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Abstract. The multi-layer directed network model focuses on portraying the
directionality, diversity and difference of the edges in the network. It is also one of
the powerful tools for analyzing the complexity of the network system and the
heterogeneous interaction characteristics between network layers. This paper
constructs three three-layer directed network models combined with traditional
complex network theory and analyzes their degree distribution characteristics. By
controlling the out-degree and in-degree of the middle-level nodes, a network
structure with multi-peak characteristics is configured. Combined with numerical
simulation, it is concluded that the number of links between the layers of the directed
network makes the network characterize the characteristics of unimodal, bimodal,
and trimodal; the combination of the optimal mechanism and the changes in the
number of inter-layer links, the network characteristics show the coexistence of
power law and unimodal. The research results of this paper have practical value for
the analysis of network generation mechanism and correlation law by using multi-
layer directed network theory in the era of big data.

Keywords. Complex network, multi-layer directed network, degree distribution,

multi-peak characteristics, hierarchical connection.

1. Introduction

407

The development of network science has become more mature, and the research on
complex networks has become more in-depth. With the expansion of network scale and
the complexity of application scenarios in real society, network models have gradually
shifted to interactive coupling networks, multi-layer networks or super networks. Among
them, the multi-layer network is gradually applied to multiple real system structure
model references with its high flexibility, multi-attribute hierarchical relationship and

the diversity of connection types [1-6].

The structural characteristics of multi-layer networks are very important for the
study of complex system dynamics. The construction of multi-layer network models is
the prerequisite for exploring the characteristics of network structures. There are two
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general methods for building multi-layer network models: one is increasing multi-layers
network model, the network scale continues to expand, and there is a generalized priority
connection principle; The other is a multi-layer network set with structural constraints,
which has a fully controlled correlation and overlap set [7-11]. Chen [12] et al.
constructed a subway-bus two-layer network model, combined with the identification
method of important nodes in the complex network theory, studied the best optimized
node location and optimized number of the existing network, and proved the
effectiveness of the method sex. Shen [13] et al. built a multi-layer supply chain financial
network, and explored the structure of the supply chain financial network, cumulative
distribution and other issues. The study obtained the degree of dependence between the
levels of the supply chain financial network and the number of connections of new nodes,
changing the size of the network's scaling law affects the number of hub nodes. In [14]
constructed a two-layer ER network and a two-layer BA network, and studied the
influence of the correlation between nodes on the robustness of the network. It is
concluded that the mutual coupling characteristics of the multilayer network will affect
the robust performance of the network. In [15] proposed and constructed three three-
layer complex network models to quantitatively describe the inter-layer dependencies of
the multi-layer network with random probabilities. The experimental results show that
different random probabilities characterize the three-layer network with characteristics
such as single peak, double peak and triple peak.

The directionality of connecting edges in the real network cannot be ignored. The
out-degree and in-degree of the directed network reflect the influence and adaptability
of the network [16]. Liu Dawei [17] et al. proposed a method for generating a directed
complex network model by analyzing the local structure of a directed network, and used
the corresponding link prediction algorithm to test the generated model, and verified the
effectiveness of the network model with real data sets. Chen Xiao [18] ef al. explored
the construction mechanism of Weibo forwarding network and proposed a directed
weighted network model. Theoretical analysis and simulation experiments show that the
intensity distribution, degree distribution, and intensity-degree correlation of the model
obey the power law. Distribution, with the characteristics of high clustering and short
path. At the same time, the actual data of Weibo forwarding is collected to verify the
correctness of the model. Liu Dahai [19] et al. proposed a directed community discovery
algorithm for multi-dimensional complex networks based on directed community
discovery and fusion of information from multiple dimensions. Combining real data sets
to verify the effectiveness of the algorithm, it is consistent with existing algorithms. In
comparison, the accuracy rate, recall rate and F-measure value have been improved to a
certain extent.

