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Building resilient supply chain is an effective way to deal with uncertain risks. First, by analyzing the self-organization of supply
chain, the supply chain resilience is described as a macroscopic property that generates from self-organizing behavior of each
enterprise on the microlevel. Second, a MAS-based supply chain resilience model is established and its local fitness function,
neighborhood structure, and interaction rules that are applicable to supply chain system are designed through viewing the enterprise
as an agent. Finally, with the help of a case, we find that there is an agglomeration effect and a SOC characteristic in supply chain
and the evolution of supply chain is controlled by parameters of MAS. Managers can control the supply chain within the resilient

range and choose a good balance between interest and risk by controlling enterprises’ behavior.

1. Introduction

Although the supply chain has been improved in efficiency
during the globalization of economy, it has also become
riskier. A great deal of research has been conducted on supply
chain flexibility, robustness, and vulnerability in recent years.
The risk in different aspects of the supply chain is nevertheless
unresolved. In order to overcome the vulnerability, the supply
chain should possess comprehensive advantages in robust
and flexible strategies. A concept of establishing a resilient
supply chain is proposed. Supply chain resilience can be
regarded as a comprehensive integration of the supply chain
flexibility, robustness, and vulnerability.

Supply chain flexibility is a concept that focuses on the
capability to adapt to the external changes. And it also reflects
the adaptability of the system, which is a “change responding
to change” strategy. Compared with the supply chain network
resilience, the definition of flexibility is relatively narrower,
which mainly refers to the ability to respond to the changes
in customers’ demand. This depends on the coordination
of information flow, logistics, and capital flow between the
upstream and downstream members of the supply chain.

The supply chain robustness is the ability to maintain
operational function when the system is subject to uncertain
interference from the internal operations and external events,
which characterizes the robustness of the system, and is
a rigid “maintaining the status quo” strategy [1]. Although
the supply chain robustness cannot adapt, the supply chain
flexibility can do it. This adaptive capacity refers to the ability
to quickly restore its original state or a state that benefits
the supply chain operations when an interruption occurs. In
other words, robustness is the ability of anti-impact, while
resilience is the ability to quickly recover from the impact.

Supply chain vulnerability reflects the maximum impact
that the supply chain can resist under network interruption,
which means the maximum deviation from the normal
performance after an interruption occurs. The duration
of interruption is not a significant factor of vulnerability,
while the maximum negative impact of the interruption is
significant. Vulnerability is one of the aspects that measure
resilience.

The supply chain flexibility strategy and robustness strat-
egy have their own strengths as well as limitations. Supply



chain resilience, which contains adaptability without losing
robustness, puts more emphasis on recovery capability.

The reason why supply chain has such strong competitive
ability is owing to the fact that the supply chain is a virtual
organization which has self-organizing ability and consists
of enterprises with different functions and different types.
In actual operation, every enterprise is an organization that
possesses independent power to make decisions, and any
enterprise cannot fully control the behavior of other enter-
prises. Besides, there is no internal centralized control within
supply chain system. Each enterprise follows certain rules,
tulfills its duties, and mutually coordinates with each other,
and the system automatically forms an ordered structure,
which reflects the self-organizing ability of the supply chain.
In a word, the microlevel self-organization of supply chain is
the root of reflecting the macrolevel supply chain resilience.

The way to make in-depth analysis of supply chain resil-
ience is to start from microlevel self-organization of the
supply chain and adopt bottom-up modeling method to
study the interaction rules of each individual in supply chain
system, which generates macrolevel supply chain resilience.
From the system point of view, this paper studies the root of
generating supply chain resilience and its properties. Through
taking each enterprise as an agent and regarding supply chain
local relationships as the environment, it builds multiagent
systems that are similar to physical system and designs the
unique local fitness function, neighborhood structure, and
mutual interaction rules that supply chain owns. Then, it
uses local information to guide the interactions between the
agents as well as between the agents and the environment
by agents’ self-organizing ability, which ultimately generates
supply chain resilience.

2. Literature Review

Resilience was first introduced by Holling [2], who proposed
that “resilience determines the persistence of relationships
within a system and is a measure of the ability of these
systems to persist and absorb changes of state variables,
driving variables, and parameters”” Since then, the concept of
resilience has been studied in many disciplines as shown in
Table 1.

Resilience of supply chain was defined as the ability to
return to its original state or an even better state after the
disruptive event. Resilience of supply chain encompasses
conducting preparation, response, and recovery activities for
a disaster event.

There are some quantitative studies which attempt to
create a framework for assessing supply chain resilience per-
formance (see Table 2).

These literatures studied supply chain resilience from
certain aspects. But there is no literature on the root of supply
chain resilience and its characteristic, which is what we want
to study.

3. Generation of Supply Chain Resilience

3.1. Supply Chain Resilience. Supply chain is an open system.
As an economic system, supply chain system is essentially the
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TABLE 1: Resilience studies in many disciplines.

