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Abstract: With the continuous development of smart ports, the construction of port information
systems has become the construction focus of the future development of such ports. However,
the existing performance evaluation system for port information systems represents a research
gap. It cannot effectively achieve specific improvement in the construction of information systems
for port services and capabilities. In this paper, an evaluation index system was forged from the
three perspectives of the operating level, management capability, and economic efficiency. As a
first step, starting from the current situation of Beibu Gulf Port (Port B) construction, the three
dimensions of the evaluation index system were determined using the scheme of literature review,
questionnaire research, and fieldwork. Additionally, through adversarial interpretive structural
modeling (AISM), it is concluded that the port loading and unloading operation capability and
service level are the fundamental factors for measuring the construction performance of the container
terminal operation system (CTOS). The results are used as input to construct an analytic network
process (ANP) model to obtain the index weights. Finally, the gray clustering method (GCM) is
introduced to construct a quantitative evaluation model to quantitatively evaluate the construction
performance of the Port B CTOS. The quantitative benefits brought by the construction of the CTOS
are finally verified. The scores of the corresponding dimensions of the port before and after the
construction of the CTOS system in Beibu Gulf Port are obtained experimentally. The conclusion
shows that the construction of CTOS makes the port operating level module improve the most, from
40.023 to 70.733 points; at the same time, it is found that two aspects, i.e., green security and economic
benefits, in current construction are directions requiring further work in future port construction.
Finally, a visualized quantitative analysis and evaluation method for the performance of smart port
construction is proposed.

Keywords: smart port; container terminal operation system; quantitative evaluation model; adversarial
interpretive structural modeling; directed topology; ANP

1. Introduction

Shipping is an important part of the global economy and trade, and international
cooperation increasingly relies on ports. With the continuous development of ports, how
to create a sustainable, green and safe port has become a hot spot in current research [1].
In recent years, the smart port, which is the highest level of port development, represents
the future development trend of ports. The smart port takes technological innovation as
the means, takes the information network as the support, addresses key areas such as the
wharf, the channel, the yard, operations and management, promotes its integration into
new technologies, senses new information, incorporates new functions, realizes intelligent
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upgrading, green transformation, integration and innovation, creates an infrastructure
system that meets the requirements of high-quality port development, strongly promotes
the transformation of the new and old dynamic energy of the port and high-quality devel-
opment, and realizes the digital transformation of the port and intelligent upgrading [2].
With the guidance of national policies and the rapid development of ports, the construction
of automated ports and intelligent port information systems is becoming increasingly
important. How to objectively and accurately evaluate the development status of port
wisdom and informatization holds great significance for promoting the transformation of
new and old dynamics and high-quality port development and for realizing the intelligent
upgrading and sustainable development of ports.

Starting in the 2010s, ports and terminals entered a fifth phase of development, char-
acterized by their digital transformation and alignment with Industry 4.0 practices [3].
Although the development of smart ports requires the use of new technologies such as
the Internet of Things, 5G, and digital twins, according to [4], smart port development
projects around the world vary greatly in variability and complexity, depending on the
port environment and policy reasons, which makes it difficult to use one evaluation system
to assess smart port development in all developed and developing countries. At the same
time, most current studies on evaluation systems for smart ports focus on the infrastructure
construction evaluation of smart ports themselves [5], green security evaluation [6], and
port competitiveness evaluation [7]. However, for many developing smart ports, such an
evaluation method does not seem to be “fair” because the construction of smart ports does
not happen overnight and the final effect is composed of a variety of information systems.
Even if the construction of one system is completed, it does not significantly reflect the
effect on competitiveness, green security, or other aspects of the effect. Therefore, ports,
especially port enterprises, are eager to know what kind of improvement each information
system built brings to ports.

The smart port construction process includes the construction of many information
systems. Information systems have become indispensable to the competitiveness of ports,
facilitating communication and decision making for enhancing the visibility, efficiency,
reliability, and security in port operations under various conditions [8]. The types of
information systems are complicated, and the development of a smart port may require
the construction of more than thirty information systems with different functions. It is
difficult to obtain the development status of the whole automated port through a set
of index systems covering all information systems. How to scientifically measure and
evaluate the scientific developments of port logistics is an urgent problem that needs to be
solved in the future smart port development process [9]. Therefore, providing value-added
information services and analytics for information systems is increasingly important to
maintain a competitive edge and to fulfill regulatory requirements [8]. This paper explores
an evaluation scheme for port construction performance by studying an evaluation system
for an information system in the construction of smart ports.

Playing an important role in the information systems that need to be built in a smart
port, the container terminal operation system (CTOS) serves as the “brain” of the container
operation module of a smart port terminal, and it is also the way for many ports in
China and elsewhere to realize “wisdom” and “automation”. Many ports in China and
elsewhere must take the path of automation [10]. However, there are few studies on
evaluation schemes for CTOS construction performance, and the indexes are relatively
rough, which makes it difficult to quantify the improvement in each dimension brought
by CTOS construction to ports and causes great trouble for port decision makers. Then, it
extends the evaluation scheme for a single system to all information systems of the whole
port in the future to obtain a quantitative evaluation of the construction performance of the
whole smart port.

Research on smart ports explores all aspects of such ports, and Ignacio’s literature
review on ports and the maritime industry in the context of Industry 4.0 introduced in some
detail the development trend of smart ports and various new technologies [3]. Min further
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researched the future sustainable development of smart ports and the succession of digital
automation in light of previous studies [11]. Taewon et al. designed various types of evalu-
ation systems for smart ports [5,11-13]. In contrast to the establishment scheme for smart
port evaluation systems, the factors influencing the performance of port information system
construction are complex and nonlinear, including new technologies, port conditions, green
security, the social environment, and other factors [2]. The current literature on smart port
index design and evaluation mostly focuses on smart port infrastructure construction [12]
and competitiveness [14]. Othman et al. argued that the economic, environmental, and
social dimensions together constitute the evaluation model for smart ports [4,15]. However,
as an information system in the construction of smart ports, the evaluation of the CTOS is
not exactly the same as the evaluation scheme of smart ports, and it should be more closely
related to the actual situation of ports to design construction performance indicators that
can truly fit CTOS development [16]. The objective of this paper is to study the information
system of the smart port under construction and to understand what kind of improvement
in service quality and efficiency is brought to Beibu Gulf Port, especially Qinzhou Container
Terminal, by the enormous manpower, financial resources, and time spent by the company
in the process of developing the terminal operating system from scratch.

