
A Double-Layer Network and the Contagion
Mechanism of China’s Financial Systemic Risk
Lin Zou1, Lijuan Xie1, Yuanjing Yang1

1Business School, Hunan University, Changsha 410082, China
Correspondence should be addressed to zoulin2800@126.com

Journal of Artificial Societies and Social Simulation 22(4) 9, 2019
Doi: 10.18564/jasss.4122 Url: http://jasss.soc.surrey.ac.uk/22/4/9.html

Received: 04-06-2018 Accepted: 06-09-2019 Published: 31-10-2019

Abstract: We studied the dynamic mechanism of systemic risk contagion in financial systems with a double-
layer network and analysed the factors influencing systemic risk. We used the maximum entropy method to
estimate interbank loan data and combined cross-shareholding data among financial institutions to construct
a double-layer network structure of China’s financial system, consisting of an interbank lending and a cross-
shareholding network. Through simulation, we analysed the nonlinear evolution of the risk contagion process.
Numerical results showed that contagious losses in the double-layer network are more than the sum of the
losses infecting the interbank lending network and the cross-shareholding network independently. Most of
the excess losses are caused by the interbank lending channel. However, if linkages in the cross-shareholding
channels are strengthened, excess losses tend to increase. Furthermore, we found that certain specific factors,
i.e., the loss rate of assets, the loss given default, total assets, interbank assets and interbank liabilities, have
a positive impact on the losses caused by the potential bankruptcy of an institution. We also found that the
number of bankruptcies could increase significantly with an increase in the asset loss rate and the loss given
default. Our findings suggest certain policy recommendations for managing systemic risk.
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Introduction

1.1 The financial system plays a very important role in the development of the whole economic system. Both pri-
mary and secondary financial markets have a significant impact on the real economy (Bond et al. 2012), while
certain critical events, such as the subprime crisis in 2008, the European sovereign debt crisis in 2010 and the
shock to Japan’s stock market and foreign exchange market triggered by the earthquake in 2011 can have neg-
ative systemic consequences. Note that also China’s financial system has been negatively a�ected by frequent
financial crises. For example, the Shanghai Composite Index fell more than 45%, from 5178.19 points to 2850.71
points, fromJune 12, 2015 toAugust 26, 2015. This implied that the totalmarket valueof theShanghai andShen-
zhen stock markets dropped by approximately 33 trillion yuan. During the “money shortage” experienced by
China’s banking industry in June 2013, the interbank rates increased drastically. The overnight interbank repo
rate reached a high of 30%, and the 7-day repo rate reached a high of 28%. Bank stocks became the object of
panicked selling. This means that another financial crisis is likely to happen, the only question is when (Wright
2016).

1.2 Since 2007, banks, investment banks, securities institutions and insurance institutions have all su�ered major
losses. The global financial industry lost approximately $50 trillion in 2008; in particular, fromOctober 2007 to
November 2008, the Dow Jones index fell 45%, and 25 American banks failed in that year. American Interna-
tional Group (AIG), one of the largest commercial and life insurers in the United States, lost $18.5 billion in three
quarters in 2008. There are complex business connections among financial institutions that might spread risk
among banks, securities, insurance and other markets as well as between di�erent regions and countries. This
implies that “good” financial institutions can be infected by “bad” ones so triggering an outbreak of global fi-
nancial systemic risk. The various interrelated channels of risk contagion are oneof the vital aspects of systemic
risk.
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1.3 Financial systemic risk is the risk that the failure of a participant tomeet its contractual obligationsmay in turn
cause other participants to default, with a chain reaction leading to broader financial di�iculties (BIS 1994).
Contagion is at the very core of systemic risk and refers to the mechanisms through which shocks propagate
from one element of the financial system to another and from the financial system to the real economy (Dijk-
man 2010). The domino e�ect caused by risk contagion, the cumulative e�ect produced when one event sets
o� a chain of similar events1 is the main reason for the ensuing of major losses in the financial system a�er an
outbreak of financial systemic risk. At the end of the 20th century, for example, through the foreign exchange
market, Thailand’s financial crisis quickly spread to other Asian countries, causing Asian currencies to depreci-
ate. As a result, the Asian financial crisis broke out in an all-round way, which brought great economic losses
to the real economy. Specifically, the per capita GDP of Indonesia, Thailand and South Korea shrank by 59%,
40%and 38.5%, respectively, compared to before the financial crisis. The root cause of the domino e�ect is the
risk exposure caused by business linkages between financial institutions. In China’s financial market, financial
institutions have a variety of businesses connections with each other, which are the financial risk contagious
channels. In the interbank market, financial institutions are linked through interbank lending, interbank de-
posits, buying securities and return sales, selling repo, foreign exchange transactions and other businesses; in
the securities market, financial institutions are linked through cross-shareholding, bond investment and other
businesses. This has increased the risk exposure of financial institutions. When one or more financial insti-
tutions su�er enough damage from external shocks to default, losses will spread along these links to other
financial institutions, which may cause a crisis in the financial system.

1.4 In the interbank lending market, when the financial institution A lends other financial institutions money, its
risk exposure increases. If one or more financial institutions that borrow money from A are subject to shocks
and their assets shrink so that theyareunable to repay the loans, thendefaultsoccurand lossesarepassedon to
the financial institutionA. Therefore, ifA is unable to repay the loans of its creditor institutions, the losses will
continue to be passed on along the interbank lending relationship. In this way, interbank lending is a channel
of risk contagion between financial institutions. In the stock market, the risk exposure of A increases due to
the hold shares in other financial institutions. If the assets of these financial institutions shrink, the value of
the shares held byAwill decline and the assets of financial institutionAwill shrink, with negative implications
on other financial institutions that hold A’s shares. These losses will spread simultaneously along the cross-
shareholding channel, which is also a risk contagious channel.

1.5 It is worth noting that in recent years, with the development of China’s financial markets, mixed operations
among financial institutionshave led to a variety of cross-business relations amongbanks, securities, insurance
and other financial institutions. This provides more channels for risk contagion among financial institutions.
When regulators monitor market risks, they are bound to measure the risks generated by each channel. This
raises a number of relevant questions: Will the financial systemic risk be underestimated if the risk of each
channel is measured independently? Will the risk of di�erent channels be infected by superposition, leading to
the nonlinear evolution of risks in financial system? When there is an outbreak of financial risks, which factors
are related to the exposure of financial institutions, and how do they a�ect losses due to risk contagion a�er
the systemic risk outbreak? Answering these questions is key to prevent and regulate systemic risks in financial
markets.

1.6 The aim of this paper is to tackle these questions. First, by gathering and analysing data on financial trans-
actions among the 500 institutions listed in “2016 Top Financial Enterprise in China”, published by NetEase
finance, and data from the Wind database2, we found that China’s banking assets account for more than 80%
of China’s total financial assets in recent years. This testifies to the fact that the Chinese financial system is
dominated by banks. The volume of interbank lending has increased annually since 2010 and reached more
than 800 trillion yuan in 2016. Therefore, interbank lending is clearly one of the most important businesses in
the interbank market. Furthermore, with the continuous development of the capital market in recent years,
China’s stock exchange is now increasingly active with stocks being very liquid investment vehicles. Financial
institutions hold each other’s shares more than in the past. A�er comparing the size and scope of the business
between the financial institutions based on the data of their financial statements, we found that the financial
institutions in China are mainly linked through interbank borrowing and cross-holding.

1.7 Using thesedata,we constructedadouble-layer network structure including the two risk contagion channels as
interbank lending and cross-shareholding. One layer network is an interbank business network with data from
financial institutions’ balance sheets. Another layer network is a cross-shareholding network with data from
financial institutions’ annual reports. This allows us to examine the dynamic mechanism of risk contagion in
the financial system and analyse the factors influencing the overall risk and the nonlinear evolution of financial
risk. Wemapped the contagion and evolution processes of risk by considering connections andwith a detailed
picture thanks todata in the annual reports of 162 financial institutions for 2016. Data included total assets, total
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liabilities, loans from banks and other financial institutions, lending to banks and other financial institutions,
interbank storage, interbank o�ers, and cross-shareholding data.

1.8 The main contributions of our study are twofold. First, previous research has ignored the impact of cross-
shareholding among financial institutions on China’s financial system, which may lead to the underestimation
of systemic risk. Here, we reconstructed not only an interbank lending network but also a cross-shareholding
network to simulate risk contagion in a double-layer network. Then, we compared the losses in the single-layer
network with those in the double-layer network. This allowed us to identify the nonlinear evolution mecha-
nism of risk contagion. (2) We run experiments on the process of systemic risk contagion initiated by bankrupt
institutions under di�erent circumstances (asset loss rate, loss given default, total assets, interbank assets and
interbank liabilities). This allowed us to examine the impact of a variety of factors on financial systemic risk.

1.9 The remainder of this article is organized as follows. Second 2 provides a literature review that specifies the
concept of financial system risk and its implications. Section 3 introduces the networkmodel and the processes
of risk contagion. Section 4 presents the double-layer network, while Section 5 presents the simulation and our
results. Finally, Section 6 provides a summary of the main findings and discusses their implications.

Related Literature

2.1 Defining financial systemic risk in a univocal and consensual way is di�icult (Martínez-Jaramillo et al. 2010).
Bartholomew & Whalen (1995), Bernanke (2009), and Bank for International Settlements (2011) defined finan-
cial systemic risk from the point of view of the extent and scope of the risk. Bank for International Settlements
(1994), Kaufman & Scott (2003), and Hart & Zingales (2009) described financial systemic risk from the point of
view of risk contagion. The Bank for International Settlements (Bank for International Settlements 1994) con-
sidered systemic risk as the risk that the failure of a participant to meet its contractual obligations may in turn
cause other participants to default with a chain reaction leading to broader financial di�iculties. Kaufman &
Scott (2003) defined systemic risk as the probability that a breakdown of individual or a certain component of
system results in a loss or collapse of the entire system, and the collapse of an overall system is derived from
the infectious e�ect of risk. Martínez-Jaramillo et al. (2010) argued that the definition of systemic risk should
feature two aspects: an initial random shock that a�ects one or more financial institutions and the contagious
e�ect caused by the initial shock. While studying how to avoid the possible financial crisis caused by “too big
to fail”, Hart & Zingales (2009) suggested that financial systemic risk refers to the risk that tail events such as
institutional collapse or market collapse in the financial system spread from one institution to multiple insti-
tutions and from one market to multiple markets, resulting in the continuous spread of losses in the financial
system and the impact on the real economy. Zigrand (2014) defined it as a type of riskwith a chain reaction that
includes the risk of external shocks and the internal risk of the system. Contagion risk is widely perceived as an
important element of banking crises and systemic risk (Duggar & Mitra 2009).