Authors Disciplines
Folke et al. [3] Ecology
Adger [4] Sociology
Bonanno [5] Psychology
Callaway et al. [6] Network theory
Starr et al. [7] Risk management
Sheth [8] Supply chain

result of communicating and integrating resources and ability
between enterprises or between enterprises and the external
environment. In the supply chain system, the distribution of
resources, such as capital, technology, and brand, is different
and unbalanced. Besides, the ownership and acquisition
of resources, the obtaining of synergy theory and synergy
results, the distribution of the interests between allies, and
so on are also unbalanced. Competitive environment makes
collaborative organizing activities of the supply chain mem-
bers far from equilibrium. The nonlinear interaction of supply
chain system determines its self-organizing evolution. Non-
linear interaction leads to the existence of both cooperation
and competition between all members, and fluctuation of
the individual is able to scale into the overall behavior.
Due to random fluctuations, supply chain system becomes
orderly and even forms new structure. For example, the
consequences of information distortion and bullwhip effect
lead to the fluctuations of manufacturers’ state, and some
minor changes in market factors may accumulate to fierce
fluctuation of manufacturers’ state, which may even make the
whole system collapse. Thus, supply chain is a self-organizing
system. Only when supply chain is in an open environment
can it input the material, energy, and information and reduce
the entropy of the system. Furthermore, only when supply
chain stays far from equilibrium can it form intrasystem
fluctuations and promote its spontaneous activity under
nonlinear interactions. Such self-organizing ability gives the
supply chain strong innovation ability and adaptability, which
is the root of its strong competition.

On the microlevel, each enterprise in the supply chain
is deemed as an agent. The agent can change with the
environment and self-organize to make decision. Every time
the environment factors change, it prompts each agent in the
supply chain to change its own executing ability under the
action of self-organizing ability and further changes its status
in the supply chain. Such process goes on continuously, which
forms the evolution process of supply chain system. The sup-
ply chain evolution process is in fact a self-organizing process,
which generates supply chain resilience. In a self-organizing
system, it forms the macroform or order from bottom to top
through the “local rules” of each individual behavior, such
property of the whole while part doesn’t possess, is called
“emergence” Supply chain resilience generates from self-
organizing behavior of each member, as shown in Figure 1.

On the macrolevel, resilience management ability ana-
lyzes the effect on resilience from the following aspects as a
whole: adaptation and coordination between node members,
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TABLE 2: Quantitative studies on supply chain resilience.

Authors Methods

Main works and findings

Agent-based computational

Priya Datta et al. [9] modelling

This literature studied complex multiproduct and multicountry
supply chain subject to demand variability and production and
distribution capacity constraints, which aimed to improve operational
resilience.

Ratick et al. [10] Linear programming

The literature used set cover location modeling to show that it is
important to take into account potential exposure of facilities when
designing supply chains.

Simulation applied to real

Colicchia et al. [11] scenario

This literature identified a set of approaches to manage risks to
enhance supply chain resilience. Mitigation strategies do not
influence lead-time variability but can reduce lead-time average,
which will lead to resilience.

The simulation analysis of

Zhao etal. [12] military security network

This literature analyzed resilience of supply network topology
structure under random attacks and attempted attacks from the
aspects of availability, connectivity, accessibility, and so forth.

The simulation analysis of

Geng etal. [13] cluster supply chain

This literature analyzed dynamic evolution process based on
cascading effect mode when cluster supply chain failure happens,
which helped to illustrate that the root of vulnerability lies in
cascading failure, while self-organization is the key to resilient
recovery.

Pettit et al. [14] Questionnaire survey

This literature developed a measurement tool titled the Supply Chain
Resilience Assessment and Management. Critical linkages are
uncovered between the inherent vulnerability factors and controllable
capability factors.

The simulation analysis of

Francis and Bekera [15] electric power network

This literature proposed a framework which is focused on the
achievement of three resilience capacities: adaptive capacity,
absorptive capacity, and recoverability.

Supply chainf———~{ Supply chain

ability

Resilience
=

management ability resilience effect

The macrodescription of supply chain resilience

Generation

Environment

m The microdescription of supply chain resilience
Agent self-organizing Agent executing
— ——| Agent status
aily aily

Environment

FIGURE 1: Micro- and macrodescription of supply chain resilience.

prediction of future events, recovery situation from disaster,
and so forth. Reflected into the microlevel, resilience man-
agement ability is the self-organizing ability of each agent in
supply network. Supply chain ability is an important ability
that maintains the normal operation of entire supply chain
network, which is the executing ability of each agent in supply
network when reflected into the microlevel. Reflected into the
microlevel, supply chain resilience effect is each agent’s status
in the supply network, which represents each enterprise’s
activity ability and network status, and is represented by its
kinetic energy and potential energy. Micro- and macrocon-
trast of supply chain are shown in Table 3.