There are many evaluation schemes for port construction performance. In the latest
publication from 2022, Zhang evaluated the efficiency of shoreline resource use by em-
ploying a combination of the analytic hierarchy process (AHP) and information entropy
subjective—objective schemes [17]. Lin used a combination of Bouda counting and fuzzy
hierarchical analysis to analyze and compare the variability of indicators in smart port
development and studied the reasons for the variability of indicators [14]. Wang relied on
DEC evaluation criteria and used a fuzzy multicriteria decision analysis scheme combined
with the technique for order of preference by similarity to the ideal solution (TOPSIS) to
effectively evaluate the performance of port services [9]. The literature above shows that
most of the latest port evaluation articles have adopted a combination of subjective and
objective indicator evaluation schemes to derive valid evaluation results, and this paper
also draws on such a combination of subjective and objective evaluation schemes.

In terms of subjective evaluation, Wang used the ANP to describe the network re-
lationship between indicators and proposed a fuzzy analytic network process (FANP)
comprehensive evaluation model to determine the construction performance of wind en-
ergy projects [18]. Hua used a fuzzy importance-performance analysis (FIPA) scheme to
determine the performance of green ports in the green evaluation scheme and proposed
that Z ports should focus on monitoring energy consumption and pollutant emissions [19].
John proposed a Bayesian network to model impact variables for the complexity of coastal
system evaluation and used a fuzzy analytic hierarchy process (FAHP) scheme to determine
the weights [20]. Regarding objective evaluation schemes, Mandal et al. used interpretive
structural modeling (ISM) to assess the key criteria of sustainable supply chain practices and
the importance of the supply chain [21,22]. Wang used a cross-impact analysis (CIA)-ISM
scheme to analyze the critical time for outbreak prevention and control under the impact of
COVID-19 and proposed an effective emergency management scheme [23]. Zhang used
the idea of a game to integrate ISM to identify the factors that affect the heritage of kite
traditional art [24]. In summary, ISM identifies indicators and has good scalability and
visibility in determining the relationship of indicators in objective evaluation schemes.
Furthermore, as a widely used analysis method for subjective evaluation, the ANP has
been used several times in recent papers.

In the study of quantitative evaluation models, Ha used the decision-making trial
and evaluation laboratory (DEMATEL) and the ANP to propose a port performance mea-
surement (PPM) hybrid quantitative evaluation model and demonstrated it in four major
Korean container ports to derive the quantitative impact of each stakeholder group on port
performance evaluation [25]. Duman conducted quantitative ranking evaluation based on
the indicator weights derived from a DEMATEL-ANP scheme together with an artificial
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neural network approach, using criteria and models instead of the relational data between
indicators [26].
In summary, the innovations of this paper are mainly as follows.

1. A quantitative evaluation model for the port CTOS construction performance evalua-
tion system is built using the GCM to evaluate and validate the CTOS of the Port B
Qinzhou Collection Division, proving that the performance evaluation method has
a high degree of credibility and objectivity. A visualized quantitative analysis and
evaluation method for smart port construction performance is proposed.

2. The combination of the improved AISM model using the rotation extraction method
and the traditional ANP model deals with the inconsistent and missing database of
the expert judgment matrix in the ANP method and compensates for the subjective
difficulty of experts in determining the relationship of importance between factors.
This method makes the calculation of the CTOS construction performance evaluation
index weights more reasonable and the quantitative results more consistent with the
actual situation. A combined subjective and objective evaluation idea is proposed.

The evaluation model and scheme for the CTOS were determined through literature
research and background research on the Port B CTOS. First, the CTOS construction
performance evaluation system is constructed, the model is analyzed using AISM, and the
recursive structure hierarchy topology of factors affecting the CTOS is drawn based on the
AISM results and the steps are illustrated graphically in the leftmost column of Figure 1.
Second, the indicator influence relationship output by the element group of AISM is used
as the input of the ANP network structure relationship, the indicator weight results of the
evaluation model are derived by applying the AISM-ANP, and the steps are illustrated
graphically in the middle column of Figure 1. Finally, the GCM is used to construct a
quantitative evaluation model to evaluate the CTOS of the Port B Qinzhou set and are
illustrated graphically in the rightmost column of Figure 1.
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Figure 1. Technical roadmap.

The most critical steps related to AISM are shown below.

Step 1: The degree of direct relationship between the identified indicators is established
by expert judgment. According to the statistical results, the initial fuzzy relationship
adjacency matrix Ay between the risk factors is obtained.

Step 2: Choose the maximum-minimum fuzzy operator to find the fuzzy reachable
matrix A by matrix power multiplication.
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Step 3: Count the set of value domains A in the fuzzy reachable matrix, i.e., all values
that are not 0 or 1.

Step 4: Find the value domain set A intercept array A,; respectively, i.e., the operation
that is transformed into AISM.

Step 5: Calculate the reachable matrix and skeleton matrix of all A;, reduce the edges,
and perform the hierarchy division to draw the hierarchy diagram.

This paper is organized as follows: in Section 1, a literature review on the adversarial
interpretive structural modeling (AISM) and analytic network process (ANP) methods is
conducted, and a joint AISM-ANP solution is proposed. Section 2 constructs a construc-
tion performance evaluation model for the CTOS. Section 3 introduces the improvement
scheme of the two algorithms and the joint application of the solution method. The case
study in Section 4 introduces the gray clustering method (GCM) quantitative evaluation
model to quantitatively evaluate the CTOS of the Qinzhou Collective Division. Section 5
concludes and discusses using the proposed quantitative evaluation extension scheme for
all information systems in smart ports.

2. CTOS Construction Performance Evaluation System Design

From existing studies on the port CTOS, some indicators are more concise, but the
indicators are more subjective. Other indicators are more objective, but the indicators
contain a complicated content system, and the operability of evaluation is not strong. The
common defect is that the theoretical basis of evaluation index system research for the CTOS
is relatively weak and there is no systematic evaluation scheme. Exploring an objective and
concise evaluation system for enterprise knowledge competitiveness with solid theoretical
support is obviously a problem that needs to be solved in the future. It is also the key point
that this paper wants to explore and in regard to which it hopes to achieve a breakthrough.