2.2 We argued that a network approach is needed to reflect the risk exposure among institutions and e�ectively
describe the process of risk contagion. This permits to treat the financial system as an interrelated network: if
one ormore institutions are subjected to an external shock and fail to operate normally, or even fail completely,
the losses may be spread within the network and gradually expand throughout the entire financial system.

2.3 Allen & Gale (2000) have been among the first in considering the banking system as a network, indicating that
the mechanism of risk contagion depends on the precise structure of the interbank market. Boss et al. (2004),
Baumet al. (2004), Martínez-Jaramillo et al. (2010), Xu et al. (2016), andBecher et al. (2008) found that interbank
debt networks tend to show a small-world property. Soramäki et al. (2007) and Cont et al. (2010) found that the
real world’s interbank business network is a scale-free network, the degree of which is subject to power-law
distribution. Montagna & Lux (2017) and González-Avella et al. (2016) adopted scale-free networks to describe
interbank networks and study risk contagion in these networks. On the other hand, other studies have used a
full network (Martínez-Jaramilloet al. 2010;Mistrulli 2011) andacore-peripherynetwork (in ’t Veld&vanLelyveld
2014; Elliott et al. 2014; Fricke & Lux 2015) to describe the business linkages among financial institutions.

2.4 Toourpurposes,wedonothave su�icientdata toprove that the financial systemofChinahasoneof the specific
structures typicallymentioned innetwork research, suchas scale-freeor small-world structures. It is interesting
to note here that Upper & Worms (2004) used a matrix form to represent bilateral credit relationships for the
German banking system and a balance sheet information to estimate it. They tested whether the breakdown
of a single bank can lead to contagion. The matrix form was a type of network model based on data in the
balance sheet. Note that data in the balance sheet can truly and directly reflect the risk exposure of financial
institutions and are easily available. Furthermore, the matrix approach is easy perform and does not need to
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makeanyassumptionsabout thenetwork structure. Upper (2011) argued that thematrix approach is veryuseful
for simulating risk contagion.

2.5 This led us to decide to use a matrix approach to build our interbank lending network among financial institu-
tions. Note that there is research using this approach to investigate financial risk contagion. For instance, Wells
(2005) followed Upper & Worms (2004) and estimated amatrix of bilateral exposures for all banks operating in
the United Kingdom. He considered two cases of risk contagion: the first was the likelihood of “domino e�ects”
while the other was the extent to which the failure of one bank could cause a wider weakening of the United
Kingdom banking system. Degryse et al. (2007) employed a matrix to depict the bilateral risk exposure among
Belgian banks and study the evolution of contagion risk in the Belgian banking system. Li et al. (2011) used a
matrix to build the interbank lending network among banks in China and constructed an index to compare and
analyse the di�erences in the influence of random shock and selective shock on the stability of the bank net-
work. Ji et al. (2014) improved the matrix approach propounded by Upper to overcome the limitations of the
randomgraph and static contagionmodel and carried out a dynamic simulation of external shock. Thismethod
canbeused to determine the important parameters needed for controlling the system risk of banks in the event
of a crisis.

2.6 However, in some countries, including China, lending data between financial institutions are not available. This
implies that it is impossible to calibrate the values of each element in the matrix empirically. In these cases, a
method called maximum entropy is applied to estimate such matrices (Elsinger et al. 2006; Andrecut 2016).
Jaynes (1957a,b) suggested that maximum entropy is a reasoning method that ensures that unconscious arbi-
trary assumptions are not introduced in themodel. Furthermore, themaximumentropymethod canbe consid-
ered an objective estimation of the two-sided exposurematrixmethod under the condition of a lack of relevant
information. In our cases, we could only obtain data on the total borrowing and total lending of each financial
institution and therefore used the maximum entropy method to estimate the lending data between every two
financial institutions.

2.7 According to the classification of the risk contagious channel, there are two approaches to the use of a network
model to describe risk contagion. The first considered a single channel, which is typically characterized by a
single-layer network (Nier et al. 2007; Gai & Kapadia 2010; Georg 2013; Sachs 2014; Sensoy & Tabak 2014; Betz
et al. 2016; Silva et al. 2016; Cheng et al. 2017). However, in real financial markets, there are various risk conta-
gious channels among financial institutions. If only one of them is considered, the expected systemic loss will
be underestimated (Poledna et al. 2015). The other approach considers a multichannel, which is typically pre-
sented in formsofmultilayer networks. Each layer representsone relationship, and these layers are interrelated
(Granell et al. 2013). Using data from the settlement market infrastructure, León et al. (2014) studied financial
institutionsâĂŹ transactions from three di�erent trading and registering individual networks that they combine
into a multilayer network. They found that a multilayer approach produced a connective structure consistent
withmost real-world networks, such as sparse, uneven and aggregated distributions. Poledna et al. (2015) built
a multilayer network model to examine the risk in Mexico’s banking industry. They showed that previous stud-
ies focused only on one contagion channel, thereby greatly underestimating the systemic risk. They noted that
the process of risk aggregation among the various layers is nonlinear. In a study on financial stability, Lang-
field et al. (2014) built an interbank risk network and interbank fund network based on the di�erent economic
functions of the British market. Bargigli et al. (2015) analysed the multiple networks of banks in Italy from the
perspective of contract type andmaturity, finding di�erent topological properties and persistence over time.

2.8 However, the use of a specific layer to represent the others can be a poor representation of the interlinkages in
the interbankmarket, sopotentiallybiasing theestimationof systemic risk. Li&Wen (2017) studieda three-layer
network corresponding to di�erent guarantee relations in China’s guaranteemarket and found that these three
single-layer networks have scale-free andhetero compatibility characteristics. However, note that Bargigli et al.
(2015), León et al. (2014) and Li & Wen (2017) only focussed on the multilayer network structure of the financial
systemanddidnotmeasure the contagious losses a�er systemic risks breakout. Poledna et al. (2015) and Lang-
field et al. (2014) investigated systemic risks in the banking industry without considering other type of financial
institutions. Ignoring the role of financial institutions, aside from banks, could underestimate systemic risks.
Constructing a double-layer network of two risk contagious channels, which includes banks, insurance, securi-
ties and other financial institutions, is key to capture the complexity of actors and connections. When the initial
shock occurs, we estimated the isolated single-layer risk contagious loss and double-layer contagious loss.
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Network Model

Interbank lending network

3.1 We assume that there are n nodes in the interbank lending network, with each node representing a financial
institution. If the interbank assets of institution i are expressed by IAi, the interbank liabilities are expressed
by ILi, and xij is the unpaid loans of bank j to bank i, then the interbank lending network can be expressed as
an n × nmatrixX :

X =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

x11 . . . x1j . . . x1n a1
⋮ ⋱ ⋮ ⋰ ⋮ ⋮

xi1 . . . xij . . . xin ai
⋮ ⋱ ⋮ ⋰ ⋮ ⋮

xn1 . . . xnj . . . xnn an
l1 . . . lj . . . ln

, (1)

where ai is the total interbank o�erings of the bank i, and ai = ∑j xij ⋅ lj is the interbank borrowings of bank j,
lj = ∑i xij . Banks do not publish interbank lending or borrowing data for each other. In otherwords, we cannot
obtain xij but can only obtain ai and lj . Therefore, we use ai and lj and the relative entropy method to obtain
xij .

3.2 First, standardize Equation 1. Let a′i =
IAi

∑i IAi
, and l′j =

ILj

∑j ILj
; then,

X =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

x∗11 . . . x∗1j . . . x∗1n a′1
⋮ ⋱ ⋮ ⋰ ⋮ ⋮

x∗i1 . . . x∗1j . . . x∗in a′i
⋮ ⋱ ⋮ ⋰ ⋮ ⋮

x∗n1 . . . x∗nj . . . x∗nn a′n
l′1 . . . l′j . . . l′n

(2)

3.3 Second, maximize the information entropy:

max
⎛

⎝
−∑

j

∑
i

x∗ij lnx⋆ij
⎞

⎠
(3)

s.t.
n

∑
j=1

x∗ij = a
′

i,
n

∑
i=1

x∗ij = l
′

j , ∑
j

∑
i

x∗ij = 1, x∗ij ≥ 0. (4)

to obtain
x∗ij = a

′

i × l
′

j . (5)

3.4 The network represented by matrixX∗ is a fully connected network, that is, every node in the network is con-
nected to other nodes as well as to itself (x∗ii > 0), which is contrary to the fact that a bank would never have
dealings with itself. Therefore, we set x∗ii = 0.

3.5 The structure of the real interbank network has the characteristics of local compactness (of the National Aca-
demics 2007; May et al. 2008). This means that the probability of interbank exposure among banks with high
total assets is greater than that among banks with low total assets. In reality, large banks o�en have lending
business with many banks, while small banks may only have some lending business with a few large banks.
For some periods, theremay be no business between small banks at all3. Then, assuming in themodel that the
probability of a lending relationship between banks is positively correlatedwith the size of the assets of the two
banks ensures that the interbank relationships between large banks are more closely related.

