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1.3 Digital Twin System Construction and Simulation
Optimization for Collaborative Effectiveness of Industry-Education
Integration
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Digital Twin System Construction and Simulation Optimization for
Collaborative Effectiveness of Industry-Education Integration

Zhengzhou,
Henan, 450044, China

SUMMARY: With the continuous development of social economy and artificial imelli gence
techmology, it is difficult for the cwrrenmt collaborative effectiveness of industry-teaching
integration in colleges and universities to meet the needs of socien To address this difemma,
the digital twin svstem in the context of the collaborative effectiveness of industry-teaching
integration is explored. Based on the conceptual theory of digital twin svstem. this paper
determines the functiona! modide of digital twin system oriented to the collaborative
effectiveness of industry-education fision obtains the research data through the web crawling
program, and then constructs the resource recommendation modle of indisiryv-education
Susion by wwing the L04 model and content recommendation afgorithm. Under the role of
development software and image processing algorithms the design task of the proctical
training practical module is completed, followed by the use of improved LSTM network, back
propagation Rprop algorithm for the design of student management early waming module. 50
as fo complete all the design work of the svstem module. Finally from the system function
madule. the svstem launched an experimental simulation analvsis After the simulation
anafvsis, it can be seen that the prediction errors of red waming. orange warning. yellow
warning, green warning are (U315 000233 000309 LS5 respectively. and the prediction
errors are controfled within (05, which verifies the effectiveness of the warning module of
student management in the digital twin system. in addition to proposing the comesponding
optimization strategy. The research in this paper can improve studenis” practical ability and
problem sofving abilitv. aming to promote the development of collaborative effectiveness of
indis try-teaching integroai on.

KEYWORDS: LA model; content recommendation algoritfom; LSTM network; swnergistic
effectiveness of indwsiryv-education imtegration; digital hwin svstem

1 Introduction

The integration of industry and education talent tminng model s the focus of attention of the
education and industrial sectors [|I|]. The integration of mdustry and education is the main way
o cultivate applied and practical talents, but from a practical point of view, some professional
skills training 8 disconnected from the actual work, the data lack of authentieity, and the
platfiormn has a single finction, which makes i difficult to meet the needs of enterprises for
accounting talents [ ﬂ]. Currently, with the rapid development of 50, Internet of Things, big
data and other technologies, the construction of mdustry-teaching integration increasingly
relies on the support of digital twin technology [4) 5. Digital twin utilizes physical models,
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sensor update data, and opemtion history data to integrate multi-disciplinary, multi-physical
quantity, multi-scale, and multi-probability simulation processes, and complete the mapping
in the virtual space, so as to reflect the full Life cycle process of the comesponding physical
equipment [p-8[]. Digital twin technology, with 115 abality 1o accurately simulate and monitor
in real time, provides a brand new solution for the construction and operation of campus
industry-education integration. Combining the data of the physical world with the virtual
maodel, it realoees the multi-dimensional intelligent application of teaching, management, and
service in the campus, in addition to prompting the enterprise work mode to continuously
transform o ntelligence and digitalization | . Specifically, the digital twin system
provides students with a highly simulated learmng environment by simulating the real
enterprise work scene, making it easier 0 nealie the deep integmtion of industry and
education, and cultivate professionals who are more in line with the market demand, thus
promoting the collaborative development of education and industry [[L1L 12]). In this context,
the research on digital twin system is of great significance.

There s a wealth of research on the ntegration of industry and education in academia,
Yanan et al [ take Chongqing Polytechme University as an example, addmg new courses
such as Industnal Intemet Technology and Industrial A PP Development in classroom teaching,
in addition to integrating enterprise cases into the teaching, which makes the students more
clearly recogmee the requirements of the mdustnal Internet Geld for application-oriented
talents. Chen et al. [ used linear regression and moderated effects model to examine the
impact of mdustry-teaching mtegration on the guality of employment in higher vocational
colleges and universities, and found that the degree of industry 4eachimg mtegration and the
quality of employment have an mverted “T™-shaped relationship, and the fwtor that has a
greater impact on the quality of employment is the practical teaching ability of teachers,
Zhang, H et al [[I5] investigated the sustainability of agricultural machinery education in
Chinese agricultuml universities duning the penod of 2021-2023, in which the scores of
indicators such as the cultivation of crafismanship, the degree of integration of industry and
education, and the degree of matching between the tranmg programs and the social needs
were low, for which an mnovative model of integmtion of industry and educatiwon with the
linkage of the povernment, universities, and enterprises was proposed. Rajalo et al [
analyvzed university-industry innovation collaboratwors, using an intendisciplinary approach
with a multi-case study design to analyze umversity-industry collaboratwons, and found that
the nelevant prerequisites for industry-academia collaborations are the individual rather than
the mstitution, and that it 5 the mdividual’s level of motivation and absorplive capacity that
determines the key aspects of the likelihood of success or falure of such collaborations.