As the core information system in the whole of smart port construction, the CTOS con-
tains container operations, the container yard station, container intelligent cargo handling,
intelligent planning and scheduling, chokepoint operations, and other systems. The CTOS
is mainly responsible for collecting and integrating port berths, production planning, the
loading and unloading situation, vehicle positioning, equipment monitoring, access gates,
operation automation, and other information. It provides comprehensive information
support for the internal operation of the terminal; thus, the functions of all aspects of the
CTOS should be considered in the evaluation process.

In the process of evaluating the performance of CTOS construction, the secondary
indicators are not only intricate, but also have influential relationships with many specific
criteria indicators. To ensure the rationality of the CTOS evaluation index system and the
objectivity and reliability of the performance evaluation results, this paper deconstructs
the CTOS. Based on the relevant research literature and combined with the inspection
and interview records at the dock site in previous research, the initial index form was
established by using questionnaires to extract three dimensions, i.e., management capability,
the business level, and economic efficiency. Subsequently, the Delphi method was used to
investigate the reasonableness of the screening judgment of the indicators, and 37 factors
affecting the performance of CTOS construction were initially identified. On this basis,
following the principles of hierarchy, system completeness, and concise science, this paper
took the connotation and basic characteristics of the CTOS in Port B, the research results of
authoritative institutions and scholars in China and elsewhere, and the information system
situation of field construction as the reference basis. Through field research and interviews,
this paper finds that this is a very urgent issue in the process of the scientific management
of ports and enterprises.

Six academic researchers, two terminal managers, and four terminal technical staff
members were invited to form an expert team for scoring and evaluating the questionnaire.
After the research team’s discussion and expert consultation, the original system of indica-
tors was developed and is shown in the table below. We selected a total of 47 indicators
related to the construction of the CTOS from the questionnaire survey and the indicators
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mentioned in the official data released by each port. The three dimensions are presented in

Table 1.

Table 1. Evaluation index system of CTOS.

Level I Indicators Level II Indicator Weights Level III Indicators Variable
Container 100 m shoreline utilization Al
Loading and Unloading Container liner average ship time efficiency A2
Operations A Average berthing time in port for container ships per A3
thousand tons of cargo handled
. Average table time efficiency of shore bridge A4
Operating Level
Average time for vehicles to pass the gate B1
One-time pass rate of vehicles through the gate B2
Chokepoint Operation B Passing license plate image recognition correct rate B3
Vehicles through the gate documents B4
electronic proportion
Pier coverage C1
Man-machine control ratio c2
Service Capability C - —

Business realization degree C3
Operation simplicity C4
Container operating system billion tons of throughput DI

mortality rate
Management Capability Green and Safety D Pollutant emission level D2
CTOS system energy consumption level D3
Disaster recovery capability E1l
Exploitability E2
System Flexibility E Hardware compatibility E3
Visualization performance E4
Business exception handling capability E5
System construction cost F1
Economic Efficiency Costs and Benefits F System maintenance cost F2
System future revenue F3

Operational level: The operational level index is the key index used to measure
whether the CTOS can play its role after construction, i.e., the index used to measure
the impact of the system on port operation capability. Most of the literature focuses
on indicators of smart port infrastructure construction and competitiveness, but the
evaluation of the CTOS as an information system in smart port construction is not
exactly the same as the evaluation scheme of smart ports. In this paper, through
fieldwork, we draw on [13,27] for the port production and operation system indexes
used in this paper, and smart port operation indexes to design two secondary indexes—
port operation and chokepoint operation—using the CTOS system. The following
eight tertiary indexes are used to reflect the improvement in the port’s services to
users: the subordinate average station time efficiency of the shore bridge, the average
container ship berthing time per thousand tons of cargo loaded and unloaded in the
port, the average container liner ship time efficiency, the container 100 m shoreline
utilization rate, the average time spent for vehicle crossing gates, the accuracy of image
recognition of vehicle license plate crossing gates, the proportion of electronic vehicle
pass documents, and the one-time pass rate of vehicles passing through the gates.
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Management capability: The management capability index is an important indicator
for measuring the performance of the CTOS, that is, for measuring whether the sys-
tem itself is built to meet the requirements of wisdom and informatization. In this
paper, based on [13,28], smart port energy and environment indicators and safety and
security evaluation system and evaluation rules are adopted. Based on [29,30], port
operation indicators in the design of the ease of operation, the business realization
degree, and other indicators are adopted. Based on [9], the service performance evalu-
ation system and the service efficiency evaluation module are added as management
indexes. Integrating the above literature and expert deliberations, this paper divides
the management capability indicators into three secondary indicators, i.e., service
capability, green security, and system flexibility. To evaluate the operational perfor-
mance of the information system in the port, the subordinate indicators are terminal
coverage, the human-machine control ratio, the business realization degree, operation
simplicity, the container operating system billion-ton throughput mortality rate, the
pollutant emission level, the CTOS energy consumption level, disaster recovery capa-
bility, exploitability, hardware compatibility, visualization performance, and business
exception handling capability.

Economic efficiency: The establishment of economic level indicators is an indispens-
able part of an enterprise when measuring almost all of its own construction. The
economic issues in the development of smart ports are not the focus of research at
present, but the ultimate purpose of smart port construction for port enterprises is
for ports to better reduce costs and increase efficiency. For the future index system to
have a broader application scenario, this paper, after reading the relevant literature
and after expert deliberations, decided to add economic indicators to measure CTOS
construction performance. The selection of indicators draws on [31-33] to adopt port
financial and trade service indicators and related design schemes, and three three-level
indicators are established, including the system construction cost, system maintenance
cost, and system future revenue.

The indicator construction model is shown in Figure 2.

Smart port container terminal operating system construction performance = f (business level,
management capability, economic efficiency)

Operating level
perang fevel &
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Figure 2. CTOS construction performance evaluation system.

