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Abstract: Mountain mudslides have emerged as one of the main geological dangers in the Yanshan
region of China as a result of excessive rains. In light of this, a multi-step debris flow hazard assess-
ment method combining optimal weights and a topological object metamodel is proposed based
on game theory ideas. First of all, based on the geological environment research in Yanshan area,
this paper determines the mudslide danger evaluation indexes according to the field investigation
and remote sensing image data, then combines them with the theory of topological object element
evaluation, utilizes the idea of game theory, and carries out the optimal combination of the weight
coefficients derived from hierarchical analysis and the CRITIC method to obtain the final compre-
hensive weights of the indexes, and forms the combination-assigning topological object element
of the mudslide danger topological model. The results suggest that improved weight coefficients
can increase topological evaluation precision, which is more in line with objective reality than the
traditional method and has some application utility.

Keywords: debris flow; topological theory; game theory ideas; analytic hierarchy process; CRITIC
empowerment method; dangerousness

1. Introduction

China has the best mudslide study base, and many characteristic mudslides are
unique [1], such as the Jiangjiagou debris flow, known as the “Natural Museum of De-
bris Flow”; the high-density viscous debris flow in Lizi Yidagou, Sichuan Province; and
the extremely large debris flow in Zhouqu, Gansu Province. Debris flows have a short
occurrence period, a large impact range, a high casualty rate, and a long recovery time as a
geological disaster with sudden and random characteristics of combined water and rock
movements [2–6]. Debris flows are caused by geological and environmental circumstances,
rainfall, earthquakes, and other disaster-causing causes, as well as human engineering op-
erations, and the method of development is complex and difficult to prevent and regulate;
examples include catastrophic debris flows that happened in 2010 in the town of Qingping
as a result of a strong earthquake and subsequent rainstorms working together [7], debris
flows brought on by a glacial lake outburst flood in western Norway [8], and debris flows
in pyroclastic deposits as a result of rainfall in Campania, Southern Italy [9].

Hebei Province, which has the most comprehensive geomorphological units in China,
has active geological processes, intricate micro-geomorphological units, notable climatic
differences, and severe weathering of geotechnical bodies, all of which contribute to the
development of debris flows [10]. The Yanshan and Taihang Mountains in northern Hebei
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are the main locations for debris flow development. Debris flows have become one of the
main geological hazards that have developed in the area as a result of the rapid development
of the national economy, the gradual expansion of human engineering activities, and the
frequent occurrence of extreme rainfall, seriously endangering the lives and property of
the populace.

Debris flows are caused by the interaction of natural and human forces, such as rainfall
or earthquakes, in a specific geological setting. The study of debris flow hazard evaluation
is built on investigation and mechanism research; debris flow investigation identifies the
risk assessment influence factors, and motion evolution research identifies the contribution
of each influence factor to the formation and evolution of debris flows. Since the last
century, a significant deal of work has been performed, major accomplishments have been
made, and new technology and methods have raised the caliber of kinematic evolution
research and debris flow study. Vagnon Federico, Kiefer Carolin, and others carried
out geomorphological examinations of debris flows and fans using modern technologies,
including geophysical and geomorphological surveys. In terms of debris flow investigation,
Vagnon Federico and Kiefer Carolin have used new technologies such as geophysical
and geomorphological surveys to carry out geomorphological investigations of debris
flows and fan areas, construct numerical models, and reveal the evolution of debris flow
formation [11–14]; the Delphi technique was utilized by Byun Yo Seph et al. for debris
flows that did not fit the criteria for a normal study and organized 12 experts to carry out a
debris flow survey for preliminary assessment [15]. Bezak Nejc et al. investigated potential
debris flows above the Koroška Bela settlement, NW Slovenia, from the hydro-technical
and conceptual design perspectives [16]; Peng B. et al. introduced digital twin technology
to high-precision geological hazard survey and prevention and carried out an analysis
of geohazard development characteristics to study their hazards [17]. In the study of
debris flow motion evolution, a new understanding of fluid–particle coupling evolution
was obtained by simulating several debris flows’ hydrological processes through indoor
experiments [18–20]; a great deal of work was performed on the analysis of debris flow
rheological evolution by unmanned aerial photography and radar technology to provide a
basis for risk assessment [21,22].

