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The relevance of power supply chain resources is a key factor affecting the hit rate of resource integration.
Therefore, a 4PL mode based supply chain resource integration method based on associated data is proposed.
Firstly, analyze the functions of the power supply chain under the 4PL mode, mainly including intelligent pro-
curement, digital logistics, panoramic quality control, supply chain collaboration, and operational compliance.
Secondly, according to the basic characteristics of the 4PL model, which is intensive, valued, standardized, and
internationalized, the Apriori association rule algorithm is used for association data mining of power supply
chain resources. Finally, based on the results of power supply chain association data mining, the improved
ant colony segmentation algorithm is used to divide the power supply chain knowledge base into modules,
and the mapping principle is used to complete the integration of supply chain resources. The experimental
results show that the proposed integration method realizes effective knowledge base mapping in the process of
resource integration, which can improve the utilization of power supply chain resources and reduce energy
consumption, with the integration hit rate reaching 99.04%.
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1. Introduction

Supply chain resource integration refers to the construction,
organization, and coordination of a supply chain system
to form a highly efficient operational strategic system of
individuals that are related and separated from each other
inside and outside the system [1]. Due to the variety and
complexity of supply chain resources, how to better im-
prove customer service level through resource integration,
solve the contradiction between the overall income of the
integrated system and the individual income of resources,
and balance the contradiction between the integrated in-
come and risk has become an important issue in resource
integration [2]. The fourth party logistics (4PL) is a sup-
ply chain integrator that can fully integrate, deploy and
manage the resources, capabilities and technologies of the

supply chain system, and provide comprehensive solu-
tions for it. Its core advantage is that it can give play to the
flexibility in the allocation of high-quality resources in the
supply chain, and provide customers with personalized
and diversified comprehensive solutions [3]. 4PL mode
is a highly integrated and coordinated supply chain man-
agement logistics mode. How to provide reasonable and
effective supply chain resource integration scheme through
4PL, fully benefit and reduce the risks of the cooperative
members participating in the integration under the premise
of realizing the strategic integration goal is a complex and
systemic problem. At present, mature integration theory
and quantitative methods have not been formed to guide
the operation practice. This is a bottleneck that limits the
expansion of 4PL applications [4–6].

The key to realize the integration of supply chain re-
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sources under the 4PL mode is how to systematically inte-
grate the individual resources corresponding to a certain
production/service activity (a specific activity or a collec-
tion of certain activities within a period of time), and realize
the optimization and value-added of the supply chain sys-
tem value chain on the premise of satisfying the satisfaction
level of individual value appreciation [7]. To achieve this
process, it is necessary to first clarify which factors are
used to grasp the integration suitability of individual re-
sources, so as to reasonably evaluate and select high-quality
resources. These factors are referred to as the dominant
factors for integration.

Power supply chain is the process of converting all kinds
of energy into electricity and transmitting it to the end user
through the transmission network. It is an indispensable
infrastructure in modern society. Power supply is the basis
for maintaining the normal operation of various industries
and life, and it has the characteristics of high correlation,
diversity, large-scale transportation and real-time. All links
in the power supply chain are closely related, including
energy production, transmission, transformer, distribution
and other links, and must coordinate operations to ensure
reliable power supply. It involves a variety of energy forms,
such as fossil fuels, nuclear, wind, solar, etc. There are dif-
ferences in the production and conversion processes of
these energy sources, which increases the complexity of the
electricity supply chain. Electricity needs to be transmitted
from the power plant to the end user via transmission lines.
Transmission networks need to cover a vast geographical
area, involve large-scale transmission line construction and
transportation problems, and involve complex engineering
and logistics arrangements. The power supply chain needs
to be adjusted and managed in real time to meet the power
demand of different time periods and different regions. It
can be seen that the complexity of power supply chain is
mainly reflected in the aspects of multi-participation, un-
certainty, resource allocation and risk management. There
are multiple parties involved in the electricity supply chain,
including energy producers, grid operators, power supply
companies and end users. The interest relationship, cooper-
ation mechanism and policy regulations among the various
participants will have an impact on the operation of the
supply chain and increase the complexity of management.
Electricity demand has a certain degree of uncertainty, the
demand in different periods and regions is different, and is
affected by weather, season, industrial structure and other
factors. This uncertainty of demand poses challenges to
the planning, scheduling and real-time operation of the
supply chain. The power supply chain involves the pro-
duction and transformation of all kinds of energy, which

requires rational resource allocation and energy selection.
The comprehensive consideration of different energy sup-
ply characteristics, environmental impact, economic cost
and other factors increases the complexity of supply chain
decision-making. The power supply chain faces many risks,
such as energy supply disruptions, transmission line fail-
ures, and poor transportation. Risks need to be identified,
assessed and managed to ensure a reliable supply of elec-
tricity. Supply chain resource integration is a complex and
critical link, which involves the cooperative operation, op-
timal allocation and efficient utilization of resources in the
supply chain. However, in the traditional 4PL mode, due to
the lack of effective mechanism of information exchange be-
tween resources, it often leads to the problems of resource
mismatch, repeated investment and low efficiency. There-
fore, an innovative approach is urgently needed to improve
the integration level of supply chain resources in order to
achieve higher benefits and competitive advantages.