3. Materials and Methods

The linkage and hierarchical relationship between indicators is learned through the

AISM model. The relationship does not change during or after information systems’
construction. It can be used as input into the ANP model to adjust the weights for different
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periods within certain limits to achieve a more realistic construction performance. With
regard to this paper, we can exactly adjust this weighting through the AISM model.

Therefore, the hypothesis defined in this paper is the evaluation of the construction
performance of the port CTOS system under different circumstances (under construction
or after completion of construction), and the CTOS of the Qinzhou Collection Division of
the Beibu Gulf port, which has already been constructed, is used in the case study.

3.1. Scheme for Constructing the AISM Model

AISM, which is an improvement on the classical ISM, incorporates the adversarial
idea. AISM is highly scalable and compatible with various improved methods, such as the
TOPSIS, the VIKOR, the AHP and the ANP. AISM is a very attractive decision support tool
with high expressiveness, as the results are presented in the form of a directed topological
hierarchy diagram [24]. In this paper, the AISM and ANP methods are combined, and
the AISM results are used as the data input of the ANP, which has the advantages of
not predetermining whether there is a linear relationship between the original data, not
assuming the probability distribution characteristics of the data, and not having special
requirements on the original data. It is a decision-making method with better robustness.

The AISM-based port information system construction performance model is similar
to the ISM model, mainly incorporating the game-based adversarial idea, the core of which
is to build a set of adversarial hierarchical topology diagrams by adding the opposing cause
priority hierarchical extraction rules to the ISM result-first hierarchical extraction rules.
Compared with text, tables, and mathematical symbols, AISM is very intuitive and clear
in the presentation of the results. It regards the evaluation object (training method pilot
results or performance) as a node and identifies the nodes with a directed line segment that
has a superiority—disadvantage relationship [34]. It is then easy to derive the strengths and
weaknesses of the evaluated objects. It is customary to place the better nodes in the upper
level and the worse nodes in the lower level, and finally, the ranking of each node is given
based on the level of hierarchy, with the top node being the Pareto optimal set and the
bottom node being the worst set. This is the reason for the appearance of the fundamental
factor layer [24].

Based on the existing index system, the original matrix O is first obtained using a
Boolean square matrix with reachable set R, prior set Q, and common set T, where T =R N Q.
Taking the relation matrix A as an example, its elements are e. The reachable set of e is
denoted by R(e), i.e., all elements whose elements correspond to row values of 1. The prior
set of e is denoted by Q(e), i.e., all elements whose elements correspond to column values
of 1. The common set of e is denoted by T(e), i.e., R(e) N Q(e). There are four methods of
directed topological hierarchical graphs, which are described in the flowchart.

e  UP type. The UP-type hierarchical diagram, i.e., result-first hierarchical division, has
the extraction rule T(e) = R(e). For DAG diagrams without loops, the operation can be
performed with matrix S + I, i.e., the skeleton matrix in which the main diagonal is
filled with one repetition of the same reachable set as the common set on the extraction
of the elements. The extracted elements are placed on top each time, and the extracted
elements are placed in a top-down manner.

e DOWN type. The DOWN-type hierarchy chart, i.e., the cause priority hierarchy
division, has the extraction rule T(e) = Q(e). Each extracted element is placed below,
and the extracted elements are placed in a bottom-up manner.

The four different result-first, cause-first, result—cause rotation, and cause-result rota-
tion hierarchical extraction rules can be used to obtain the hierarchy in which the elements
are located. Then, the directed edges of the skeleton matrix are iteratively regressed, which
means that a directed topological hierarchy map can be drawn.

The relation matrix A is the reachable matrix. For an arbitrary Boolean square matrix,
i.e., the relation matrix A, the reachable matrix is calculated as follows:

B=A+I 1)
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where B is the multiplicative matrix and I is the unit matrix, i.e., the Boolean square matrix
with only diagonal 1. B is a concatenated multiplication:

Bk*l 7& Bk _ Bk+l —R (2)

where R is called the reachable matrix, and it is easy to prove that A = R. Since there is no
loop in this relation, the skeleton matrix is obtained as follows:

S=HS=R-— (R—1)>—1 )

where A is the original matrix, I is the unit matrix, B is the multiplicative matrix, R is the
reachable matrix, and S is the general skeleton matrix. Based on knowledge of the AISM
model, the AISM model construction process for CTOS construction evaluation is shown in

Figure 3 below.
3
Index evaluation system of CTOS
st truction effect Relationship matrix A
system construction effect clationship matrix 3 p—— i Distance
A l Formula Formula
Forced by 0 >min
< . -
max=- 1 The multiplication matrix B E@K:j“‘:l“e 5 Rag.rf-tal\uaelua R
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Dimensionality
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hierarchy =
I +
. - s
Q e A 2 Decision Matrix C Two topology hierarchy diagrams

Figure 3. AISM flow chart.

The method of constructing the chart is mainly adopted from [26], “An intelligent
multi attribute group decision-making approach with preference elicitation for performance
evaluation” by Ha. However, there is no flow chart about the construction of AISM in
their paper, so this paper shows the flow of AISM more intuitively through diagrams. The
flow of AISM, Figure 3, focuses on how to use the AISM approach to obtain two sets of
adversarial hierarchical topology maps, i.e., a column in the center of the picture.

3.2. Determination of Indicator Weights Based on the ANP
3.2.1. ANP Network Constructive Relationship Construction

The evaluation model takes CTOS P as the target layer and different CTOS evaluation
index groups as network layers to construct ANP network structure relationships [35].

The CTOS evaluation index group is P;(i = 1,2,...... ,N). The internal CTOS eval-
uation factors are Pj, Pp,... Py, (i = 1,2,...N). n; denotes the CTOS evaluation in-
dex group. P; contains the number of CTOS evaluation indexes between, and P; is fac-
tors within the CTOS evaluation index group. P; is the CTOS evaluation index group
Py, Pp, ... P]-n]. (j = 1,2,...N). nj indicates that there is a network of interaction between
the CTOS evaluation indicator group. P; includes the number of CTOS evaluation indicators,
i.e., there is a network relationship of mutual influence.

