

τ
(α = 0, 1, . . . , τ) (21)

When r = 1, Formula (18) can be simplified as the Hamming–Hausdorff distance.
Regarding the quantitative methods for interaction of spatial lattices, according to

Tobler’s (1970) first law of geography, similar areas in space have a higher interaction
intensity. Distance is an important factor in the interaction of the ecological environment in
the upper and lower reaches of the Yellow River Basin. The ecological environment in the
upper reaches of the Yellow River Basin has distance decay characteristics. Referring to
the distance decay estimation method in geography, the influence of distance on spatial
interaction is represented by the Wilson maximum entropy model, as follows:

Gij = AiPiBjPj f
(
dij
)

(22)

Here, Gij is the degree of ecological impact between region i and region j, Pi and
Pj reflect the sizes of the two regions, Ai and Bj are the normalized factors of regional
scale, and the distance decay function f

(
dij
)

represents the function with distance d as the
independent variable to describe the influence of distance factors. This model adopts the
following exponential distance decay function:

f (d) = e−γd(γ > 0) (23)
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where γ is the distance decay function factor.

4.2. Parameter Setting

In this study, the public parameters required for the system simulation and the attribute
parameters of each region are set based on the training of sample data, and the values of
each parameter are first standardized in the specific application. For the change speed
parameters, such as the speed of technological progress, the level of science and technology,
GDP, the energy consumption per unit of output value, and the pollutant emission per
unit of output value, the system adopts the method of multiple simulation training and
comparison with adjustment.

The system’s main variables and their initial assignment rules are shown in Table 1.

Table 1. Main variables and initial assignment rules for computational experiments.

Variable/Parameter Assignment Interval Meaning Assignment Rule

T 50 Simulation cycle Fixed value

θw 0.01 Speed control parameter of scientific and
technological progress Training value

θe1 0.01 Speed control parameter of technical improvement Training value

θe2 0.01 Control parameter of GDP growth rate Training value

θe3 0.01 Speed control parameter for energy consumption
reduction per unit output value Training value

θe4 0.01 Control parameter of pollutant reduction rate per
unit output value Training value

γ 5 Distance decay function factor Training value

σt 0.05 The proportion of R&D investment in GDP Empirical value

Gdpmax 0.2 The maximum growth rate of GDP Empirical value

Engmin 0.2 Maximum reduction rate of energy consumption per
unit output value Empirical value

Polmin 0.2 Maximum reduction rate of pollutant discharge per
unit output value Empirical value

Tecmax 0.2 Maximum speed of technical improvement Empirical value

The specific attribute parameter settings affect the simulation results of the system,
such that the correspondence with the empirical results is considered in the parameter
settings as much as possible, and the universality and representativeness are considered.
Because the detailed design and parameter setting affect the research results, research
based on a multi-agent model should pay attention to the “virtual-reality linkage”. That is,
through the comparison of simulation results and real data, the rationality of the model
should be tested. This method is good at comparing and analyzing the results of system
evolution under different scenarios. As the change of parameters means the change of
the environment, it is convenient to visually analyze the impact differences of different
policies for the same object under the same rules. Because of the complexity and uncertainty
of the evolutionary path of the actual system, the multi-agent model in this paper may
not accurately predict the future. It is simplified to the above attributes and behavior
rules. The results of the simulation experiments are only used for the comparison of
different scenarios.

5. Simulation of High-Quality Development Evolution under Different Scenarios

In order to compare the evolution paths of eco-conservation and high-quality devel-
opment in the Yellow River Basin under different scenarios, the following scenarios were
designed for comparative experiments:
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• O: The economic development model without policy instrument intervention. Accord-
ing to the profit-maximization principle, industries conduct their economic activities,
and R&D investments are focused on improving production efficiency and reducing
production costs.

• I: Economic policy development model related to green innovation. This promotes the
high-quality development of green innovation through economic incentives.

• I_EN: The combined development model of green innovation with no different ecologi-
cal environment constraints throughout the whole basin. On the one hand, it promotes
green innovation through economic incentives and other means, and on the other
hand, it adopts indiscriminate ecological and environmental protection constraints in
all provinces in the Yellow River Basin.