As an effective data analysis technique, relational data
mining can find the correlation and potential rules among
resources. In this paper, a novel supply chain resource inte-
gration method based on associated data mining method
and fourth party logistics model is proposed. By using the
Apriori association rule algorithm to mine the power sup-
ply chain resources, we can find the correlation between
resources, and based on the mining results, we use the
improved ant colony segmentation algorithm to divide
the power supply chain knowledge base into modules, so
as to achieve a more efficient integration of supply chain
resources.

2. Theoretical background

Yu et al. [8] proposes a resource integration method based
on deep reinforcement learning. This method uses Zhang
quantitative state representation, deterministic action out-
put, convolutional neural networks, and weighted reward
mechanisms to construct an end-to-end decision-making
model for migrating strategies from data center states to
virtual machines. An automated state generation mech-
anism and a reverse gradient constraint mechanism are
designed to improve the deep deterministic strategy gradi-
ent algorithm, completing the classification and integration
of data. Zhang et al. [9] proposes a resource integration
method based on kernel limit learning machines. To adapt
to the data flow environment, a sliding window mecha-
nism is used to divide the data flow into data blocks, and
an integrated classification model of k kernel limit learning
machines is constructed on the first k data blocks. Consid-
ering the class tag correlation, the Apriori algorithm is used
to obtain the association rules between the tags of each data
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block, and the confidence of the co-occurrence tags in the
association rules is introduced into the integration process
based on the integration model. The MUENLForeset model
is introduced to detect whether the new data block has con-
cept drift. The loss function is set for the classifier to update
the integrated model to adapt to the concept drift problem,
and the data integration and classification processing is
completed. Zhao et al. [10] proposes a resource integration
method based on RELM, which uses wavelet packet trans-
form to de-noise the data according to the noise contained
in the data. By training the number of hidden layer nodes
in a regularized limit learning machine (RELM), a RELM
based classifier is effectively selected. Particle swarm opti-
mization (PSO) algorithm is used to optimize the weight
of the RELM-based classifier to achieve the weighted inte-
grated classification of time series data.

Although the above methods can complete the integra-
tion of resource data, the effect of applying the above meth-
ods to the integration of power supply chain resources is
not very ideal. This is because there are many types and
large amounts of data in the power supply chain under the
4PL mode, which leads to some deficiencies in the accuracy
and efficiency of resource integration. Therefore, a method
of supply chain resource integration based on the associ-
ated data is proposed under the 4PL mode. Compared with
other supply chains, the electricity supply chain is energy
dependent and needs to ensure a reliable, stable and sus-
tainable energy supply. Secondly, it also needs large-scale
operation. The power supply chain involves a huge pro-
duction, transmission and distribution network, including
power plants, substations, transmission lines, distribution
systems and other links, which makes the power supply
chain large in scale and high in operation complexity. Third,
the power supply chain has high timeliness and continuity
requirements. Any disruption or delay in the supply of
electricity can have a serious impact on social life and the
economy, so the power supply chain needs to ensure the
timeliness, continuity and reliability of supply to cope with
emergencies and changes in demand.

3. Analysis of supply chain function under 4PL
mode

According to the requirements of the Material Department
of the State Grid Headquarters, the construction of supply
chain operation centers in each province should be in accor-
dance with the construction content uniformly designated
by the headquarters, and complete the construction of the
relevant functions of the supply chain operation centers
in the five major sectors of intelligent procurement, digital
logistics, panoramic quality control, supply chain coordina-

tion, and operation compliance, with the following details:

(1) Basic configuration function development: Complete
the development of integrated configuration and mainte-
nance functions such as the correspondence between the
county company and the prefectural and municipal com-
pany, the random inspection bill of materials, the bill of
materials to be subject to on-site supervision, the list of
suppliers of collective enterprises, the list of key projects,
the list of dishonest suppliers, the list of private enterprises,
and the reasonable control range of peer benchmarking
indicators.

(2) Intelligent procurement: According to the unified
construction requirements of the headquarters, complete
annual demand execution statistics, demand plan busi-
ness overview, batch demand plan approval alert, demand
plan accuracy alert, demand cycle rationality monitoring,
project budget monitoring alert, power transmission and
transformation project agreement inventory order execu-
tion overall and detailed query, procurement timeliness
analysis, agreement inventory execution analysis, batch
procurement plan analysis, the whole process monitoring
of procurement project implementation progress, the whole
process monitoring of online material planning, the calcula-
tion of reasonable supply cycle, the review of procurement
data, the query of material reference price, the analysis
of procurement situation, the query of the overall and de-
tailed situation of centralized scale procurement, the anal-
ysis of material characteristics, the analysis of abnormal
occurrence rate of key business nodes, the statistics of bid
winning details, the statistics of procurement situation, de-
velopment of procurement process data statistics (package
division statistics, clarification and modification statistics,
rejection statistics, flow bid statistics, supplier bid rejection
rate, supplier bid success rate, and supplier bid package
number success rate).