Debris flow hazard is the probability of occurrence in a specific location over time
due to the action of predisposing factors, and the evaluation methods and results are
important in debris flow prediction and prevention [23,24]. Eldeen established the hazard
level by drawing a debris flow hazard map [25]; Hollingsworth et al. created a framework
for evaluating debris flow hazards, chose three evaluation factors, and established five
classes to do so [26]; and Ohmori H et al. used the debris flow occurrence scale and
outbreak frequency as evaluation factors in debris flow hazard evaluation [27]. In the
1990s, the application of GIS and RS technologies provided strong support for debris flow
hazard evaluation. Carrara A. et al. used geographic information technology in landslide
debris flow risk evaluation [28–30]; Raimon Pallàs et al. conducted debris flow hazard
assessment based on the GIS system platform [31–33]; and Christopher Gomez et al. used
3D point cloud technology and airborne laser technology from aerial photogrammetry for
debris flow hazard assessment [34]. Computer technology offers a more straightforward
and accurate computational tool for debris flow evaluation, and numerical simulation is
frequently employed in the assessment of debris flow hazard [35–39]; the integration of
debris flow hazard evaluation algorithms and computers provides new ideas and methods
for hazard evaluation [40–43]; Nie Yinping et al. used the optimized Flow-R coupled
model for debris flow hazard assessment and achieved better evaluation results [44,45];
and artificial intelligence was also gradually applied in debris flow hazard evaluation, and
the evaluation model was constructed by training and learning from a large number of
sample sets to improve the evaluation accuracy [46,47]. Li Qianqian et al. used physical
model experiments to conduct debris flow hazard evaluation to better understand the
debris flow formation mechanism and estimate the debris flow danger zone [48,49].
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In conclusion, it has been discovered that evaluation indexes are the crucial founda-
tion of danger assessment in debris flow hazard evaluation, and the choice of reasonable
evaluation indexes following a thorough investigation into debris flows is conducive to
improving the evaluation’s quality. As a result, further discussion regarding the develop-
ment of a set of evaluation criteria and an evaluation level of work in line with the local
reality is required. Secondly, the weight coefficient is crucial to the evaluation process, and
a single weight calculation method is frequently based on subjective or objective methods,
making it challenging to take into account the expert’s understanding of the evaluation
index, its volatility and relevance, and the efficient combination of two weight coefficients
using a reasonable combination of assignment methods; further research is required on
the combining of evaluation index systems to create a set of evaluation systems and a
set of practicable evaluation procedures. Therefore, this study combines the findings of
previous studies, accounting for the indicators of debris flow development characteristics,
introducing evaluation indicators like the melton ratio and basin elongation, using phase
relationship analysis to determine the evaluation index level, computing the evaluation
index weight coefficients from subjective and objective aspects, respectively, using the
hierarchical analysis process and the CRITIC method, and applying game theory for com-
bination assignment to determine the combination weight coefficients; based on this, the
extension theory is used to introduce the correlation function to form the evaluation system
and determine the evaluation level of debris flow hazard, which provides the theoretical
basis for debris flow prevention and control. Through comparative verification, the op-
timized weight-based topological evaluation method eliminates subjective and objective
adverse effects on the evaluation and is more practical than other methods, such as the
recognition of qualitative and related technical requirements in the wild and the evaluation
of the information quantity method.

2. Study Area
2.1. Overview of the Evaluation Area

The evaluation location is in the Yanshan mountainous area of east Hebei, and the
mudslides are more developed, being generally typical rainfall-type mudslides that
are influenced by natural processes. With regard to meteorological aspects, the study
area’s climate is the temperate continental monsoon-type Yanshan mountain climate,
the inter-annual and intra-annual distribution of precipitation is uneven, and summer
rainfall from July to September accounted for 65–75% of total annual precipitation,
mostly in the form of concentrated rainfall and heavy rainfall. In terms of topography
and geomorphology, the terrain of the study area is high in the northwest and low in the
southeast, with hills dominating the landscape; the Yanshan Mountains have formed
a significant number of small intermountain basins and wide valleys due to tectonics,
erosion, and accretion. These basins are distributed in the form of a series of beads, and
small intermountain valley basins are frequently formed at the intersection of gullies
and valleys. In terms of tectonics, the study area is characterized by the development of
rupture and fold tectonics, which has gone through the three major phases of basement
formation, cover development, and intense activity, spanning two geotectonic units:
the relatively active Inner Mongolia–Daxinganling fold system in the north, and the
relatively stable North China Plateau in the south. In terms of lithology, the stratigraphy
is relatively complete, the bedrock is widely distributed, and the lithology is dominated
by gneiss, dolomite, limestone, sandstone, and gravel; human engineering activities are
more intense (Figure 1).
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Figure 1. Photographs of the topography and geomorphology of the study area. 
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Figure 1. Photographs of the topography and geomorphology of the study area.

2.2. Determination of Debris Flow Hazard Evaluation Index

By examining the development characteristics and distribution pattern of debris flows
in Jidong Yanshan’s mountainous regions, we were able to categorize the 310 debris flows’
development characteristics and influencing factors, such as topography and geomorphol-
ogy, stratigraphic lithology, geological structure, and rainfall, and determine evaluation
indices such as the melton ratio, vegetation NDVI index, basin elongation, loose material
reserves, and height difference rate, slope, average annual precipitation, and distance from
structure [50–52]. Melton ratio, basin elongation, height difference rate, and hillside slope
are a few indices that show the topographic changes in the mudslide watershed at various
angles and are significant indicators of the scouring and erosion of the material sources,
gully, and ravine slopes by surface water runoff; vegetation NDVI index reflects the stability
of the material sources of mudslides, which is an evaluation indicator of the degree of
susceptibility to the mudslides; the loose material reserve capacity and the distance from
the structure are the material conditions, which are indicators of the number of material
sources when mudslides occur; average annual rainfall reflects the conditions of mudslide
triggering, which are the driving conditions of mudslides.

(1) melton ratio (c1).
The melton ratio, a crucial predictor of the transport of debris flow material sources,

represents topography variation within the debris flow basin. The higher the melton ratio,
the steeper and straighter the terrain of the debris flow basin, the more kinetic energy
available for the source loose material, and hence, the greater the risk; conversely, the lower
the kinetic energy, the lower the risk.