• I_ED: A combined development model of green innovation and differentiated ecologi-
cal and environmental constraints in the upper, middle, and lower reaches. On the one
hand, green innovation is promoted through economic incentives and other means.
On the other hand, differentiated ecological and environmental protection constraints
are applied to the provinces in the upper, middle, and lower reaches of the Yellow
River Basin, with the lower reaches being compensated according to the ecological
and environmental level of the upper reaches.

The computational experiment platform of the proposed model was developed with
Delphi Xe 11.1, and Oracle 11g was adopted as the database tool. Based on the powerful
PASCAL language, Delphi has a good database interface and a friendly visual program-
ming environment. Its convenient modular design is flexible for function expansion and
policy scenario setting. The initial values of the system evolution simulation are based on
2018 data, and the evolution statistics of each region’s economy, society, resources, and
environment under different scenarios are obtained after calculation experiments. The year
is taken as the simulation evolution cycle, and the evolution cycle is set to 50 years. In
order to eliminate the influence of random factors on the evolution results, each scenario
is simulated 100 times, and the average value of multiple simulations is taken as the final
evolution result.

5.1. Analysis of the Evolution Path of the Economic Development Trend in the Yellow River Basin
under Different Scenarios

Taking 2018 as the base period, the evolution paths of each province in the Yellow
River Basin under different development modes are simulated individually. The evolution
trends of economic development in each province under different scenarios in 50 cycles are
shown in Figure 3.
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Figure 3. Cont.
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Figure 3. Evolutionary trends of the economic development in the provinces of the Yellow River
Basin under different scenarios.
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As seen in Figure 3, the economic development trend of each province in the Yellow
River basin varies over 50 years under different scenarios. However, in general, scenario
I_ED (the green innovation and differentiated ecological and environmental constraints
model for the upper, middle, and lower reaches) has a more significant advantage for
GDP per capita growth in the middle and late stages of the simulated evolution, except for
Qinghai Province in the upper reaches.

In particular, scenario O (the crude development model without ecological constraints)
prevails in the early stage of simulation evolution, but the overall economic growth under
this development model shows an apparently inverted “U” shape, which is unsustainable
in the long term.

Scenario I (the green innovation development model with economic incentives) has
different evolutionary paths in different provinces, among which Qinghai, Sichuan, and In-
ner Mongolia show a slow upward trend; Shanxi and Shaanxi have no apparent fluctuation,
and Ningxia, Gansu, Henan, and Shandong show an inverted “U”-type trend. Although the
long-term trend is better than the extensive development model, it still shows a downward
trend in the middle and late stages; it also highlights the importance of increasing the
support for science and technology innovation in Qinghai, Sichuan, and Inner Mongolia to
promote local economic development.

Scenario I_EN (the green innovation with basin-wide undifferentiated ecological and
environmental constraint model) evolves similarly to green innovation scenario I in most
provinces. However, in the Qinghai, Sichuan, Shaanxi, and Shanxi provinces, their GDP
per capita growth is significantly better than in scenario I in the middle and late stages of
the simulated evolution, reflecting the effect of ecological and environmental protection in
the promotion of economic growth in the region.

Under scenario I_ED, although all of the provinces achieve higher GDP per capita
growth than other scenarios in the late stage of simulation evolution, the evolutionary
paths of all of the provinces are not consistent, among which Qinghai, Sichuan, and Inner
Mongolia show an overall upward trend. However, Qinghai is the only province with
better GDP per capita growth than I_ED under scenario I_EN. Gansu, Shaanxi, and Shanxi
show a “U” shape, while Henan and Shandong show a moderately inverted “U” shape. It
can be seen that in order to achieve high-quality development in the Yellow River Basin,
economic policies should be formulated not only by distinguishing among the geographical
characteristics of the upper, middle, and lower reaches but also by taking into account the
resource endowment and ecological environment characteristics of different regions, and
by formulating differentiated policy strategies.