Pij = sup(Pab)
ZAi +ZAj

2ZAmax
, (6)

sup(Pab) is an exogenous control parameter that determines the total number of edges in the network. The
larger sup(Pab) is, the more edges exist in the network. ZAi is the size of bank i, andZAj is the size of bank j.
ZAmax is the maximum size of these banks.
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3.6 Assume that the generated network can be represented by an adjacency matrix q = [qij]n×n, in which qij is 0
or 1. When bank i is connected to bank j, qij = 1, and otherwise, qij = 0. Wemodify matrixX∗ based onmatrix
q. Assuming that the modified matrix is [Y ]n×n,

yij =

⎧⎪⎪
⎨
⎪⎪⎩

x∗ij if qij = 1

0 if qij = 0
. (7)

3.7 Obviously, Y does not satisfy the constraint condition (Equation 4), so we optimize the Y matrix byminimizing
the cross-entropy betweenX∗ and Y . The objective function and constraints are as follows:

min∑
i

∑
j

yij ln
yij

x∗ij
(8)

s.t.
n

∑
j=1

jij = a
′

i,
n

∑
i=1

= l′j , yij ≥ 0, yii = 0, (9)

If yij = 0, then ln
0

0
= 0. (10)

3.8 This problem can no longer be solved analytically and therefore requires numerical optimization. The RAS al-
gorithmprovides a computationally e�icientmethod to solve thisminimizationproblem (Bacharach 1965). The
algorithm starts by allocating an array Y withN2 elements and setting yij0x∗ij . The algorithm iterates the fol-
lowing equations:

yij(t + 1) =
yij(t)ai

∑
n
m=1 yim(t)

, i, j = 1, . . . , n, (11)

yij(t + 1) =
yij(t)li

∑
n
m=1 ymj(t + 1)

, j, i = 1, . . . , n, (12)

such that a complete iteration consists of two loops corresponding to the rowsandcolumnsofY . The algorithm
stopswhen theEuclideandistance η between twocomplete iterations is smaller thanaprescribed error 0 < δ ≪
1:

η =∣ ∣y(t + 1) − y(t)∣ ∣< δ. (13)

3.9 Obtain matrix Y :

Y =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

0 . . . y1j . . . y1n a∗1
⋮ ⋱ ⋮ ⋰ ⋮ ⋮

yi1 . . . 0 . . . yin a∗i
⋮ ⋱ ⋮ ⋰ ⋮ ⋮

yn1 . . . ynj . . . 0 a∗n
l∗1 . . . l∗j . . . l∗n

(14)

where
∑
i

yij = l
∗

j , ∑
j

yij = a
∗

i . (15)

The contagion of financial risk

The interbank business network

3.10 Total assets ZA in the balance sheet of a financial institution include interbank assets IA and external assets
EA, and total liabilities ZL include interbank liabilities IL and other liabilities EL. The owner’s equity of a
financial institution is expressed byE. Then,

ZA = IA +EA, ZL = IL +EL, E = ZA −ZL. (16)

3.11 For a single financial institution, when equityE < 0, it is bankrupt andwill default on its debts. When a financial
institution faces an external shock, a portion of its external assets will be lost. If the loss is∆EA, when∆EA >

E, the institution will go bankrupt and be liquidated. In the process of liquidation, institutions will recover
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their interbank assets and external assets first to service debts and then will repay their debts. Assuming that
financial institutions first repay other liabilities and then repay interbank liabilities, the loss of the institution is
(E +θ∗IL), where θ is the proportion of the interbank liabilities that cannot be repaid, which is called the loss
given default (0 ≤ θ ≤ 1).

3.12 In the process of risk contagion, only the losses caused by institutional bankruptcy will be transmitted through
the interbank business channel. When the failed institution cannot repay all of its interbank liabilities, it is
assumed that the institution treats all liabilities equally. The rate of repayment of j to i is as follows:

kij =
yij

l∗j
, kij ∈K, (17)

where matrixK is a proportion matrix of debt repayment. Therefore, the interbank assets that the failed insti-
tution can recover IA∗ are determined by the interbank liabilities that other financial institutions can repay.
The IA∗ of i is defined as follows:

IA∗

i =
n

∑
j=1

kijIL
∗

j . (18)

3.13 When financial institutions are driven into bankruptcy by the loss of interbank assets, it is called contagion
default and satisfies the following conditions:

E = IA + (EA −EL) − IL ≥ 0,E = IA∗
+ (EA −EL) − IL < 0. (19)

Cross-shareholding network

3.14 In the cross-shareholding channel, hij represents the proportion of shares of institution j held by institution
i. When institution j is subjected to an external impact resulting in a loss of its owner’s equity sj0, the loss of
institution j may be transmitted to institution i through the shares held by institution i. Here, the loss of i is
sij = s

∗

j0hij , sj0 ≤ E. As long as an institution has its owner’s equity losses, whether it is bankrupt or not, these
losses will be transmitted to its shareholders through the cross-shareholding channel, which is di�erent from
the interbank business channel.

Risk contagion channel of the double-layer network

Figure 1: Two channels for risk contagion in a double-layer network.

3.15 Figure 1 shows risk contagion in a double-layer network. A and B and B and C are directly linked through
the two risk contagion channels. The bankruptcy of A caused by an external shock will transmit losses to B
through both the interbank business and cross-shareholding channels. IfB goes bankrupt, the losses will also
be transmitted toC through these two channels. IfB does not go bankrupt, the losses will only be spread toC
through thecross-shareholding channel. However,while contagiondue to liquidityordefault hasan immediate
e�ect on the system, contagion due to cross-shareholding value loss may be delayed. Therefore, we assume
that the risk contagion of the cross-shareholding channel lags one period behind that of the interbank lending
channel.

3.16 We study the contagion process of risk in two di�erent situations: a normal market and a depressedmarket. In
a normal market, no bank loses its assets due to a depressed financial market environment. Let λ be the asset
loss rate, indicating the ratio of asset loss for the financial institutions in the system. Themarket is normalwhen
λ = 0, in which no institutions su�er asset losses caused by the common financial market environment. The
market is depressed when 1 ≥ λ > 0, and all institutions su�er shocks from the market environment and lose
their assets. In the market, all institutions lose S1 = λ ∗ ZA(0 ≤ λ ≤ 1). We start the risk contagion process
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with the bankruptcy of A due to external shocks, and its loss is SA = EA + θ ∗ ILA > EA at time t (Figure 2).
The loss of B through its link to A is S2

B = kBA ∗ θ ∗ ILA at time t + 1, and this loss is transmitted through
the interbank business channel (Figure 2). Because the risk contagion of the cross-shareholding channels has a
one-period lag,A does not transmit losses toB through cross-shareholding channels at this time. At time t+1,
if S1

B +S2
B > EB ,B goes bankrupt, and it passes losses through the interbank business channels to institution

C (Figure 3), so the loss of institutionC at time t + 2 is S2
C = yCB ∗ IAC − kcB ∗ IL∗B , where

IL∗B = IA∗

B +EAB − (S1
B + S2

B −EB) −ELB , (20)

If IL∗B < 0, then IL∗B = 0 (21)

3.17 If S1
B + S2

B ≤ EB at time t + 1, institutionB does not go bankrupt, but it will be infected byA’s bankruptcy at
time t through the cross-shareholding channel; then, the loss of B at time t + 2 is S3

B = EA ∗ hBA (Figure 3).
Similarly, because of the lag of risk contagion in the cross-shareholding channel,C is not a�ected by the loss of
B through the cross-shareholding channel at the same time. If S1

C + S2
C > EC ,C goes bankrupt and transmits

losses to its associated institutionD through the interbank channels. If S1
C +S

2
C ≤ EC andS1

B +S
2
B +S

3
B ≤ EB

at time t + 2,B will pass its loss toC through the cross-shareholding channel; then, the loss ofC at time t + 3
is S3

C = (S1
B + S2

B + S3
B) ∗ hCB . If S1

C + S2
C ≤ EC and S1

B + S2
B + S3

B > EB , then S3
C = EB ∗ hCB at time t + 3

(Figure 4).

Figure 2: A goes bankrupt due to external shocks at time t. The loss ofB transmitted byA at time t + 1.

Figure 3: The loss ofC at time t+2 ifB. The loss ofB at time t+2 ifB goes bankrupt at time t (on the le�) does
not go bankrupt at time t + 1 (on the right).

Figure 4: The loss ofC at time t+3 ifB andC do not go bankrupt at time t+2 (on the le�). The loss ofC at time
t + 3 ifB goes bankrupt butC does not at time t + 2 (on the right).

Double-Layer Network

4.1 We selected 500 financial institutions to build the double-layer network by referring to the list of “2016 Top
Financial Enterprise in China”, published by NetEase finance. However, due to the lack of data, some organiza-
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tions have been removed according to the following three principles. First, many of these 500 financial institu-
tions were not listed, and their annual reports were not disclosed; thus, we deleted 258 institutions. Second,
we could not access interbank liabilities data or interbank assets data for 31 of the 242 remaining institutions,
and thus, thesewere deleted. Finally, we removed 49 of the remaining institutions because they had neither in-
terbank asset data nor interbank liability data, they did not hold shares in any other institution and their shares
were not held by any other institution. In the end, we used 162 financial institutions to build China’s financial
system network (Figure 5).

4.2 To build the interbank business network and cross-shareholding network following the interbank assets, in-
terbank liabilities and cross-shareholding data of these financial institutions in their 2016 annual reports, we
adopted the method described in Sections 3.1-3.9. Securities companies engage in the lending business in the
financial market, which is very similar in essence to the interbank business. Therefore, we classified the fi-
nanced funds item of the securities companies as liabilities of the same industry and the incorporated funds
items in the balance sheet of the securities companies as interbank assets. Therefore, 138 of the 162 financial
institutions selected in this paper had interbank business links with their counterparts (see Appendix A). The
node number in the network represents the selected sample institutions sorted by node strength, from strong
to weak. The node strength here is the sum of the interbank assets and the interbank liabilities. The related
data are shown in Appendix A.

