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Abstract: There are many inevitable disruptive events, such as the COVID-19 pandemic, natural
disasters and geopolitical conflicts, during the operation of the container port supply chain (CPSC).
These events bring ship delays, port congestion and turnover inefficiency. In order to enhance the
resilience of the CPSC, a modified two-stage CPSC system containing a container pretreatment
system (CPS) and a container handling system (CHS) is built. A two-dimensional resilience index is
designed to measure its affordability and recovery. An adaptive fuzzy double-feedback adjustment
(AFDA) strategy is proposed to mitigate the disruptive effects and regulate its dynamicity. The
AFDA strategy consists of the first-level fuzzy logic control system and the second-level adaptive
fuzzy adjustment system. Simulations show the AFDA strategy outperforms the original system,
PID, and two pipelines for improved dynamic response and augmented resilience. This study
effectively supports the operations manager in determining the proper control policies and resilience
management with respect to indeterminate container waiting delay and allocation delay due to
disruptive effects.

Keywords: modified two-stage container port supply chain; disruptive effects; two-dimensional
resilience index; adaptive fuzzy double-feedback adjustment strategy

1. Introduction

The container port supply chain (CPSC) refers to the chain structure which takes the
container port as the core and integrates all kinds of service providers (liner companies,
train companies, warehousing companies, etc.) and customers (trade companies) into a
coordinated entity, so as to achieve the goal of stable operation, higher efficiency and lower
cost. Different from the general manufacturing supply chain, the container port supply
chain does not create new commodity entities, but adds value by providing services [1]. In
the context of the global supply chain, container ports have become important nodes con-
necting global production, international trade and related logistics activities. According to
the current development characteristics of container ports, in addition to the basic function
of logistics, it is also an important service and production provider. Therefore, whether
container ports operate stably and efficiently affects the interests of many participants in the
CPSC, and it has become an indispensable part of the international trade system. Figure 1
shows a basic structure of the container port supply chain.

Under the influence of various disruptive events, container ports tend to be affected
by various adverse restrictions, which are mainly manifested as the decrease in port
productivity leading to the difficult relief of port operating pressure, the decrease in ship
and container turnover efficiency, the shortage of effective transport capacity supply, and
the sharp rise of container liner freight rates. Generally, the reduced efficiency of container
operation and continuous congestion have become global problems. Hence, the stable,
efficient and flexible operation of the CPSC under adverse influences has always been a
concern of the country and related stakeholders in the industry, which is a problem worthy
of in-depth study.
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Figure 1. Basic structure of container port supply chain. 

Control theory has been proved to be a very effective method [2]. It can be used as an 
effective decision-making tool that helps managers to efficiently control inventory levels 
throughout the SC, reducing the remarkable percentage of logistics costs [3]. Also, it 
provides sufficient mathematical tools (such as Laplace transform, Z transform, transfer 
function and block diagram etc.) to analyze and simulate the systems based on dynamic 
models [4]. Now, there is an increasing need for effective and efficient production control 
systems, which have become an important system in the field of industrial engineering. 
Compared with the classical research methods in the supply chain field, such as 
operations research and game theory, the main advantage of the control theory method is 
that it combines the supply chain operation process with the control process, making it 
convenient to explore the relationships among the internal states and control the 
production process. In addition, control theory can predict the response to any given input 
[5], thus having important implications for supply chain systems to operate at desired 
levels. At present, in the related fields of ports and the shipping supply chain [6–10], 
existing research mainly focuses on benefit assessment, risk management, and low-carbon 
operations. Resilience plays an important role in the process of SC operation. It promotes 
the recovery of the SC under disruptive events [11,12]. Resilience measure guides the 
optimization and adjustment of the SC [13]. However, the definition of resilience is not 
uniform [14]. However, the production control modeling of the CPSC and the 
corresponding regulation strategies are still very limited. 

This study constructs a modified two-stage CPSC system. A novel two-dimensional 
resilience index R including affordability and recovery is proposed. An adaptive fuzzy 
double-feedback control is designed to mitigate the disruptive effects. The body of this 
paper is organized as follows. Section 2 reviews the relevant literature. Section 3 describes 
the modified two-stage CPSC system in detail. Section 4 explains the two-dimensional 
resilience index. Section 5 presents the design of the AFDA strategy. Section 6 describes 
the simulations and the analysis. Finally, the managerial findings and conclusions are 
drawn in Section 7. 
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Control theory has been proved to be a very effective method [2]. It can be used
as an effective decision-making tool that helps managers to efficiently control inventory
levels throughout the SC, reducing the remarkable percentage of logistics costs [3]. Also, it
provides sufficient mathematical tools (such as Laplace transform, Z transform, transfer
function and block diagram etc.) to analyze and simulate the systems based on dynamic
models [4]. Now, there is an increasing need for effective and efficient production control
systems, which have become an important system in the field of industrial engineering.
Compared with the classical research methods in the supply chain field, such as operations
research and game theory, the main advantage of the control theory method is that it
combines the supply chain operation process with the control process, making it convenient
to explore the relationships among the internal states and control the production process.
In addition, control theory can predict the response to any given input [5], thus having
important implications for supply chain systems to operate at desired levels. At present, in
the related fields of ports and the shipping supply chain [6–10], existing research mainly
focuses on benefit assessment, risk management, and low-carbon operations. Resilience
plays an important role in the process of SC operation. It promotes the recovery of the SC
under disruptive events [11,12]. Resilience measure guides the optimization and adjustment
of the SC [13]. However, the definition of resilience is not uniform [14]. However, the
production control modeling of the CPSC and the corresponding regulation strategies are
still very limited.

This study constructs a modified two-stage CPSC system. A novel two-dimensional
resilience index R including affordability and recovery is proposed. An adaptive fuzzy
double-feedback control is designed to mitigate the disruptive effects. The body of this
paper is organized as follows. Section 2 reviews the relevant literature. Section 3 describes
the modified two-stage CPSC system in detail. Section 4 explains the two-dimensional
resilience index. Section 5 presents the design of the AFDA strategy. Section 6 describes the
simulations and the analysis. Finally, the managerial findings and conclusions are drawn
in Section 7.

2. Literature Review
2.1. Supply Chain Risks and Dynamics

The risks suffered by the supply chain (SC) tend to be unpredictable and diverse. Many
scholars have considered the disruptive influence of the SC under different unfavorable
conditions and disruptions, and put forward corresponding measures. Corsini et al. [15]
considered the possible impact on the supply chain of two different disruptive events
(failure events and changeovers), and the results pointed out that efficient production
control policies (measured in terms of operational efficiency) do not necessarily yield the
best results when measured in terms of supply chain efficiency. Ivanov et al. [16] proposed
a risk analytics framework and explained the concept of digital SC twins. They studied
the impact of digitalization and Industry 4.0 on the ripple effect in the SC and combined
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the results gained from the two isolated areas. Olivares-Aguila and ElMaraghy [17] pre-
sented a system dynamics model to investigate SC behavior due to disruptions, and found
that the SC is affected more when the disruptions take place near to the end-echelon or
consumption stages.