3.2.2. Construction of the Unweighted Initial Supermatrix

After completing the construction of the network structure, the initial judgment matrix
is obtained by comparing the two dominance degrees of the CTOS evaluation indexes.
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In this paper, we use the indirect dominance comparison method to construct the initial
judgment matrix to obtain the index weights. First, we use the expert questionnaire
method to judge the CTOS evaluation index group P; and the CTOS evaluation indexes
in Py (l =12,... nj) as subcriteria, and the 1-9 scale method is used for P;. The CTOS
evaluation indexes in the CTOS evaluation index group are pairwise compared, and the
corresponding comparison judgment matrix is constructed.

The maximum eigenroots of the matrix are calculated, and the normalized eigenvectors
are obtained. The consistency test is performed on the judgment matrix to verify the logical
correctness of the judgment on the indirect dominance of the index. When the consistency
ratio CR < 0.10, the judgment matrix meets the requirements of the consistency test.
Otherwise, the judgment matrix needs to be adjusted to make its consistency logically
conform to the formula standard.

When the judgment matrix meets the consistency judgment criteria, the weight vector
isw' = (w), wh, -+, w,). Itis denoted by Wj; in Equation (4).

! 2 i
Wiy Wi Wi
j1 j2 inj
Wij = | Wi Wip Wip 4)
i1 7 jn;
L ini i}’li e in,v_

The column vector is the CTOS evaluation metric. P,,; is the CTOS evaluation index
Py, of the impact degree ranking vector. If P;, the indexes listed have no influence on P;.
The indexes in wjj = 0(i=1,2,...N;j=1,2,...N). Then, the unweighted supermatrix of
the CTOS evaluation indicators influencing each other is shown in Equation (5).

w11 w12 W1IN
w w w

W — 21 22 2N )
WN1 WN2 - WNN

3.2.3. Calculate the Weighted Supermatrix

For W, normalization is performed using P; as a criterion to assess and compare P;
and several pairs of CTOS evaluation indicators that have an impact on P; and calculate
the relative importance of Wj;. The normalized feature vector of (a1 jr@2j, - 0 Nj) with
P; unrelated CTOS evaluation index ranking vectors is transformed into 0 to obtain the
weighting matrix. See Equation (6).

a1 -+ 41N
A=l (6)
AN1 *°° 4NN

Weight the elements of the supermatrix W elements to obtain the weighted superma-

trix. See Equation (7).
Wiy = a;jWi; @)
The stability treatment is performed for the supermatrix, and the limit supermatrix is

calculated. See Equation (8).
W® = lim WK 8)
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Its column vector is the CTOS construction performance evaluation index P, weight
vector W'. See Equation (9).

T

W' = (W11, Wia, ... Wiy ) )

Then, obtain each CTOS evaluation index P;; in the respective category to which they
belong P; in the normalized weight vector, as in Equation (10).

T
Wi = (Wh, Wh,.. W}, (10)

3.3. Quantitative Evaluation Model of System Based on Gray Clustering
3.3.1. Determination of CTOS Evaluation Gray Category

The performance evaluation level of the container terminal operation system con-
struction was classified into five gray categories by a questionnaire survey, namely, failing,
passing, moderate, good, and excellent [36]. Percentages were adopted for the correspond-
ing quantitative values, and the corresponding values of the specific gray category intervals
were taken as shown in Table 2 below.

Table 2. Division of the range of gray class values.

Quan.tltatlve Failure Passing  Moderate Good Excellent
Evaluation Level
Score range (0, 60] (60, 70] (70, 80] (80, 90] (90, 100]

3.3.2. Construction of the Indicator Centroid Triangular Whitening Weight Function

Set A as the center point of the k center point of the first gray class and connect
the k center point of the first gray class (A, 1) with k — 1 as the center point of the first
gray class (Ax_1, 1) and the k + 1 center point of the first gray class (A;. 1, 1) to ob-
tain the j indicator for k. The triangular whitening weight function of the gray class
is f].k(x), (j=1,2,---, mk=2,3,4), where whenk =1, fjl(x) the lower bound triangu-
lar whitening weight function is used, extending to the left; when k = 5, f].5 (x), the upper
limit triangular whitening weight function is used to extend to the right, and the extension
range is [0, 100]. For the score x of index j, the corresponding gray class k(k = 1,2, --- ,5)
of the whitening weight function f]-k (x) can be separately calculated using Equation (11).

0, x¢][0,65]
flx)=< 1,  x€]0,30]
: - 30, 65
&5, X € [30,65]
2/ X & [Ag-1, Appa]
X—Aj_
fix) = %‘Akf;' X € [M—1, M (11)
o X € [k A
0, x¢[85,100]
f(x)=1{ 4% x€[859]

1,  x€[95100]

3.3.3. Construct the Fuzzy Affiliation Matrix and Perform Fuzzy
Comprehensive Evaluation

The weights of the CTOS construction performance evaluation indexes are obtained
and combined using ANP analysis to calculate the weights of the CTOS construction
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performance evaluation indexes W/. The fuzzy comprehensive evaluation matrix X can be
obtained based on Equation (12).

5
of =Y fFx)Wii=1,2,--,5k=1,234) (12)
i=1

where O'lk is the gray clustering coefficient of evaluation object i belonging to hazard
type k. fik (x;j) is the value of each whitening weight function. W; is the comprehensive
evaluation weight.

Calculate the composite evaluation coefficient as in Equation (13).

5
Y=Y ofW/(i=1,2,,5k=123,4) (13)
i=1

From max {'yk} = 9** and the principle of maximum affiliation, it is possible to
<i<

determine that the CTOS construction performance evaluation grade belongs to the k*
gray class, determine its CTOS comprehensive evaluation grade, and analyze each CTOS
evaluation index grade based on the gray clustering coefficient of the refined indexes.

4. Results and Discussion
4.1. Port Information System Construction Performance Evaluation Modeling

Based on the existing index system, after expert evaluation, the economic indicators,
due to the policy influence and the variability between different information systems, will
greatly affect the results of other indicators when added to the AIM equation in which the
relationship between the elements of the indicators is causal.

(1) UP type. The UP-type hierarchical diagram, i.e., result-first hierarchical division,
has the extraction rule T(e;) = R(e;). For DAG diagrams without loops, the operation can
be performed with matrix A + I, i.e., the skeleton matrix in which the main diagonal is
filled with one repetitive reachable set and the common set are the same on the extraction
of elements, where I is the unit matrix. The essence is to extract the elements of the final
result in the system, place them at the top, and then extract them by analogy, placing the
extracted elements in a top-down manner.