Resilience management ability has positive influence on
supply chain resilience. When supply chain risk happens,
some node members may not be able to survive together with
the other members in the supply chain. At this time, it needs
some enterprises with similar resources to join in; if the new
enterprise can quickly integrate into the supply chain, then it
can improve customer satisfaction and business performance
of the supply chain, which means that it can improve supply
chain resilience. If enterprises can predict future events well,
they can take corresponding prevention measures to reduce
the effects that risk brings, and even if the risk happens,
they can take positive measures to restore normal state of
supply chain and improve supply chain resilience. And if the
recovery ability of node members is strong enough, the supply
chain can meet normal operation conditions of enterprises
as soon as possible and decrease stock-out rate and then
improve supply chain network resilience. In addition, after
the risk happens, if enterprises can coordinate well, they can
ride out the storm together, maintain the normal operation
of supply chain, improve customer satisfaction, ensure enter-
prise performance, and improve supply chain resilience.

Supply chain ability has positive impact on supply chain
resilience and resilience management ability. The stronger
the supply chain ability is, the stronger the ability of supply
chain node enterprises to deal with various emergencies is.
Even if supply chain risk happens, supply chain can recover
quickly, and supply chain resilience will be strengthened.
Thus it can be seen that supply chain ability is a key factor that
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TABLE 3: Micro- and macrocontrast of supply chain.
Macrocontrast Microcontrast
. Learn from each other, exchange
Adaptability, . . & .
- - s . experiences, communicate and coordinate,
Resilience predictive ability, Agent self-organizing

management ability recovery ability,

coordinating ability

ability

share risk, get warning information as early
as possible, reduce unnecessary loss, and
recover function quickly.

Information management ability,
logistics management ability,
resource support ability,

target combination ability,

Agent executing

Collect, analyze, and sort the information
and finally obtain effective information.
Deal with logistics facilities establishment
and location and provide optimized logistics
protection. Find node members that fit for
their own development and make effective

Supply chain ability fund procurement ability, camabilit combination to reach the company target.
risk management ability, P Y Complete fund procurement and maintain
reconstruction transformation the normal operation of enterprises after the
ability, occurrence of risk. Find new resources to
study and absorptive ability meet the changing market. Improve the

defects in the supply chain and build a new
supply chain network.

Supply chain Wavy curve A .. 1.

o . gent status Activity ability, network status.
resilience effect asymptotically stable

influences supply chain resilience, and flexible use of various
supply chain abilities can improve the ability of enterprises to
face risks, improve supply chain resilience, and then improve
enterprise performance. Under the effect of resilience man-
agement ability that formed by self-organization, supply
chain ability can manage various risks effectively and help
enterprises survive through a variety of difficulties [16].

Supply chain resilience effect is an asymptotically stable
wave curve. It changes with time, showing the process
that successively reflects response delay, reflects destruction
spread, reflects destruction recovery, and eventually achieves
asymptotically stable state. Such description of supply chain
resilience effect not only clearly lays out the self-organizing
evolution of supply chain resilience that changes with the
time, but also meets several major features that supply net-
work resilience should have, such as self-recovery, antidisrup-
tion, and active response. Besides, it can evaluate absorption
ability, adaptability, and recovery ability of the supply chain.
For details, please see our previous study in [13].

Definition of Resilience. The supply chain resilience is defined
as follows: when dealing with unexpected interrupts, supply
chain system restores a new stable state through microcon-
stant evolution of enterprises’ self-organizing ability; such
emergence on the macrolevel is shown as supply chain
resilience. Supply chain system with resilience can eliminate
the influence brought by fluctuations, release energy, and
then slow down the occurrence of large-scale collapse on the
whole.

3.2. Self-Organized Criticality of Supply Chain Resilience. An
important concept related to the self-organization is self-
organized criticality (SOC) [17-19]. The SOC theory refers
to an open and dynamic complex system that is far from
equilibrium state and consists of multiple cells, which can
evolve to a critical state through self-organizing process.

When such system stays in the critical state, a small local
disturbance may be amplified by mechanism similar to
“domino effect;” and the effect may be extended to the entire
system, forming a large avalanche. System in the critical state
will bring about “avalanche” events of various sizes, and both
the avalanche’s time dimension and its space dimension obey
power-law distribution. The power-law distribution is an
important characteristic of self-organized criticality, which
also owns scale-free property, openness, robustness, and
other characteristics.

Some literatures show that supply chain network has
scale-free, high integration, and other characteristics. The
average outgoing and incoming degree distribution of supply
chain network under steady state obeyed power-law distribu-
tion [20-22].

This paper argues that supply chain resilience possesses
self-organized criticality. The process that supply chain
evolves towards the critical state is not affected by any external
factors. Owing to the dynamic interactions between individ-
ual elements in the system, the critical state can be set up and
such critical state is self-organizing. Within the critical point
of supply chain resilience, core enterprises can control the
changes of system external parameters at proper time based
on understanding and grasping the operation mechanism
and laws, so they can constrain system’s operation process,
making the system produce small internal fluctuations. Such
gradually varied internal fluctuation process of the system
could eliminate conflicts within the system, making the
system stay in balance, which means that the system possesses
resilience. At the critical point of supply chain resilience, it
may be amplified into a huge fluctuation through nonlinear
interactions and cascading effects within the system, leading
to a rapid collapse after the system loses its balance.