(3) Digital logistics sector: According to the unified con-
struction requirements of the headquarters, complete con-
tract signing and change statistics, agreement inventory
signing statistics, contract signing indicator statistics and
early warning, supply and arrival statistics, long-term non
acceptance warning for goods handover, arrival acceptance
warning, material supply plan completion rate indicator
statistics and early warning, arrival payment monitoring,
inventory turnover rate monitoring, total material resource
statistics, warehousing resource statistics, voucher offset
warning, early warning of overdue inventory materials,
monitoring of emergency events, monitoring of implemen-
tation proportion of agreed inventory, monitoring of bal-
ance rate of agreed inventory, disposal statistics of waste
and used materials, monitoring of inventory status of scrap
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materials, monitoring of inventory status of scrap materials,
distribution statistics of key material orders, preparation of
overall production scheduling plan, early warning of op-
eration order processing, early warning of quality guaran-
tee document processing, quality guarantee deposit return
monitoring, operation payment monitoring, advance pay-
ment monitoring, development of the function of monitor-
ing the payment for goods and the accuracy of the agreed
inventory.

(4) Panoramic quality control plate: According to the
unified construction requirements of the headquarters,
complete the implementation information of the provincial
company’s manufacturing supervision tasks, analysis of
the one-time pass rate of factory tests, statistical analysis of
quality problems found during manufacturing supervision,
statistics and early warning of production progress over-
runs, application information of differentiated sampling
inspection strategies, analysis of annual supplier sampling
coverage, analysis of annual sampling inspection quota
compliance rate, analysis of the relationship between sam-
pling inspection items and quality issues, analysis of sam-
pling qualification rate, and analysis of grading of sampling
nonconformities, development of quality penalty payment
amount information function.

(5) Operation supervision section: According to the uni-
fied construction requirements of the headquarters, the
timely rate of completion of the plan declaration, the com-
pletion rate of the material procurement plan, the monitor-
ing of the materials in the first-level procurement directory
of the provincial company procurement headquarters, the
monitoring of the deviation between the supplier’s bid
price and the reference price of the procurement applica-
tion, the monitoring of less than three bidders’ illegal bid
opening, the monitoring of the inconsistency between the
bidding results and the results recommended by the evalu-
ation committee, and the monitoring of too frequent clar-
ification before the bid opening, monitoring the winning
situation of bidders with excessively high prices, monitor-
ing the winning situation of bidders with excessively low
prices, monitoring and analysis of purchase orders with
contract amounts exceeding the bidding limit for gener-
ally mandatory bidding procurement and without going
through the bidding process, monitoring and analysis of
fewer than three effective bidders in the detailed evaluation
stage, monitoring and analysis of the timeliness of objec-
tion handling, monitoring and analysis of the behavior of
buyers evading private procurement by e-commerce, mon-
itoring and analysis of the behavior of buyers negotiating
with e-commerce to exchange goods privately, monitoring
and analysis of the large deviation between the planned

delivery date and the actual delivery date, monitoring and
analysis of the delivery date adjustment times greater than
2 times, monitoring and analysis of the suppliers with low
performance score winning the bid many times, monitor-
ing and analysis of the high freezing rate of bid evaluation
experts, statistics of the basic information of experts, mon-
itoring of the non-compliance of bid evaluation experts
warehousing, and monitoring and analysis of the compli-
ance of the attendance of bid evaluation experts.

(6) Supply chain collaboration: According to the unified
construction requirements of the headquarters, complete
contract performance business volume, drawing interac-
tion progress statistics, material contract arrival settlement
rate, supply plan completion rate, supply plan complete-
ness rate, delivery notice completeness rate, agreement
inventory arrival accuracy rate, deployment list query, key
project material supply chain visualization, business chain
early warning, annual demand plan and demand matching
early warning, development of classified early warning
function for the supply of single category key materials.

4. Supply chain resource integration method under
4PL mode based on associated data

4.1. Resource association data mining of power supply
chain in 4PL mode

Looking at the development process of logistics, it can be
found that there have been periodic breakthroughs in logis-
tics theory, and the organizational structure of logistics in
electric power enterprises has also undergone changes over
the same period. These changes have also been affected
and driven by changes in the external environment, such
as the emergence and promotion of new theoretical tech-
nologies represented by communication technology and
information technology, providing a technical prerequisite
for breakthroughs and innovation in logistics, and promot-
ing this process. The transformation of logistics models
is basically consistent with the development of logistics
theory and logistics organizational structure. This transfor-
mation is driven by the impact of the external environment,
and in turn adapts to and promotes the progress of the
external environment. It is an inevitable manifestation of
the evolution of complex logistics systems driven by both
internal and external factors [11].

With the further evolution of the reform, compared with
the past, 4PL has wider coverage, more service contents,
higher requirements and greater value-added. Among
them, its biggest advantage is to ensure that the products
can meet the needs of logistics customers "faster, better and
cheaper". Its basic characteristics are mainly manifested in
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the following four aspects:

(1) Intensification. 4PL integrates professional capabili-
ties such as technology, management, consulting and logis-
tics services, and provides a comprehensive set of supply
chain logistics solutions by integrating relevant logistics
resources to effectively meet the diversified and complex
needs of the demanders.