In a multi-layer directed network, different connection directions between nodes
have different effects on the characteristics of the network structure. Based on the
common sense that most human infectious diseases originate from animals, and that
zoonotic diseases are always spread through directional interconnected networks, Xu
Zhongpu [20] et al. considered the epidemic dynamics of zoonotic diseases on a one-
way cyclic coupling network. Combined with the heterogeneous mean field method, two
unidirectional three-layer circular interactive networks are constructed. One model
describes the direct connection between the interactive networks, and the other model
describes the diseases that are transmitted through the vectors between the interactive
networks. Combined with theoretical analysis, the basic reproduction number of the
model and the stability of the equilibrium point are obtained. There are few existing
research results on multi-layer directed networks, and most of the network models are
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constructed based on real data sets, which lack universality. Therefore, this paper
constructs three three-layer directed networks. The number of directed links constructs a
network with multi-peak characteristics. The influence of the number of directed links
between layers on the network degree distribution is discussed.

2. Introduction To Basic Concepts

A multi-layer directed network is a complex network structure composed of M directed
network layers through inter-layer directed connections. A multi-layer directed networks

a pair M= {5, E’} where G = {GT,;a € {1,...,M}},CTa = (Va,i) is directed network

layer. C = {Eup €V xVp a, B e{l,..., M}, # B} represents the set of directed

edges connected to the directed network layer. E_ represents the interconnection inside

the directed network layer, F,; represents the connection between multiple layers of

directed network layers. Use V,, = {v{",v;,...,vy_} represents a collection of nodes in

the directed network layer CTa A = (a; € RN“XN“) represents the adjacency matrix of
each individual directed network layer, and
y 1, if(v*,vDe FE
iy e m

0, otherwise,

for 1<4,j<N_, and 1<a < M. The interlayer adjacency matrix corresponding to

E__ is the matrix A“” = (a?) e R"™" given by:

af
; B
w _ L ifCuf ) e E,

“0 , 2
Y 0 otherwish, @)
The projection network of M is the graph proj(/T/l) = (Vi Ei) where
M
Ve = U Ve
a=1
M o M R
B,=UE)v( U B, 3)
a=1 a,pf=la+p

3. Construction Of Multi-Layer Directed Network Model

The diversity and selectivity of the multi-layer directed network structure makes the
complex network system more detailed and universal. It can vividly describe the
interdependent connection between different groups with selectivity, and there will be a
multi-layer complex network. The model is more specific and detailed. The multi-layer
directed network model construction algorithm is based on the directed random
connection algorithm, the directed scale-free connection algorithm, and the directed
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small world connection algorithm. The number of links between layers is controlled by
the connection probability. The specific construction process is as follows:

3.1. Three-Layer Directed Random Network (Tde) Construction Process

(1) Initialization: Define a single-layer directed network as CTa , CTﬂ , c? . The

probability of intra-layer connection is p, € (0,1), and the probability of inter-layer
Ve

connection is P,z € (0,1) and p,, € (0,1) the number of nodes is =n , the number

E.

of connections within the layer is = p, xnx(n—1), the same goes for the other

individual layers. The number of connected edges between layers is |Eus| = 20’ Py or

N 2
‘E/fy =2n"pg, .

(2) Directed edges within the layer: Randomly select S pairs of different vertex sets

{7, v} and {vy, v} as different vertex pairs, take a pair of vertices {v7,v, }, v/ as

the arc tail and v; as the arc head to form a directed edge. Repeat the above operation

for the randomly selected S pairs of different vertex sets to generate |F.| directed edges,

thus generating directed networkCTa , the construction algorithm of directed networks

Gp and (7}/ is also shown above.

(3) Directed edges between layers: Given the probability p,s € (0,1) and p,, € (0:1) of
connection edges between layers, limit the number of directed connections between

layers to |[Eus| =2n"p,s or |Ep|=2n"p,, , and then select one node in each of the

directed networks GT, and Gy to form a node pair, and specify the pair of nodes are
connected in a direction until the number of connected edges reaches the limit, and the

algorithm ends. In the same way, the connecting edges between directed networks Gp

and G, are also operated as above.