Rm = H/
√

A (1)

where H is the height difference of the debris flow basin, and A is the area of the debris
flow basin.

(2) Vegetation NDVI index (c2).
The vegetation NDVI index reflects the degree of debris flow vegetation cover, which

is also an important indicator of the stability of debris flow material sources. The stronger
the NDVI index, the better the vegetation cover, the more conducive to the stability of
debris flow sources, and the lower the risk; conversely, the less vegetation cover, the larger
the risk is.

(3) Basin elongation (c3).
Basin elongation responds to changes in the shape of the debris flow basin and is an

indicator of the impact of debris flow catchment velocity and flow intensity. The closer the
indicator is near 1, the more similar the debris flow basin form is to a circle, and vice versa
for a narrow strip. When the basin is circular, the tributaries can converge and reach the
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outflow more quickly, the peak flow at the outlet is higher than it would be in a narrow
ribbon basin, and the risk of debris flows is higher.

EI =
2
√

A
L
√

π
(2)

where L is the maximum length of the debris flow basin.
(4) Loose material reserves capacity (c4).
The amount of loose material reserves is one of the three elements of debris flow

occurrence. The larger the storage, the greater the risk of debris flow; conversely, the
smaller the storage, the smaller the risk.

(5) Height difference rate (c5).
The height difference rate reflects the slope drop of the debris flow, which is an in-

dicator of the flow velocity and kinetic energy of the debris flow. The higher the height
difference rate, the greater the debris flow hazard; conversely, the lower the height differ-
ence, the smaller the hazard.

Rr = H/L (3)

(6) Hillside slope (c6).
The hillside slope is the slope on both sides of the debris flow gully. The larger the

slope, the more unstable the slope, the greater the surface water pooling energy, and thus,
the greater the risk of debris flows; conversely, the smaller the slope, the lower the risk.

(7) Average annual precipitation (c7).
The average annual precipitation provides energy for the occurrence of debris flows

and is the primary predisposing factor in the study area. The greater the rainfall, the greater
the risk of debris flow; conversely, the smaller the rainfall, the lower the risk.

(8) Distance from structure (c8).
The distance from the structure is the distance from the debris flow to the fault zone.

The closer the debris flow is to the fracture zone, the more fragmented the rock and soil
body in the watershed is, the higher the degree of weathering, the lower the stability, and
the greater the hazard; conversely, the farther the debris flow is, the smaller the danger.

2.3. Data Sources

By the identified evaluation indexes, the investigation reports of 310 mudslides were
systematically sorted out, and GIS tools were utilized to read the DEM data and vegetation
NDVI index of the Yanshan area to provide a database for the evaluation.

3. Methods
3.1. Extensional Matter Element Model

Extenics is the use of formal models to investigate the potential for the growth of
things as well as the laws and methods of leading-edge innovation to eventually resolve
conflicting issues, and is widely used in the fields of artificial intelligence, computers,
management, control, detection, and other fields. It describes things as basic elements
(thing elements) and describes the change of things N, the characteristics of things c, and the
quantity value v of things about the characteristics as the three elements of thing elements,
finally forming the theory and method of problem solving [53–55].

(1) Classical domain matter element model.
The debris flow susceptibility is taken as the evaluation object, and the evaluation

factors with different quantitative values are selected to determine the debris flow suscepti-
bility level to establish the classical domain. That is

Rot = (Not, c, Voti) =


Not c1 Vot1

c2 Vot2
...

...
ci Voti

 =


Not c1 < aot1, bot1 >

c2 < aot2, bot2 >
...

...
ci < aoti, boti >

 (4)



Water 2023, 15, 2961 6 of 20

where Rot is the classical domain element of debris flow hazard, Not is the evaluation level
of debris flow hazard, ci is the corresponding evaluation index of debris flow hazard level,
and Vot is the range of quantity values taken by ci, that is <aoti,boti> (i = 1, 2, 3, . . ., 8).

(2) Nodal domain matter element model.
The nodal domain matter element model, or collection of the range of values of

evaluation indexes, refers to the complete range of values of evaluation factors in the
assessment level of debris flow danger.

Rp = (NP, c, VP) =


NP c1 VP1

c2 VP2
...

...
ci VPi

 =


NP c1 < aP1, bP1 >

c2 < aP2, bP2 >
...

...
ci < aPi, bPi >

 (5)

where Rp is the nodal domain object element, NP is the whole debris flow hazard evaluation
level, Vpi is the quantitative range of evaluation factors, and the quantitative range of classi-
cal domain and nodal domain evaluation factors are related as follows: <aot,bot>⊂<api,bpi>
(i = 1, 2, 3, . . ., 8).

(3) Matter element model to be evaluated.
The matter element model to be evaluated is the value related to the evaluation

of debris flow hazard based on the field survey or investigation for the determined
evaluation factors.

Rj = (Nj, c, vi) =


Ni c1 v1

c2 v2
...

...
cn vn

 (6)

where Rj is the object element to be evaluated, that is, the object element of a single debris
flow; Nj is the debris flow hazard level to be evaluated, and vi is the relevant quantity value
of the debris flow hazard level.