In terms of the port supply chain, Zhang and Lam [18] developed a system framework
to evaluate the economic losses of industrial clusters caused by port interruptions in three
different stages, and finally found that the dynamic inventory control strategy used by
manufacturers is conducive to reducing the risk of port interruption. Cuong et al. [19]
utilized the four-dimensional fractional Lotka–Volterra competition model and nonlinear
analysis methods to study relevant port behaviors and port operation decision-making
strategies, and they found that the proposed resilience management scheme can ensure
an average growth rate of 7.46% in container throughput. Rogerson et al. [20] analyzed a
supply chain disruption from flexibility and capacity perspectives, and results showed that
various capacity problems (ports, links, container chassis, empty containers) encountered
due to port conflicts can be solved by flexible measures such as nodes, modes and fleet
flexibility. Bai et al. [21] analyzed temporal and geospatial port congestion status, and
proposed a density-based spatial clustering of applications with noise algorithm to analyze
the economic implications of congestion for various stakeholders in the system.

For the abnormal behavior caused by different risks, it is necessary to analyze the
dynamics of the supply chain and carry out dynamic control. John et al. [22] proposed the
APIOBPCS (automatic pipelines, inventory and order-based production control system) to
describe the inventory and production control strategy of the supply chain. On this basis,
Alkaabneh et al. [23] conducted research to reduce CO2 emissions of food supply chains.
They developed a spatially and temporally disaggregated price equilibrium mathematical
model and compared three emission reduction interventions (carbon tax, technology inno-
vation, and land sparing). Papanagnou [24] implemented a stochastic state-space model to
capture the dynamics of a new four-echelon closed-loop supply chain model, and intro-
duced an optimization method to study the impact of the Internet of Things on inventory
variance and the bullwhip effect. Cuong et al. [25] proposed a fractional-order sliding mode
control algorithm based on the adaptive mechanism, which ensured the robust stability of
the goods flow in the supply chain network. Alkaabneh et al. [26] developed a dynamic
programming model to optimize resource allocation by food banks among the agencies they
serve. Khamseh et al. [27] established a general model based on bounded optimal control
theory to optimize supply chain recovery and cost. Fu et al. [28] developed a distributed
model predictive control approach to handle supply chain operations and achieve effective
supply chain management with minimal information exchange and communication. Alka-
abneh and Diabat [29] proposed and compared two different algorithms (branch-and-price
and a two-stage meta-heuristic) to solve the multi-objective home healthcare delivery prob-
lem. The aim is to minimize the service and routing costs while maximizing compatibility
of nurses and patients. Yan et al. [30] designed a stabilizing linear feedback controller to
stabilize the supply chain mathematical model with a computer aided digital manufac-
turing process. Based on system dynamics, Xu et al. [31] established a four-dimensional
differential equation with chaotic behavior to describe the multi-level supply chain, and
combined this with modern control theory to implement a novel fractional-order adaptive
sliding mode control algorithm to achieve efficient management of the supply chain.

It can be seen that the research on the dynamic control of supply chains under various
disruptive influences mainly focuses on the manufacturing supply chain. The research
on the implementation of dynamic regulation strategies in fields related to the CPSC to
achieve effective supply chain optimization and management is still insufficient.

2.2. Resilience of Supply Chain

At present, enterprises are paying more and more attention to the research on supply
chain resilience. Resilience strategy is not only closely related to the operation level of
the supply chain, but also affects the implementation of management decisions. Cohen
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et al. [32] investigated the gap between the theory and practice of supply chain resilience,
and analyzed the relationship between operations, supply-chain characteristics and im-
plemented strategies. Under the COVID-19 pandemic, Moosavi and Hosseini [33] imple-
mented two resiliency strategies of pre-setting additional inventory and backup suppliers,
which helped decision makers to plan for response in the event of a pandemic or any
prolonged high-intensity disruption. Mao et al. [34] developed two metrics, cumulative
performance loss and fast recovery, to measure the resilience of the supply chain network.
Also, three main indicators of network resilience, namely node density, node complexity
and node criticality were considered by Rajesh [35], who adopted an improved metaheuris-
tic and crazy elitist TLBO algorithm to ensure cost efficiency in resilience design. Chen
et al. [36] established the resilience measurement model of the container transportation net-
work in the port hinterland. Rajesh [37] put forward the resilience fuzzy index to measure
the level of resilience of enterprises. Ramezankhani et al. [38] proposed a novel dynamic
network data envelopment analysis framework to dynamically evaluate the performance of
the supply chain from the two perspectives of sustainability and resilience. Zhang et al. [39]
proposed a recovery time equivalent (RTE) disruption risk measurement model using value
at risk. Furthermore, considering the strategy of improving resilience, Li et al. [40] explored
the relationship between network characteristics and supply chain resilience and came
to the conclusion that network characteristics can better explain supply chain network
resilience than network type and average degree. Gao et al. [41] studied the relationship
between risk control and resilience in the process of digital transformation. The risk control
system constructed by a Bayesian belief network could improve the resilience of the supply
chain from a risk point of view.

The study of supply chain resilience helps explore the internal mechanism of the
existing level of supply chain resilience, so as to judge the necessity of supply chain
resilience regulation. At present, there is no unified definition and measurement method of
system resilience, and the application of resilience in the CPSC field is lacking. Enhanced
resiliency of the CPSC under disruptive events is urgently needed.

3. Modified Two-Stage CPSC System

Based on the improvement of the traditional production and inventory control model,
the container handling system (CHS) is firstly described, including its overall calculation
description, and four major strategies that relate to the actual operation processes of con-
tainer ports. Further, the container pretreatment system (CPS) is designed and coupled
with the CHS, thereby the two-stage CPSC system is established. By selecting appropriate
state variables, the state space of the modified two-stage CPSC can reveal the real-time
state and dynamic characteristics of each stage of the CPSC system, which is conducive
to the analysis of each state in the CPSC system and the formulation of reasonable regula-
tion strategies. Finally, the dynamic characteristics are analyzed and calculated, and the
calculation results can be obtained through the relevant theorem. Simulations verify the
correctness of the analysis process.

3.1. Container Handling System

The definitions of variables and symbols involved in this paper are shown in Table 1.
The container handling system is shown in Figure 2. Its input is the ACHR obtained

in the previous stage; correspondingly, the unfinished container handling requirement
(UCHR) is its output. The CHS mainly consists of four processes, i.e., (1) container handling
forecasting mechanism, (2) container handling strategy, (3) CHIP adjustment strategy, and
(4) UCHR adjustment strategy. In CHS, the most important calculation process is that the
PCHR is equal to the average container handling requirement (AVCHR) plus the adjustment
of unfinished container handling requirement (UCHRadj), and the adjustment of container
handling in process (CHIPadj). Specifically, there are three feedforward links in the CHS. The
AVCHR is obtained by the first-order forecasting link defined by the smoothing constant
TA, and AVCHR can obtain PCHR. Simultaneously, AVCHR reacts with TQ to obtain the
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ECHIP level, and reacts with TH to obtain the EFCHR. TP represents the delay in the
particular container handling process. TCHIP and TUCHR are used as the error adjustment
time, adjusting the error between ECHIP and CHIP and the error between EFCHR and
UCHR, respectively.

Table 1. Definitions of variables and symbols in this paper.