5.2. Scenario-Based Comparative Analysis of the Development of the Yellow River Basin by Province

The simulation of the 50-year evolution of each province in the Yellow River Basin
under different scenarios shows that the combination of the scenarios of innovation policies
and eco-conservation policies has long-term effects on economic development, resource
consumption, and the environment in each province, and the results of the scenarios
vary greatly among provinces. The economic growth, resource consumption, ecological
environment, and impact on the lower reaches’ ecological environment in each province
under scenario O (the crude development model without ecological constraints) are shown
in Table 2, and the “mean ranking” refers to the comparison of the annual mean values of
the corresponding dimensions under scenario O, scenario I, scenario I_EN, and scenario
I_ED. The results are shown in Table 2, where economic growth refers to the average
annual increase in GDP per capita, which is a positive indicator, and “1” indicates the best;
resource consumption, ecological environment, and the lower reaches’ impact are negative
indicators, and “1” again indicates the best.
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Table 2. Comparative ranking of the development of each dimension under scenario O in the Yellow
River Basin provinces.

Province

Economic
Growth

Resources
Consumption

Ecology
Environment

Impact
Lower Reaches

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Qinghai 11,650.25 4 16,460.93 4 140,490.11 4 7356.87 4
Sichuan 170,335.71 4 85,103.21 4 10,430,415 4 66,880.01 4
Gansu 21,328.36 3 19,184.24 4 2,128,716.6 4 49,712.45 4

Ningxia 8929.3 2 15,311.95 4 1,009,006.5 4 52,867.58 4
Inner-

Mongolia 59,270.51 4 66,669.79 4 2,942,370.4 4 153,081.69 4

Shaanxi 80,319.17 4 41,108.57 4 4,578,867.4 4 157,932.48 4
Shanxi 51,381.14 4 60,608.01 4 4,287,611.2 4 224,095.52 4
Henan 141,309.92 2 66,852.93 4 5,981,967.5 4 297,824.63 4

Shandong 223,396.87 1 111,192.29 4 17,217,165 4 - -
Note: The color block, from light to dark, indicates the sorting results from the best to the worst.

As can be seen from Table 2, except for the four data on economic growth, the provinces
in the Yellow River Basin ranked first in the bottom in terms of resource consumption,
ecological environment, and impact on the lower reaches under scenario O. This indicates
that although the crude development model is beneficial to the economic growth of the
region in individual provinces, at the expense of the ecological environment, this devel-
opment model will also have a significant impact on the ecological environment of the
lower reaches.

As shown in Table 3, green innovation has significant effects on the reduction of
resource consumption, optimizing the ecological environment and reducing the impact
of environmental pollution in the region on the lower reaches, especially in terms of the
reduction of resource consumption. The Gansu, Inner Mongolia, Shaanxi, and Shanxi
provinces reach the optimal resource consumption under this scenario; in terms of the
ecological environment and impact on the lower reaches, this scenario is significantly
better than scenario O of the crude development model. In terms of economic growth, the
Shandong, Henan, and Ningxia provinces lag behind the crude development scenario O.

Table 3. Comparative ranking of the development of each dimension under Scenario I in the Yellow
River Basin provinces.

Province

Economic
Growth

Resources
Consumption

Ecology
Environment

Impact
Lower Reaches

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Qinghai 15,450.36 3 11,799.64 2 75,008.79 3 3926.87 3
Sichuan 219,439.4 3 54,970.65 2 6,135,319.7 3 36,179.37 3
Gansu 22,694.15 2 8846.17 1 1,013,780.4 3 22,271.67 3

Ningxia 8869.36 3 10,245.05 2 469,406.02 3 24,594.85 3
Inner-

Mongolia 71,990.12 3 35,578.52 1 1,709,489.1 3 89,057.09 3

Shaanxi 102,047.13 3 17,895.28 1 2,537,886 3 84,071.45 3
Shanxi 62,569.09 2 28,929.15 1 2,030,434.5 3 106,122.33 3
Henan 136,472.67 3 36,077.92 2 4,254,877.6 3 211,837.88 3

Shandong 201,533.46 3 61,046.84 3 14,936,784 2 - -
Note: The color block, from light to dark, indicates the sorting results from the best to the worst.
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As seen in Table 4, the inclusion of strict ecological and environmental constraints does
not always have a negative impact on the economy. In terms of the average annual growth
value of the economy over 50 years, Inner Mongolia and Shaanxi achieve optimal economic
growth under the scenario with the inclusion of strict environmental constraints; the
resource consumption under this scenario is much better than that of the crude development
scenario O. Compared with green innovation scenario I, scenario I_EN, with the dual
combination of green innovation and ecological and environmental protection, is slightly
better; moreover, this scenario is significantly better than both scenario O and scenario I in
terms of the ecological environment and the impact on the lower reaches.