This paper will expound such a view as follows. The
microlevel interactions between enterprises in the supply
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chain result in the macrolevel self-organized criticality gener-
ation of supply chain resilience. If the supply chain is within
the critical value, small disturbance will only lead to tiny
changes and system will not meet any great disaster. On the
contrary, if the environment variables reach the critical value,
small disturbance may lead to various scales of avalanche.

4. Supply Chain Resilience Control Model
Based on MAS

The paper is intended to build supply chain MAS system
and interpret and evaluate supply network resilience through
self-organizing ability of its intelligent agents. In this section,
we will define the agent, environment, local fitness function,
interactive strategy, and reaction behavior between the agents
of MAS, build the MAS system of supply network, put
forward supply network resilience index, and study the
characteristics of resilient generation from the point of self-
organization.

4.1. Basic Concepts of MAS. An agent is able to survive and
take part in activities in the environment, which can sense
its local environment and has certain goal as well as state
variable of reaction behavior. MAS system is a system that
achieves a certain goal by the interactions and effects between
many internal agents. MAS system consists of computing
entities that possess autonomy;, reactivity, initiative, and social
attributes. By microscopic or local (i.e., agents and the inter-
actions between them) behavior or mechanism, MAS desires
to obtain necessary macroglobal (i.e., the entire multiagent
system) function [23, 24].
The definition of MAS system is as follows.

Definition (MAS system). An agent system is a system that
contains the following elements:
(1) the environment E, in which the agents survive and
conduct activities;

(2) asetof agents, A = (a,,a,,...,4a,);

(3) a set of reaction rules, which controls the interaction
behavior between agents as well as between agents
and the environment and is the law of the agent
society.

Supply chain individuals own self-organizing properties,
including intelligence and adaptability, follow certain rules,
and adjust their states and behavior according to the envi-
ronment and received information, making the system show
a higher level of order as a whole. In other words, the
supply chain is a MAS system. Supply chain system is based
on the idea of decentralized control and each individual
makes corresponding decision-making behavior in the cur-
rent neighborhood according to the local information and
local fitness function. The overall behavior of the supply chain
generates through competition, cooperation, and other local
behaviors between individuals.

The study on resilient self-organizing emergence of sup-
ply chain MAS is faced with 4 key problems as follows [25].

(1) The first problem is how to reasonably map the
supply chain system into a MAS system, namely, the
definition of the agent.

(2) The second problem is how to define the local fitness
function. The local fitness function is based on the
idea of distributed control, using limited local infor-
mation to evaluate the state of a single agent and guide
the overall evolution. Although the definition of local
fitness function is not unique, reasonable local fitness
function is the key to the effect of self-organization
emergence.

(3) The third problem is how to define the neighborhood.
The definition of neighborhood is a very important
concept for optimizing the neighborhood, which
guides how to generate a new state from the current
state. Furthermore, how to choose a reasonable neigh-
borhood structure is an important factor to the self-
organizing optimization.

(4) The fourth problem is how to define the interaction
rules between agents. MAS system achieves overall
self-organization evolution through competition and
cooperation between the agents. The reasonable and
effective interaction rules between the agents can
quickly lead the system to generate stable structure.

4.2. Mapping the Supply Network into MAS. To map the sup-
ply network into MAS system, now we define the following
concepts.

4.2.1. Agent. Take each enterprise in the supply chain as an
agent [26] and the specific descriptions of the agents in supply
chain MAS are shown in Figure 2.

A supply network system that consists of N agents is
given and represented as S = (X,P,V,A), where X =
(X1, X955 Xy oo o, X)), X; € R”, is the position vector of agent
i, which represents the status of this member in supply chain;
P ={c,6,6,¢,6,d, 1, A ax> Vi) 18 the control parameter
set of the agents; V. = (v, vy, ..., V..., VN), V; € R, s
the velocity vector of agent i, which represents the executing
ability of the member; and A = (a,a;...,a;...,4y)
a; € R", is the acceleration vector, which represents the
self-organizing ability of the member. In other words, we
assume that each member owns such attributes as self-
organizing ability, executing ability, and network status, as
shown in Figure 3. The executing ability of a member is its
self-organizing ability multiplied by time, and the status of
this member is its executing ability multiplied by time. The
motion of an agent is controlled by the following equation:

'X.:f = Vi, Vl = a,-. (1)

4.2.2. Local Fitness Function. Assume that the decision of
each enterprise in supply chain is determined by the enter-
prise status V; in the neighborhood, the core enterprise of
the overall supply chain has status V,, the executing ability
of the enterprise within neighborhood is V;, the core enter-
prise within the neighborhood has status V,, and random
perturbation is V. Affected by local influence, self-organizing
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FIGURE 3: The initial supply network of FAW Xiali.

ability and executing ability of each member in the supply
chain are changing with the time, and self-organizing ability
causes changes in executing ability. In the model, local fitness
function of the agent represents the agent’s self-organizing
ability at each time step, which means the instantaneous
acceleration vector of the agent.