ACHR Actual container handling requirement
AVCHR Average container handling requirement
AVRATE Actual container average arrive rate
CARATE Container arrive rate

CHIP Container handling in progress
CHIPadj CHIP adjustment

COMRATE Handling completion rate
COMRATE1 Gross allocation completion rate
COMRATE2 Net allocation completion rate

ECHIP Expected container handling in progress
ECOM Expected allocation completion rate
EFCPR Expected finished container pretreatment requirement
EFCHR Expected finished container handling requirement
FCPR Finished container pretreatment requirement

FCPRadj FCPR adjustment
OSC Oscillation level

PCHR Planned container handling requirement
R Resilience index

TA Forecasting smoothing constant
TCHIP Time to adjust CHIP discrepancy

TE Expected lead-time of pretreatment
TFCPR Time to adjust FCPR discrepancy

TH Expected handling time
tp Peak time
TP Container handling delay time
TP1 Allocation time delay
TQ Expected lead-time of container handling
ts Setting time

TUCHR Adjustment time of UCHR
TWAIT Waiting time delay

UA Unit allocation rate
UCHR Unfinished container handling requirement

UCHRadj UCHR adjustmentJ. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 6 of 29 
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3.2. Container Pretreatment System

In CHS, the demand signal ACHR is generally directly used as its input. However,
under disruptive events, the input signal often has to experience a certain delay. At this
point, the port productivity receives the signal of container handling requirement in the
state of continuous dynamic saturation. Therefore, this paper presents the design of the
pretreatment stage, considering the impact of the uncertain container waiting time and
berth allocation delay on the input container handling requirement signal. The pretreatment
completion rate is used as the input of the next stage. The container pretreatment system
(CPS) is shown in Figure 3.
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In the CPS, there are three strategies, namely, the container waiting delay strategy,
FCPR adjustment strategy, and container allocation delay strategy. TWAIT represents the
container waiting time constant. After the effect of the first-order delay set by TWAIT, the
average container arrive rate (AVRATE) can be estimated from the actual container arrive
rate (CARATE). The estimated value from CARATE (AVRATE) can further set the expected
FCPR (EFCPR), where TE is the expected lead-time of the pretreatment system. The adjust-
ment of FCPR (FCPRadj) can be obtained by the difference between the expected FCPR and
the FCPR after the adjustment time TFCPR, and TFCPR can be used as a proportional control.
The sum of the average container arrive rate (AVRATE) and the FCPR adjustment is taken as
the expected allocation completion rate (ECOM). UA represents the unit allocation rate, and
the gross allocation completion rate (COMRATE1) can be obtained by the ECOM. The FCPR
is derived from the difference between the net allocation completion rate (COMRATE2) and
the CARATE.

3.3. Two-Stage Container Port Supply Chain System

Figure 4 shows that the two systems (CPS and CHS) take COMRATE1 (ACHR) as the
system coupling point to construct the two-stage container port supply chain system. Based
on the elaboration of the system in Sections 3.1 and 3.2, the specific formula description of
the two-stage container port supply chain system can be obtained. For the CPS, the only
input is the CARATE, and the output COMRATE1 is taken as the input of the next stage.
The CARATE can be deduced as

ECOM(t) = FCPRadj(t) + AVRATE(t) (1)

where
FCPRadj(t) =

1
TFCPR

· [AVRATE(t) · TE − FCPR(t)] (2)

and
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AVRATE(t) = AVRATE(t− 1) + a · [CARATE1(t)− AVRATE(t− 1)], a =
1

1 + TWAIT
∆T

(3)
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In Equation (3), a represents the smoothing coefficient used to control TWAIT, and ∆T
represents the interval between two adjacent sampling times [42]. CARATE1 is obtained by
ECOM through the link 1/UA, that is,

COMRATE1(t) = 1
UA
· ECOM(t)

= 1
UA
· FCPRadj(t) + AVRATE(t)

(4)

Meanwhile, the output CARATE1 is further used as the input of the CHS, that is,
CARATE1(t) = ACHR(t). As described in Section 3.1, the PCHR equals to the AVCHR
plus the UCHRadj and the CHIPadj:

PCHR(t) = AVCHR(t) + CHIPadj(t) + UCHRadj(t) (5)

where

AVCHR(t) = AVCHR(t− 1) + b[ACHR(t)− AVCHR(t− 1)], b =
1

1 + TA
∆T

(6)

CHIPadj(t) =
1

TCHIP
·
[
AVCHR(t) · TQ − CHIP(t)

]
(7)

UCHRadj(t) = 1
TUCHR

· [UCHR(t)− EFCHR(t)]
= 1

TUCHR
·
[
UCHR(t)− AVCHR(t) · TQ

] (8)

It should be noted that TFCPR, TCHIP and TUCHR in the formulas can be used as the
proportional control of the system, while TP and TP1 in the established system are regarded
as the inherent properties of the system and are generally not adjusted.
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3.4. State Space Description

The state-space approach provides a complete system description. Using the state
space description can clearly explore the dynamics of each state in the two-stage CPSC
system, and it is also the premise of effectively analyzing and verifying the dynamic
characteristics. Furthermore, state dynamics can also provide an important reference for
resilience regulation strategies. In the two-stage CPSC system, due to the existence of
first-order lags, it is not easy to analyze the internal connection relationships and select
appropriate state variables. Hence, it is necessary to modify the two-stage CPSC to make
it more in line with the requirements of state space analysis. The first-order lag can be
considered as integral and time constant [43]. The modified two-stage CPSC system is
shown in Figure 5.
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The state variable can be effectively selected according to the integral links in the block
diagram. For the container pretreatment system (CPS), AVRATE · TWAIT = x1, FCPR = x2.
x1 reflects the status of the actual container arrive rate, and x2 indicates the status of the
FCPR. Furthermore, the derivative state of each state variable can be obtained as follows:

.
x1 = − 1

TWAIT
x1 + CARATE (9)

.
x2 = UA · COMRATE1 − CARATE (10)

Considering COMRATE1 = ACHR, Equation (10) can be rewritten as

.
x2 = UA · ACHR− CARATE (11)
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In addition, ECOM is also a state that should be noted, which can be expressed as

ECOM = FCPRadj + AVRATE

= 1
TWAIT

x1 +
1

TFCPR

(
TE

TWAIT
x1 − x2

)
=
(

1
TWAIT

+ TE
TWAIT TFCPR

)
x1 − 1

TFCPR
x2

(12)

Similarly, for the container handling system (CHS), the state variables can also be
reasonably selected according to the corresponding principles as follows:

AVCHR · TA = x3 (13)

CHIP = x4 (14)

UCHR = x5 (15)

Therefore, the derivative state of x1, x2, and x3 can be obtained as

.
x3 = − 1

TA
x3 + ACHR (16)

.
x5 =

(
1

TA
+

TQ

TCHIP TA
− TH

TUCHR TA

)
x3 −

(
1

Tp
+

1
TCHIP

)
x4 +

1
TUCHR

x5 (17)

.
x5 = − 1

Tp
x4 + ACHR (18)

As the key calculation process in the CHS, the state of PCHR can be obtained as

PCHR = CHIPadj + AVCHR + UCHRadj

=
(

1
TA

+
TQ

TCHIP TA
− TH

TUCHR TA

)
x3 − 1

TCHIP
x4 +

1
TUCHR

x5
(19)

The continuous closed-loop state space of the modified two-stage CPSC system can be
expressed as