Table 4. Comparative ranking of the development of each dimension under Scenario I_EN in the
Yellow River Basin provinces.

Province

Economic
Growth

Resources
Consumption

Ecology
Environment

Impact
Lower Reaches

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Qinghai 18,451.96 2 9064.92 1 56,192.16 2 2937.88 2
Sichuan 258,358.59 2 53,122.8 1 4,010,785.9 2 21,964.45 2
Gansu 20,989.1 4 9271 2 593,202.26 2 13,340.78 2

Ningxia 8324.35 4 7876.64 1 243,600.44 2 12,763.61 2
Inner-

Mongolia 94,928.05 1 44,085.16 2 787,153.95 1 40,579.8 1

Shaanxi 108,755.5 1 20,922.59 2 1,349,889.5 1 39,129.28 1
Shanxi 57,418.3 3 38,773.23 2 1,095,447.9 1 57,254.48 1
Henan 115,455.25 4 35,022.77 1 3,056,135.4 1 152,156.02 1

Shandong 172,713.63 4 46,903.43 1 12,232,450 1 - -
Note: The color block, from light to dark, indicates the sorting results from the best to the worst.

As shown in Table 5, the implementation of the segmented control ecological and
environmental protection strategy in the Yellow River Basin is much better than other
scenarios in terms of economic growth, but it is significantly inferior to scenario I and
scenario I_EN in terms of reducing resource consumption; in terms of the ecological
environment and impact on the lower reaches, this scenario is significantly better than
scenario O and scenario I, but not significantly different from scenario I_EN. It can be
seen that the implementation of the segmented control of the Yellow River basin-wide
ecological and environmental protection strategy can better guarantee long-term economic
growth, but under the existing technical level and green innovation conditions, most of
the provinces will be limited by the resource bearing capacity. Therefore, it is necessary to
vigorously develop green industries and new industries while protecting the ecological
environment throughout the region in order to achieve the comprehensive, high-quality
development of industry, technology, ecology, the environment, and society by changing
the existing industrial structure.
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Table 5. Comparative ranking of the development of each dimension under scenario I_ED in the
Yellow River Basin provinces.

Province

Economic
Growth

Resources
Consumption

Ecology
Environment

Impact
Lower Reaches

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Periodic
Mean

Mean
Sort

Qinghai 19,018.51 1 12,941.77 3 32,695.17 1 1712.49 1
Sichuan 342,864 1 61,524.9 3 3,088,360.3 1 21,516.52 1
Gansu 40,393.65 1 12,357.85 3 436,312.02 1 9024.54 1

Ningxia 13,645.62 1 11,461.19 3 176,289.76 1 9236.82 1
Inner-

Mongolia 88,228.44 2 52,568.74 3 817,342.66 2 42,530.06 2

Shaanxi 108,517.61 2 29,579.6 3 1,430,490.5 2 49,998.64 2
Shanxi 69,682.36 1 40,420.05 3 1,412,879.9 2 73,845.33 2
Henan 156,672.64 1 38,999.83 3 4,162,523.9 2 207,239.86 2

Shandong 217,203.87 2 48,659.22 2 15,923,150 3 - -
Note: The color block, from light to dark, indicates the sorting results from the best to the worst.

5.3. Comparative Analysis of the Overall Evolutionary Trends in the Yellow River Basin under
Different Scenarios

The key to the global governance of the Yellow River Basin is to change the traditional
situation of “governing the Yellow River in nine provinces and managing each section”.
According to the analysis of the above provinces’ development status and evolution process,
each province’s development stages and work priorities are different. The evolution trends
of economic development in the upper, middle, and lower reaches, and the whole Yellow
River Basin under different scenarios are shown in Figure 4.

Systems 2022, 10, x FOR PEER REVIEW 17 of 24 
 

 

scenario I_EN in terms of reducing resource consumption; in terms of the ecological envi-

ronment and impact on the lower reaches, this scenario is significantly better than scenario 

O and scenario I, but not significantly different from scenario I_EN. It can be seen that the 

implementation of the segmented control of the Yellow River basin-wide ecological and 

environmental protection strategy can better guarantee long-term economic growth, but 

under the existing technical level and green innovation conditions, most of the provinces 

will be limited by the resource bearing capacity. Therefore, it is necessary to vigorously 

develop green industries and new industries while protecting the ecological environment 

throughout the region in order to achieve the comprehensive, high-quality development 

of industry, technology, ecology, the environment, and society by changing the existing 

industrial structure. 