4.3 The steps for establishing a double-layer network are shown below (the pseudo-code for establishing an inter-
bank lending network matrix see Appendix B).

1. Initialization: setting the number of institutions participating in the interbank lending business n and
the number of institutions participating in the cross-shareholding business nn, and themaximum size of
banks sup(Pab);

2. Establishing a double-layer network matrix

(A) Establishing an interbank lending network matrix

a. Generate an adjacencymatrix. Build a randommatrixQ = [qij]n×n = sup(Pab)∗ rand(n,n). For
∀i, j, calculate pij = sup(Pab)

ZAi+ZAj

2ZAmax
. If qij ≤ pij , letmatrixij = 1, and otherwise,matrixij =

0. For all institution i, letmatrixij = 0;
b. For all institutions, calculate a′i = IAi

∑i IAi
. Then, build X∗ = [x∗ij]n×n with x

∗

ij = a′i × l
′

j . If
matrixij = 0, then x∗ij = 0. Let Y = [yij]n×n = X∗, and then, the RAS algorithm is used to find
the interbank lending matrix Y , which represents the interbank lending network;

(B) Establish a cross-shareholding networkmatrixH = [hij]nn×nn in whichhij is the share rate of finan-
cial institution j held by financial institutions i;

(C) Establish a double-layer network. Based on the interbank lendingmatrix and the cross-shareholding
matrix obtained by (A) and (B), we obtain the connection data between institution i and institution j
through the interbank lendingchannel and thecross-shareholdingchannel and thendrawadouble-
layer network using pajek.

4.4 To distinguish the interbank business network from the cross-shareholding network in Figure 5, the interbank
business network links are expressed in black, and the cross-shareholding network links are expressed in red.
In the interbank business network, the size of the nodes represents the scale of the total assets of the financial
institutions, and the thicknessof the links shows theamountof the interbankbusiness funds. It canbe seen that
in the interbank business network, a fewnodes havemore and thicker connections than other nodes. However,
most nodes have few and relatively thin connections with other nodes. The degree and strength of a few nodes
are both high, and this has a strong influence on the whole network, while the degree and strength of most
nodes is very low, and these nodes have very limited e�ects on the whole network. In the cross-shareholding
network, the size of the links is positively correlated with the size of the shareholding. It is worth noting that
in these two networks, the thicker the connection is, the darker the colour. For example, if the proportion of
shares held by institution i in institution j isSij , the equity that iholds in j is calculated bySij multiplied by the
equity of j. It can be seen that in the cross-shareholding network, there are fewer connections between nodes,
andmost are thinner, which shows that the correlation of each node in cross-shareholding is not as strong as it
is in the interbank business network.
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Figure 5: Double-layer network.

Analysis of Simulation and Results

Parameters and algorithm

5.1 The asset loss rate from each bankruptcy of the sample institution is calculated. Because the systemic risk
under study starts with the bankruptcy of a financial institution, we take theminimum value of these asset loss
rates, 0.04, as the upper limit. Therefore, in this paper, the range of the asset loss rate λ is limited to [0, 0.04].
In addition, the value of θ is [0, 1]. Si is the initial loss of institution i, which is the first bankrupt institution. In
addition, supPab = 0.8 and δ = 10−8 are given in this paper.

5.2 Si consists of twoparts, namely, the asset loss ratemultiplied by the total assets iof and the owner’s equity. SZ
is the total losses of the systemwhen the risk spreads in a double-layer network, which is the sum of the losses
of all institutions through the risk contagion process and the initial losses. However, SS indicates the losses
caused by risk contagion in the system. The di�erence betweenSZ andSS is thatSS does not include the loss
from the initial bankruptcy of the institution, that is, SS = SZ − Si. S(ty) represents the sum of the losses of
all institutions caused by risk contagion when the risk spreads in the interbank business channel only, while
S(jc) is the sum of the losses of all institutions caused by risk contagion when the risk spreads in the cross-
shareholding channel only. SC is named “excess losses” in this paper and equals the losses in the double-layer
networkminus the sumof the losses caused by risk contagion in the interbank business channel and the losses
caused by risk contagion in the cross-shareholding channel alone, namely, SC = SS −S(ty) −S(jc).N is the
number of institutions that fail due to risk contagion.

5.3 The algorithm for the loss of di�usion in an interbank lending channel independently, a cross-shareholding
channel independentlyandadouble-layer contagionchannela�eroneof the financial institutionsgoesbankrupt
with an initial shock are shown below (the pseudo-code is reported in Appendix C).

1. Initialize n, nn, T , θ, λ, a set of bankrupt institutionsA. Input Y ,H , the rate of repaymentmatrixK,ZA,
EA, IA,ZL, IL,EL andE;

2. When t = 1, institutions initially su�er shocks. Let one of the institutions i go bankrupt with its initial
loss Si,1 = Ei,1 + θ ∗ ILi,1. Let the set of bankrupt institutions be A1 = {i∣Ei,1 − Si,1 < 0}. Compute
the loss of the other institutions without bankruptcy Sj,1 = λ ∗ ZAj,1(0 ≤ λ ≤ 1). Update Ej,1 = Ej,1 −

Sj,1, ZAj,1 = ZAj,1 − Sj,1 and EAj,1 = EAj,1 − Sj,1. When losses transmit independently through the
cross-shareholding channel, to (6);When losses transmit throughboth the interbank lending channel and
cross-shareholding channel, to (9);

3. At t = 1, calculate the bankrupt institution i’s interbank assets IA∗

i,1 = ∑
n
l=1 kilILl,1 recovered from its

debtors l. Update ILl,1 = ILl,1−kilILl,1,ZAl,1 = ZAl,1−kilILl,1 andEAl,1 = EAl,1−kilILl,1. Calculate
the interbank liabilities IL∗i,1 = IA∗

i,1 + EAi,1 − (Si,1 − Ei,1) − ELi,1 that i can repay. If IL∗i,1 < 0, let
IL∗i,1 = 0. If j is thecreditorof institution i, that is, yji > 0, calculate the lossesSj,2 = yji∗IAj,1−kji∗IL

∗

i,1.
Let yji and yij in the Y be 0;
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4. t = t + 1. For all financial institutions, update Ej,t = Ej,t−1 − Sj,t, IAj,t = IAj,t−1 − Sj,t and ZAj,t =

ZAj,t−1 − Sj,t. If institution j has been infected by bankrupt institution i andEj,t < 0, j goes bankrupt.
Let j ∈ At = {j∣Ej,t < 0andEj,t−1 ≥ 0}. The set of all bankrupt institutions is At = At ∪At−1. If kjl > 0,
compute IA∗

j,t = ∑l kjlILl,t and update ILl,t = ILl,t − kjlILl,t, ZAl,t = ZAl,t − kjlILl,t and EAl,t =

EAl,t − kjlILl,t. Compute IL∗j,t = IA
∗

j,t + EAj,t − (Sj,t − Ej,t−1) − ELj,t. If IL∗j,t < 0, let IL∗j,t = 0. If
ymj > 0, compute the loss Sm,t+1 = ∑j(ymj ∗ IAm,1 − kmj ∗ IL

∗

j,t) of institution j’s creditorm. For all i,
let yij and yji in Y be 0;

5. To (4) until t > T or the total loss of all institutions is 0, that is, ∑nn
i=1 Si,t+1 = 0. Compute the total loss

SZ = ∑
T+1
t=1 ∑

nn
i=1 Si, t caused by the initial bankrupt financial institution i and the contagious loss SS1 =

SZ − Si,1. Count the number of bankrupt institutions inAt.

6. Since institution i goes bankrupt at t = 1, if hji > 0 the loss of its shareholders’ equity Sj,3 = Ei,1 ∗ hji
recorded at t = 3 due to the lag of loss transmitted in cross-shareholding channel for one period. Let the
ratio of cross-shareholding hij and hji be 0;

7. t = t + 1. For all financial institutions, update Ej,t = Ej,t−1 − Sj,t, EAj,t = EAj,t−1 − Sj,t and ZAj,t =

ZAj,t−1−Sj,t. If institution j hasbeen infected at t−1, there are two cases. One is thatEj,t < 0, and j goes
bankrupt. Let j ∈ At = {j∣Ej,tandEj,t−1 ≥ 0}. If hmj > 0, calculate the losses S1

m,t+2 = ∑j∈At
Ej,t−1 ∗

hmj of j’s shareholderm. The other is that Ej,t ≥ 0, and j will not go bankrupt. If hmj > 0, compute
S2
m,t+2 = ∑j∉At

Sj,t ∗ hmj . Therefore, the total loss ofm in the t + 2 period is Sm,t+2 = S
1
m,t+2 + S

2
m,t+2.

If j ∈ At, let the ratio of cross-shareholding hmj and hjm inH be 0. The set of all bankrupt institutions is
At = At ∪At−1;

8. To (7) until t > T or the total loss of all institutions both in the t and t+ 1 are 0, whichmeans∑nn
i=1 Si,t = 0

and∑nn
i=1 Si,t+1 = 0. Calculate the total loss SZ = ∑

T+2
t=1 ∑

nn
i=1 Si,t caused by the initial bankrupt financial

institution i and the contagious loss isSS2 = SZ −Si,1. Count the number of bankrupt institutions inAt.