(2) Value. 4PL aims to realize the planning and imple-
mentation of logistics activities in the whole supply chain,
reduce the operating costs through the improvement of
resource utilization, and create greater value for customers
in the whole supply chain.

(3) Normalization. The emergence and development of
4PL helps to promote the unification of logistics technical
indicators and quality standards, promote the standard-
ization and standardization process of the entire logistics
industry, and complete the standardization of logistics man-
agement procedures and practices.

(4) Internationalization. 4PL emerged under the general
trend of economic globalization, and its own international-
ization is inevitable. It is mainly manifested in the interna-
tionalization of logistics market, service demand, logistics
system, supply chain management, and corporate culture.

Based on the above analysis, the operation principle of
power supply chain logistics under the 4PL mode is pro-
posed, as shown in Fig. 1. In order to integrate resources
from all parties and improve industry efficiency, the differ-
ence between power supply chain logistics is that it does
not require specific fourth party logistics companies to fo-
cus on the entire supply chain. Customers only need to find
third-party logistics companies based on their current logis-
tics needs, while third-party logistics companies can form
resource sharing through carpooling, leasing, and other
forms to promote cooperation between enterprises. Instead
of using the information platform provided by third-party
logistics enterprises, it provides an industry’s 4PL-based in-
formation platform. Suppliers, electric power enterprises,
vendors, customers and third-party logistics enterprises
are all users of the platform. Its purpose is to well collect
the information and resources of third-party logistics en-
terprises, establish the relationship between enterprises in
the industry, and also allow enterprises with self-operated
logistics to provide idle resources or carrier logistics, it en-
ables enterprises to realize the integration, utilization and
sharing of power supply chain resources on the basis of
keeping private information of enterprises, and effectively
reduce logistics costs [12–14].

After completing the analysis of the logistics operation
principle of the power supply chain under the 4PL mode,
the association rule algorithm is used to mine the power

Fig. 1. Logistics operation principle of power supply chain
under 4PL mode

supply chain resources.
In data mining, the association rule algorithm is one of

the more common research methods. The association rule
was originally designed to discover the rules of the rela-
tionship between different goods. Through the analysis of
a large amount of data in the mining data, we can find cus-
tomers’ shopping psychological needs, scientifically place
goods, reasonably select inventory and purchase, thus sav-
ing costs and improving sales. The focus of Apriori’s as-
sociation rule algorithm is to find simultaneous events by
retrieving all data in the database, with the aim of finding
reliable and effective rules [15–17]. This algorithm is called
the most classical of association rules. It mainly generates
new candidate item sets through continuous connection
and pruning, and then calculates confidence and support
to complete the mining of association data. The main asso-
ciation mining process is as follows:

(1) Minimum support and minimum confidence: Sup-
port refers to the probability that item sets A and B occur
simultaneously in the power supply chain database:

Support(A → B) = P(A ∪ B) (1)

Confidence refers to the probability of occurrence of
item set B when item set A occurs in the power supply
chain database:

Confidence (A → B) = P(B | A) (2)

Support is an important parameter to evaluate the va-
lidity of data mining results. When the support is high, it
means that the results often appear, which is an effective
result; When the degree of support is low, it means that the
result is only accidental and does not have research value.
From a practical point of view, it is unnecessary to pay
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attention to the data mining results with low support, and
electric power enterprises do not need to make changes for
these rare phenomena. Therefore, the goal of minimum
support is to eliminate irrelevant association rules.

Confidence is derived from association rules and has
relative reliability. Assume that the data mining result is
A → B (80%), that is, the conditional probability of event B
is 80%. The higher the confidence, the higher the reliability
of the rule. The minimum support level is a threshold
defined by the user of an association rule algorithm, which
is the lowest confidence level of an association rule result.
When the result of the association rule algorithm meets the
threshold of minimum support and minimum confidence,
the result is called strong association rule.

For the result of the occurrence of association rules, it
represents the degree of support and confidence for the
occurrence of both events under the rule. However, such
inference does not necessarily have a causal relationship, so
it is very important to analyze the occurrence result. As an
analyst, it is important to have a store of knowledge about
the causal and outcome attributes of data in causal analysis,
and these causal analyses are likely to involve associations
that emerge over time.

(2) The so-called itemset refers to the collection of sev-
eral items. When there are K items in an itemset, it is called
K itemset.

(3) Support count: In the power supply chain database,
the number of occurrences of the itemset is called the sup-
port count or absolute support. If the support count of the
itemset exceeds the originally defined threshold, then K is
called the frequent itemset and recorded as LK.

When the total support count of item set, the support
count of item set A and the support count of item set A ∪ B
are known, the support and confidence of association rule
A → B can be calculated, and the calculation formula is as
follows:

Support(A → B) =
Support_count(A ∪ B)

Total_count(A)
(3)

In the formula, Support_count(A ∪ B) represents the
number of events that occur simultaneously in itemset A,
B, and Total_count(A) represents the number of all events.