Table 5. Comparative ranking of the development of each dimension under scenario I_ED in the 

Yellow River Basin provinces. 

Province 

Economic  

Growth 

Resources 

Consumption 

Ecology  

Environment 

Impact 

Lower Reaches 

Periodic Mean 
Mean 

Sort 
Periodic Mean 

Mean 

Sort 
Periodic Mean 

Mean 

Sort 
Periodic Mean 

Mean 

Sort 

Qinghai 19,018.51 1 12,941.77 3 32,695.17 1 1712.49 1 

Sichuan 342,864 1 61,524.9 3 3,088,360.3 1 21,516.52 1 

Gansu 40,393.65 1 12,357.85 3 436,312.02 1 9024.54 1 

Ningxia 13,645.62 1 11,461.19 3 176,289.76 1 9236.82 1 

Inner-Mongo-

lia 
88,228.44 2 52,568.74 3 817,342.66 2 42,530.06 2 

Shaanxi 108,517.61 2 29,579.6 3 1,430,490.5 2 49,998.64 2 

Shanxi 69,682.36 1 40,420.05 3 1,412,879.9 2 73,845.33 2 

Henan 156,672.64 1 38,999.83 3 4,162,523.9 2 207,239.86 2 

Shandong 217,203.87 2 48,659.22 2 15,923,150 3 - - 

Note: The color block, from light to dark, indicates the sorting results from the best to the worst. 

5.3. Comparative Analysis of the Overall Evolutionary Trends in the Yellow River Basin under 

Different Scenarios 

The key to the global governance of the Yellow River Basin is to change the traditional 

situation of “governing the Yellow River in nine provinces and managing each section”. 

According to the analysis of the above provinces’ development status and evolution pro-

cess, each province’s development stages and work priorities are different. The evolution 

trends of economic development in the upper, middle, and lower reaches, and the whole 

Yellow River Basin under different scenarios are shown in Figure 4. 

 

 
(a) Upper reaches 

 
(b) Middle reaches 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

2019 2029 2039 2049 2059

Scenario O

Scenario I

Scenario I_EN

Scenario I_ED

(Yuan)

Year

G
D

P
 p

er
 c

ap
it

a 
ad

d
ed

 v
al

u
e

0
2000
4000
6000
8000

10000
12000
14000
16000
18000
20000

2019 2029 2039 2049 2059

Scenario O

Scenario I

Scenario I_EN

Scenario I_ED

(Yuan)

Year

G
D

P
 p

er
 c

ap
it

a 
ad

d
ed

 v
al

u
e

Systems 2022, 10, x FOR PEER REVIEW 18 of 24 
 

 

 
(c) Lower reaches 

 
(d) Total basin 

Figure 4. Simulation of the evolution of the overall economic development of the Yellow River Basin 

under different scenarios. 

As seen in Figure 4, from the long-term evolutionary trend, scenario I_ED (green in-

novation with differentiated ecological and environmental constraint patterns in the up-

per, middle, and lower reaches) is optimal in terms of the overall economic development 

of the Yellow River Basin, with the exception of the lower reaches, for which scenario 

I_EN (green innovation with basin-wide undifferentiated ecological and environmental 

constraint model) is significantly better than scenario I (green innovation development 

model with economic incentives). In the context of green innovation, the strict ecological 

and environmental protection has a positive effect on the economic development of the 

Yellow River Basin, especially from a basin-wide perspective. The phased-control ecolog-

ical and environmental protection strategy is far superior to other scenarios in terms of 

economic development. As the high-quality development of the middle and upper 

reaches of the Yellow River Basin is constrained by the business environment, human liv-

ing environment, salary and benefits, and development space, it faces enormous compet-

itive pressure regarding green innovation. Further analysis of the overall resource con-

sumption in the Yellow River Basin under different scenarios is shown in Figure 5. 