.
x =

[
A 0
0 B

]
x +


1
−1
0
0
0

CARATE +


0

UA
1
0
1

ACHR (20)

where

A =

[
− 1

TWAIT
0

0 0

]
, B =


− 1

TA
0 0

1
TA

+
TQ

TCHIPTA
− TH

TUCHRTA
− 1

Tp
− 1

TCHIP
1

TUCHR

0 − 1
Tp

0

 (21)

At the same time, the internal states of the modified two-stage CPSC system can also
be expressed as 

ECOM
COMRATE1

PCHR
UCHR

 =

[
C 0
0 D

]
x (22)

where
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C =

[ 1
TWAIT

+ TE
TWAIT TFCPR

− 1
TFCPR

1
UA

(
1

TWAIT
+ TE

TWAIT TFCPR

)
− 1

TFCPRUA

]
, D =

[
1

TA
+

TQ
TCHIPTA

− TH
TUCHRTA

− 1
TCHIP

1
TUCHR

0 0 1

]
(23)

3.5. Dynamic Characteristic Analysis

In order to further obtain the relevant insights on the dynamic characteristics of the
modified two-stage CPSC system, it is necessary to use the transfer function and the
corresponding characteristic equation for analysis. Based on the state-space description,
the main transfer functions in CPS and CHS can be obtained as

COMRATE1

CARATE
=

1
UA
· (TFCPR + TWAIT + TE)s + 1

TFCPRTWAIT s2 + (TFCPR + TWAIT )s + 1
(24)

ECOM
CARATE

=
(TFCPR + TWAIT + TE)s + 1

TFCPRTWAIT s2 + (TFCPR + TWAIT )s + 1
(25)

UCHR
ACHR

=
TATPTCHIPs2 + (TPTCHIP + TATCHIP + TATP)s + TP − TQ + THTCHIP/TCHIP

TCHIP TPTA[1/TUCHR TP + (1/TCHIP + 1/TP)s + s2](s + 1/TA)
(26)

PCHR
ACHR

=

s2(TCHIPTP TUCHR + TPTUCHRTQ − TPTCHIPTH + TPTATCHIP
)

+s
(
TUCHRTCHIP + TUCHRTQ − THTCHIP + TPTCHIP + TATCHIP

)
+ TCHIP

TUCHR TCHIP TPTA[1/TUCHR TP + (1/TCHIP + 1/TP)s + s2](s + 1/TA)
(27)

Based on the obtained transfer functions Equations (24)–(27), the final steady-state
value can be obtained by using the final value theorem, and it is beneficial to compare with
the subsequent simulation to verify the correctness of the results. When the system input is
set as a unit step signal, it is easy to obtain the relevant final values:

lim
s→0

s · COMRATE1
CARATE = 1

UA
, lim

s→0
s · ECOM

CARATE = 1

lim
s→0

s · UCHR
ACHR =

TUCHR(TP−TQ)
TCHIP

+ TH , lim
s→0

s · PCHR
ACHR = 1

(28)

Further, for the modified two-stage CPSC system, the corresponding final values are

lim
s→0

s · UCHR
CARATE

= lim
s→0

s · COMRATE1

CARATE
· UCHR

ACHR
=

1
UA

[
TUCHR

(
TP − TQ

)
TCHIP

+ TH

]
(29)

lim
s→0

s · PCHR
CARATE

= lim
s→0

s · COMRATE1

CARATE
· PCHR

ACHR
=

1
UA

(30)

As expected, the result of each final value is similar to the conclusion drawn by Xu
et al. [44], which proves that the calculation is correct and reasonable. It can be seen that
the value of uchr (∞) depends on UA, TUCHR, TCHIP, TP, TQ and TH. When TP = TQ, UA = 1
and TH = 0, uchr (∞) = 0.

In addition, the dynamic performance is usually determined by the characteristic
equation in the transfer function. The standard form of the characteristic equation of the
second-order CPS is

s2 + 2ζωns + ω2
n = 0 (31)

where ωn and ζ represent the natural frequency and damping ratio, respectively. ωn is
related to the recovery speed of its response to reach a steady state, while ζ determines the
oscillation level of its response. Compared with Equations (24) and (25), we have

ωn =

√
1

TWAITTFCPR
(32)
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ζ = (TWAIT+TFCPR)
2

√
1

TWAIT TFCPR

= 1
2

√
2 + TWAIT

2+TFCPR
2

TWAIT TFCPR

(33)

As can be seen from Equations (32) and (33), both ωn and ζ depend on TWAIT and
TFCPR. When the values of TWAIT and TFCPR increase, ωn decreases accordingly, causing the
response to take longer to return to the steady state. For ζ, since both a and b are positive,
it is easy to obtain TWAIT

2 + TFCPR
2 ≥ 2TWAITTFCPR, thus making ζ ≥ 1. The system is

always in a critically damped or overdamped state, which means that the CPS can maintain
the stability under any positive control parameters.

For the CHS, since the third-order system has more control parameters, it is not easy
to perform an analysis. Therefore, using the characteristic equation to analyze the CHS is
an effective choice. The characteristic equation is expressed as[

1/TUCHR TP + (1/TCHIP + 1/TP)s + s2
]
(s + 1/TA) (34)

Setting the three poles obtained by the characteristic equation as p, p1, and p2, it is easy
to identify one of the poles as p = −1/TA. Then,

p1 + p2 =
1

TCHIP
+

1
TP

, p1 p2 =
1

TUCHR TP
(35)

As all relevant control parameters are positive in this paper, it can be obtained that
p1 + p2 > 0, p1 p2 > 0, and 1/TA > 0. Therefore, the CHS also maintains stability.

Finally, the classic unit step signal is used as input to simulate each state and initially
verify the correctness of the above calculation and analysis. Now, set TP = TQ, TH = 1,
TCHIP = 2TP. On the premise that TWAIT is taken as the main independent variable, the
states involved are shown in Figure 6.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 12 of 29 
 

 

2 2 02 n ns sζω ω+ + =  (31)

where nω  and ζ  represent the natural frequency and damping ratio, respectively. nω  
is related to the recovery speed of its response to reach a steady state, while ζ  
determines the oscillation level of its response. Compared with Equations (24) and (25), 
we have 

1
WAIT FCPR

n T T
ω =  (32)

( )

2 2

2

1
2

1

2

FCPR

FCPR

FCPR

WAIT FCPR

WAIT

WAIT

WAIT

T T
T T

T T
T T

ζ
+

=

+
= +

 (33)

As can be seen from Equations (32) and (33), both nω  and ζ  depend on TWAIT and 
TFCPR. When the values of TWAIT and TFCPR increase, nω  decreases accordingly, causing the 
response to take longer to return to the steady state. For ζ , since both a and b are positive, 
it is easy to obtain 2 2 2FCPR FCPRWAIT WAITT T T T≥+ , thus making 1ζ ≥ . The system is always 
in a critically damped or overdamped state, which means that the CPS can maintain the 
stability under any positive control parameters. 

For the CHS, since the third-order system has more control parameters, it is not easy 
to perform an analysis. Therefore, using the characteristic equation to analyze the CHS is 
an effective choice. The characteristic equation is expressed as 

( ) ( )2
  1 / 1 / 1 / 1 /UCHR P CHIP P AT T T T s s s T + + + +   (34)

Setting the three poles obtained by the characteristic equation as p, p1, and p2, it is easy 
to identify one of the poles as 1/ Ap T= − . Then, 

1 1
 

2 2
 

1 1 1,  
CHIP P UCHR P

p
T

p
T T T

p p+ = + =  (35)

As all relevant control parameters are positive in this paper, it can be obtained that 
1 2 0p p+ > , 1 2 0p p > , and 1/ 0AT > . Therefore, the CHS also maintains stability. 