Confidence (A → B) =
Support(A ∪ B)

Support(A)
(4)

In the formula, Support(A ∪ B) represents the support
count for itemset A ∪ B, and Support(A) represents the
support count for itemset A.

Therefore, to determine whether the association rule
A → B or B → A is a strong association rule, you only

need to know the total support count of the itemset, the
support count of the itemset A, the support count of the
itemset B, and the support count of the itemset A ∪ B, and
then calculate whether the support and confidence of the
association rule meet the threshold through Eq. (3) and
Eq. (4) to determine whether the association is a strong
association rule.

The main calculation idea of Apriori algorithm is to
find the maximum frequent item set in the power supply
chain database, compare the obtained maximum frequent
item set with the preset minimum confidence and support
thresholds, and generate strong association rules.

Finding out the maximum frequent itemsets in the data
set is the core idea of Apriori association of association rules.
The maximum frequent itemsets and minimum confidence
obtained by calculation can be used to determine whether
it is a strong association rule.

There are two steps to implement the Apriori association
rule algorithm:

(1) Connection. The function of the connection is to gen-
erate the K item set. For the preset minimum support, by
deleting the item set less than the minimum support for
the candidate set D1 with the number of items of 1, we can
get one frequent item set L1. Then L1 can generate two
candidate sets D2 by connecting with itself, keep the item
set that meets the minimum support in D2, get two fre-
quent item sets L2, and then connect L2 with L1 to generate
three candidate sets D3, keep the item set that meets the
minimum support in D3, get three frequent item sets L3,
and so on, the frequent itemset LK will be obtained.

(2) Cut the branches. Next to the connection is pruning.
The function of pruning is to eliminate the unsatisfied item
set by comparing the minimum support, so as to reduce
the scope of search space for the next operation. Because all
non-empty subsets of a frequent itemset are also frequent
itemsets, the connection of LK − 1 and LK to generate CK
is also a frequent itemset [18].

The process of Apriori association data mining is shown
in Fig. 2.

4.2. Integration of power supply chain resources

4.2.1. Supply chain resource data segmentation

After the associated data mining of power supply chain
resources is completed, the improved ant colony cluster-
ing and segmentation algorithm is used to divide the
power supply chain knowledge base into modules, so
as to complete the integration of power supply chain re-
sources. Ant colony algorithm has the characteristics of
self-organization, scalability, robustness and ease of use. In
order to get better results, the crossover process of genetic
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Fig. 2. Apriori association rule mining algorithm flow

algorithm is used to improve ant colony algorithm. The
uniform crossover algorithm can easily generate multiple
random solutions, expand the search range of ants, and
thus enlarge the solution space, which can effectively avoid
the premature phenomenon of ant colony algorithm. This
method is applied to the division of knowledge base mod-
ule of electric power supply chain, and the probability and
concept similarity of each knowledge block are calculated
by using similarity calculation method. By calculating the
similarity between the knowledge blocks, the knowledge
concept pairs about the similarity exceeding the threshold
value are selected as the mapping results, and a mapping
method is adopted to connect multiple knowledge bases
to a network, divide the knowledge base into modules,
generate knowledge blocks, and complete the integration
of supply chain resources.

At present, the research on large-scale supply chain
knowledge base segmentation is not mature. Most segmen-
tation methods need to input a large number of important
parameters, such as the number of blocks, which is not
conducive to the automation of method implementation.
How to effectively divide the supply chain knowledge base
into knowledge block sets has become the main research
direction of researchers. Therefore, this study proposes an
improved ant colony clustering segmentation algorithm to

modularize the supply chain knowledge base. This method
combines the characteristics of self-organization, scalability,
robustness and ease of use of ant colony, so as to efficiently
realize the division of power supply chain knowledge base
modules. Ant colony algorithm is a kind of bionic opti-
mization algorithm, which seeks the optimal solution by
simulating the behavior of ants searching for food. The
application of ant colony algorithm to the modular supply
chain knowledge base has the following advantages: 1)
distributed computing: The ant colony algorithm searches
through the parallel work of multiple individuals (ants),
and multiple possible solutions can be considered at the
same time, improving the efficiency of the algorithm and
the scope of search. 2) Self-organization: individuals (ants)
of the ant colony algorithm can form an overall cooperative
behavior through local information and mutual commu-
nication and cooperation. In the modular supply chain
knowledge base, ant colony algorithm can automatically
adjust the search strategy according to the characteristics of
the knowledge base, and realize the self-organization and
optimization of knowledge. 3) Adaptability: Ant colony
algorithm can adapt to different environments and prob-
lems, and has strong robustness. For the modularization
of supply chain knowledge base, ant colony algorithm can
search based on different objectives and constraints and
adapt to different needs. 4) Global search ability: The ant
colony algorithm can conduct global search in the solution
space through the guidance of pheromones to avoid falling
into the local optimal solution. For the modular supply
chain knowledge base, we can find a better way to orga-
nize knowledge and improve the overall efficiency and
performance.