 

 
(a) Upper reaches 

 
(b) Middle reaches 

 
(c) Lower reaches 

 
(d) Total basin 

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

10000

2019 2029 2039 2049 2059

Scenario O

Scenario I

Scenario I_EN

Scenario I_ED

G
D

P
 p

er
 c

ap
it

a 
ad

d
ed

 v
al

u
e

(Yuan)

Year

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

2019 2029 2039 2049 2059

Scenario O

Scenario I

Scenario I_EN

Scenario I_ED

Year

G
D

P
 p

er
 c

ap
it

a 
ad

d
ed

 v
al

u
e

(Yuan)

0

2

4

6

8

10

12

14

16

2019 2029 2039 2049 2059

Scenario O

Scenario I

Scenario I_EN

Scenario I_ED

(*10 million tons)

YearT
o
ta

l
an

n
u

al
en

er
g
y

co
n

su
m

p
ti

o
n

0

5

10

15

20

25

30

2019 2029 2039 2049 2059

Scenario O

Scenario I

Scenario I_EN

Scenario I_ED

(*10 million tons)

YearT
o

ta
l 

an
n

u
al

 e
n
er

g
y
 c

o
n

su
m

p
ti

o
n

0

5

10

15

20

25

2019 2029 2039 2049 2059

Scenario O
Scenario I
Scenario I_EN
Scenario I_ED

(*10 million tons)

YearT
o
ta

l 
an

n
u

al
 e

n
er

g
y
 c

o
n

su
m

p
ti

o
n

0

10

20

30

40

50

60

70

2019 2029 2039 2049 2059

Scenario O

Scenario I

Scenario I_EN

Scenario I_ED

(*10 million tons)

YearT
o

ta
l

an
n

u
al

en
er

g
y

co
n

su
m

p
ti

o
n

Figure 4. Simulation of the evolution of the overall economic development of the Yellow River Basin
under different scenarios.
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As seen in Figure 4, from the long-term evolutionary trend, scenario I_ED (green
innovation with differentiated ecological and environmental constraint patterns in the
upper, middle, and lower reaches) is optimal in terms of the overall economic development
of the Yellow River Basin, with the exception of the lower reaches, for which scenario
I_EN (green innovation with basin-wide undifferentiated ecological and environmental
constraint model) is significantly better than scenario I (green innovation development
model with economic incentives). In the context of green innovation, the strict ecological
and environmental protection has a positive effect on the economic development of the
Yellow River Basin, especially from a basin-wide perspective. The phased-control eco-
logical and environmental protection strategy is far superior to other scenarios in terms
of economic development. As the high-quality development of the middle and upper
reaches of the Yellow River Basin is constrained by the business environment, human living
environment, salary and benefits, and development space, it faces enormous competitive
pressure regarding green innovation. Further analysis of the overall resource consumption
in the Yellow River Basin under different scenarios is shown in Figure 5.
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Figure 5. Simulation of the evolution of the overall resource consumption in the Yellow River Basin
under different scenarios.

As shown in Figure 5, green innovation can better reduce resource consumption in
the Yellow River Basin, and, overall, the effect of resource consumption reduction under
the scenario without adding strict ecological and environmental constraints is generally
better than that of scenario I_ED with the segmented control of region-wide ecological
and environmental constraints; specifically, under scenario I_ED (the green innovation
and differentiated ecological and environmental constraints model for upper, middle, and
lower reaches), because the regions in the middle and upper reaches of the Yellow River
Basin enforce stricter ecological and environmental constraints than the lower reaches,
which reduces the regional green innovation capacity to a certain extent, in the long run,
the middle and upper reaches can better reduce their resource consumption under scenario
I (the green innovation development model with economic incentives) regarding green
innovation. Meanwhile, for the lower reaches of the Yellow River Basin, under scenario
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I_EN (the green innovation with basin-wide undifferentiated ecological and environmental
constraints model), and according to Figure 5c, it can be seen that the unified strict ecological
and environmental constraints in the upper and lower reaches constrain economic growth;
therefore, the resource consumption under this scenario is optimal. Further analysis of the
resource consumption per unit of GDP under different scenarios is shown in Figure 6.
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Figure 6. Simulation of the evolution of the resource consumption per unit of GDP in the Yellow
River Basin under different scenarios.