9. At t = 1, calculate bankrupt institution i’s interbank assets IA∗

i,1 recovered from its debtors l. Update
ILl,1 = ILl,1 − kilILl,1, ZAl,1 = ZAl,1 − kilILl,1 and EAl,1 = EAl,1 − kilILl,1. Calculate interbank
liabilities IL∗i,1 that i can repay. If yji > 0, compute its creditor institution j’s lossS1

j,2 = yji ∗ IAj,1 −kji ∗

IL∗i,1, which is recorded at t = 2. If hji > 0, compute the loss S2
j,3 = Ei,1 ∗ hji of institution j hold shares

in i, which is recorded at t = 3. Compute Sj,2 = S
1
j,2. Let yji, yij in Y and the ratio of cross-shareholding

hij , hji inH be 0;

10. t = t+ 1. For all financial institutions, updateEj,t = Ej,t−1 −Sj,t, IAj,t = IAj,t−1 −S
1
j,t,EAj,t = IAj,t−1 −

S2
j,t and ZAj,t = ZAj,t−1 − Sj,t. If institution j goes bankrupt in the t − 1 period, there is no need to
calculate its loss in the cross-shareholding channel in t period even if institution j holds shares in some
bankrupt institutions, so let Sj,t = 0;

11. If institution j has been infected at t − 1 and Ej,t < 0, let j ∈ At. In the interbank lending channel, if
kjl > 0, compute IA∗

j,t = ∑l kjlILl,t. Update ILl,t = ILl,t − kilILl,t, ZAl,t = ZAl,t − kilILl,t and
EAl,t = EAl,t−kilILl,t. Compute IL∗j,t = IA

∗

j,t+EAj,t−(Sj,t−Ej,t−1)−ELj,t. If IL∗j,t < 0, let IL∗j,t = 0.
If ymj > 0, calculate S1

m,t+1 = ∑j∈At
(ymj ∗ IAm,1 − kmj ∗ IL

∗

j,t). In the cross-shareholding channel, if
hmj > 0, calculate S2

m,t+2 = ∑j∈At
Ej,t ∗ hmj and Sm,t+1 = S

1
m,t+1 + S

2
m,t+1. LetAt = At ∪At−1, ymj and

yjm in Y and hjm and hmj be 0. To (13);

12. If institution j has been infected t − 1 at and the institution j is not bankrupt at t − 1, that is, Sj,t > 0
andEj,t−1 > 0, j will only transmit losses tom with hmj > 0 through the cross-shareholding channel. If
hmj > 0, compute the loss Sm,t+2 = ∑j∉At

Sj,t ∗ hmj and Sm,t+1 = S
2
m,t+1;

13. To (10) until t > T or∑nn
i=1 Si,t = 0 and∑nn

i=1 Si,t+1 = 0. Calculate the total loss SZ = ∑
T+1
t=1 ∑

nn
i=1 S

2
i,T+2,

caused by the initial bankrupt financial institution i, the contagious loss SS = SZ − Si,1 and the excess
of loss SC = SS − SS1 − SS”. Count the number of bankrupt institutions inAt.
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Analysis of systemic risk

The influence of the asset loss rate and loss given default on the losses

5.4 Figures 6 and 7 show the losses from risk contagion separately in the interbank lending channel and cross-
shareholding channel, respectively, under di�erent asset loss rates and losses given default. In these two fig-
ures, we can see that the increase in loss given default θ will increase the contagious losses in the interbank
lending channel S(ty) but has very little e�ect on the contagious losses in the cross-shareholding channel
S(jc). However, the asset loss rate λ will not a�ect S(ty) but will have a positive correlation with S(jc). This
is because when the loss given default θ increases, the interbank liabilities that the first insolvent institution
cannot repay will also increase, while its lost equity will not change. However, the unrepayable interbank li-
abilities remain unchanged if the asset loss rate λ increases, but the equity of all institutions will be reduced,
which leads to greater bankruptcy risk andmore losses. We already know that the interbank liability losses are
transmitted through the interbank business channel, while the owner’s equity losses are transmitted through
the cross-shareholding channel. For this reason, the asset loss rate λ and loss given default θ have di�erent
impacts on the contagious losses in the interbank business channel. Figure 8 shows that both λ and θ have a
positive e�ect on SS. Obviously, our numerical results are consistent with those in Figure 6 and 7.

Figure 6: The influence of the asset loss rate and the loss given default on contagious losses in the interbank
lending channel.

Figure 7: The influence of the asset loss rate and the loss given default on contagious losses in the cross-
shareholding channel.
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Figure 8: The influence of the asset loss rate and the loss given default on contagious losses in the double-layer
network.

The influence of the asset loss rate and the loss given default on the number of failed institutions

5.5 The ability of financial institutions to withstand risks in di�erent market environments may vary. To under-
stand the impact of di�erent asset loss rates and losses given default on the ability of financial institutions to
withstand risks, we analysed the impact of the asset loss rate and the loss given default on the number of in-
solvencies under risk contagion in a double-layer network. Figure 9 shows that when λ increases, the number
of bankruptcies increases. This implies that the worse the market environment is, the greater the tendency for
institutions to become bankrupt. Similarly, we found that when θ increases, the number of bankruptcies also
increases (Figure 10). More precisely, the decrease in the volume of total assets and equity of financial institu-
tions is clearly associated with the increase in the asset loss rate, while a higher value of θ indicates that the
relevant institutions can recover fewer interbank assets and have less equity. Both of these factors can weaken
financial institutions’ ability to withstand risks andmake themmore vulnerable to bankruptcy.

Figure 9: The influence of the asset loss rate on the number of failed institutions.
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Figure 10: The influence of the loss given default on the number of failed institutions (λ = 0.03).

The influence of total assets, interbank assets and interbank liabilities on contagious losses

5.6 For each repetition, we randomly selected one financial institution from the 162 sample institutions and anal-
ysed the contagious losses when it goes bankrupt under di�erent initial conditions. A�er 10 repetitions, we
calculated the average of the contagious losses in 10 experiments, which are shown as the ordinates in Figures
11-13. Abscissas represent the changes in total assets, interbank assets and interbank liabilities.

5.7 Figure 11 shows that when the risk spreads in an interbank business network, there is a significantly positive
impact of the first bankrupt institution’s interbank liabilities onS(ty), that is, a higher interbank liability implies
more contagious losses in the interbank business channel. It can also be found that S(ty) is not a�ected by
total assets. The reason for this conclusion is that a change in the total assets of the institution does not change
the interbank business transactions, and thus, S(ty) is unchanged, whereas additional increases in interbank
liabilities add to the interbank liabilities that the failed bank cannot repay. It is worth noting that when the
initial bankrupt institution’s interbank assets increase, S(ty) will decrease slightly, but as the figure shows,
this is very slight compared to the impact of interbank liabilities onS(ty). Increases in the interbank assets that
the initial failed institution can recover from the debtor institutions are strongly associated with the expansion
of interbank assets, which allows the failed institution to repay more interbank liabilities; this is precisely the
reason for the reduction in S(ty).

5.8 However, when the first bankrupt institution’s interbank assets, interbank liabilities and total assets change,
the loss caused by risk transmission in the cross-shareholding channel is obviously di�erent from that caused
in the interbank lending channel. As shown in Figure 12, both the total assets and the interbank assets of the
first bankrupt institution have the same positive e�ect on S(jc). In contrast, the interbank liabilities of the
first bankrupt institution have a significant negative e�ect on S(jc). The reason is that an equal increase in
total assets and interbank assets leads the equity of the first failed institution to increase by the same amount,
which in turn leads to the samecontagious lossas that expressed inS(jc). However, greater interbank liabilities
mean that lower equity for the first failed institution leads to a decreased loss through S(jc).

5.9 Regarding contagious losses transmitted through the double-layer network under di�erent levels of total as-
sets, interbank assets and interbank liabilities, Figure 13 shows that they are positively correlated with total
assets, interbank assets and interbank liabilities of the initial institution. However, it is clear that the impact
of the first insolvent institution’s interbank liabilities on contagious losses is more significant, indicating that
interbank liabilities are the main factor a�ecting systemic risk and that the interbank business channel is the
main risk contagion channel of systemic risk, while the influence of the cross-shareholding channel on financial
systemic risk is relatively small.
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Figure 11: The influence of total assets, interbank assets and interbank liabilities on contagious losses in the
interbank business network.

Figure 12: The influence of total assets, interbank assets and interbank liabilities on contagious losses in the
cross-shareholding network.

Figure 13: The influence of total assets, interbank assets and interbank liabilities on contagious losses in the
double-layer network.
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Nonlinear evolution of risk

5.10 For the convenience of analysis, we only analysed losses in a scenario with λ = 0.03 and θ = 0.8. Figure 14
shows a comparison of SS, S(ty) and S(jc). When institution i goes bankrupt, SS is larger than the sum of
Si(ty) and Si(jc), namely, SS − Si(ty) − Si(cg) > 0, indicating that the infection and the evolution process
of risk are nonlinear: focusing only on a single risk contagion channel but ignoring the mutual enhancement
e�ect across two risk contagion channels will lead to an underestimation of systemic risk. This conclusion is
similar to the one reached by Poledna et al. (2015). However, we can claim that in the current stage of China’s
financial system, contagious losses of the interbank business channel account for a large portion of losses of
the entire financial system, while the contagious losses of the cross-shareholding channels and excess losses
are very small.

5.11 Indeed, the nonlinear evolutionary mechanism of risk is manifested by the mutual enhancement e�ect of the
losses propagated among multiple risk channels. There are two main reasons for the nonlinear evolution of
risk. On the one hand, when the financial institutions in the double-layer network have been exposed to the
risk of the interbank business channel, they will su�er equity losses. Then, this portion of their losses will be
transmitted to the cross-shareholding network and continue to spread through that network. Thus, the losses
caused by risk contagion in the cross-shareholding network can be enlarged. On the other hand, because of the
risk contagion of the cross-shareholding channel, some institutions that did not go bankrupt due to the inter-
bank business channel now go bankrupt. Thus, contagious losses are amplified by bankrupt institutions and
continuously transmitted through the interbank business channel. In other words, the mutual enhancement
e�ect of risk contagion among multiple channels is the cause of excess losses in the multilayer network and is
also the reason for the nonlinear evolution of risk in the multilayer network.

Figure 14: A comparison of contagious losses between a double-layer network and two single-layer networks
with λ = 0.03 and θ = 0.8.