Italian mathematician Marco Dorigo made long-term
observation, it was found that ants secrete a pheromone on
the food source and the path to and from the nest, forming a
pheromone track. Ants can sense the direction and intensity
of pheromones when choosing the moving path, and guide
themselves to choose the path. The more ants a path passes
by, the higher its pheromone concentration, and the higher
the probability that the ants will choose the path in the
future. At the same time, the pheromone will also volatilize
with the passage of time. It can be seen that the whole ant
colony shows a positive feedback of information [19, 20].

Ant colony clustering algorithm based on foraging be-
havior regards the data object to be processed as different
ants in the colony, and the cluster center can be regarded as
the food source, and simulates the foraging behavior of ants
by clustering process. Based on the traditional ant colony
algorithm, this study made the following improvements to
the ant colony clustering algorithm:
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(1) The crossover process in genetic algorithm is intro-
duced to uniformly crossover the optimal solution bs ob-
tained by preserving evolutionary dependencies and the
better solution searched by m ants in each generation to
obtain two new gene string individuals and two new clus-
tering results. The objective function values of these two
new individuals are calculated, and if they are better than
those of two parents, they are retained as bs. The uniform
crossover algorithm can easily generate many random so-
lutions, expand the search range of ants, thus expanding
the solution space, and effectively avoid the premature
phenomenon of ant colony algorithm.

(2) The pheromone update method of the maximum
and minimum ant colony algorithm is used to update the
pheromone, and the random disturbance factor is intro-
duced to avoid the interference of the ants receiving the
wrong information from concentrating on the wrong path,
effectively avoiding the local optimization.

(3) The pheromone update rules are as follows:

τ(i, j) = ρτ(i, j) + ∆τ(i, j) + ∆τ(i, j)∗ (5)


τ(i, j) =

{
Q
lm

, Ti ∈ Cj
0, other

∆τ(i, j)∗ =

{
θ Q

lm
, Ti ∈ Cj

0, other

(6)

In the above formula, ∆τ(i, j) represents the increment
of pheromone, lm represents the sum of the distance be-
tween the sample and the cluster center in the optimal class
result, ρ represents the degree of pheromone volatiliza-
tion, θ represents the global impact factor of the adjusted
suboptimal solution, Ti represents the power supply chain
resource sample set, and Cj represents the class collection.

Through the above improvement of ant colony al-
gorithm, an improved ant colony clustering algorithm
is proposed and applied to the division of power sup-
ply chain knowledge base module. The sample set of
the supply chain knowledge base is defined as Z =

{Ti | Ti = (ti1, ti2, . . . , tid) i = 1, 2, . . . , n}, and the sample
has z pattern classifications. The ant colony clustering
problem is to find a partition C = {C1, C2, . . . , Cz} that
satisfies Z =

⋃z
i=1 Ci; Ci ̸= φ; i = 1, 2, . . . , n; Ci ∩ Cj; i, j =

1, 2, . . . , z; i ̸= j. Make the sum of intra-class dispersion
minimum, that is, F = min ∑z

j=1 ∑Ti∈Cj
d
(

Ti, mj

)
, where

d
(

Ti, mj

)
represents the Euclidean distance from class Cj

to the center mj of the class. Therefore, F is the ant colony
clustering objective function.

The algorithm is described as follows:
Step 1: Initialize. Set the values of each parameter

α, β, ρ, Q, the number of ants m, the maximum evolu-

tion algebra Nc, and initialize the pheromone τ(i, j)(i =

1, 2, . . . , n, j = 1, 2, . . . , z).
Step 2: Initialize z cluster centers. Randomly select z

pattern sample points as the initial clustering center.
Step 3: Calculate the distance d(i, j) from the pattern

sample to each cluster center and the heuristic function
η(i, j), where η(i, j) = 1/d(i, j).

Step 4: Ants randomly select a pattern sample Ti as the
starting point, calculate the probability Pij(j = 1, 2, . . . , z)
of each cluster center selected by the sample according to

the probability formula Pij =
τ∂(i,j)ηβ(i,j)

∑s∈S τ∂(i,j)ηβ(s,j) , and deter-
mine the cluster r(1 < r < z) to which it belongs according
to the probability Pij. The pattern sample Ti is merged into
Cr. Ants then select another pattern sample, repeat the
above process, and merge it into the corresponding class.
This cycle continues until Ant α searches all the sample
spaces and forms a solution.

Step 5: After forming a clustering result, the values of
each component of the cluster center mj are the average
values of each attribute of each pattern sample in this cat-
egory Cj. The formula is: mj =

1
Cj

∑ti⊂Cj
Ti, and the value

of the objective function F is calculated.
Step 6: If m ants construct complete solutions, go to Step

7; Otherwise, go to step 4.
Step 7: Compare the objective function values obtained

by m ants and save their optimal values and solutions.
Step 8: Uniformly cross the global optimal solution

obtained and the current generation optimal solution ob-
tained in Step 7. If the new solution is superior to its parent
generation, save it; Repeat this step several times. After
reaching the maximum number of iterations, stop and out-
put the final result, which is the optimal solution.

The overall flow of this process is shown in Fig. 3.