As seen in Figure 6, overall, the three scenarios with the inclusion of green innovation
have similar effects on the reduction of the resource consumption per unit of GDP in the
Yellow River Basin. However, scenario I_ED (green innovation and differentiated ecological
and environmental constraints model for upper, middle, and lower reaches) is optimal in
the upper and lower reaches, while scenario I (the green innovation development model
with economic incentives) is optimal in the middle reaches. Further analysis of the overall
ecological environment in the Yellow River basin under different scenarios is shown in
Figure 7.

As seen in Figure 7, overall, scenario I_EN (the green innovation with basin-wide
undifferentiated ecological constraint model) and scenario I_ED (the green innovation
and differentiated ecological and environmental constraints model for upper, middle,
and lower reaches) are optimal in terms of ecological and environmental protection in
the Yellow River basin; specifically, under scenario I_ED, the upper reaches adopt more
stringent ecological environment constraints than the middle and lower reaches, such that
the ecological environment of the upper reaches is the best under this scenario. Further
analysis of the pollution emissions per unit of GDP under different scenarios is shown in
Figure 8.
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Figure 7. Simulation of the evolution of the overall ecological situation in the Yellow River basin
under different scenarios.
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Figure 8. Simulation of the evolution of the pollution emissions per unit of GDP in the Yellow River
Basin under different scenarios.
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As shown in Figure 8, overall, scenario I_ED (the green innovation and differential
ecological and environmental constraint model for upper, middle, and lower reaches) has
the best effect on the reduction of pollution emissions per unit of GDP, especially in the up-
per reaches of the Yellow River Basin, where the pollution emissions per unit of GDP under
scenario I_ED are significantly better than those in other scenarios. Combining economic
development, resource consumption, and the ecological environment, the implementation
of segmented-control ecological and environmental constraint strategies for the upper,
middle, and lower reaches of the Yellow River basin, and the appropriate strengthening of
ecological and environmental protection in the middle and upper reaches, are important in
order to promote the overall high-quality development of the Yellow River Basin.

5.4. Policy Implications of the Research Results

The simulation results show that under the existing development model, the economic
development of all of the provinces in the Yellow River Basin will be subject to different
degrees of resource and ecological constraints, and different policy scenarios significantly
affect the evolutionary trends of the economic development, resource consumption, and
environmental pollution in each province in the Yellow River Basin, showing different
mechanisms to approach the bottleneck of resource and ecological constraints. The effects of
the same policy scenario in different provinces also vary. The following policy implications
are based on the research results.

(i) Green innovation economic incentive policies have significant effects on the re-
duction of resource consumption, the optimization of the ecological environment, and the
reduction of the lower reaches’ impact of environmental pollution in the region, especially
reducing resource consumption and the ecological environment. However, from the per-
spective of promoting economic growth, the Shandong, Henan, and Ningxia provinces are
generally seen to lag behind the crude development model under a single green innovation
incentive model (see Table 3).

(ii) Strict ecological constraints do not always harm the economy. From the economic
growth trends simulated over 50 years of evolution, Inner Mongolia and Shaanxi instead
achieve optimal economic growth under the scenario that imposes strict environmental
constraints; at the same time, resource consumption under this scenario is much better
than under the crude development model, and a comparison with the green innovation
economic incentive scenario reveals that the scenario with a dual combination of green
innovation and ecological and environmental protection yields better results in terms
of the promotion of economic development and the reduction of resource consumption.
This scenario is also significantly better than the crude development model and the green
innovation incentive model in terms of the ecological environment and the impact on the
lower reaches (see Table 4).

(iii) The implementation of the segmented-control ecological and environmental pro-
tection strategy has a much better impact on economic growth than other scenarios, but
in terms of the reduction of resource consumption, this scenario is significantly inferior to
the green innovation incentive scenario and the combined innovation and environmen-
tal constraint scenario; in terms of ecological environment and the impact on the lower
reaches, this scenario is significantly better than the crude development model and the
green innovation incentive scenario, but is not significantly different from the combined
innovation and environmental constraint scenario. The difference between this scenario
and the combined innovation and environmental constraint scenario is not significant
(see Table 5). It can be seen that the implementation of a segmented-control strategy for
ecological and environmental protection across the Yellow River Basin can better guarantee
long-term economic growth. Because the high-quality development of the middle and
upper reaches of the Yellow River Basin is constrained by the business environment, human
living environment, salary and welfare, development space, and other conditions, and
faces huge competitive pressure regarding green innovation, implementing a synergistic
development model with upper and lower reach linkages, complementary advantages,
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and a reasonable division of labor can not only achieve sustainable economic growth but
also reduce resource consumption and environmental pollution more efficiently. In the
long term, this could better promote the high-quality development of the whole Yellow
River Basin.