The local fitness function, namely, the calculating formula
of instantaneous acceleration, is as follows:

V=qVi(d)+6V,+ V5 +¢,V, +6Vs,

v (2)

A=A —-

max |V|
V, is a vector that points to the neighbors within a
distance of d; V, is a vector describing the center of the
simulated world; V; is the average of the neighbors’ velocities;
V, is a vector that points toward the center of gravity of
the neighbors; V5 is a random unit-length vector; V is the
summation of behavioral tendencies with weights; A is an
agent’s instant acceleration vector at each time step (JA| <
A Lax)s Amay 1S the maximum acceleration of an agent; V.
is the maximum velocity of an agent; ¢, —¢; are the weights
of vectors V;-V5; d is the desired distance that an agent
tries to maintain with its neighbors; the combination of ¢
and parameter d determines the relaxation degree of model
shape; ¢, is used to control the motion range of all agents in
the analog world; ¢; represents the consistency degree that
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makes certain individual keep the same velocity with other
individuals in its neighborhood; ¢, indicates the distance
degree that makes certain individual keep away from other
individuals in its neighborhood; and ¢ is used to control the
arbitrary degree of individual’s acceleration change.

4.2.3. Environment. The agent in supply chain mainly self-
organizes and adjusts its behavior according to the neighbors’
behavior. An agent that relates to any other agent must exist
within certain range, and the relationship between agents can
be divided into two states: cooperation and noncooperation,
which is shown as attraction and rejection behavior. Define
the neighborhood of agent i as follows:

NEB; = {x; | |x; - x;| <d,i # jii.j=1,2,...,N}, (3

where [|x; — x| is Euclidean distance and d is neighborhood
radius, which is the optimal distance between every two
agents.

Define the rejection region of agent i as follows:

REP; = {x; | |x;, - x;| < i # jsi,j=1,2,...,N}, (4

where r is the rejection distance, which is the maximum
operating distance of the rejection function, r < d. If the
distance between two agents is less than r, then the rejection
occurs.

4.2.4. Response Rules. In this paper, we divide the neighbor-
hood range according to the distance between each agent
and its neighbor agents. An agent establishes or disconnects
the interaction between it and other agents within the
neighborhood, which makes the local topology structure of
agents in the system change, leading to the entire system
topology evolution.

Response rules are as follows. The member that enters
into the neighborhood from somewhere outside the neigh-
borhood establishes new contacts. And the members within
rejection region have competitive relationship and repulsive
force towards other agents within rejection region, while the
members within neighborhood have cooperative relationship
and attractive force towards other agents within the neighbor-
hood. By the local fitness function, we can obtain new self-
organizing ability and executing ability of each member and
then get the new network status.

4.3. The Resilient Index of Supply Chain MAS. Supply chain
MAS is a self-organizing system, and its resilience generates
from the microlevel and is revealed in macrolevel. The
concept of energy in system dynamics can be an effective
interpretation of the relationship between behavior and inter-
nal mechanism. Positive and negative feedback mechanisms
are formed between every two agents, which is shown as the
transmission of system internal energy. Therefore, we can
show the influence of dynamic process on overall system
resilience through quantifying system internal energy.
Assume that each supply chain member is an agent with
resilience; then we can determine whether the relationship
between it and other members is strengthened or weakened
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according to the environment, such as order quantity. The
relation change between two agents can be seen as elastic
force of mutual attraction or mutual repulsion, and the elastic
force causes the movement of the agent, which leads to
changes of the agent status in the entire supply chain. For
example, certain enterprise will rise in the competition and
become the core business, and core enterprise may gradually
lose dominance. Take the agent status in the supply network
as the elastic potential energy and the agent activity in the
supply network as the elastic kinetic energy, which together
constitute the resilient system of supply chain.

U,(t) and E;(t) are used to, respectively, represent the
potential energy and kinetic energy of agent i, and U,(¢) is
the relative potential energy of the agent compared to MAS
center; U;(t) = [pos; —MHZ. Kinetic energy E;(t) is the
relative kinetic energy of the agent compared to MAS center;
E(t) = llv; - ¥l

The resilient index of supply chain MAS is

N

QW) =) (U;(t) + E (1)). ©)

i=1
4.4. Algorithm Implementation

Step 1. Initialize the state of each agent in supply chain and
corresponding weights of the objects.

Step 2. With regard to the current state, do the following.

(1) Calculate the neighborhood of current scheme and
judge whether it belongs to neighbors.