(2) DOWN type. The DOWN-type hierarchy diagram, i.e., the cause priority hierarchy,
has the extraction rule T(e;) = Q(e;). The elements of the extraction system that are the root
causes are placed at the bottom of the hierarchy, and the extracted elements are placed in a
bottom-up manner. The extraction process is shown in Figure 4.

A+T Successive multiplication Shrinking the edges Tier extraction rules Substitution

== R ====—==—== § = =====—=—=—= {UP | DOWN} ===== Pareto Optlmal

Figure 4. Directed topology flow chart.

The internal relationship between the influencing factors is determined by expert
scoring. Based on this assignment rule, an adjacency matrix A is constructed, and the phase
multiplication matrix B is obtained using the unit matrix I. The reachability matrix R is
obtained by concatenating the multiplication of B. The loops in the reachability matrix R
are regarded as points, i.e., shrinkage points, and the shrinkage point reachability matrix R’
can be obtained. Then, the shrinkage operation is expanded to remove all repeated paths,
and the loop factors are substituted to obtain the general skeleton matrix S, as shown in
Appendix A Tables A1-A3 for full trans.

According to the relationship between the elements and the results of confrontation
level extraction, a directed topological hierarchy diagram can be drawn. The reachable
relationships between the influencing factors are represented by directed line segments,
and the bidirectional arrows in the diagram indicate the formation of loops, i.e., mutually
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reachable relationships, with the lower level indicating that the influencing factors have
roots and the upper-level factors indicating the results, as Figures 5 and 6 show.

A Result

Reason

A Result

Reason

Figure 6. Directional topology hierarchy for DOWN:-type cause priority.
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Based on the indicator relationships affecting the CTOS construction performance
index system, the UP-type and DOWN-type hierarchical topology diagrams of eight levels
can be obtained, and the two series are not consistent, indicating that the system is a
topologically variable and active system, where (B1,A1) and (C1,C2) are two pairs of
loop elements.

(1) Surface direct causes. That is, the apparent causes that show the construction
performance of CTOS, whose good or bad effects directly on the evaluation results of
construction performance, are governed by other indicators. This paper finds that D1
(container operating system)’s billion-ton throughput mortality rate appears as a safety
indicator, which proves that this indicator is caused by the variation of some factors
at the lower level, so the weight of such indicators in the final determination will be
reduced appropriately.

(2) Middle-tier indirect causes. This layer of risk factors is both influenced by the
underlying factors and the direct cause of the surface risk, including the relevant indicators
of L2-L7, where the C1 (pier coverage) and C2 (man—-machine control) ratio indicators
that become loops indicate a strong link between the two sides, i.e., the lower the ratio of
man-machine control, the wider the coverage of the system in the automated terminal,
and vice versa. By continuing the inference, we can know that the terminal is now in the
development stage, the new CTOS has just been built, and the number of personnel to
adapt to the system still needs to be improved.

(3) Deeper root cause. It can be clearly seen that Al (container 10 m shoreline utiliza-
tion) and B1 (average time for vehicles to pass the gate) are the two indicators that are the
key to evaluating the construction of CTOS, because this system is mainly responsible for
two types of work, i.e., loading and unloading operations and chokepoint operations.

4.2. Determination of CTOS Evaluation Index Weights Based on the ANP
4.2.1. Constructing the CTOS Evaluation Index ANP Model

The relationship of indicators derived from AISM is used as the basis of evaluation, and
the topological hierarchy diagram is explained so that experts have global thinking about
the important relationship between elements when compared to each other and experts
can give more accurate decisions more quickly in their familiar fields. The Delphi method
is adopted, combined with a field survey and a Port B empirical analysis and then the
evaluation criteria and network nodes are determined, i.e., the interrelationship between
indicators, and the ANP network structure model of CTOS construction performance
evaluation is created, as shown in Figure 7.

Evaluation of CTOS System _
Implementation Effectiveness

Operating Management Economic
level Capability efficiency Clcm(ml
ayer

Loading and unloading Chokepoint ’ Service

Costs and Benefits F

‘ ’ Green and Safety D ‘

System flexibility E ‘

operations A Operation B Capability C

ffffff it S s S
o]
EAEY

Network
layer

l AlAJA3A4 DID2D3 ‘
EIE2E3E4 FIF2F3
B1B2B3B4 % CIC.

2C3

Figure 7. Structural model of the ANP for CTOS construction performance evaluation from a three-
dimensional perspective.
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4.2.2. Determination of the Index Weights

The 1-9 scale method is used to input the relationship matrix corresponding to each
level 1 evaluation index and level 2 evaluation index. After passing the consistency test, the
unweighted supermatrix, weighted supermatrix, and limit supermatrix are calculated, and
when the limits converge and are unique, the weights of each CTOS evaluation primary,
secondary, and tertiary indicator are obtained, as shown in Table 3.

Table 3. CTOS construction performance evaluation index weights.

. Level II Indicator . Level III Indicator
Level II Indicators Weights Level III Indicators Weights
Container 10 m shoreline utilization A1l 0.053
Container liner average ship time efficiency A2 0.042
Loading and Unloading
Operations A 0.22 Average berthing time in port for container ships per 0.064
thousand tons of cargo handled A3
Average table time efficiency of shore bridge A4 0.061
Average time for vehicles to pass the gate Bl 0.069
One-time pass rate of vehicles through the gate B2 0.039
Chokepoint Operation B 0.19 Passing license plate image recognition correct 0.045
rate B3
Vehicles through the gate documents electronic
. 0.043
proportion B4
Pier coverage C1 0.032
) = Man-machine control ratio C2 0.046
Service Capability C 0.144
Business realization degree C3 0.036
Operation simplicity C4 0.030
Container operating system billion-ton throughput
. 0.022
mortality rate D1
Green and Safety D 0.07 Pollutant emission level D2 0.015
CTOS system energy consumption level D3 0.033
Disaster recovery capability E1 0.033
Exploitability E2 0.032
System Flexibility E 0.116 Hardware compatibility E3 0.012
Visualization performance E4 0.016
Business exception handling capability E5 0.023
System construction cost F1 0.062
Costs and Benefits F 0.25 System maintenance cost F2 0.083
System future revenue F3 0.105

4.3. Construction of a Quantitative Model of the Comprehensive Evaluation Results

After obtaining the index system and index weights, to conduct a specific quantitative
evaluation of the progress of the enterprise information system and enhance the scientific
validity of the evaluation, the solution is designed for the terminal operation system to
make the evaluated unit clear about its current state and to determine the gap with the
optimal state to clarify its own development direction and space and perform the test of
quantitative evaluation validity.