Finally, the classic unit step signal is used as input to simulate each state and initially 
verify the correctness of the above calculation and analysis. Now, set P QT T=  , 1HT =  , 

2CHIP PT T= . On the premise that TWAIT is taken as the main independent variable, the states 
involved are shown in Figure 6.  

  
(a) (b) 

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 13 of 29 
 

 

  
(c) (d) 

Figure 6. Changes of each state in the CPS with different control parameters. (a) COMRATE1 under 
the change of TWAIT; (b) FCPR under the change of TWAIT; (c) PCHR under the change of TWAIT; (d) 
UCHR under the change of TWAIT. 

As shown in Figure 6, COMRATE1, PCHR, and UCHR show an initial rise, while the 
FCPR shows a rapid initial drop. The reason lies in the transient response caused by the 
mutated input unit step signal to the responses. Under the influence of the increasing 
TWAIT, the setting time of each response increases correspondingly, at the cost of the 
decreasing oscillation level in varying degrees. The simulation results preliminarily prove 
the correctness of the calculation and analysis. 

4. Two-Dimensional Resilience Index 
In the existing literature, the research on the resilience measurement for the supply 

chain control model is still very insufficient, among which the ITAE has been proved to be 
an effective reference for the measurement of the resilience level [44,45]. The ITAE can 
effectively reflect the accumulation of the error between the actual unsatisfied container 
handling requirement and the ideal value over time. If the response fails to reach the 
steady state or there is a persistent steady-state error, the value of the ITAE tends to be 
infinite, indicating that the supply chain is seriously lacking resilience. Based on the equal 
measurement of positive error and negative error, the smaller the value of the ITAE, the 
smaller the deviation between the measured value and the desired value, meaning the 
better the resilience. The basic calculation of ITAE can be expressed as 

0 0 0
| ( ) | d lim | ( ) |

t t
ITAE t e t t t e t t

δ
δ

∞∞

→ =

= ⋅ =   (36)

where ( )e t  represents the error between actual value and desired value. 
However, for the modified two-stage CPSC system, the ITAE with a single response 

error is not enough to fully measure its resilience, which may lead to inaccurate results. 
Therefore, on the basis of the ITAE, this paper further incorporates the fluctuation degree 
(FL) of the planned container handling requirement (PCHR) relative to the container arrive 
rate (CARATE), which is based on the related calculation idea of the bullwhip effect, as 
shown in Equation (37). 

2

2
 

Bullwhip ORATE

CONS

σ
σ

=  (37)

where 2
ORATEσ  and 2

CONSσ  refer to the order rate variance and consumption variance in 
the production and inventory control system. Regarding this criterion, if 2 2

 1ORATE CONSσ σ =
, there is zero bullwhip in the system; if 2 2

 1ORATE CONSσ σ >  , the system is amplified; if 
2 2

 1ORATE CONSσ σ <  , the system is smoothed [46]. Therefore, the calculation idea of the 

Figure 6. Changes of each state in the CPS with different control parameters. (a) COMRATE1 under
the change of TWAIT; (b) FCPR under the change of TWAIT; (c) PCHR under the change of TWAIT;
(d) UCHR under the change of TWAIT.



J. Mar. Sci. Eng. 2023, 11, 732 12 of 27

As shown in Figure 6, COMRATE1, PCHR, and UCHR show an initial rise, while the
FCPR shows a rapid initial drop. The reason lies in the transient response caused by the
mutated input unit step signal to the responses. Under the influence of the increasing
TWAIT, the setting time of each response increases correspondingly, at the cost of the
decreasing oscillation level in varying degrees. The simulation results preliminarily prove
the correctness of the calculation and analysis.

4. Two-Dimensional Resilience Index

In the existing literature, the research on the resilience measurement for the supply
chain control model is still very insufficient, among which the ITAE has been proved to
be an effective reference for the measurement of the resilience level [44,45]. The ITAE can
effectively reflect the accumulation of the error between the actual unsatisfied container
handling requirement and the ideal value over time. If the response fails to reach the
steady state or there is a persistent steady-state error, the value of the ITAE tends to be
infinite, indicating that the supply chain is seriously lacking resilience. Based on the equal
measurement of positive error and negative error, the smaller the value of the ITAE, the
smaller the deviation between the measured value and the desired value, meaning the
better the resilience. The basic calculation of ITAE can be expressed as

ITAE =
∫ ∞

0
t · |e(t)|dt = lim

δt→0

∞

∑
t=0

t|e(t)|δt (36)

where e(t) represents the error between actual value and desired value.
However, for the modified two-stage CPSC system, the ITAE with a single response

error is not enough to fully measure its resilience, which may lead to inaccurate results.
Therefore, on the basis of the ITAE, this paper further incorporates the fluctuation degree
(FL) of the planned container handling requirement (PCHR) relative to the container arrive
rate (CARATE), which is based on the related calculation idea of the bullwhip effect, as
shown in Equation (37).

Bullwhip =
σ2

ORATE
σ2

CONS
(37)

where σ2
ORATE and σ2

CONS refer to the order rate variance and consumption variance in the
production and inventory control system. Regarding this criterion, if σ2

ORATE/σ2
CONS = 1,

there is zero bullwhip in the system; if σ2
ORATE/σ2

CONS > 1, the system is amplified; if
σ2

ORATE/σ2
CONS < 1, the system is smoothed [46]. Therefore, the calculation idea of the

bullwhip effect is integrated into the resilience design of the modified two-stage CPSC
system. The calculation form is rewritten as Equation (38), so as to reflect the fluctuation of
its internal states. FL is expressed as

FL =

[∫ ∞

0
(PCHR(t))2dt/

∫ ∞

0
(CARATE(t))2dt

]
(38)

Now, based on comprehensive consideration of the error level and internal state of the
CPS and CHS, the two-dimensional resilience index R including recovery and affordability
is proposed. The resilience index R is expressed as

R =
√

FL2 + RE2 (39)

where
FL =

[∫ ∞
0 (PCHR(t))2dt/

∫ ∞
0 ( CARATE(t))2dt

]
,

RE =
√

α[ITAEUCHR]
2 + β[ITAEFCPR]

2
(40)
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and
ITAEUCHR =

∫ ∞

0
t|EUCHR|dt, ITAEFCPR =

∫ ∞

0
t|EFCPR|dt (41)

In Equations (38) and (39), FL characterizes the fluctuation of the PCHR relative to
its input in the first stage. Smaller fluctuation stands for more accurate response and
higher affordability. Different from the calculation of the traditional bullwhip effect, the
calculation of FL is carried out in the time domain, and can comprehensively consider the
state of the current stage and its input from the previous stage. The ratio of the two is
used as the fluctuation degree relative to the input, which can fully reflect the affordability
under disruptive events. RE integrates the deviation of the two stage responses as the
deviation of the whole system. Furthermore, FL tends to the degree of fluctuation within
the system, while RE tends to the deviation of responses, which can be represented as
the recovery under disruptive events. The designed two-dimensional resilience index can
comprehensively measure the recovery and affordability of the system.