Because each agent only communicates with adjacent
agents and local environment, we need to determine whether
the distance between each agent and other agents is within the
given value of the neighbor; namely, we need to judge whether
the two agents are neighbors or not. And this is the basis
of calculating subsequent variables. If the distance between
two agents is less than the value of neighbor, then the two
agents are neighbors and their behaviors affect each other.
Otherwise, the two agents do not affect each other. Given that
the distance value between two agents is d(i, j), the judge is
as follows:

if d < neighbor, then i and j are neighbors.

(2) Calculate the values of variables V;-V5.

V, is the average vector of certain agent pointing to all
other agents within a distance of d, named as SpacingU. If
two agents i and j are neighbors but their distance is less than
a given value, then the two will produce repulsion and adjust
the vector V; as follows:

SpacingU(i,:) =
x(j))abs(y (@) - y())]-

V, is a vector pointing to the center of analog world and
its name is decided by the center of analog world, named
as WcenterU, where i # j and N is the number of agents.
Consider the following:

WeenterU(i,:) = [WcenterU(i,:) + x(j)WcenterU(i,
)+ y(i);
WeenterU (i, :) = WcenterU(i, :)/N.

SpacingU(I,:) + [abs(x(i) —

Moreover, we need to limit the range of the vector, in
order to make entire motions of the system within the range,
and adjust the vector as follows:

If |WcenterU(i, :)| > bound,

WeenterU(i,:) = [WcenterU(i,:) — x(j)WcenterU(i,
)= y(NI

V, is the average speed vector of all agents that is
adjacent to certain agent, named as VelocityU, and its value
is determined by the speed of the agent and its neighbors:

VelocityU(i, :) = VelocityU (i, :) + VelocityU(j, :),
VelocityU(i, :) = VelocityU (i, :)/number(neighbor).

V, is a vector of certain agent pointing to the center of
all of its adjacent agents, which is determined by the average
vector of the agent and its adjacent agents, named as CenterU.
Its value is determined by the speed of the agent and its
neighbors:

CenterU(i,:) = [CenterU(i, 1) + x(j)CenterU(j,:) +
y(HI,
CenterU (i, :) = CenterU (i, :)/number(neighbor).

V is a vector of random unit length, named as WanderU,
the initial value of which is randomly given as follows:

WanderU(i,:) = 2 * rand(1, 2).

(3) Calculate the local fitness value of each agent accord-
ing to local fitness function, which means the calculation of
agent’s acceleration.

(4) Guide the interactions between all agents according to
local fitness function, which means the calculation of agent’s
new position.

The interactions between all agents make the system
evolve from initial interrupts to the equilibrium state of each
node. Under the new obtained equilibrium state, change the
agent state according to system local energy information,
which makes the system achieve a more stable equilibrium
state again and optimize the system resilience.

(5) Return the current value of system resilience.

Step 3. Repeat Step 2 until termination.

5. Case Simulation and Analysis

Take the Tianjin FAW Xiali Automobile Group’s supply chain
as a prototype for simulation. According to the transactions
in 2011, we extract and compare FAW Xiali’s supply data
of recent years and then select the enterprises that make
transactions with Tianjin FAW Group of more than 500,000
yuan as the nodes to constitute the supply chain we study,
which includes 12 major suppliers and 7 principal subsidiaries
as well as 11 major vendors of Tianjin FAW Group [27]. The
initial network is shown in Figure 3.

5.1 Evolution Characteristics of Supply Chain. We select 5 sets
of parameters to regulate the behavior of each supply chain
member and simulate the process of supply chain evolution,



TABLE 4: The simulation coefficient.

Number ¢ I G G 6 Vi Al d

1 5 8 7 8 5 13 38 0.14
2 6 15 10 8 7 5 38 0.14
3 6 5 8 36 11 0.59
4 3 7 4 13 37 0.40
5 3 7 4 13 37 0.10

as shown in Table 4. In particular, the network diagram of
part time period in evolution process of number 1 is selected
to represent the evolution process of supply chain, as shown
in Figure 4. In Figure 4, vertical and horizontal coordinates
represent agent’s position in MAS, which reflects enterprise
status in the supply chain. As we can see from Figure 4, each
agent’s vertical and horizontal coordinates’ value gradually
increases, which means that the ability of each enterprise
in supply chain is constantly increasing. And the distance
between all agents is smaller and smaller, which means that
the cooperation between enterprises is closer and closer. The
supply chain shows a combined effect.

Figures 5, 6, 7, and 8, respectively, correspond to the
evolution results of the 4 sets of parameters from number 2
to number 5. These evolution results all reflect the combined
effect of supply chain and the parameters have a certain
impact on it. We find that the parameter of V, . directly
influences the speed of combined effect. Comparing number
1 with number 2, when we decrease the value of V., from 13
to 5 and keep the other parameters unchanged, the speed of
combined effect is significantly faster. Because the enterprise
executive ability becomes stronger, mutual cooperation is
more efficient. In addition, the parameter d also has a direct
impact on the speed of combined effect. Comparing number
3 with number 5, the value of d is larger in number 3, which
means that each enterprise has larger neighbor range and
can cooperate with more enterprises, leading to more mutual
cooperation and faster combined effect speed, while the value
of d in number 5 is smaller and the situation is just the
opposite.