5.12 At China’s present stage, the relatively scarce cross-shareholding links among financial institutionsmay be the
reason that the risk contagion of cross-shareholding channels has little impact on contagious losses. To verify
this hypothesis, we randomly selected 10 institutions and increased the connections among these institutions;
that is, we increased the links of the cross-shareholding network. The probability that a cross-shareholding
link exists between institutions is related to the assets of the two institutions. Assume that the scope of the
cross-shareholding ratio of newly added links is between 0.01 and 0.09. Through simulation, we find that with
the increase in the cross-shareholding ratio, the losses through the cross-shareholding channel increase signif-
icantly, as well as the contagious losses in the double-layer network and the excess losses (Figure 15). We fur-
ther compare the contagious losses in di�erent channels and the excess loss in the double-layer networkwith a
cross-shareholding ratio of 0.09 (Figure 16). Compared to Figure 14, we found that the proportion of excess loss
and cross-shareholding channel loss is significantly increased. Therefore, it is probable that if linkages between
financial institutions are increased and strengthened in the Chinese financial system, the nonlinear evolution-
ary e�ect of risk contagion will be enhanced, increasing its threat to the stability of the financial system.
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Figure 15: The impact of the cross-shareholding ratio on risk contagion.

Figure 16: A comparison of contagious losses between the double-layer network and two single-layer networks
with a cross-shareholding ratio of 0.09.

The influence of the asset loss rate and the loss given default on excess losses

5.13 Figure 17 compares the excess losses under di�erent asset loss rates and the losses given default. Results
showed that SC is positively related to the asset loss rate and the loss given default. As one would expect,
on the one hand, higher losses given default tend tomean that the first bankrupt institution cannot repaymore
of its interbank liabilities to the relevant institutions. In this way, the losses experienced by related institutions
increase, and theymay bemore likely to go bankrupt, causing an increase in S(ty). Because contagious losses
spreading throughout the interbank business channel account for a large portion of losses in the whole sys-
tem, even the e�ect of risk contagion in the interbank business channel on the one in the cross-shareholding
channel is enhanced. On the other hand, a higher asset loss rate tends to lower the equity of all institutions
and thereby their ability to withstand risk. Therefore, financial institutions aremore likely to go bankrupt. This,
in turn, leads to the increase in contagious losses in each single-layer network and strengthens the mutual en-
hancement e�ect.
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Figure 17: The influence of the asset loss rate and the loss given default on the excess losses.

The influence of total assets, interbank assets and interbank liabilities on excess losses

5.14 For increasing levels of total assets, interbank assets and interbank liabilities, Figure 18 shows that interbank
liabilities and interbank assets have di�erent e�ects on excess losses; that is, an increase in interbank liabilities
has an increasing e�ect onexcess losses, while interbankassets have adecreasing e�ect onexcess losses. In ad-
dition, we can easily find that total assets have no e�ect on excess losses. All these findings are consistent with
the e�ects of interbank liabilities, interbank assets and total assets on S(ty), as shown in Figure 11, indicating
that themutual enhancement e�ect between channels is mainly influenced by the interbank business channel
in China’s financial system. The interbank business channel is the main risk contagion channel a�ecting the
nonlinear evolution e�ect of financial risk.

Figure 18: The influence of total assets, interbank assets and interbank liabilities on excess losses.

Summary and Conclusion

6.1 In this paper, we built a double-layer network and investigated the contagion mechanism of China’s financial
systemic risk. By analysing thedata on transactions among financial institutions, we found twomain risk conta-
gion channels and sowedecided tomodel these two channels using a double-layer network. This newnetwork
model allowed us to understand interactions among various risk contagion channels more comprehensively
and accurately than what we could achieve by considering only a single-layer networkmodel. Our simulations
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compared the contagious losses in the double-layer network with those in the interbank lending network and
cross-shareholding network separately.

6.2 Our results indicated that the sum of contagious losses both in the interbank and in the cross-shareholding
network is smaller than that in the double-layer network. This means that there is a nonlinear evolutionary
e�ectof risk contagion. Secondly,we found that in thecaseofChina’s financial systemthemutual enhancement
e�ect of these two risk contagion channels could be not obvious in the current situation, while the interbank
lending channel is the main channel a�ecting the mutual enhancement e�ect. However, we expect that the
cross-shareholding channel will become an important channel for contagious loss if the linkages in the cross-
shareholding channel are strengthened in the future.

6.3 Our findings suggest China’s financial risk regulators to try to manage all risk contagious channels in an inte-
grated way. This would avoid underestimating these risks. Specifically, considering that the interbank lending
channel is a crucial channel that greatly a�ects themutual enhancement e�ect, we suggest regulators to focus
onmonitoring the risk of the interbank lending market.

6.4 Furthermore, with regard to the issue of influencing factors, we showed that the asset loss rate, loss given de-
fault, total assets, interbank assets and interbank liabilities might have a positive impact on contagious losses.
Mainly through the interbank business channel, we expect that the number of bankruptcies caused by risk con-
tagion could increase significantlywith the asset loss rate and loss given default. Note that comparedwith total
assets and interbank assets, interbank liabilities are the main factor a�ecting the losses through financial risk
contagion.

6.5 In this respect,we suggest regulators to strengthen theassessmentof interbank risk exposureandcontrol credit
risk to reduce default losses. During financial market depression, only e�ectivemeasures can avoid the further
deterioration of the market and decrease the asset loss rate of financial institutions. Second, to minimize the
losses caused by superimposed risk contagion, we suggest regulators to limit the size of financial institutions
as well as the interbank liabilities.

6.6 Finally, this study has certain limitations. Our findings are based on a double-layer network model describing
twomain risk contagion channels, i.e., interbank lending and cross-shareholding. Asmentioned in Section 3, in
China’s financialmarket, other network structures between financial institutions besides the two considered in
ourmodel might have an e�ect on these risks. This makes the relationship between institutionsmore complex
and risk contagion channels more diversified. It is probable that by considering only interbank lending and
cross-shareholding channels,wehaveunderestimated thepossible sourcesof systemic risk. On theother hand,
the factors related to these risk contagion channels may also be the same ones a�ecting systemic risk. To fill
this gap, in future work, we will establish a multi-level network to reflect the characteristics of risk contagion
channels in China’s financial market in more detail.
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Appendix A

Table 1: Sample financial institutions and related data (Unit: ten thou-
sand)

Order
Num-
ber

Name Total Assets Total Liabilities Interbank Assets Interbank Liabilities

1 Industrial and Commercial
Bank of China

2413726500.00 2215610200.00 79747300.00 201679900.00

2 Bank of China 1814888900.00 1666179700.00 116486800.00 160694400.00
3 China construction bank 2096370500.00 1937405100.00 75528800.00 193554100.00
4 Agricultural Bank 1957006100.00 1824847000.00 120361400.00 145806500.00
5 Bank of Communications 840316600.00 777075900.00 64774400.00 160825400.00
6 Industrial Bank 608589500.00 573148500.00 7305700.00 185101200.00
7 Pufa Bank 585726300.00 548432900.00 35311500.00 143909500.00
8 Minsheng Bank 589587700.00 554385000.00 37129100.00 140801900.00
9 China Citic Bank 593105000.00 554655400.00 37584900.00 106516900.00
10 China Merchants Bank 594231100.00 553894900.00 58196300.00 80448300.00
11 Everbright Bank 402004200.00 376897400.00 35893500.00 92585500.00
12 China Import and Export

Bank
333434983.60 302014438.20 34434217.92 47181637.62

13 Ping An Bank 295343400.00 275126300.00 26433200.00 44493700.00
14 Postal savings bank 826562200.00 791873400.00 36906300.00 29584500.00
15 Bank of Beijing 211633900.00 197256000.00 28331500.00 38087900.00
16 China Guangfa Bank 204759172.00 194161764.70 5029891.00 52317679.30
17 Zhejiang Merchants Bank 135485451.90 128737914.10 9844212.90 39410882.10
18 Huaxia Bank 235623500.00 220326200.00 14964800.00 29826300.00
19 Bank of Shanghai 175537110.20 163915248.80 11567064.00 33138661.40
20 Bank of Jiangsu 159829244.60 151408548.00 8624782.20 34729385.10
21 Shengjing Bank 90548264.70 85910802.10 11192790.00 18231943.10
22 Chongqing Rural Commer-

cial Bank
80315773.20 74896789.50 14715415.60 12503801.90

23 Bohai Bank 85611967.80 81465631.10 663251.20 18745145.50
24 Chengdu Rural Commercial

Bank
67314945.30 63690749.90 9703564.40 8887838.00

25 Bank of Tianjin 65731010.70 61555532.70 3989798.60 13788332.00
26 Beijing Rural Commercial

Bank
72416915.90 68418463.80 14470297.40 2731893.50

27 Huarong Asset Manage-
ment

141196929.70 126188829.70 15923223.10 1124104.10

28 Bank of Jinzhou 53905952.20 49616521.00 867363.30 13489497.40
29 XinDa asset management 117448092.30 102651090.20 10207884.80 3688597.30
30 Huishang Bank 75477399.40 70159067.60 3028031.80 9856838.70
31 Harbin Bank 53901622.10 50168118.70 3400006.40 9289576.70
32 Baoshang Bank 43158252.00 40178253.50 3409369.10 8580959.40
33 EVERGROWING BANK 120851942.63 114517631.71 533888.62 11440438.76
34 Bank of ChongQing 37310373.40 34929182.20 5570635.20 6035078.50
35 Bank of Guangzhou 44450724.02 42283534.31 167418.41 10285369.46
36 Bank of Ningbo 88502041.10 83463429.80 2373044.30 7941689.80
37 CITIC Securities 59743883.92 45165016.95 6502119.33 1955000.00
38 Shanghai Rural Commer-

cial Bank
71088055.80 66318689.30 4350148.50 3996277.50

39 Xiamen International Bank 56352707.06 52353657.14 1868447.59 6372503.38
40 Bank of Quanzhou 9055009.03 8533243.09 6757036.69 1395155.32
41 Bank of DaLian 30556778.00 28254280.90 1320366.50 6789987.80
42 Guotai Junan Securities 41174904.17 30099731.99 6889278.54 470000.00
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Order
Num-
ber