4.2.2. Mapping Based Supply Chain Resource Integration

After dividing the power supply chain resources into
knowledge block sets, the similarity calculation method is
used to calculate the probability and concept similarity in
each knowledge block, and then the knowledge concept
pairs whose similarity exceeds the similarity threshold are
stored in the candidate set of knowledge concept pairs.

Assume two concepts W1 and W2, if W1 has n
"semantic" W11, W12, . . . , W1n and W2 has m "semantic"
W21, W22, . . . , W2m, the similarity between W1 and W2 is the
maximum value of the similarity of each semantic, namely:

sim W (W1, W2) = max
i=1,2,...,n
j=1,2,...,m

sim WS
(

S1i, S2j

)
(7)

In the formula, sim W (W1, W2) represents the similarity
of two conceptual languages, sim WS

(
S1i, S2j

)
represents



Journal of Applied Science and Engineering, Vol. 27, No 8, Page 2947-2959 2955

Fig. 3. Division steps of power supply chain knowledge
base module based on improved ant colony clustering

algorithm

the similarity of two semantic primitives, which are atoms
used to describe and define concepts. The calculation of se-
mantic similarity can be obtained from empirical formula:

simWP (p1, p2) =
ℓ

d + ℓ
(8)

In the formula, d represents the semantic distance be-
tween p1, and p2, and l represents a variable parameter.

The scale of the knowledge base is n, and it is divided
into n2/3 after clustering. The time complexity of generat-
ing candidate sets of knowledge concept pairs is:

O
(

n2/3 × n2/3
)
= O

(
n4/3

)
(9)

Through the calculation of similarity between knowl-
edge blocks, about n2/3 pairs of knowledge concepts whose
similarity exceeds the threshold are selected as the map-
ping result.

In order to improve the location efficiency of power sup-
ply chain resources, a mapping method is used to connect
multiple knowledge bases into a network, as shown in
Fig. 4.

Fig. 4. Mapping between knowledge blocks

The nodes of the network represent knowledge blocks.
The edges between nodes indicate that there is a mapping
between two concepts, and the identifiers on the edges indi-
cate that there are similar sets of all concept pairs between
the two knowledge blocks.

The process of power supply chain resource integration
method is shown in Fig. 5.

Assume the knowledge base Σ1, Σ2, . . . , Σn, and per-
form the following operations on them:

According to the improved ant colony clustering seg-
mentation algorithm, the knowledge block W1, W2, . . . , Wn

corresponding to Σ1, Σ2, . . . , Σn is obtained by dividing the
knowledge base into modules and generating knowledge
blocks.
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Fig. 5. Power supply chain resource integration process

The similarity calculation method is used to calculate
the semantic similarity between any knowledge blocks,
establish the mapping relationship, and obtain the set of
candidate concept pairs of knowledge blocks.

The mapping map between knowledge blocks is gener-
ated based on the candidate concepts of knowledge blocks,
and the candidate concepts are used as the identification of
the corresponding edges of the set.

The candidate concept pairs are stored in the coordi-
nator by using the insertion sorting method. If all the
knowledge blocks are judged, the integration algorithm
is terminated; Otherwise, calculate the semantic similarity
again.

5. Experimental verification

In order to verify the application effect of the proposed sup-
ply chain resource integration method based on correlated
data in the 4PL mode, a comparative test experiment was
conducted.

This experiment involves power enterprises, mainly
power groups in Northeast China, which include many
thermal power plants and dozens of power grid compa-
nies. They need a large amount of coal as the main raw
material, and the market demand mainly changes with the
season. Thermal power plants purchase coal from nation-
wide sources, while grid companies purchase electricity
from thermal power plants and sell it to industrial enter-
prises and individual users.

In the experiment, 5 suppliers and 5 distributors were
selected as resource nodes of the power supply chain to
participate in resource integration. Assuming that the ca-
pacity data of the power plant is 500 MW, the maximum
transmission capacity of the transmission line is 1000 MW,
and the load of the distribution node is 300 MW, the results
of mining the associated data by applying the method in
this paper show that there is a positive correlation between
the capacity of the power plant and the transmission capac-
ity of the transmission line, and the correlation coefficient
is 0.8, indicating that there is a strong positive correlation
between them. The average prices of the two products are
shown in Table 1.

Table 1. Average price of power supply chain products

Month
Unit Unit Sales

cost/yuan price/yuan price/yuan

1 43.22 50.29 60.35
2 51.62 60.23 72.28
3 41.81 48.78 58.53
4 40.55 47.31 56.77
5 45.37 52.93 63.52
6 37.74 44.03 52.83
7 37.23 43.43 52.12
8 13.81 17.57 19.33
9 43.41 50.65 60.78

10 40.23 46.67 56.00
11 48.99 57.15 68.58
12 52.03 60.70 72.84

According to the collected power supply chain resource
data, taking the power supply chain resource utilization
rate, integration response time, energy consumption and
average integration hit rate as indicators, the method in
this paper is compared with the method in Yu et al. [8]
and the method in Zhang et al. [9], and the research re-
sults of these two methods have good practical application
effects. Comparing the method in this paper with these
two methods can better demonstrate the advantages of this
research method. In this experiment, the parameters of
the ant colony algorithm are set as the total iteration times
of 1000, the number of ants is 50, the volatilization rate of
pheromone is 0.1, the initial concentration of pheromone
is 1.0, the weight of Heuristic Information is 0.5, the cross-
ing method is uniform crossing method, and the random
crossing time range is as follows: 10 s to 30 s.