Supply chain vulnerability is caused by cascading failures,
while the combined effect happens to be the hindrance of
cascading failures. Therefore, the combined effect is a factor
that shows supply chain resilience.

The evolution of supply chain lies in affecting and con-
straining mutual behavior through interconnections and
interactions between individuals. Clustering coefficient can
be used to express connectivity, as a quantitative indicator
of supply chain MAS connectivity factor. The entire network
clustering coeflicient C is the average of clustering coeflicient
C,; for each node i. Consider the following:

o 2E
IRV “

Rate of information flow is established based on the con-
nectability of individuals. The information flow can be shown
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through measuring the connection path length between indi-
viduals. We choose the average path length L as a quantitative
indicator of supply chain MAS internal information flow.
Consider the following:

2 N N
L= mz > dy. )

i=1 j=i+1

Figure 9 shows the clustering coeflicient (red) and the
average path length (green) of supply chain evolution in
number 1. The clustering coefficient keeps rising, indicating
that individual connectivity continuously strengthen, which
gradually generates system resilience. When the clustering
coeflicient is 1, it indicates that all agents are within other
agents neighborhood and connectivity is optimal. The aver-
age path length keeps decreasing, indicating that the inter-
actions of individual information change from indirect pro-
cess to direct process. With the communication constantly
decreasing, local rate of information flow is enhanced. When
the average path length is 1, the system has the best overall
interactivity. The same characteristics of the two indexes are
also shown in the data from number 2 to number 5.

As the above characteristics, the degree of homogeneity
in the supply chain enterprise is higher and higher. Such
a system can resist well the expected danger, but in the
face of some unexpected threat it becomes extremely fragile.
Therefore, the supply chain is a robust-yet-fragile system.

5.2. Resilience Analysis of Supply Chain. The average acceler-
ation vector, position center, and average velocity vector are
represented as a, X, v, respectively, and the calculation is as
follows:

N
&l

1 1<
= ﬁ;ai, = ﬁ;xi, V= szi. (8)

The neighborhood center of agent i and the average

velocity vector of all agents within its neighborhood are

— —x : .

represented as x; and v;, respectively, and the calculation is
as follows:

- 1 s 1
X; = e X v, = —Zvj, 9)

where M; is the number of agents within the neighborhood
of agent i. Consider the following:

N

Q) =33 (U0 +E;®),

i=1
E (t) = 6 |vi - V[,
Ui =gl - % | + oy -%"+ Y cv(|x-x]).

j=Lj#i
(10)
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FIGURE 4: The emergence of supply chain combined effect.
The mean square error of acceleration, position, and velocity The characteristic of function with potential energy

are, respectively, represented as o, 0, and 0,. Consider the  y(|lx; — x;[l) > y(p) is given as follows:
following:

1 N
Q) =32 (Ui +E®),
i=1

SR N ES e
’ NS N

N , X , XN
Yalki -5+ Yol -7+ Y ¥ av(fk-x,)
(11) in1 i=1 i=1 j=1,j#i
o, = iillw -9 Nooo
N5 + 263"1/,- - v|| <2Qy,

i=1
N

Assume that (1), for any agent, [|x; — x| < d and (2) the initial Y v (“xi - x]." )2aNWN-1Dy(p),

system resilience is Q, Vt > 0, Q(t) < Q,. i=1 j=1,j#i 7
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Assume that K = 2Q, — ¢,N(N — 1)y(p) and

al 2
Yols -3 <K,

i=1

N
Sl -7 < &,
i1 )

N 2
dalvi- <k,
- (13)

N
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1 & K
= \m b |
i=1

(14)

1 N 02 K
GVZ EZ"VI_V“ < \j%_N-
i=1

As shown in (14), the fluctuation of all agents’ ability and
status will stabilize within a certain range, and the specific
range is related to the system initial state and its coefficient.
The smaller the value is, the more consistent the agent
behavior will be and the more orderly the system will become.
Small perturbation will not have a devastating impact on
the supply chain, and the system will recover during the
dynamic self-organizing process. In the case of small random
disturbance, we can constrain the overall behavior of the
supply network through setting the value of the initial state
and the control parameters.

5.3. Supply Chain Resilience and SOC Emergence. Self-orga-
nized criticality can be considered as a characteristic state
of criticality which is formed by self-organization in a long
transient period at the border of stability and chaos, as shown
in Figure 10.

Figure 11 shows the resilience index of evolution in
number 1, which is used to display the effect of supply chain
resilience. Figure 12 shows the resilience index of evolution in
number 1 when the coefficient of WanderU is larger (V5 = 20);
namely, the random disturbance is very large, in which the
resilience disappears. Figure 11 is an orderly part of Figure 10,
while Figure 12 is the other part of Figure 10, and there will be
a critical value. The same characteristic is shown in Figures 13
and 14, which corresponds to the situation in number 5.