First, we use the GCM to construct an index evaluation space based on the indicators
and use the points in the space to indicate the optimal performance points and the current
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performance points of the system (i.e., to evaluate the similarity between the current
performance state and the optimal state).

In the three-dimensional space, all performance points with the same score form
a sphere, with the best point as the center and the score as the radius, as shown in
Figures 8 and 9. The comprehensive performance scores of the points outside the sphere
are lower than the points on the sphere, while the comprehensive performance scores of
the points inside the sphere are higher than the performance points on the sphere. In this
model, to obtain a high overall performance score, the evaluated system must perform well
in all dimensions; otherwise, a low score in one dimension can only be on the outer sphere,
even if the other dimensions are full scores. Therefore, this algorithm not only reflects the
contribution of each indicator to overall performance, but also fully considers their balance
and coordination, which can meet the requirements of this system.

Optimal

Operating .
P g A Performance Point

level

>
>

(S}
[ 5

Management
Capability

Figure 8. Schematic diagram of comprehensive evaluation space.
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Figure 9. Spatial distribution of different score bands.

Benchmark port data are selected, and the quantitative score is obtained by comparing
the data derived from the evaluation with the corresponding data of the benchmark port
to obtain the specific gap value between the evaluated port and the benchmark port, and
then comparing it with the gap value of the previous year. Here, the Euclidean distance is
used to determine the similarity between the current construction performance and the
performance of the benchmark port. Let the index scores of each dimension of the system
be M (management capability), O (operational level), and E (economic efficiency); then, the
coordinates of its corresponding performance point are (M, O, E). The Euclidean distance D
between this point and the optimal point (100, 100, 100) is as follows:

dij = \/ZZ_1 (xik - xjk)2 (14)
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D= \/ (M —100)* + (O — 100)* + (E — 100)* W, S,C, R € [0,100] (15)

Since D is a negative indicator of system performance, the comprehensive evaluation
formula is obtained after transformation as follows:

2 2 2
P =100 (1 __D ) —— 100 — \/(M 100)“ + (O — 100)” + (E — 100) 16)
max 100

4.4. Quantitative Analysis of Comprehensive Evaluation Results

The set of benchmark data was used as the best point of the 3D model, and the
benchmark data were also used to score each index when scoring. The analysis is carried
out based on the GCM to construct the dataset, and the gray class affiliation of each index
is derived by combining the weights of the construction performance evaluation indexes
obtained by using the ANP network and judgment matrix in the previous section of this
paper, as shown in the table. Based on the principle of maximum affiliation, the gray class
rank of the Port B Qinzhou Collection Division is calculated.

Combining the above results, the evaluation results of the CTOS construction per-
formance indicators of Port B under the principle of maximum affiliation in 2021 can be
obtained, and the overall evaluation result is good, with an overall excellent rate of 61% for
all kinds of indicators, as shown in Table 4.

Table 4. Port B Qinzhou Collection Division CTOS construction performance evaluation measurement.

Indicators Score Poor Fair Average Good Excellent Affiliation Level

Al 79.6 0 0 0.260 0.460 0.020 Good
A2 95.8 0 0 0 0 0.720 Excellent
A3 93.4 0 0 0 0 0.720 Excellent
A4 72.2 0 0.080 0.720 0 0 Average
Bl 88.8 0 0 0 0.320 0.380 Excellent
B2 91.2 0 0 0 0.240 0.560 Excellent
B3 88.6 0 0 0 0.340 0.380 Excellent
B4 78.2 0 0 0.360 0.360 0 Average
C1 75.2 0 0 0.480 0.200 0 Average
c2 73.8 0 0.040 0.580 0.100 0 Average
C3 65.2 0.040 0.540 0.160 0 0 Fair
C4 77.8 0 0 0.500 0.300 0 Average
D1 90.4 0 0 0 0.120 0.540 Excellent
D2 77.6 0 0 0.440 0.300 0 Average
D3 86.4 0 0 0 0.620 0.200 Good
E1 88.6 0 0 0 0.400 0.360 Good
E2 80.6 0 0 0.160 0.560 0 Good
E3 93.4 0 0 0 0 0.720 Excellent
E4 89.2 0 0 0 0.280 0.420 Excellent
E5 85.8 0 0 0 0.640 0.160 Good
F1 68.8 0 0.320 0.380 0 0 Fair
F2 79.4 0 0 0.220 0.460 0 Good
F3 74.4 0 0 0.040 0.640 0 Average

Comprehensive — 0 0.174 0.213 0.234 0.171 Good

evaluation

At present, the average table hourly efficiency of the shore bridge, the proportion of
vehicles passing through the gate with electronic documents, the simplicity of operation,
the level of pollutant emissions, and several other indicators have not yet reached a good
level. The main reasons are that the current development of the smart port is still relatively
short; for the container operation part of the shore bridge, field bridge, and old and new
equipment, there is a common situation. In the new construction of the CTOS, regarding



J. Mar. Sci. Eng. 2022, 10, 1574

18 of 22

the technical level of personnel challenges, the security of talent is also an issue that the
current enterprise urgently needs to focus on.

At the same time, C3 (business realization degree) and F1 (system construction cost)
receive only the passing grade. Internal research and analysis show that although the CTOS
has been put into use, the current container terminal operation plan of Port B mainly relies
on manual development and relies heavily on working experience. At the same time, there
is no terminal business management system (TMS) in Port B. There is no independent
information platform connected with electronic data interchange (EDI) and third parties, a
result of which is that the accuracy and real-time nature of CTOS data need to be further
improved. Additionally, the berth plan and yard plan in the CTOS are not perfect.