(4) Correlation degree.

Kj(N) =
n

∑
i=1
j=1

αiKj(vi) (7)

Kj(vi) =


ρ(vi ,votj)

ρ(vi ,vpj)−ρ(vi ,votj)
(vi /∈ votj)

−ρ(vi ,votj)
votj

(vi ∈ votj)
(8)

Among them,

ρ
(
vj, votj

)
=

∣∣∣∣vj −
aotj + botj

2

∣∣∣∣− botj − aotj

2
(9)

ρ
(
vj, vPj

)
=

∣∣∣∣vj −
aPj + bPj

2

∣∣∣∣− bPj − aPj

2
(10)

votj = | bij − aij | (11)

where αi is the weight coefficient of each evaluation index and ρ
(
vi, vPj

)
is the distance of

the evaluation index.

3.2. Weighting Factor

In the extension evaluation of debris flow hazard, the weight coefficient of the evalu-
ation index determines the evaluation results. Both subjective assessment and objective
calculation are used to determine weight coefficients. In contrast to objective calculation,
which uses mathematical formulas based on the data values of evaluation indexes and
relies too heavily on the data itself and is subject to error, subjective judgment involves
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ranking the evaluation indexes according to the experts’ subjective understanding, which
is somewhat arbitrary. Therefore, to make up for the advantages and disadvantages of
the two methods, the combination of weighting is assigned through mathematical rules
to obtain scientific and reasonable weight coefficients. Combined with the geological and
environmental conditions of the evaluation area and evaluation indexes, the weighting
coefficients are determined by calculating the weighting combination using a hierarchical
analysis process and the CRITIC method.

(1) Analytic hierarchy process (AHP).
The hierarchical analysis process is a subjective decision analysis method that employs

the 1–9 scale method to assess the relative value of each evaluation index by generating
judgment matrices A = (bij)n×n to compare evaluation indexes with one another, where bij
> 0, bij = 1/bji, bij = 1(i = j), and (i, j = 1, 2, 3, . . ., 8). By normalizing the judgment matrix to
find the eigenvector and then finding the maximum latent root λmax, a consistency test is
performed to check the reasonableness of the judgment matrix [56,57].

AW = λmaxW = λmax


w1
w2
...

wn

 (12)

The formula for the consistency test of the judgment matrix is as follows:

C.R. = C.I./R.I. (13)

where C.R. is the consistency ratio and C.R. < 0.1 is when the judgment matrix meets the
consistency requirement; C.I. is the consistency index and n is the matrix order; and R.I. is
the average random consistency index; see Table 1.

Table 1. R.I. value table.

Order n RI Order n RI

1 0 6 1.26
2 0 7 1.36
3 0.58 8 1.41
4 0.89 9 1.46
5 1.12 10 1.49

(2) CRITIC empowerment method
As an objective weight calculation method, the CRITIC empowerment method is

more objective and reasonable than the entropy weight method and the standard deviation
method, because it takes into account the volatility and correlation of evaluation indexes
and eliminates the error caused by overlapping influence factors among evaluation in-
dexes [58]. The CRITIC empowerment method introduces contrast intensity and conflicting
measures and conducts scientific evaluation based on the objective qualities of evaluation
indexes themselves.

The CRITIC method calculates the steps as follows:
Step 1. Select n evaluation indicators for m evaluation objects, establish the evaluation

indicator system, and construct the level matrix.
Step 2. The evaluation matrix is normalized (without negative indicators) to obtain

the matrix with the following formula:
Positive indexes:

xij =
x′ij −min(x′1j, x′2j, . . . x′nj)

max(x′1j, x′2j, . . . x′nj)−min(x′1j, x′2j, . . . x′nj)
(14)
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Negative indicators:

xij =
max(x′1j, x′2j, . . . x′nj)− x′ij

max(x′1j, x′2j, . . . x′nj)−min(x′1j, x′2j, . . . x′nj)
(15)

Step 3. Variability of indicators. The variability of the indexes is reflected by the
standard deviation of the evaluation factors.

xj =
1
n

n
∑

i=1
xij

σj =

√
n
∑

i=1
(xij−xj)

n−1

(16)

Step 4. Indicator conflict. Conflicting indicators are represented by correlation coefficients.

Rj =
P

∑
i=1

(
1− rij

)
(17)

where the correlation coefficient rij is calculated using the Pearson correlation coefficient,
and xi and yi are evaluation indicators, respectively.

rij =
Sxy

SxSy
=

∑(xi − x)(yi − y)√
∑(xi − x)2

√
∑(yi − y)2

(18)

Step 5. Amount of information. Evaluate the amount of information carried by
the index.