(4) Marked network: The three-layer directed random network obtained by the above
algorithm is marked as TDE, which is convenient to distinguish other types of three-
layer directed networks.

Through the above construction process, the time complexity of constructing the directed

network within the layer is O(n”), and the time complexity of the interlayer is O(n”),

so the time complexity of the three-layer directed network is O(nz) .
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3.2. Three-Layer Directed Scale-Free Network (Tdb) Construction Process

(1) Initialization: Define a single-layer directed network as CTa , CT;; ,a . Each time a

new node is added, m directed connections are added. The probability of inter-layer
connections and the number of inter-layer directed connections are the same as the three-
layer directed random network.

(2) Directed edges within the layer: Given the number n of vertices and the number m of
edges added each time a point is added, a one-way ring with 2 x m —1 vertex is first
constructed, add m edges at a time, randomly select m vertices in the original network to

connect edges by the roulette wheel selection, among them, m /2 directed edges take
v¢ as the arc tail, and m /2 directed edges take v as the arc head; If m is an odd
number, (m-1) /2 directed edges take v as the arc end, (m-1) /2 directed edges take
vy as the arc head, and the remaining edges that need to be added are randomly selected

to be v; as the arc head or arc end, until the network vertex scale reaches n. Thus

generating directed networkCTa , the construction algorithm of directed networks Gp

and G, is also shown above.

(3) The connecting edges between layers are the same as shown in the TDE (3) algorithm.
(4) Marked network: The three-layer directed scale-free network obtained by the above
algorithm is marked as TDB, which is convenint to distinguish other types of three-layer
directed networks.

Through the above construction process, the time complexity of constructing the directed

network within the layer is O(n”), and the time complexity of the interlayer is O(n”),

so the time complexity of the three-layer directed network is O(n?).

3.3. Three-Layer Directed Small World Network(Tdw) Construction Process

(1)Initialization: Define a single-layer directed network as GT, , CTp , a , probability of

reconnection is p, € (0,1), the probability of inter-layer connection and the number of

inter-layer directed connections are the same as the three-layer directed random network.
(2) Directed edges within the layer: Given the number of vertices n and the value k, first
construct a ring-shaped k-rule directed network with n vertices. Each vertex in the
network is connected to the k vertices on the right end, form a directed edge with this
point as the end of the arc. At the same time, according to the given reconnection

probability, the number of reconnections becomes p, x k x n . Traverse all the edges in

the network, randomly select o Xkxn directed edges, then randomly select the arc

heads or arc tails of these directed edges, and randomly select the remaining vertices in
the network to form new directed edges (the directed edges after reconnection cannot be
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double edges or self-loops). Thus generating directed network CTa , the construction

algorithm of directed networks Z}; and E}; is also shown above.

(3) The connecting edges between layers are the same as shown in the TDE (3) algorithm.
(4) Marked network: The three-layer directed small world network obtained by the above
algorithm is marked as TDW, which is convenient to distinguish other types of three-
layer directed networks.

Through the above construction process, the time complexity of constructing the directed

network within the layer is O(n), and the time complexity of the interlayer is O(n?),

so the time complexity of the three-layer directed network is O(n*).

4. Three-Layer Directed Network Characteristics Analysis

The number of nodes in each layer of the three-layer directed network is n = 500, the
total number of nodes is N=1500 . Table 1 introduces the definition of relevant
parameters for the construction of the three-layer directed network model.

Table 1. Three-layer directed network construction parameter definition.