Name Total Assets Total Liabilities Interbank Assets Interbank Liabilities

43 Haitong Securities 56086584.62 43890744.48 6391876.79 880946.17
44 Guangzhou Rural Commer-

cial Bank
66095111.50 62311141.20 3676169.40 3537925.30

45 Guangfa Securities 35980135.34 27844801.75 5900129.50 1060639.48
46 Huatai Securities 40145039.76 31579020.11 5660510.39 665000.00
47 BMW Automotive Finance

(China)
8671889.45 7946311.80 100000.00 5964900.00

48 Bank of Hangzhou 72042417.60 68186248.10 3520515.80 2451157.20
49 Bank of Qingdao 27798810.60 26035213.30 704103.70 5194383.90
50 Shenwan Hongyuan Group 27548926.26 22141602.17 5586907.59 300000.00
51 Bank of Zhengzhou 36614797.20 34428659.70 1317314.30 4491386.40
52 China Merchants Securities 24305842.75 18314338.88 5335153.78 150000.00
53 Bank of Longjiang 24436174.60 23030032.40 182068.80 5215222.80
54 Mizuho China 10849666.26 9518993.30 3198987.28 1999489.87
55 Bank of Qinghai 10828610.20 10211111.87 2858328.69 2232893.74
56 Bank of Chengdu 36094675.70 33896299.40 4227367.20 700987.30
57 Jiangnan agricultural firm 27456194.54 25909219.67 1096287.64 3579085.38
58 Everbright Securities 17763725.87 12900059.58 3742774.39 910756.00
59 Bank of Hebei 19147129.70 17774815.10 3773380.80 768823.10
60 Guoxin Securities 19302946.43 14458480.57 4015445.43 450000.00
61 Panzhihua Commercial

Bank
7853893.30 7328444.37 962490.55 3323944.92

62 Dongguan agricultural firm 34768782.00 32326351.00 479396.00 3789377.00
63 Micro public bank 5199549.17 4529180.41 361677.25 3738727.24
64 Jiutai Rural Commercial

BanK
31042711.90 29245636.30 1354705.20 2257620.20

65 Zhejiang Wenling Agricul-
tural and Commercial Bank

3260794.17 2848120.88 282644.00 3177300.05

66 Leshan Commercial Bank 10330110.30 9720905.90 1502189.20 1843361.80
67 Nanyue bank 20385970.80 19066114.40 565755.00 2569833.00
68 National Development

Bank
14340500.00 13177780.00 849516.00 2277884.00

69 Essence Securities 11660772.27 9504650.27 2343678.88 710000.00
70 BanK Of Guiyang 37225319.40 35025348.60 558556.40 2269359.90
71 Bank of Xi’an 21796804.74 20199625.74 1873751.03 951041.64
72 Shaanxi Agricultural and

Commercial Bank of Qin-
nong

11480167.61 10359209.37 231462.31 2566863.66

73 Ningxia Yellow River Agri-
cultural and Commercial
Bank

5317049.09 4837868.97 970735.22 1731825.58

74 Shenzhen Rural Commer-
cial Bank

23605360.09 21466819.47 1683834.81 924094.00

75 Yaodu agricultural firm 7802192.56 7219404.64 543102.36 2063400.00
76 Lucheng Agricultural

and Commercial Bank,
Wenzhou, Zhejiang

3855320.80 3539799.49 244820.28 2266886.43

77 Bank of Jincheng 8678338.77 8134847.77 551863.18 1946312.43
78 Tai’an Commercial Bank 6300478.03 6004050.65 624021.41 1626954.39
79 Fubon Bank 6815410.76 6286826.28 1386089.42 857387.83
80 Huarun Bank of Zhuhai 137209277.48 12762328.70 546982.95 1625928.54
81 Bank of Luoyang 18300287.50 16904813.00 492797.50 1593126.70
82 fudian bank 19845299.90 18401396.10 398256.70 1632409.30
83 Bank of Fuxin 14864608.56 13895617.85 566953.42 1450537.25
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Order
Num-
ber

Name Total Assets Total Liabilities Interbank Assets Interbank Liabilities

84 Chongqing Three Gorges
bank

18150354.06 16924100.72 544935.55 1469763.88

85 Jiangsu Zijin Agricultural
and Commercial Company

13380276.86 12448868.27 1173844.83 834120.34

86 Bank of Hubei 18661016.54 17473170.40 873403.05 1084749.89
87 Bank of Dandong 7237375.31 6721052.45 684219.69 1238380.69
88 Bank of Dongguan 23208811.17 21549541.93 523045.08 1353552.65
89 Xiamen agricultural firm 11314621.73 10522688.31 1306399.16 482418.81
90 Chery Huiyin Automotive

Finance
2250015.83 1980615.81 32911.12 1697720.46

91 Bank of Jiujiang 22526255.30 21166424.20 390845.20 1266899.00
92 industrial securities 13653482.47 10223677.40 1552148.19 100000.00
93 Orient Securities 21241108.74 17147326.20 1065158.56 510000.00
94 Huarong Xiangjiang bank 26018564.10 24574044.60 644206.90 913343.70
95 Foshan agricultural firm 7571137.90 7034833.25 616615.39 928867.23
96 Bank of Handan 14620374.39 13841032.94 673232.93 795027.92
97 Bank of Wuhai 4450342.40 4085539.93 408168.35 1049496.70
98 Bank of Qinhuangdao 5074671.26 4823274.66 1168174.71 232084.69
99 Bank of Chengde 9294725.49 8840552.82 564170.02 780263.25
100 Shanghai Huarui bank 3098349.97 2784587.08 462378.66 803191.67
101 Nanhai agricultural firm 15689920.34 14405850.48 376400.00 852066.33
102 Zhongshan agricultural

firm
8671380.60 8037691.77 857647.62 358001.01

103 Bank of Urumqi 13068374.56 11903662.32 108355.54 1094910.25
104 Pangu China 1560791.48 1104425.16 860393.24 279167.17
105 Dongxing Securities 7263341.52 5427833.92 957590.26 155000.00
106 Yantai Bank 7017123.10 6508934.90 476298.70 628044.50
107 Guangdong Huaxing bank 12286773.65 11668752.50 174435.28 824979.24
108 Guizhou Huaxi Agricultural

and Commercial Bank
2063590.64 1957083.81 306233.91 643262.68

109 Bank of Yingkou 12682922.26 11625191.14 337025.47 609222.14
110 Shanxi Securities 4805767.81 3502776.88 538000.46 300000.00
111 Bozhou Pharmaceutical

Capital Agricultural and
Commercial Company

4186392.63 3932977.65 55789.30 776615.22

112 Haian Agricultural and
Commercial Bank of
Jiangsu Province

5081657.79 4684952.40 626187.23 176660.70

113 Northeast Securities 7515701.34 5855649.63 771223.90 9000.00
114 Wuxi Rural Commercial

Bank
12463266.60 11575995.90 545584.30 150691.90

115 China International Capital
Corporation

10194849.13 8345173.31 304517.74 352851.65

116 Wujiang agricultural firm 8134835.50 7346957.00 597412.00 51857.20
117 Bank of Tibet 4849848.37 4275838.82 484695.74 115117.16
118 Bank of Ganzhou 10682295.38 10042063.54 195491.92 372100.35
119 Bank of Shizuishan 5120098.19 4692963.25 91071.61 431892.67
120 Zhangjiagang agricultural

firm
9017817.94 8272937.15 404584.16 112317.91

121 Wenzhou Longwan Agricul-
tural and Commercial Bank

3196603.51 2905417.65 155647.68 346992.03

122 Straits Bank of Fujian 15460926.54 1468568.76 339141.26 137598.61
123 Taicang agricultural firm 3627716.89 3350067.16 370500.79 97219.96
124 Kunshan agricultural firm 8214890.54 7741308.77 337397.09 110159.09
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Order
Num-
ber

Name Total Assets Total Liabilities Interbank Assets Interbank Liabilities

125 Anhui Tongcheng Agricul-
tural and Commercial Bank

2582256.78 2379880.60 316495.33 111367.70

126 Capital Securities 1921150.95 1552151.09 344545.14 75000.00
127 Bank of Jining 5697829.35 529557.70 59471.76 323363.74
128 HanKou Bank 21166654.00 19480163.50 242398.40 101606.60
129 Zhejiang Deqing Agricul-

tural and Commercial
Bank

2874244.62 2587872.76 140527.37 185146.80

130 Chaoyang bank 6441635.26 6019399.73 29888.23 232557.44
131 Bank of Huludao 5921342.83 5375988.02 6931.20 241847.69
132 Qinghai Xining Agricultural

and Commercial Bank
2273428.43 2028522.03 101107.50 96036.17

133 Ningxiang Agricultural and
Commercial Bank of Hunan
Province

2638704.49 2469752.16 176090.30 5393.06

134 Chizhou Jiuhua Agricul-
tural Commercial Bank

1580430.27 1454964.76 73211.71 75000.00

135 Pro bank 7400831.66 6779981.42 56150.78 83779.08
136 Sheyang Agricultural

and Commercial Bank of
Jiangsu Province

2764060.09 2575027.76 97984.65 20000.00

137 Quzhou Kecheng Agri-
cultural and Commercial
Bank

1557360.27 1467009.50 75669.85 35522.19

138 Bank of Zaozhuang 2022498.49 1438116.55 6911.21 100997.93
139 PeopleâĂŹs Life Insurance

Company of China
269695100.00 238930300.00 0.00 0.00

140 Ping An Life Insurance 185861785.09 55916769.16 0.00 0.00
141 Anbang Life Insurance 145256063.56 136999471.57 0.00 0.00
142 CCB Trust 130619640.08 805690.21 0.00 0.00
143 People’s Insurance Com-

pany of China
93214900.00 76115500.00 0.00 0.00

144 China Industrial Interna-
tional Trust

92201673.37 365685.93 0.00 0.00

145 China Pacific Insurance 85160713.20 78479856.10 0.00 0.00
146 An-Bang Property Insur-

ance
79545201.95 71213143.44 0.00 0.00

147 Xinhua Life Insurance 69918100.00 64005600.00 0.00 0.00
148 Sino Life Insurance 45589681.63 42364849.41 0.00 0.00
149 Huaxia Life 39146328.29 37366750.49 0.00 0.00
150 PICC LIFE 37551291.31 34244962.36 0.00 0.00
151 Taiping Life Insurance 35706295.65 32726206.03 0.00 0.00
152 Tianan Property and Casu-

alty
30258440.02 27056504.37 0.00 0.00

153 China Galaxy Securities 24588052.10 18752662.13 0.00 0.00
154 Founder Securities 15233873.02 11614188.58 0.00 0.00
155 Ping An Trust 13033111.38 8164965.74 0.00 0.00
156 Tianan Life Insurance 10131598.00 8832906.00 0.00 0.00
157 Soochow Securities 8947670.17 6898748.28 0.00 0.00
158 Jiangsu Qidong Agricul-

tural and Commercial
Bank

4422465.87 4187792.67 0.00 0.00

159 Pacific Securities 4036469.71 2777043.64 0.00 0.00
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Order
Num-
ber