Cj = σj × Rj = σj

P

∑
i=1

(
1− rij

)
(19)

Step 6. Weight calculation.

wj =
Cj

P
∑

j=1
Cj

(20)

(3) Game theory combination weighting
To obtain the best-combined weights, the combined weighting method organically

combines the weights determined by the hierarchical analysis process and the entropy
weighting method. The base weight vector set is represented as follows if M weight
calculation techniques are employed to weight the evaluation indexes:

wk = [wk1, wk2, · · · , wkn](k = 1, 2, · · · , M) (21)

A linear combination of M weight vectors w is denoted as

w =
M

∑
k=1

γkwT
k

, k = 1, 2, · · · , M (22)

where γ is the linear combination factor.
The objective function and constraints are constructed using game theory, and the opti-

mal linear combination coefficients are obtained to minimize the sum of w and wk deviations.
The objective function is as follows:

min

∥∥∥∥∥ M

∑
k=1

(γkwT
k − wT

k )

∥∥∥∥∥, k = 1, 2, · · · , M (23)
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According to the principle of differentiation, the first-order derivative condition for
the formula to take the minimum value is as follows:

w1wT
1 w1wT

2 · · · w1wT
M

w2wT
1 w2wT

2 · · · w2wT
M

...
...

...
...

wMwT
1 wMwT

2 · · · wMwT
M




γ1
γ2
...

γM

 =


w1wT

1
w2wT

2
...

wMwT
M

 (24)

The constraint is
M

∑
k=1

γk = 1 (25)

The calculated linear combination coefficients are normalized as follows:

γ∗k =
|γk|

M
∑

k=1
|γk|

(26)

In turn, the optimal combination weights of evaluation indicators are obtained as
follows:

w∗ =
M

∑
k=1

γ∗k ·w
T
k (27)

You may insert up to 5 heading levels into your manuscript, as can be seen in the
“Styles” tab of this template. These formatting styles are meant as a guide; as long as the
heading levels are clear, the Frontiers style will be applied during typesetting.

3.3. Evaluation Index Level and Grading

(1) debris flow hazard class.
Referring to the research results of debris flow hazard evaluation, combined with

debris flow investigation data and related technical requirements, the debris flow hazard
level is classified as low, medium, high, and very high hazard.

(2) Evaluation index grading.
The grading of assessment indicators is directly related to the characteristics of debris

flow development, and different debris flow hazard levels correlate to varied grading of
evaluation indicators. The statistical theory was used to count 310 debris flows in the study
area based on the evaluation indexes on the level of debris flow danger, and the evaluation
indexes were fairly graded by combining them with the real evaluation area (Figure 2).

The evaluation index data were ordered from small to large, looking for data inflection
points, and the classification findings of debris flow danger evaluation indexes were
calculated using the field survey (Table 2).

Table 2. Classification list of debris flow risk evaluation index values.

Evaluation Indicators Low Risk Medium Risk High Risk Extremely High Risk

Melton ratio (c1) 0~0.10 0.10~0.30 0.30~0.50 0.50~1.20
Basin elongation (c2) 0.60~40.00 0.30~0.60 0.10~0.30 0~0.10

Basin height difference rate (c3) 0~0.10 0.10~0.20 0.20~0.30 0.30~5.0
Slope gradient (◦) (c4) 0~15 15~30 30~40 40~90

Loose material reserves (104 m3) (c5) 0~1.0 1.0~5.0 5.0~10.0 10.0~150
NDVI vegetation index (c6) 0.75~1.00 0.6~0.75 0.4~0.6 0~0.4

Average annual precipitation (mm) (c7) 0~450 450~550 550~620 620~800
Distance from structure (103 m) (c8) 5~25 2.5~5 1.0~2.5 0~1.0
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(3) Dimensionless evaluation index
To eliminate the calculation errors caused by different units among the evaluation

indicators, the evaluation indicator values in Table 2 are dimensionless using the polariza-
tion regularization method, and the calculation formula is shown in Equation (28), and the
evaluation indicator values are between [0, 1], as shown in Table 3.

yi =
xi − xmin

xmax − xmin
(28)
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Table 3. Debris flow hazard assessment index value classification list (dimensionless).

Evaluating Indicator Low Risk Medium Risk High Risk Very High Risk

Melton ratio (c1) 0~0.0833 0.0833~0.25 0.25~0.4167 0.4167~1
Basin elongation (c2) 0.015~1 0.0075~0.015 0.0075~0.0025 0.0025~0

Basin height difference rate (c3) 0~0.02 0.02~0.04 0.04~0.06 0.06~1
Slope gradient (c4) 0~0.1667 0.1667~0.3333 0.3333~0.4444 0.4444~1

Loose material reserves (c5) 0~0.0067 0.0067~0.0333 0.0333~0.0667 0.0667~1
NDVI vegetation index (c6) 0.75~1 0.6~0.75 0.4~0.6 0~0.4

Average annual precipitation (c7) 0~0.5625 0.5625~0.6875 0.6875~0.775 0.775~1
Distance from structure (c8) 0.2~1 0.1~0.2 0.04~0.1 0~0.04

4. Results

Three distinct but interconnected steps make up the topological evaluation of the risk
of mudslides: weight coefficient computation, evaluation index selection and grading, and
topological evaluation. The evaluation indices are established, the classical domain object
element, the nodal domain object element, and the object element that will be evaluated are
built using the theory of topology, reasonable weight coefficients are established, and the
correlation function is introduced, the maximum value of which will be used to determine
the hazard grade (Figure 3). It should be noted that these three parts are independent
of each other again. The selection of evaluation indexes is mainly determined according
to the expert’s knowledge of the influence factors of a mudslide; the game theory idea
is only an optimal combination of the results obtained from different weight coefficient
calculation methods, which has no relationship with the method itself; and the topological
evaluation uses the most suitable evaluation indexes and the optimal weight coefficients,
which improves the accuracy of the evaluation results.
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4.1. Topological Model