Symbol Meaning

D, / m In-layer connection probability or increase the number of edges
Dap ( p/;y) Interlayer connection probability

<k,;" > a layer average in-degree

a layer average out-degree

()

(ki)

()

k) > v layer average in-degree
)
)
)

B layer average in-degree

B layer average out-degree

:
(o

-
<kout

4.1. Three-Layer Directed Network Degree Distribution

vy layer average out-degree
Average in-degree of three-layer directed network

Average out-degree of three-layer directed network

Degree distribution is one of the indicators to describe the network structure. Use P(k)
to describe the degree distribution of nodes in the network, and P(k) is defined as the
probability of a randomly selected node in the network with degree k, where
P(k)y=N} /N.N: total number of network nodes. N, : number of nodes of degree
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k. This paper analyzes the network topology characteristics based on the directed
network, so the global network degree distribution is divided into in-degree distribution

and out-degree distribution. The in-degree distribution P(k™) of a directed network is
defined as the probability of a randomly selected node in the network with an in-degree
of £, and the out-degree distribution P(k"") of a directed network is defined as the

probability of a randomly selected node in the network with an in-degree of k.

Due to the complex inter-layer connection mechanism of the multi-layer directed
network, different inter-layer connection probabilities will cause the multi-layer directed
network to show different degree distribution types. By controlling the hierarchical
connection probability, the degree distribution characteristics of the network are
explored, and the experimental design Determine two sets of different inter-layer
connection probabilities to explore the degree distribution behavior, which are the same
probability of connecting edges between control layers and different probability of
connecting edges between control layers.

4.1.1. The Probability of Directed Edges Between Layers is the Same.

The inter-layer connection probability is the same. Set two sets of experiments. One is
the parameter control whose sum of the intra-layer connection probability and the inter-
layer connection probability is 1, and the other is the degree distribution when the intra-
layer connection probability and the inter-layer connection probability are the same.

(DWhen p, + pus(pg) =1 and pos = pg, , p, € (0,1) and pus(pg ) €(0,1) , the

number of nodes in each layer of the three-layer directed network is n = 500, the total
number of nodes is N=1500. The out-degree distribution and in-degree distribution of
three three-layer networks are analyzed, and the experimental results are shown in table
2 and figure 1.

Table 2. Degree distribution of three kinds of three-layer directed networks.

Type Parameter Network TDE Network TDB Network TDW

p, /m 0.1 0.99 2 2 0.1 0.99
Poy(P,) 0.9 0.01 0.001 0.9 0.9 0.01

(k) 499.9 499.1 2.5 4524 452.1 7

(k) 499.86 4989 2.5 451.5 451.9 7

(k) 949.8 503.9 2.9 901.4 902 12

(k5" ) 949.99 504.1 3.0 902.5 902 12

(&) 499.95 499 2.5 452.1 4519 7

(k) 499.85 499 2.5 451.9 452.1 7

(k") 649.9 500.7 27 602 602 8.7

() 649.9 500.7 27 602 602 8.7

Degree distribution bimodal  unimodal | power law  bimodal bimodal unimodal
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Analyzing table 2 and figure 1, we can get that when p =0.99 and

Pap(pg,) = 0.01, for single-layer directed networks ¢, ,G, , G, , the average out-

degree and average in-degree values are not much different. At this time, the out-degree
distribution and in-degree distribution of the three-layer directed network TDE and the
three-layer directed network TDW all show unimodal characteristics, and the out-degree
distribution and in-degree distribution of the three-layer directed network TDB show
power-law characteristics. Because the value of the inter-layer connection probability
has a greater impact on the middle layer, when the value of p,;(ps, ) increases and
approaches 0.9, the average out-degree and average in-degree values of the single layer

Gy are larger than those of other layers There are many, so the superposition of the
values of < k) >and <k;" > (< k. > and < k;" >) forms a peak, and the value of

<kj > (<kj" >) forms another peak. Therefore, the out-degree distribution and in-

degree distribution of the network TDE and the network TDW have changed from a
unimodal characteristic to a bimodal characteristic, and the out-degree distribution and
in-degree distribution of the network TDB have also changed from a power law
distribution to a bimodal distribution.
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Figure 1. Degree distribution of three kinds of three-layer directed networks.