6. Conclusions and Discussion

Based on an agent-based model, this study took the empirical data of 115 prefecture-
level cities in nine provinces and regions of the Yellow River Basin from 2010 to 2018 as
a sample, and took the coordinated development of economy–resources–environment–
society as the goal, constructing 115 agent models with different attributes, constraints,
behavior rules, interaction rules, and autonomous response capabilities. It used computa-
tional experiment methods derived from the social sciences to simulate the evolutionary
path of eco-protection and high-quality development under different policy scenarios,
such as green innovation, ecological environment constraints, ecological compensation,
and so on. The simulation results show that under the existing development model, the
economic development of all of the provinces in the Yellow River Basin will be subject to
different degrees of resource and ecological constraints, and different policy scenarios sig-
nificantly affect the evolutionary trends of economic development, resource consumption,
and environmental pollution in each province in the Yellow River Basin, showing different
mechanisms to approach the bottleneck of resource and ecological constraints.

Existing research on the high-quality development of the Yellow River Basin is mostly
based on the evaluation of multiple indicators. These studies mostly use empirical data
to carry out the comparative analysis of different temporal and spatial dimensions, and
rarely involve the prediction of future evolution trends under different scenarios. With the
combination of empirical research with the SD method, Jiang et al. (2021) [32] simulated
the dynamic process of system development. Jiang’s model was based on the indicators of
the evaluation system and the causal relationship between the indicators. The advantages
of such a method come from the intuitive modeling method; the easy-to-understand,
clear causal relationship between the variables; and the ease of reflection of the error of
simulation by comparing the simulation results of each index with empirical data. However,
the research objects and conclusions of such methods remain at the macro level, which is
difficult to reveal the microdrivers of variant changes, and it is also difficult to reflect the
impact of individual heterogeneity, individual decision-making uncertainty and individual
interaction on the macro level of the system.

On the other hand, from the perspective of scenario analysis, Jiang’s model simu-
lated the evolution results under three different scenarios, including economic growth
priority, environmental protection, and equal emphasis on economic development and
environmental protection. The above scenarios are essentially one or more dimensions that
constitute the evaluation system, and the simulation results only reflect the linkage and
coupling relationship between the dimensions. Our model benefits from the flexibility of
multi-agent attributes and behavior rules. It focuses on the possible policy scenarios of
high-quality development in the Yellow River Basin, and explores the optimization space
of policy design, which can more deeply reveal the action mechanism and macro-level
effect of a specific policy. Compared with existing research, the proposed model reveals the
microdrivers of the macro changes. Its outstanding advantage is that it is convenient for
researchers to analyze the motivation at the micro level and observe the overall emergence
at the macro level. In this way, it is possible to visually simulate the development and
evolution of a complex system under different scenarios, based on empirical data and
with computers as tools. The virtual–real linkage provides a guarantee for the reliability
of research. Researchers can verify and adjust the attributes or rules of agents at any
time by comparing the simulation results with empirical data. This helps the constructed
artificial system to map the real system well, on the one hand, and provides more abundant
scenarios than the real system, on the other hand.
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Scenario modeling and evolutionary simulation based on multiple agents are very
effective tools in bottom-up research; however, there may be limitations in the modeling
process, which should be continuously improved and expanded in future research. In this
paper, 115 prefecture-level cities were used as agents for simulation. The study did not
consider the behavioral characteristics and interactions of more micro-level individuals,
such as different industries, specific enterprises, residents, and so on. In the future, the
interaction research of agents at different levels should be strengthened. In addition, this
study took language probability as the basis of agent decision-making. It did not consider
the mutation problem of the agent itself. In the future, it will be necessary to enrich the
agent rule-learning algorithms, such as the genetic algorithm, particle swarm optimization,
and ant colony algorithm, etc. In addition, it is also important to strengthen the integration
of different models, consider the complexity of interaction between agents, and expand the
scope of application of the model.
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