The debris flow hazard classical domain matter element model and nodal domain
matter element model are determined by using the extension matter element model.
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Classical domain matter element model:

Rot1 =



Not1 c1 < 0.0000, 0.0833 >
c2 < 0.0150, 1.0000 >
c3 < 0.0000, 0.0200 >
c4 < 0.0000, 0.1667 >
c5 < 0.0000, 0.0067 >
c6 < 0.7500, 1.0000 >
c7 < 0.0000, 0.5625 >
c8 < 0.2000, 1.0000 >


Rot2 =



Not2 c1 < 0.0833, 0.2500 >
c2 < 0.0075, 0.0150,>
c3 < 0.0200, 0.0400 >
c4 < 0.1667, 0.3333 >
c5 < 0.0067, 0.0333 >
c6 < 0.6000, 0.7500 >
c7 < 0.5625, 0.6875 >
c8 < 0.1000, 0.2000 >



Rot3 =



Not3 c1 < 0.2500, 0.5000 >
c2 < 0.0025, 0.0150 >
c3 < 0.0400, 0.0800 >
c4 < 0.3333, 0.4444 >
c5 < 0.0333, 0.0667 >
c6 < 0.4000, 0.6000 >
c7 < 0.6875, 0.8125 >
c8 < 0.0200, 0.1000 >


Rot4 =



Not4 c1 < 0.5000, 1.0000 >
c2 < 0.0000, 0.0025 >
c3 < 0.0800, 1.0000 >
c4 < 0.4444, 1.0000 >
c5 < 0.0667, 1.0000 >
c6 < 0.0000, 0.4000 >
c7 < 0.8125, 1.0000 >
c8 < 0.0000, 0.0200 >


Nodal domain matter element model:

RP =



NP c1 < 0.0000, 1.0000 >
c2 < 0.0000, 1.0000 >
c3 < 0.0000, 1.0000 >
c4 < 0.0000, 1.0000 >
c5 < 0.0000, 1.0000 >
c6 < 0.0000, 1.0000 >
c7 < 0.0000, 1.0000 >
c8 < 0.0000, 1.0000 >


4.2. Weighting Coefficient

Based on the hierarchical analysis process, the degree of contribution of evaluation
indexes to the risk of the debris flow was determined through the debris flow survey in the
study area combined with the existing survey results, the judgment matrix A = (cij)8×8
was constructed, and the weight coefficients were calculated according to Equation (12)
(Table 4), where C.R. ≤ 0.1 met the requirements.

Table 4. Calculation results of the weight of the hierarchical analysis process.

Evaluation Indicators c1 c2 c3 c4 c5 c6 c7 c8

Weights 0.1015 0.0677 0.2030 0.0761 0.1585 0.0507 0.3044 0.0381

Using the CRITIC weighting method, objective weight coefficients were determined
(Table 5). It can be seen that the greater the variability of the indicators, the greater the
weight; the stronger the correlation between the indicators, the lower the conflict and the
smaller the weight.

Based on game-theoretic ideas, the minimum first-order derivatives are derived and nor-
malized to determine the optimal combination weight coefficients using Equations (24)–(26)
(Table 6). {

0.1837w1 + 0.1225w2 = 0.1837
0.1225w1 + 0.1492w2 = 0.1492
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Table 5. Calculation results of CRITIC method weights.

Evaluation Indicators c1 c2 c3 c4 c5 c6 c7 c8

Variability of indicators 0.170 0.087 0.068 0.107 0.065 0.203 0.196 0.152
Conflicting indicators 6.379 7.295 6.826 6.963 6.827 8.188 6.975 7.018

Amount of information 1.086 0.633 0.466 0.742 0.445 1.665 1.364 1.067
Weighting factor 0.1454 0.0848 0.0623 0.0993 0.0596 0.223 0.1827 0.1429

Table 6. Game theory portfolio weighting coefficients.

Evaluation Indicators c1 c2 c3 c4 c5 c6 c7 c8

Analytic hierarchy
process 0.1015 0.0677 0.2030 0.0761 0.1585 0.0507 0.3044 0.0381

CRITIC method 0.1454 0.0848 0.0623 0.0993 0.0596 0.2230 0.1827 0.1429
The optimal
combination

weighting factor
w∗1 = 0.6509, w∗2 = 0.3491

Portfolio weights 0.1168 0.0737 0.1539 0.0842 0.1240 0.1108 0.2619 0.0747

4.3. Matter-Element Model to Be Evaluated

The 310 debris flows in the evaluation area are formalized, four debris flow potential
sites are selected as objects to be evaluated, norming to the evaluation index grading stan-
dard, and the matter element model to be evaluated is constructed. See the formula below

R1 =



N1 c1 0.1976
c2 0.0005
c3 0.0429
c4 0.0233
c5 0.3333
c6 0.4758
c7 0.5564
c8 0.2275


R2 =



N2 c1 0.2006
c2 0.0022
c3 0.0465
c4 0.0067
c5 0.4444
c6 0.6609
c7 0.6379
c8 0.1274



R3 =



N3 c1 0.1860
c2 0.0024
c3 0.0357
c4 0.0200
c5 0.4444
c6 0.7883
c7 0.7506
c8 0.0375


R4 =



N4 c1 0.5270
c2 0.0127
c3 0.0552
c4 0.0133
c5 0.4444
c6 0.7203
c7 0.7877
c8 0.0842


The correlation function is used to evaluate the debris flow hazard level at four

locations, and the maximum value of the correlation is used as the debris flow hazard level
(Equation (29)).