In Equation (40), the accumulation of deviations of UCHR and FCPR over time is
expressed by ITAEUCHR and ITAEFCPR, respectively. When the values of ITAEUCHR and
ITAEFCPR are smaller, the response and recovery are better. α and β are the proportional co-
efficients, which is to coordinate the order of magnitude of each calculation link. Therefore,
for the novel two-dimensional index R, smaller R represents better resilience. In Equation
(41), EUCHR = uchr(t)− uchr(∞), EFCPR = f cpr(t)− f cpr(∞). Furthermore, it has been
obtained from Equation (33) that uchr(∞) = TUCHR

(
TP − TQ

)
/TCHIP, f cpr(∞) = 1.

5. Adaptive Fuzzy Double-Feedback Adjustment Strategy
5.1. Overall Strategy Design

Previous studies on the optimal control of supply chain systems tend to obtain the
optimal parameters or parameter sets to achieve the optimal system performance [47–49].
However, the obtained mathematical optimal value often does not conform to the actual
production process. Considering the limitation, this paper puts forward a design for an
adaptive fuzzy double-feedback adjustment (AFDA) strategy. The AFDA includes the first-
level fuzzy logic control system and the second-level adaptive fuzzy adjustment system.
The AFDA can not only make use of its own real-time states for the adaptive adjustment,
but also effectively integrate the relevant logic experience of managers to regulate the
fuzzy logic.

An adaptive fuzzy double-feedback control structure is established with two feedback
links of FCPR and UCHR. TWAIT is the main independent variable, while TP and TP1
are intrinsic properties. The first-level fuzzy logic system is used to realize the adaptive
optimization of the control parameters TFCPR and TUCHR, and the second-level adaptive
fuzzy adjustment system is used to synchronously update the adjustment factors in the
fuzzy control process to further optimize the modified two-stage CPSC system control
effect. The overall design is shown in Figure 7.

Figure 7 shows the deviation between the FCPR and CARATE (e1), and its change
rate (ec1) as the inputs of first-level fuzzy logic subsystem 1. The smoothing coefficient
α1 is regulated by the set fuzzy logic, and the updated FCPR obtained by the updated
control parameter TFCPR is fed back to the modified two-stage CPSC system. Meanwhile,
K1 and K2 are the adjustment factors of the deviation e1 and deviation change rate ec1
respectively, and the control ratio of e1 and ec1 can be adjusted in real time, so as to better
adapt to changes of external environment. The specific fuzzy design of the first-level fuzzy
logic system and the second-level adaptive fuzzy adjustment system will be detailed in
Sections 5.2 and 5.3. For the first-level fuzzy logic subsystem 2, the principle is roughly
similar to that of subsystem 1; the main difference is that it receives the deviation between
the unfinished container handling requirement UCHR and the CARATE (e2) and the change
rate of deviation (ec2) as input. The updated TUCHR is obtained by the smoothing coefficient
α2. The updated UCHR obtained by TUCHR is fed back to the modified two-stage CPSC
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system. K3 and K4 also adjust the corresponding control ratio to better optimize their
control effect.
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5.2. First-Level Fuzzy Logic System

For the first-level fuzzy logic subsystem 1, when the error signal e1 and the error
change rate signal ec1 between the FCPR and CARATE are received, TFCPR is adjusted by
the smoothing coefficient α1, and the calculation principle can be expressed as

TFCPR =
1− α1

α1
(42)

Since all control parameters are positive, α1 < 1. Therefore, the range of the fuzzy
output of the first-level fuzzy logic subsystem 1 is defined as {0, 1}. The fuzzy domain of
fuzzy inputs is also set as {0, 1}. Further, the number of fuzzy subsets is set as 7, which is a
generally applicable setting, i.e., {VS, S, RS, M, RB, B, VB}. Furthermore, considering that
the changes of e and e1 are relatively uniform, the membership function which can be set as
the uniformly distributed trigonometric functions, has good accuracy and is convenient
to calculate. Specific settings can be found in Appendix A. The variation range of the
trigonometric membership function is consistent with the domain corresponding to the
fuzzy subset.

The fuzzy setting of the first-level fuzzy logic subsystem 2 is similar to that of subsys-
tem 1. TUCHR is regulated by the smoothing coefficient α2. According to the input–output
logic relationship, the rule table of fuzzy control of the two fuzzy logic subsystems is shown
in Table 2.

Table 2. Rule table of first-level fuzzy logic.

ec
e

VS S RS M RB B VB

VS M RS RS S S VS VS
S RB M RS RS S S VS

RS RB RB M RS RS S S
M B RB RB M RS RS S
RB B B RB RB M RS RS
B VB B B RB RB M RS

VB VB VB B B RB RB M
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Table 2 shows the change trend of the smoothing coefficient (α1, α2) is consistent with
error change rate ec (ec1, ec2) and opposite to error (e1, e2). Therefore, the basic control
principle of the first-level fuzzy logic system can be summarized as follows: when the
change rate is relatively large, the smoothing coefficient should be increased to alleviate
the rapid change of the modified two-stage CPSC system under disruptive events, and
when the error is relatively large, it is necessary to reduce the smoothing coefficient to try
to restore the error to ideal states.

5.3. Second-Level Adaptive Fuzzy Adjustment System

Generally, one of the important characteristics of the modified two-stage CPSC system
using fuzzy control is that it is convenient to combine the experience of relevant managers
to adjust it. However, because different managers have subjective differences, and the same
manager may make different decisions, the parameter design of fuzzy control often has a
certain degree of subjectivity. Hence, the real-time adaptive adjustment of the adjustment
factors is required.

In the second-level adaptive fuzzy adjustment system, the control objective is to
optimize the control effect of the first-level fuzzy logic system through adaptive control
of the adjustment factors. The fuzzy subset of the fuzzy inputs is set as {NB, NM, NS, Z,
PS, PM, PB}. The membership function also adopts uniformly distributed trigonometric
functions. Since the control accuracy of the adjustment factors is often not as high as that
of the smoothing coefficient, the number of subsets of the fuzzy output can be selected
as 5, i.e., {VS, S, M, B, VB}. It should be noted that at this time, the membership function
adopts the trapezoidal membership function with uneven distribution, because the output
adjustment factors are mainly distributed at both ends of the interval, and the trapezoidal
membership function can smoothly adjust the fuzzy output. The input and output fuzzy
domains are {0, 1}. The setting of the fuzzy rule table of the second-level adaptive fuzzy
adjustment system is shown in Table 3. More details can be found in Appendix A.

Table 3. Fuzzy rule table of second-level adaptive fuzzy adjustment system.

ec
e

NB NM NS Z PS PM PB

NB B B M VS S M B
NM B B M S S B B
NS VB B M M M B VB
Z VB B B M B B VB
PS VB B M M M B VB
PM B B M S M B B
PB B M S VS S M B

From Table 3, the fuzzy rule presents obvious symmetry characteristics. When both
e and ec are close to zero (Z), the proportion of the two input adjustment factors of the
fuzzy system is equal. When e becomes larger (positive or negative), the corresponding
adjustment factor also becomes larger. This means that it is necessary to increase the
control ratio of error and contain it in time. Similarly, when the ec tends to the extreme
value (positive or negative), it is necessary to reduce the control ratio of e to increase the
control ratio of ec, so as to alleviate the change rate. As a result, the expectation of adaptive
adjustment can be achieved.