The simulation verifies the essence of supply chain
resilience that we have described in Section 3, in which the
supply chain resilience is the macroproperty that generates
from microindividual “self-organization” In the process of
evolution, supply chain system owns a stable state, which is
gradually formed through each enterprise in the supply chain
constantly adapting to the internal and external environment,
and the dependence on the environment forms contractual
relationships between enterprises. Thus, it ensures that the
parameters of enterprises can be far away from mutation and
obtain a relatively stable operational condition. This stable
state is within the range of critical value. Because the random
variable V; is added from the outside of system and the kinetic
energy of each agent is transformed into potential energy
through self-organizing interactions, the agent with stronger
potential energy will have stronger self-organizing ability,

1
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FIGURE 11: There is resilience within SOC/number 1.
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FIGURE 12: There is no resilience at SOC/number 1.

which can further enhance the agent kinetic energy. There-
fore, there is energy flow within whole supply chain system.
The reason why the critical point can be achieved is because
the energy is inputted from the outside of system in the form
of random variable V;. The impact of fluctuations continues
to gather, eventually leading to a large-scale collapse.

In order to further verify the above conclusion, we
conduct a test based on the data of chemical integrated supply
network in the literature of [28]. The network organization
focuses on natural gas and chemical engineering production
and owns a cooperative system of up, middle, and down prod-
uct chain with comprehensive supporting enterprises, includ-
ing 40 functional units, in which 1-19 are the core production
units, 20 and 21 are raw materials processing units, and 22-40
are storage and transportation units of semifinished products
and finished products. The initial network is shown in
Figure 15. The parameters of number 1 are used in this case.
The same characteristics are shown in Figures 16 and 17,
which correspond to the situation in the case.
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In fact, the disaster is caused by many small highly
decentralized decisions, which gather together in a pace
that is difficult to detect. Every decision is too tiny to look
harmful, but they can slowly erode the resilience of the
system. When making decisions, none of the enterprises can
understand the impact that their behavior brings to the entire
supply chain and, unknowingly, the system becomes more
vulnerable. Every enterprise takes rational action itself within
local range, which can bring significant individual interest.
As time goes on, these decisions slowly change the rules of
the system. Since the previous choices may not be punished,
each enterprise tends to choose behavior with more interest,
which also brings higher risk. As a whole, the supply chain
system slowly approaches the possible disaster, showing self-
organized criticality.

From resilience to no-resilience, it will cross a critical
point. And the critical point for the supply chain system also
frequently changes. It needs to balance between interest and
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risk to make choice between the efficient but vulnerable and
the ineflicient but robust. To control supply chain resilience,
it needs to choose a good balance between them.

6. Conclusion

Based on our previous study [11], we map the supply chain
system into MAS system through the comparison of supply
chain’s microscopic individual behavior and its macroscopic
property. Through taking the enterprise as agent and design-
ing the local fitness function, neighborhood structure, and
interaction rules that are suitable for supply chain system, we
find that the macroscopic property of supply chain system
generates from its microscopic behavior and the supply
chain resilience generates by local self-organizing behavior.
Besides, we also study the resilience of supply chain and
its self-organized critical characteristic. And we get some
meaningful conclusions as follows.

(1) We find the combined effect in the evolution of supply
chain through the simulation, which is similar to
the actual situation. The connectivity increases as
the clustering coefficient increases, and the rate of
information flow increases as the average path length
decreases. Through closer and closer cooperation and
communication of information between enterprises,
the degree of homogeneity in the supply chain enter-
prise becomes higher and higher.

(2) Through analyzing the statistical properties of supply
chain resilience model, it is shown that resilience
is controlled by parameters of agents, such as the
executive ability and the scope of choosing partners,
which have a positive effect on the combined effect.
Managers can control the supply chain within the
resilient range by controlling the behavior of the
enterprise. Within the range, supply chain can con-
tinuously eliminate effects and release energy due
to its self-organizing behavior, to slow down the
occurrence of large-scale collapses events.

(3) We find that there exists SOC characteristic in supply
chain resilience through the simulation, and the
supply chain is a robust but vulnerable system. Most
of the time, supply chain stays in a stable state
due to its resilience. But when it crosses the self-
organization critical point, the supply chain will out
of control and an avalanche event may occur by small
perturbations, which means that the supply chain is
extremely vulnerable in this environment. Managers
will find the proper balance between the efficiency
and risk by controlling the behavior of the enterprises.

To enhance the supply chain resilience, we should pay
close attention to self-organizing ability of each enterprise.
As the supply chain has characteristic of self-organized
criticality, supply chain should be prevented from crossing
self-organized critical point and should be controlled. To
control supply chain resilience, we can choose a good balance
between the efficient but vulnerable and the inefficient but
robust. This study provides theoretical guidance to optimize
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the resilience of the supply chain through local control. In the
future, we will study the factors that affect the self-organized
critical point and how to prevent the supply chain from
crossing self-organized critical point.
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