K(N) = max
{

Kj(N)
}

(j = 1, 2, 3, 4) (29)

It can be seen that the danger level of 1# and 2# debris flows is medium danger,
3# debris flow danger is high, and 4# debris flow danger is very high (Table 7). After
field verification and combined with relevant technical standards, it is believed that the
evaluation combination is more scientific and reasonable, which is in line with reality.
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Table 7. List of correlations of debris flow hazard evaluation.

Number Low Risk Medium Risk High Risk Extremely High Risk

1# −0.2524 −0.2076 −0.2398 −0.2708
2# −0.3152 −0.0071 −0.1815 −0.2710
3# −0.3330 −0.2220 −0.1679 −0.2461
4# −0.3713 −0.2645 −0.1726 −0.1247

5. Discussion
5.1. Evaluation Results

When conducting an extension evaluation, the evaluation results are determined by
introducing the correlation degree after assigning the evaluation indexes to the system once
and using the maximization principle, which is consistent with the evaluation principle of
high but not low in geological disaster prevention and control management [59–61]. The
information quantity method to risk evaluation is to assign weights to evaluation indicators
twice to determine the evaluation results: first to carry out susceptibility evaluation and
again to superimpose predisposing factors to determine the evaluation results, which has
the advantage of extracting the informativeness of a large number of data samples and
obtaining the indicators of the samples in different regions [62,63]. The pertinent technical
standards are the subjectively based qualitative assessment of debris flow hazards, which
is mainly subjective and harmonizes the evaluation indicators and grades. Field validation
is based on the consideration of rainfall factors, the source of debris flow, height difference,
slope, and other factors to determine the evaluation results of the comprehensive analysis;
it is also based on qualitative evaluation, a more intuitive understanding of the debris
flow assessment.

From Table 8, it can be seen that among multiple evaluation methods, the extension
evaluation method is consistent with relevant technical standards and field verification
results in the risk assessment results of debris flow from 1# to 4#. The evaluation results
of debris flow #1 differ from those of the information quantity evaluation, which can
be understood from two perspectives. First, the hierarchical analysis process is used
to calculate weight coefficients in information quantity evaluation, which ignores the
correlation between evaluation indexes and amplifies the weight coefficients of significant
evaluation indexes. Second, the information quantity evaluation process is assigned twice,
and the assignment becomes too subjective when adding rainfall factors. As extension
evaluation eliminates mutuality and contradiction among evaluation indicators, it is more
methodical and rational in allocating weights than other evaluation systems.

Table 8. Comparison of debris flow hazard evaluation results.

Number Extension Evaluation Information Quantity
Evaluation

Related Technique
Standard Field Check

1# Medium risk Low risk Medium risk Medium risk
2# Medium risk Medium risk Medium risk Medium risk
3# high risk high risk high risk high risk
4# Extremely high risk Extremely high risk Extremely high risk Extremely high risk

The geological and environmental circumstances are more complex for debris flow #1.
According to the characteristics of debris flow development, the debris flow lithology is
rhyolite of the Mesozoic Jurassic Zhangjiakou Formation; the watershed area is 0.4 km4, the
relative height difference is 150 m, the volume of loose material reserves is approximately
3.5 × 104 m3, the average slope of both sides of the gully valley is 30◦, the debris siltation
in the gully is obvious, the circulation area is slightly blocked, and the rainfall in the study
area from 2016 to 2021 is large. From this, it is inferred that the hazard class of mudslide
#1 is medium hazardous(Figure 4). It is concluded that the extension evaluation method
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can be used to assess the risk posed by debris flows and that the evaluation’s findings are
accurate and logical.
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Figure 4. Features of 1# debris flow development. (a) three-dimensional image map of the debris
flow; (b) debris flow site survey photos; (c) terrain height difference of debris flow; and (d) average
annual precipitation.

5.2. Evaluation Method Optimization

The determination and grading of evaluation indexes, calculating weight coefficients,
and creating an extension model and correlation function are the three steps that make up
the entire extension evaluation process. The assessment indexes serve as the fundamental
building blocks of the entire evaluation. They help establish if the evaluation method
adequately and objectively addresses the characteristics of debris flow development, and
the scientific and reasonable grading has an impact on how the extension evaluation is
classified. The importance of each evaluation index is reflected in the weight coefficient,
which has a significant impact on the evaluation’s outcomes. The core of the evaluation
is the development of the extension model, and the introduction of the correlation degree
function determines the evaluation grade with the maximization principle, which is consis-
tent with the principle of high and not low in the assessment of geological disasters. So, it
is evident that field and inter-field verification of the evaluation outcomes is necessary.