Combined with the weighted indicators, the sphere quantification model is used to set
up the questionnaire. Through the calculation of expert scores from the port in 2021, the
composite score of indicators in the three directions (40.023, 54.265, and 51.137) is compared
to the benchmark port, and the composite score is located in the range of 60 points or less in
the sphere. The composite scores in 2021 (74.7326, 66.3542, and 73.8963) are improved to the
70-point range, and the calculation can conclude that the composite scores in 2020 and 2021
are 45.495 and 71.364, respectively, which is an overall improvement of 12.7% compared to
the benchmark port. It is obvious in the sphere model that the lack of management level
among them prevents the port from reaching a higher tier in the overall rating, which is
also the focus of the current port’s future development.

The results show that D1 (pollutant emission level), D2 (energy consumption level),
and F (economic efficiency) receive only the passing grade. This indicates that the future
development of the CTOS of the Port B Qinzhou Collection Division currently focuses on
two aspects, i.e., green safety and economic efficiency. However, since these two aspects
are not entirely determined by the construction performance of the CTOS, the weights
are relatively low. Substituting the calculated results into Figures 3-7, it can be seen that
although the scores of green safety and economic efficiency are not high, the total score
of the port crosses out of the region below 60 points in the spatial sphere, reaching the
70-80-point region. Therefore, the construction performance improvement of the CTOS in
2021 is significant.

5. Conclusions and Future Directions

This paper introduces a new idea of constructing a CTOS construction performance
evaluation system for ports based on three dimensions: the management level, business
capability, and economic efficiency. It also uses a combined AISM-ANP method to better
derive index weights and input a quantitative evaluation model constructed based on the
GCM to obtain a scheme of CTOS construction performance. A visualized quantitative
analysis method for the CTOS is proposed in the application of models and algorithms.
By confronting the AIM model, the complex and confusing direct and indirect influence
relationships among the factors of management capability, the business level, and economic
efficiency can be identified, and the recursive structure hierarchy topology diagram of
the factors affecting the CTOS is drawn from the AISM results, which makes the factor
identification and analysis intuitive and clear. The optimization of traditional network layer
analysis deals with the inconsistent and missing database of the expert judgment matrix in
the ANP method and compensates for the subjective difficulty of experts in determining
the relationship of importance (dominance) among the factors.

In terms of the results, applying the indicator relationships and indicator weights
derived from the AISM-ANP, the GCM is used to evaluate the CTOS of the Port B Qinzhou
Collection Division, construct a quantitative evaluation model, and input the results. It is
concluded that Port B CTOS construction has achieved significant results in terms of the
operational level and effectively improved the overall level of the port. Finally, through
weight calculation and quantitative model calculation as well as with the comments of
terminal staff members and terminal managers, the unsatisfactory indicators of Port B were
compared with the reality and analyzed. It was found that the unsatisfactory indicators
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found by the program were very close to the areas covered by the projects that had not
been fully constructed in actual development, proving the validity of the results. Through
the analysis of the results, the next focus of CTOS development in Port B is on two aspects,
i.e., green security and the economic efficiency of the system, and the results obtained
from the CTOS evaluation scheme can be extended to the evaluation of other kinds of
information systems in the future with such a three-dimensional quantitative evaluation
scheme to finally realize the quantitative evaluation of the construction performance of the
whole smart port.

In comparison with some articles on the evaluation of smart ports, we build the index
system by selecting indicators from three dimensions and combining the official annual
reports and questionnaires of each port, and there are many subjective indicators that are
very suitable for the subject of the evaluation to build the index system. In the future, we
can extend this method so that the project managers know more clearly which indicators
will have a more important impact on the information system built, or compare the results
of each year’s evaluation with the benchmark ports to make a current fit and obtain the
future development trend of the project.

For future research, the challenge is to distinguish the overlapping points between
port information systems that affect each other. In the process of fieldwork and literature
research, it is found that many systems in ports are not built independently, and many
systems cannot be built individually to obtain practical benefits. A more in-depth inves-
tigation is needed. If the whole functional platform or module can be analyzed on such
a basis, then the construction of a smart port will more clearly bring an improvement in
service, efficiency, and greenery to the port.

Author Contributions: Conceptualization, D.C.; methodology, D.C. and G.L.; software, G.L.; valida-
tion, G.L., EW.,, and D.C,; formal analysis, G.L.; investigation, G.L. and EW.,; resources, EW.; data
curation, EW.; writing—original draft preparation, G.L.; writing—review and editing, G.L.; visualiza-
tion, G.L.; supervision, D.C. and EW.; project administration, D.C. and EW.,; funding acquisition, D.C.
and EW. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Plan of China
under Grant 2019YFB1704403.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Thanks for the partial support of the National Key Research and Development
Plan of China under Grant 2019YFB1704403 and Beibu Gulf Port Co., Ltd.

Conflicts of Interest: The authors declare no conflict of interest.
Appendix A

Table Al. Adjacency multiplication matrix B table.

Myw0 A1 A2 A3 A4 Bl B2 B3 B4 C1 C2 C3 C4 D1 D2 D3 E1 E2 E3 E4 E5
Al 1 1 0 0 0o 0 O 0 0 0 0 1 0 0 0 0 0 0 1 0
A2 0 1 0 1 0 0 O 0 0 1 1 0 1 0 0 0 O 0 0 0
A3 0 0 1 0 0o 0 O 0 0 0 0o 0 O 0 0 0 0 1 0 0
A4 0 0 0 1 0o 0 O 0 0 0 0o 0 O 0 0 0 0 1 0 0
B1 0 0 0 0 1 0 0 0 0 0 0 0 O 0 0 0 O 0 0 0
B2 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0
B3 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0
B4 0 0 0 1 0 O 1 1 0 0 1 0 1 0 0 0 O 0 0 0
c1 0 0 0 1 0o 0 O 0 1 1 0o 0 O 0 0 0 0 1 0 0
Cc2 0 0 0 1 0o 0 O 0 0 1 0 0 O 0 0 0 0 0 0 0
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Table Al. Cont.
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Table A2. Table of reachable matrix R table.
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Table A3. General skeleton matrix S table.
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