(2)When p; = p,s(pg,) and p, € (0,1) and pus(ps, ) € (0,1). In order to analyze

the network degree distribution characteristics more clearly, we will discuss the three
types of networks separately.
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1) Degree distribution of network TDE

When the inter-layer connection probability and the inter-layer connection
probability are the same, as the probability value increases, the degree distribution
behavior of the network is explored. When the connection probability is set to

D1 = Pap(Pp,) = 0.01,0.1,0.3,0.5,0.7 , the experimental results are shown in table 3 and

figure 2.
Table 3. Degree distribution of three-layer directed network TDE.
arameter
Puy i out i out in out i out Degree
B (p,,) <k” > <k" > <k/‘ > <kﬁ > <k'v > <]W > <k > <k > Distribution
Type

0.01 0.01 9.9 10 15 14.97 10 9.96 11.66 11.66 unimodal
Network 0.1 0.1 100 99.67 150 149.7 99.4 100.4 116.6 116.6 bimodal
TDE 0.3 0.3 299.8  299.6 449 450 300 299 349.7 349.7 bimodal
0.5 0.5 500 499 749.6 7494 4989 500 582.8 582.8 bimodal
0.7 0.7 699 699.6 1050 1049 699 699.6 81595 81595 bimodal

Observing table 3 and figure 2, we can get that when p, = pus(pg, ) = 0.01, the
average out-degree and average in-degree values of a single layer are basically the same,
so the out-degree distribution and in-degree distribution show unimodal characteristics.
The increase of p, and p,s(ps) makes the average out-degree and average in-degree
value of the network also increase. In this process, the average out-degree and average
in-degree value of the individual layers ¢, and ¢, are basically the same, and the
average out-degree and average in-degree value of the individual layer ¢, the average
in-degree value has increased significantly. Therefore, the out-degree distribution and
in-degree distribution of the network show bimodal characteristics, and the larger the

value of p,;(pg, ) , the larger the gap between the two peaks.

TE: py =0.01, pygy =0.01 T py = 0.01, Paggy =0.01 E: py =01, pagy =01 TE: py = 0.1 paggy =01
010y . o ot N '

e o ot degree | 000 . o indegree | 003 . o otdegre | g3 . .
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Figure 2. Degree distribution of three-layer directed network TDE.

2) Degree distribution of network TDB

The nodes of the network layer are connected by the optimal non-scale algorithm,
and the nodes between the layers are connected by the random connection algorithm.
The TDB network only considers the changes in the probability of the edges of the layers.
The experimental results are shown in table 4 and figure 3.

It can be seen from table 4 and figure 3 that when the inter-layer connection
probability approaches 0.001, the average out-degree and average in-degree values of
the directed networks 7, and (7, of the single layer are basically the same, and the

average out-of-degree values of the directed network ¢, in the single layer are basically

the same. The degree and average in-degree values are slightly larger than those of the
other two separate layers. At this time, the out- and in-degree distribution of the network
TDB presents a power-law distribution; When the inter-layer connection probability
approaches 0.01, the out-degree distribution and in-degree distribution of the network
TDB evolve from a power-law distribution to a unimodal characteristic; As the
probability of inter-layer connection increases, the average out-degree and average in-
degree values of the directed networks ¢, and é; and ¢, oftheindividual layers also

increase. During the increasing period, the average of the directed networks ¢, and ¢,

in the individual layers the out-degree and average in-degree values are always basically
the same. The average out-degree and in-degree values of the directed network ¢, ofa

single layer increase by a relatively large extent. Therefore, the out-degree distribution
and in-degree distribution of the network have evolved from a unimodal characteristic to

a bimodal characteristic, and the larger the value of p,;(p, ) , the larger the gap between
the double peaks.
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Table 4. Degree distribution of three-layer directed network TDB.

arameter
Pop < n ; n ; n ¢ out Degree
m e ku> <kou> <ku> <kou> <ku> <k()u> <km> <km> De ®
(Pﬁ,) ‘ ¢ . g . . Distribution
Type
0001 25 25 298 301 248 251 266 266  powerlaw
0.01 7.02 6.97 11.94 12.05 7.02 6.97 8.66 8.66 unimodal
Network
o |2 o1 5177 5222 1018 102 524 516 68.66 68.66  bimodal
0.3 151.8 1522 301.8 3022 1524 151.6 202 202 bimodal
0.5 2522  251.8 501.9 502 2519 252.1 335.33 33533 bimodal
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Figure 3. Degree distribution of three-layer directed network TDB.