Mostly, lithology, watershed area, slope angle, elevation, and other indicators of debris
flow development characteristics are used in debris flow susceptibility or hazard evaluation
indexes [64–67], or they are used to analyze debris flow hazards from large watersheds.
These indicators reflect debris flow development characteristics but cannot completely
reflect the changing state of debris flow, especially individual debris flow gullies, whose
development elements cannot be fully revealed [68–73]. Therefore, the authors believe that
within a small watershed with a county as a unit, rainfall, topography, vegetation cover,
and loose material reserves have a greater influence on debris flow. The introduction of
indicators like the melton ratio, basin elongation, and basin height difference rate, which
reflect the development state of debris flow from various perspectives based on ensuring
the independence among indicators, is very meaningful for the evaluative process [52].
Furthermore, field verification of the evaluation results is required in order to scientifically
revise the evaluation index grading criteria because the evaluation index grading criteria
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are not fixed and are graded on the average delineation, which is related to the contribution
rate of each evaluation index to the debris flow hazard in the evaluation basin [74,75].

The weighting coefficient is a correction of the importance of the evaluation indicators,
which also needs to be adjusted, and is related to the extent to which the evaluation indica-
tors contribute to the risk in the evaluation basin. To determine the weighting coefficient
comprehensively, it is important to take into account both the knowledge of experienced ex-
perts on the evaluation indicators and the objective properties of the evaluation indicators.

The development of the extension model is intimately tied to the grading of the
evaluation index, which has a direct impact on the correctness of the assessment outcomes.
The data basis for the correlation degree function is provided by the construction of the
classical domain, the nodal domain, and the object elements to be assessed, and the
evaluation grade is established according to the maximization principle.

It is clear that there are logical connections between the evaluation indices, weighting
coefficients, and extension matter elements. The development of the extension model is
directly impacted by reasonable evaluation indexes and optimal weighting coefficients,
and the verification of the extension evaluation results optimizes and adjusts the evaluation
indexes and weighting coefficients. Accordingly, the entire evaluation process must be
carried out based on mastering the geological environment conditions of the evaluation
area and adapting the evaluation process to changes in the subsurface.

5.3. Application of Evaluation Methods

After the Section 5.1 reviews, the extension evaluation’s findings satisfy the require-
ments for reality, practicability, and science and can be used for debris flow hazard evalu-
ation, where the use of GIS, RS, and other geographic information technology increases
the efficiency and precision of debris flow hazard evaluation [76–79]. Thus, using GIS as
a platform, the debris flow gully unit is divided by county or small watershed, the basic
geological information of the debris flow gully unit is mastered through a high-precision
survey, the evaluation index grading standard is determined using the GIS information
collection function, the object element model is constructed, technical experts are organized
to qualitatively weight the evaluation index, and the objective weights of the evaluation
index determined by CRITIC assign are combined, establishing the correlation degree
function through GIS operation function, and determining the evaluation grade by the
principle of maximum value. The weight factors and evaluation findings must be modified
in a timely manner if evaluation indicators like rainfall and loose accumulation change. In
addition, the technique may be used to assess rockfall hazards, and the slope units are split
by GIS to conduct the topological evaluation.

Professional technicians integrating the mudslide hazard evaluation method using
GIS for secondary development, creating a set of evaluation procedures using GIS tools,
choosing evaluation indices for various regions in conjunction with work experience, auto-
matically allocating weight coefficients to complete the evaluation by the game-theoretic
hod, and evaluating the system and adjusting the results can possibly take 3–5 days. A
mudslide in the mountainous region of western Jixi was chosen to further confirm the
validity and applicability of the method. The optimal weight coefficients were then de-
termined by the set evaluation indexes, and it was discovered that the mudslide’s danger
level was medium, which was consistent with the results of the on-site investigation.

6. Conclusions

Based on the game theory concept, the combination of the hierarchical analysis process
and CRITIC method empowerment and the use of the extension theory system to carry out
debris flow hazard evaluation is largely in line with reality. The method is scientific and
feasible, which provides a basis for geological disaster meteorological risk warning projects
and provides a reference for local government geological disaster prevention and control
work. The following are the key findings:
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(1) The development characteristics and distribution rules of debris flows in Jidong
Yanshan’s mountainous areas were systematically sorted; the factors influencing the devel-
opment of debris flows, such as topography and geomorphology, stratigraphic lithology,
geological structure, and rainfall, were summarized and analyzed; the evaluation indexes,
such as melton ratio, vegetation NDVI index, basin elongation, loose material reserves,
basin height difference rate, slope, average annual precipitation, and distance from struc-
ture, were identified; the evaluation indexes of 310 debris flows were analyzed graphically
using statistics; and the grading of evaluation indexes and the establishment of grading
criteria were carried out;

(2) The weight coefficients from both subjective and objective aspects were calculated,
respectively, using the hierarchical analysis process and the CRITIC method. The ideal
weight coefficients were then obtained by combining the weight assignments with the use
of game theory concepts;

(3) The classical domain, nodal domain, and metamodel of the object to be evaluated
were built using extension theory by the evaluation index grading criteria. The evaluation
grade was determined by the correlation degree function with the maximum principle, and
the comparison with other methods was verified. The evaluation results were found to be
applicable, and the method was found to be workable.
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