6. Simulations and Analysis

Disruptive events that have negative effects on the CPSC are diverse, such as the
repeated spread of the COVID-19 pandemic [50], natural disasters [51] and geopolitical
conflicts [52]. Although these disruptive events are different, their impacts on the CPSC can
be summarized as demand mutation, uncertain delays, inefficient port productivity, and
slow turnover [50–52]. Furthermore, the commonality of these restrictions is that they are
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often manifested by the inefficiency, stagnation and congestion of container ports. Therefore,
the corresponding constraints are modeled as uncertain container handling waiting time
delay and berth allocation delay, thereby exploring their impact on the modified two-stage
CPSC and further designing the resilience regulation strategy.

6.1. The Effect of CPS on the Modified Two-Stage CPSC

Container uncertain waiting delays and berth allocation delays under disruptive
events are integrated into the container preprocessing stage, thereby constructing a CPS.
Studying the overall effect of the CPS on the modified two-stage CPSC, especially the
change of the main independent variable TWAIT, can effectively reflect the adverse influ-
ences of disruptive events, and the preparations for the follow-up regulation research can
be made.

In simulation, the oscillation level and setting time are used to represent the fluctuation
degree and stability time, respectively. According to our investigation, the continuation of
disruptive events has caused varying congestion or disruption in the CPSC. Specifically,
under disruptive events, the specific constraints and the general scheme can be summarized
as follows: (1) The impact of the COVID-19 pandemic on the CPSC is strong [50], including
extremely high transportation prices, transportation accessibility, and extension of supply
chains. (2) The median duration of port disruption caused by natural disasters was 6 days,
with 95% of them being 22.2 days [51]. (3) A crisis in the CPSC caused by the conflict
between Russia and Ukraine reveals the impact of changes in EU consumer prices in
situations of container ports destruction [52]. Combined with the commonality of the
investigated supply chains, this paper uses the uncertain container waiting delay and
allocation delay links set by the CPS system to explore the impact of disruptive events on
the modified two-stage CPSC system.

On this basis, we refer to the real-time data of the most congested container ports
in the world, and take the congestion data of the top 20 container ports as an example to
calculate the average value of nearly a month. Without losing generality, the system is set to
take one day as a cycle. The average waiting time is set to 6 days; the average port handling
time is 4 days; the expected pretreatment cycle is 1 day; and the constant TA = 6 days. TA
can be given different values according to the specific prediction mechanism, but TA does
not change the overall response trend of the system to a large extent; TQ and TP are set to
be the same value, that is, TQ = TP = 4 days.

Figure 8 shows the effects of TWAIT on the dynamic behaviors of responses in the CPS.
It should be emphasized that, compared with other three performance indicators, it is
interesting to see that the OSC shows an opposite change trend, because when the waiting
time increases, at the cost of longer setting time, the fluctuation becomes less. Furthermore,
the responses always experience an initial rise, which is particularly evident in the UCHR
response. The reason for this is that the mutated step demand is transmitted to the CPSC
through the container preprocessing system, and the responses has to satisfy the output
signal transmitted by the CPS. Then, with the continuous port productivity, the UCHR
level is gradually reduced to the required level. Consistent with the analysis in Section 3.4,
when TWAIT increases, the oscillation levels of the UCHR and PCHR decrease, which are
achieved at the expense of longer setting time. In comparison, CHIP is less sensitive to
the change of TWAIT. When TWAIT is small, the oscillation peak of CHIP does not change
significantly, which proves that when the CPSC is less affected (small TWAIT), a certain
balance can still be maintained between the port productivity and the planned container
handling requirement.
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In addition, the modified two-stage CPSC is abbreviated as the original system. The
according resilience R is shown in Figure 9.
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system; (b) R under the change of TUCHR.

Figure 9b shows that a small TWAIT can make the resilience response have a faster
response speed. When TWAIT increases, the response speed of R becomes slower and the
final stable value is obviously larger, which means that when the modified two-stage CPSC
system is more seriously affected (larger TWAIT), the resilience will be significantly reduced.
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Compared with the initial system, CPS has weakened the resilience to a certain extent
under larger values of TWAIT, and the resilience is reduced by 66.95% in the worst case.

Based on the derived R, the effect of FL and RE on R can be further analyzed by
decomposing R.

Figure 10 shows the decomposition of R, revealing the relationship between the
resilience index R and the internal two-dimensional factors. As shown in Figure 10a,b, both
RE and FL have a gain effect on R at the current value, and compared with the affordability,
the gain of the recovery to R is significantly greater than the affordability, which means
that the recovery accounts for more weight than the affordability, and the resilience is more
affected by the recovery. Figure 10c represents the trajectory of RE and FL moving with R
during operation. FL and RE eventually move to 2.4 and 6.9, respectively, which is in line
with the trend shown by the 3D grid diagram and contour diagram.
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Finally, the relevant specific values in simulations are measured and recorded in
Table 4. Further, the weakening degree caused by the CPS is shown in the Table 5.

Table 4. Simulation results under the change of parameters.

Control Parameters
UCHR

R
OSC ts (d) tp (d)

TFCPR = 4

TWAIT = 3 5.44 40.60 10.00 5.94
TWAIT = 6 5.33 57.30 11.20 7.24

TWAIT = 12 5.03 72.80 12.30 10.16
TWAIT = 24 4.70 87.10 12.90 15.82

Ideal situation 4.70 36.40 9.10 5.19
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Table 5. Relative weakening degree of system dynamic performance.

Control
Parameters

UCHR
R

OSC ts tp

TWAIT = 3 15.74% 11.54% 9.89% 14.45%
TWAIT = 6 13.40% 57.42% 23.08% 39.50%
TWAIT = 12 7.02% 100.00% 35.16% 95.76%
TWAIT = 24 0 139.29% 41.76% 204.48%

6.2. Adaptive Fuzzy Double-Feedback Adjustment Strategy for Modified Two-Stage CPSC System

The control objective of the modified two-stage CPSC system is to design appropriate
regulation strategies to minimize the negative impact and achieve rapid recovery under
disruptive events. An adaptive fuzzy double-feedback control structure is established based
on two feedback pipelines. Through the effective control of the smoothing coefficients,
the adaptive adjustment of the modified two-stage CPSC system is realized. Similarly, the
UCHR is taken as the main control object, and the uncertain waiting time delay is taken
as the independent variable. At the same time, the AFDA strategy is compared with the
original system, PID, and two pipelines (TP) to verify its effectiveness. The simulation
results are shown in Figures 11 and 12.
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Figure 12. Comparisons of R. (a) Original system: (b) AFDA; (c) PID; and (d) two pipelines.

The simulation results are recorded in Tables 6–8. In Figure 11, the optimization effect
of each method can be easily compared and the effectiveness of the proposed AFDA is
verified. Compared with the original system, the oscillation level under disruptive effects is
significantly reduced, and the stabilization time is shortened. Comparing the data recorded
in Table 6 with Table 4, the OSC can be reduced by up to 49.53% at the maximum, and the
ts can be shortened by up to 35.94%. When the container waiting time delay is (3, 6, 12, 24)
days, AFDA can ultimately shorten the stability time by (28.25%, 28.62%, 35.44%, 35.94%),
respectively.
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Table 6. Dynamic performance and R with AFDA.