5.1. Resource utilization rate of power supply chain

The goal of carrying out power supply chain resource inte-
gration is to improve the utilization rate of power supply
chain resources. Therefore, taking the utilization rate of
power supply chain resources as an indicator, the perfor-
mance of the proposed resource integration method is ver-
ified, and the method in this paper is compared with the
two traditional methods. The results of power supply chain
resource utilization ratio of the three integration methods
are shown in Fig. 6.

Looking at Fig. 6, it can be seen that the integrated
power supply chain resource utilization rate of this method
is significantly higher than that of the methods in Yu et
al. [8] and Zhang et al. [9], and the power supply chain
resource utilization rate of this method does not decrease
with the increase in the number of tasks, but can always
maintain a relatively stable level of resource utilization.
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Fig. 6. Resource utilization rate of power supply chain

5.2. Integrated response time

When an integration method receives an integration re-
quest, it will respond within a certain period of time and
begin the integration operation. The time from receiving
the command to starting the integration operation is called
the integration response time. The shorter the response
time, the stronger the performance of the method. The
method in this article is also compared and validated with
the methods in Yu et al. [8] and Zhang et al. [9]. The inte-
grated response time comparison results of the three meth-
ods are shown in Fig. 7.

Fig. 7. Integrated response time comparison results

As can be seen from Fig. 7, with the increase of the
number of tasks, the response time of the methods in Yu et
al. [8] and Zhang et al. [9] has been continuously improved,
and the response time of the two literature comparison
methods has reached 600 ms. However, the response time
of the method in this paper does not change significantly

with the increase of the number of tasks. The response time
of the method in this paper is basically stable at 100 ms.
Therefore, it shows that the integration response time of the
method in this article does not change with the increase of
the number of tasks, and has strong response performance.

5.3. Energy consumption

During the process of integrating power supply chain re-
sources, a portion of network energy is consumed. If the
energy consumption is too large, it will reduce the stability
of the supply chain network operation. Therefore, taking
energy consumption as an indicator, this method is com-
pared with two traditional methods to verify. The energy
consumption comparison results of the three methods are
shown in Fig. 8.

Fig. 8. Energy consumption results

The energy consumption result in Fig. 8 shows that as
the number of tasks increases, the energy consumed by the
three methods for resource integration shows an increasing
trend, consistent with general principles. However, with
the same number of tasks, the energy consumption of the
methods in Yu et al. [8] and Zhang et al. [9] is higher than
that of this method. For example, when the number of tasks
is 500, the energy consumption of the methods in Yu et al.
[8] nd Zhang et al. [9] is 450 J, while the energy consump-
tion of this method is 200 J. Therefore, this method can
reduce the energy consumption of supply chain resource
integration.

5.4. Average integration hit rate

The integration hit rate can reflect the resource integration
performance of different methods. The higher the integra-
tion hit rate, the more accurate and effective integration
of the same type of resource data can be achieved. The
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Table 2. Average integration hit rate results

Number Average integration hit rate/%
of tasks Methods in this paper Yu et al. [8] method Zhang et al. [9] method

100 98.87 75.64 82.67
200 98.65 79.13 81.71
300 97.92 80.55 76.98
400 99.04 78.42 73.68
500 98.34 80.31 80.75

average integration hit rate results of the three methods are
shown in Table 2.

As can be seen from Table 2, the integration hit rate
of the method used in this article for integrating power
supply chain resources is higher than that of the two litera-
ture comparison methods. The integration hit rate of the
method used in this article has always been higher than
97%, with a maximum of 99.04%, while the maximum inte-
gration hit rate of the two literature comparison methods
has not reached 90%. Therefore, it shows that the supply
chain resources integrated by this method are more com-
prehensive and accurate, and that the resource integration
performance of this method is better.

6. Conclusion

The amount of power supply chain resources under 4PL
mode is relatively large, and the types are various, which in-
creases the difficulty of using power supply chain resources.
Therefore, it is necessary to integrate power supply chain
resources, and propose a method of integrating power sup-
ply chain resources under 4PL mode based on associated
data. The performance of the method is verified from both
theoretical and experimental aspects. When integrating
power supply chain resources, the method has a high re-
source utilization rate and integration hit rate. Specifically,
compared with the method based on deep reinforcement
learning, the resource utilization rate of the text method
in the supply chain is significantly improved, and the re-
source utilization rate of this method is always above 90%;
Compared with the method based on kernel limit learning
machine, the average integration hit rate of the method in
this paper is significantly improved, up to 99.04%. There-
fore, the proposed resource integration method based on
associated data can better meet the requirements of power
supply chain resource integration.
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