3) Degree distribution of network TDW
Exploring the degree distribution of the three-layer directed network TDW, the value

range of p and p.s(pg,) is (0,1), and the experimental results are shown in table 5 and

figure 4.
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Table 5. Degree distribution characteristics of three-layer directed network TDW.
arameter
nol ) ) ) ) ) ) ) ) P
Type
00l o001 69 71 12 118 7 7 865 865  unimodal
0.1 0.1 51.8 522 1021 1019 52.09 52 68.65 68.65 bimodal
N;g"f;,rk 03 03 1519 1521 3017 3023 1524 1516 202 202 bimodal
0.5 0.5 2519 2521 502.7 501.2 2514 252.6 3353 3353 bimodal
09 09 4519 4521 9025 9015 451.6 4524 602 602  bimodal

Analyzing table 5 and figure 4, it can be seen that when the inter-layer connection
probability within a layer tends to 0.01, the network out-degree distribution and in-degree
distribution show a unimodal characteristic. The average out-degree and average in-
degree value increases with the inter-layer connection probability in the layer Increase
and increase. At this time, the network out-degree distribution and in-degree distribution
are bimodal, and because the difference between the average out-degree and the average

in-degree value is large, the distance between the two peaks is getting farther and farther.
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Figure 4. Degree distribution of three-layer directed network TDW.

4.1.2. Different Probability of Directed Connection Between Layers.

degree

(1) For the three-layer directed network TDB, when p,s + ps, #1,and m =2, p,s =

107, pg,=0.1,0.3,0.5,0.9 , the experimental results are shown in table 6 and figure 5.
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Table 6. Degree distribution characteristics of three-layer directed network TDB.

arameter
. in out in out in out in Lout Degree
Py, <k‘”> <k“ > <kﬁ> <kﬂ > <k’> <k7 > <k > <k > Distribution
Type
0.1 2.5 2.5 52.7 52.3 51.8 52.2 35.7 35.7
power law
Network 0.3 2.5 2.5 152.5 1525 152 152 102.3  102.3
TDB and
0.5 2.5 2.5 2529 2522 251.7 2523 169 169 .
unimodal
0.9 2.5 2.5 4522 4527 4522 4518 3025 3025
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Figure 5. Degree distribution of three-layer directed network TDB.

It can be seen from table 6 and figure 5 that the out-degree distribution and in-degree
distribution of the three-layer directed network TDB simultaneously show power law

and unimodal characteristics. Because p,; = 0.001, the value is very small, the average

out-degree and the average in-degree value of the single-layer directed network Ga is

relatively small. At this time, the out-degree distribution and in-degree distribution of the
network show power-law characteristics. However, the average out-degree and average

in-degree values of the directed networks Gy and G of the individual layers increase

with the increase of the inter-layer connection probability, and they are almost equal, so
they fall on the single peak on the right after the overlap.

(2) Discuss the case where the intra-layer connection probability and the inter-layer
connection probability are not the same in the three three-layer directed networks. The
intra-layer connection probability of the three-layer directed network TDE and the three-
layer directed network TDW is p, = 0.5 . The value range of connection probability
Pap(Pp,) is (0,1), and the sum of the intra-layer connection probability and the inter-
layer connection probability is 1. In the directed network TDB, m=2, the value of the
inter-layer connection probability is the same as the other two three-layer directed

network is the same. The experimental results are shown in table 7 and figure 6.
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Table 7. Degree distribution of three kinds of three-layer directed networks.