UCHR
R

OSC ts tp

Increase in
TWAIT

2.80 35.40 5.70 3.27
2.69 40.90 6.60 4.57
2.60 47.00 7.60 7.58
2.51 55.80 9.00 13.78

Table 7. Dynamic performance and R with PID.

UCHR
R

OSC ts tp

Increase in
TWAIT

2.86 82.50 6.60 7.58
2.63 86.50 7.30 8.78
2.36 94.00 7.80 11.05
2.14 102.00 8.10 15.40

Table 8. Dynamic performance and R with TP.

UCHR
R

OSC ts tp

Increase in
TWAIT

5.44 40.70 10.00 5.87
5.33 57.30 11.20 6.84
5.03 72.80 12.30 9.89
4.70 87.20 12.90 15.64

Figure 12 shows the resilience under different methods. The increase in TWAIT sig-
nificantly decreases the resilience. However, using the AFDA strategy, the resilience is
enhanced. It is worth noting that R under the AFDA strategy has an obvious initial rapid
rise. The reason is that when the feedback signal is used for adjustment, the initial rise of
response affects the measurement of R. Eventually, both the response and R can be restored
to the stable states.

Finally, for R with AFDA, it can also be decomposed to further explore the inner
two-dimensional mechanism of resilience, as shown in Figure 13.

Figure 13 shows that when TWAIT is small, R is significantly affected by FL more than
RE. This trend begins to change as TWAIT grows larger. When the value of TWAIT becomes
large, R is obviously dependent on the change of RE, while the change of FL is no longer
obvious.
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7. Managerial Findings and Conclusions
7.1. Managerial Findings

Some potentially meaningful managerial findings can be further obtained. (1) Under
disruptive events, the efficiency of responses decreases obviously with the extension of
waiting time delay. (2) R is sensitive to the disruptive events. The resilience is greatly
weakened under the effect of the CPS. When TWAIT = 24, TFCPR = 4, the resilience can
be reduced to as little as 1/3 of that of the original system. (3) Since resilience reflects
the inherent property of the CPSC, it is more difficult to measure resilience than other
performance indicators. The proposed two-dimensional resilience index can integrate
recovery and affordability. Under the same TWAIT, the resilience can be improved by
(44.95%, 36.88%, 25.39%, 12.90%), respectively. (4) When TWAIT is small, R is mainly affected
by the affordability. When TWAIT becomes larger, the CPSC needs more recovery, and R
begins to mainly depend on the recovery.

In addition, some management implications and practical suggestions can be proposed.
(1) When disruptive events occur, managers in the CPSC can first reasonably model the
negative effects and conduct preliminary quantitative analysis, which is more conducive to
loss assessment and subsequent adjustment measures. (2) In the actual operation process,
the inherent resilience is easy to ignore and difficult to observe directly. Therefore, it is
important to consider the guidance for resilience in combination with operations. (3) When
managing and optimizing the CPSC, the overall operating logic should be fully considered
to avoid local optimization and adjustment. When suffering from disruptive events, the
deviation between the container handling requirement and the ideal level is large, and the
smoothing coefficient should be properly decreased to try to restore the error to ideal states.
While the change rate of error is relatively large, it is necessary to increase the smoothing
coefficient to alleviate the rapid change of the CPSC.

7.2. Conclusions

A modified two-stage CPSC including CPS and CHS is designed. Indeterminate
container waiting delay and allocation delay due to disruptive effects are factored into the
CPS. The state-space description and associated characteristic analysis not only provide
a comprehensive insight into the CPSC system, but also obtain the theoretical value of
the CPSC system response. The two-dimensional resilience index R includes affordability
and recovery. Furthermore, the two-dimensional mechanism of RE and FL is explored by
decomposing R. An adaptive fuzzy double-feedback adjustment strategy is designed to
realize the adaptive optimization of the CPSC. Compared with other three strategies, the
proposed AFDA meets the actual needs of port production practice more easily. When
facing different constraints and control objectives, it is easy to change the input and output
of fuzzy control and reset the fuzzy logic. Future research will focus on the optimal
resilience of the CPSC and the role of various internal factors of resilience.
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Appendix A

The membership functions in the fuzzification process, the values of the variables
involved, and other related fuzzy settings are given in detail. The input and output of the
first-level fuzzy logic system and the input of the second-level adaptive fuzzy adjustment
system, uniformly distributed trigonometric functions are as follows:

x−a
b−a a ≤ x < b
a−c
b−c b ≤ x < c
0 x < a, x ≥ c

(A1)

where a, b, and c are the abscissas of three points of the trigonometric membership functions,
and x specifies the domain scope of the variable. The cording value range and coordinate
values of each trigonometric function are shown in Table A1.

Table A1. The relevant settings of the trigonometric membership functions.

Fuzzy Subsets Input x (e, ec) Abscissas of Trigonometric Function (a, b, c)

VS 0 ≤ x ≤ 5% (a, b, c) = (0, 0, 0.1667)

S 5% ≤ x ≤ 16.67% (a, b, c) = (0, 0.1667, 0.3333)

RS 16.67% ≤ x ≤ 33.33% (a, b, c) = (0.1667, 0.3333, 0.5)

M 33.33% ≤ x ≤ 50% (a, b, c) = (0.3333, 0.5, 0.6667)

RB 50% ≤ x ≤ 66.67% (a, b, c) = (0.5, 0.6667, 0.8333)

B 66.67% ≤ x < 83.33% (a, b, c) = (0.6667, 0.8333, 1)

VB 83.33% ≤ x ≤ 100% (a, b, c) = (0.8333, 1, 1)

The output of the second-level adaptive fuzzy adjustment system adopts the trape-
zoidal membership functions, and the expression is

f (x, a, b, c, d) =



0, x < a
x−a
b−a a 6 x 6 b
1 b < x < c
d−x
d−c c 6 x 6 d
0, d < x

(A2)

where a, b, c, and d specify the shape of the trapezoidal membership functions, and x
specifies the domain scope of the variable. The specific setting of each membership function
is shown in Table A2.

Table A2. The relevant settings of the trapezoidal membership functions.

Fuzzy Subsets Coordinate Range x (e, ec) Abscissas of Trapezoidal Function (a, b, c, d)

VS 0 ≤ x ≤ 25% (a, b, c, d) = (0, 0, 0.05, 0.1)

S 25% ≤ x ≤ 37.5% (a, b, c, d) = (0.05, 0.1, 0.15, 0.3)

M 37.5% ≤ x ≤ 62.5% (a, b, c, d) = (0.1, 0.2, 0.35, 0.65)

B 62.5% ≤ x ≤ 75% (a, b, c, d) = (0.55, 0.8, 0.9, 1)

VB 75% ≤ x ≤ 100% (a, b, c, d) = (0.9, 0.95, 1, 1)

Based on the membership functions of input and output and other related settings,
the fuzzy reasoning process adopted is in the form of if–then, shown in Figure A1.
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Finally, the initial settings of the main variables and parameters involved before the
fuzzification procedure are shown in Table A3.

Table A3. The initial settings of the main variables and parameters before the fuzzification procedure.

Symbols Values

TUCHR 6
TFCPR 4

α1 1/5
α2 1/7

K1 = K2 0.5
K3 = K4 0.5
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