Name Total Assets Total Liabilities Interbank Assets Interbank Liabilities

160 Chongqing International
Trust

2596294.70 729961.62 0.00 0.00

161 Xiangcai securities 2542707.25 1950453.01 0.00 0.00
162 Anxin trust 1912569.51 540752.85 0.00 0.00

Appendix B

Require: n, sup(Pab),ZA, IA, IL
Ensure: Y
1: for i = 1 ∶ n; j = 1 ∶ n do
2: Pij = sup(Pab)

ZAi+ZAj

2ZAmax

3: p = sup(Pab) ∗ rand(n,n)
4: if pij > Pij or i = j then
5: matrixij = 0
6: else
7: matrixij = 1
8: end if
9: end for
10: for i = 1 ∶ n; j = 1 ∶ n do
11: a′i =

IAi

∑i IAi

12: l′j =
ILj

∑j ILj

13: x∗ij = a
′

i × l
′

j

14: ifmatrixij = 0 then
15: x∗ij = 0
16: end if
17: X∗ = [x∗ij]n×n
18: end for
19: Y =X∗

20: Y ← RAS

Appendix C

1. When losses transmit singly through the interbank lending channel

2. When losses transmit singly through the cross-shareholding channel

3. When losses transmit through both the interbank lending channel and cross-shareholding channel

Require: n, nn, T , θ, λ,ZA, IA, IL,EA,E, Y = [yij]n×n,K = [kil]n×n,H = [[hij]nn×nn
Ensure: SZ, SS1, SS2, SS,At

1: for t = 1 ∶ T do
2: if t = 1 then
3: i = rand(1, n), i ∈ A1

4: Si,1 = Ei,1 + θ ∗ ILi,1

5: for j = 1 ∶ n do
6: if j ≠ i then
7: Sj,1 = λ ∗ZAj,1

8: Ej,1 = Ej,1 − Sj,1

9: ZAj,1 = ZAj,1 − Sj,1

10: EAj,1 = EAj,1 − Sj,1

11: end if
12: end for
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13: if (2) then
14: to (72)
15: end if
16: if (3) then
17: to (102)
18: end if
19: for l = 1 ∶ n do
20: if yil > 0 then
21: IA∗

i,1 = ∑l kilILl,1

22: ILl,1 = ILl,1 − kilILl,1

23: ZAl,1 = ZAl,1 − kilILl,1

24: EAl,1 = EAl,1 − kilILl,1

25: yil = 0
26: end if
27: end for
28: IL∗i,1 = IA

∗

i,1 +EAi,1 − (Si,1 −Ei,1) −ELi,1

29: if IL∗i,1 < 0 then
30: IL∗i,1 = 0
31: end if
32: for j = 1 ∶ n do
33: if yji > 0 then
34: Sj,2 = yji ∗ IAj,1 − kji ∗ IL

∗

i,1

35: yji = 0
36: end if
37: end for
38: end if
39: for j = 1 ∶ n do
40: Ej,t = Ej,t−1 − Sj,t

41: IAj,t = IAj,t−1 − Sj,t

42: ZAj,t = ZAj,t−1 − Sj,t

43: if Ej,t < 0 then
44: J ∈ At

45: end if
46: for l = 1 ∶ n do
47: if yjl > 0 then
48: IA∗

j,t = ∑l kjlIL
∗

l,t

49: yjl = 0
50: ILl,t = ILl,t − kjlILl,t

51: ZAl,t = ZAl,t − kjlILl,t

52: EAl,t = EAl,t − kjlILl,t

53: end if
54: end for
55: IL∗j,t = IA

∗

j,t +EAj,t − (Sj,t −Ej,t−1) −ELj,t

56: if IL∗j,t < 0 then
57: IL∗j,t = 0
58: end if
59: form = 1 ∶ n do
60: if ymj > 0 then
61: Sm,t+1 = ∑j∈At

(ymj ∗ IAm,1 − kmj ∗ IL
∗

j,t)

62: ymj = 0
63: end if
64: end for
65: end for
66: if∑n

i=1 Si,t = 0 then
67: to (72)
68: end if
69: end for
70: SZ = ∑

T+1
t=1 ∑

n
i=1 Si,t
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71: SS1 = SZ − Si,1

72: for j = 1 ∶ nn do
73: if hji > 0 then
74: Sj,3 = Ei,1 ∗ hj,i
75: hji = 0
76: hij = 0
77: end if
78: end for
79: for j = 1 ∶ nn do
80: Ej,t = Ej,t−1 − Sj,t

81: EAj,t = EAj,t−1 − Sj,t

82: ZAj,t = ZAj,t−1 − Sj,t

83: form = 1 ∶ nn do
84: if Ej,t < 0 then
85: j ∈ At

86: end if
87: if hmj > 0 then
88: S1

m,t+2 = ∑j∈At
Ej,t−1 ∗ hmj

89: hmj = 0
90: hjm = 0
91: else if hmj > 0 then
92: S2

m,t+2 = ∑j∉At
Sj,t ∗ hmj

93: end if
94: Sm,t+2 = S

1
m,t+2 + S

2
m,t+2

95: end for
96: if∑nn

i=1 Si,t = 0 and∑nn
i=1 Si,t+1 = 0 then

97: to (100)
98: end if
99: end for
100: SZ = ∑

T+2
t=1 ∑

nn
i=1 Si,t

101: SS2 = SZ − Si,1

102: for l = 1 ∶ nn do
103: if yil > 0 then
104: IA∗

i,t = ∑l kilIL
∗

l,t

105: yil = 0
106: ILl,1 = ILl,1 − kilILl,1

107: ZAl,1 = ZAl,1 − kilILl,1

108: EAl,1 = EAl,1 − kilILl,1

109: end if
110: end for
111: IL∗i,1 = IA

∗

i,1 +EAi,1 − (Si,1 −Ei,1) −ELi,1

112: if IL∗i,1 < 0 then
113: IL∗i,1 = 0
114: end if
115: for j = 1 ∶ nn do
116: if yji > 0 then
117: S1

j,2 = yji ∗ IAj,1 − kji ∗ IL
∗

i,1

118: yji = 0
119: end if
120: if hji > 0 then
121: S2

j,3 = Ei,1 ∗ hji
122: hji = 0
123: hij = 0
124: end if
125: Sj,2 = S

1
j,2

126: end for
127: for j = 1 ∶ nn do
128: Ej,t = Ej,t−1 − Sj,t
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129: IAj,t = IAj,t−1 − S
1
j,t

130: EAj,t = EAj,t−1 − S
2
j,t

131: ZAj,t = ZAj,t−1 − Sj,t

132: if Ej,t < 0 then
133: j ∈ At

134: for l = 1 ∶ nn do
135: if yjl > 0 then
136: IA∗

j,t = ∑l kjlIL
∗

l,t

137: yjl = 0
138: end if
139: end for
140: IL∗j,t = IA

∗

j,t +EAj,t − (Sj,t −Ej,t−1) −ELj,t

141: if IL∗j,t < 0 then
142: IL∗j,t = 0
143: end if
144: form = 1 ∶ nn do
145: if ymj > 0 then
146: S1

m,t+1 = ∑j∈At
(ymj ∗ IAm,1 − kmj ∗ IL

∗

j,t)

147: ymj = 0
148: end if
149: if hmj > 0 then
150: S2

m,t+2 = ∑j∈At
Ej,t ∗ hmj

151: hjm = 0
152: hmj = 0
153: end if
154: Sm,t+1 = S

1
m,t+1 + S

2
m,t+1

155: end for
156: else if Ej,t ≥ 0 then
157: form = 1 ∶ nn do
158: if hmj > 0 then
159: S2

m,t+2 = ∑j∉At
Sj,t ∗ hmj

160: end if
161: Sm,t+1 = S

2
m,t+1

162: end for
163: end if
164: end for
165: if∑nn

i=1 Si,t = 0 and∑nn
i=1 Si,t+1 = 0 then

166: to (154)
167: end if
168: SZ = ∑

T+1
t=1 ∑

nn
i=1 Si,t +∑

nn
i=1 S

2
i,T+2

169: SS = SZ − Si,1

170: SC = SS − SS1 − SS2

Notes

1The Free Dictionary. Farlex, Inc. Retrieved 29 September 2014.
2According to the Wind database, there were 232.26 trillion yuan in total assets of banking financial institu-

tions in 2016 and 7.93 trillion yuan in nonbanking financial institutions. The total assets of the banking system
accounted for 96.7% of the total assets of financial institutions.

3Ji et al. (2014) build an interbank lending network based on the assumption that the probability of the loan
relationship between two banks is positively correlated with the size of their assets.
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