N. Zhang et al. / Construction of a Three-Layer Directed Network Model

Parameter Degree
in out in out in out in out
N () () ) ) () ) ) ) ien
0.1 0.9 299.4 299.6 749.4 749.6 699.6 699.4 582.8 582.8 trimodal
Network 0.3 0.7 399.7 399.3 749.2 749.8 599.7 599.4 582.8 582.8 trimodal
TDE 0.9 0.1 699.3 699.7 749.8 749.2 299.4 299.6 582.8 582.8 trimodal
0.5 0.5 499 500 749.4 749.6 500.1 498.9 582.8 582.8 bimodal
0.1 0.9 521 51.9 502 502 451.9 452.1 3353 3353 trimodal
Network 0.3 0.7 151.8 152 502 502 352 351.7 3353 3353 trimodal
TDB 0.9 0.1 451.8 4522 501.9 502 51.7 523 3353 3353 trimodal
0.5 0.5 251.9 2522 502 502 252 251.9 3353 3353 bimodal
0.1 0.9 522 51.8 502.1 501.9 451.7 4523 3353 3353 trimodal
Network 0.3 0.7 152.4 151.6 501.6 502.4 352 352 3353 3353 trimodal
TDW 0.9 0.1 451.9 452.1 501.9 502.1 51.7 522 3353 3353 trimodal
0.5 0.5 252 252 503 501 251 252 3353 3353 bimodal

From table 7 and figure 6, when the inter-layer connection probabilities are different

and the value range is (0,1) and p,z + Py = 1, the average out- degree and average in-

degree values of the directed networks Ga s Gp and G}' of the individual layers are

different. When the network's out-degree distribution and in-degree distribution show

trimodal characteristics, and when the inter-layer connection probability is p,;=0.3 and

Pp, = 0.7 the trimodal are more obvious. In particular, when p,; = p;,=0.5, the out-

degree distributions and in-degree distributions show bimodal characteristics.
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Figure 6. Degree distribution of three kinds of three-layer directed networks.

Through all the above experiments, it can be obtained that the intra-layer connection
probability of a single-layer directed network has little effect on the entire network, but
when the intra-layer connection probability is large and the inter-layer connection
probability is small, the out-degree distribution and in-degree distribution of the three-
layer directed network show unimodal characteristics; when the inter-layer connection
probability is the same and the value is large, the out-degree distribution and in-degree
distribution of the three-layer directed network show bimodal characteristics. At this
time, the average out-degree and average in-degree values of directed G. and E of
the individual layer are basically the same, which becomes one of the peaks in the degree
distribution graph, and the degree value of the individual layer CT[; becomes the other
peak in the degree distribution graph.; when the inter-layer connection probabilities are
not the same, the individual layer is directed The average out-degree and average in-
degree values of networks Cz , GTﬂ, and @ are different. At this time, the network
exhibits a three-peak characteristic; in a three-layer directed network TDW, when the
inter-layer connection probability is different and the value of p,s is very small, the
value of pp, gradually increases, and the out-degree distribution and in-degree

distribution of the network appear power law and unimodal co-occurrence.
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5. Conclusion

Based on three types of classic directed network construction algorithms, this paper uses
the inter-layer random connection mechanism to construct three three-layer directed
networks, and analyzes the degree distribution characteristics on the basis of the network
model. The conclusions are as follows: 1) When the inter-layer connection When the
probability is equal and the value is small, the out-degree distribution and in-degree
distribution show unimodal characteristics, and when the value is larger, the out-degree
distribution and in-degree distribution show bimodal characteristics. 2) When the inter-
layer connection probabilities are not equal, the out-degree distribution and in-degree
distribution of the network present the characteristics of three peaks, and when the
probability of inter-layer connection is small, the network TDB will have both power
law and unimodal coexistence. In the subsequent research, we will continue to improve
the algorithm, increase the complexity of the inter-layer connection algorithm, explore
the changes in the network structure, and derive the theoretical formula of the in-degree
distribution.
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