And with the progress of science and technology, in order to adapt to the development of
the times, the mode of ntegation of mndustry and education also needs o be continuously
innovated. Wang et al [Eﬁg’:lxpmnj the dilemmas Gwed by the development process of
industry-teaching integration, they believe that the existence of barniers between enterprise
technology secrets and educational propaganda i mot conducive to knowledge sharing, and
the enterprises’ apathetic attitude towands students’ practical tramning hinders the improvement
of students’ practical skills, and it &5 necessary to establish a positive digital ecosystem for the
reform of industry-teaching integration. Zhang, H [E] summartzed the content of the World
Congress on the Development of Vocational and Technical Education held in 2024 on the
aspects  of  industry-teaching  imtegration,  including  the  internal  mechanism  of
industry-teaching integration to promaote the development of vocational and higher education,
the research progress of mternational coopemtion i vocational education, and the
development trend of industry-teaching mtegration m vocational education, He et al [|E|]
desipned and applied a eross-technology information management system based on digital
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technology, which effectively solved the problem of the mismatch between the demand for
talenis in the industrial field and the educational field, and the system realized the assessment
of educational quality through ey alporithms, which had a positive impact on the teach
effect, the quality of teaching and the cultivation of professional competence. Lu et al. [
studied the change direction of the industry-teaching integration mode in the em of artificial
intelligence, and they constructed a three-dimensional framework of “techmeal skill mapping
- ool laboration mechanism mnovation - actual scene reconstruction”™ o determine the practical
application value of artificial ntelligence technology, and then analyeed the education
mechamsm of school-enterprise cooperatin  through  m-depth interviews. Then, thmough
in-depth mterviews, we analyzed the edusation mechamsm of school-enterprise cooperation,
and finally implemented the talent cultivation ecosystemn and obtained a better pedformance of
industry-teaching integration. Tang et al [El] constructed a knowledge network of industry
needs, adjusted the changes in ndustry needs in real time through a dynamic updating
mechanism, and integrated the comstrocted knowledge map into the industry-teaching fusion
curmiculum system, which solved the problem of students’ nability to grasp the ndustry needs
from the industry perspective. Wu et al [ explored the optimpation of the Beulty of
vocational colleges and universities in Shandong Provinee oriented to the integration of
industry and education, based on the human capital theory, the TPACK framework, and the
Al-based learning model, and found that the current faculty was unbalanced in terms of
structure and competence, and for this reason proposed an optimization strategy feusing on
the incentive of the policy of integmtion of industry and education and the cultivation of Al
competence to dramatically increase the proportion of dual-qualified feulty, enterprise
partwcipation and digital teaching coverage. Zhang, H [@] optimized the traditional “manual
drawing-software operation”™ mode, that i the mtroduction of case study teaching,
project-driven teaching, three-dimensional modeling and virtual reality technology, combined
with teacher traming, school-enterprise cooperation and other measures, which greatly
improved the students’ drawing ability and innovative thinking, and perfected the teaching
system of miegmtion of industry and education. System of Industry-Education Integration
Teaching Miao et al [, on the other hand, used the intelligent technology based on
back-propagation neural network to construct a multimodal teaching quality assessment
system to deal with problems such as mismatch of industry demand and outdated teaching
cortent in talent cultivation, and the model has a better performance on teaching quality
prediction, which promotes a deeper integration between industry and educatwon.

Al the same time, the digital twin technology has given a brand new research direction o
the mnovation of industry-education integration model. Na [ actively responds 1o the
national call for mnovation in the mode of integration of industry and education, introduces
digital technology into classroom teaching, builds an mdustry-teaching practical training
platform by using digital twin technology, ennches the way of practice while optimizing the
allocation of teaching resources, and studies in detml the specific mplementation process by
taking the professional course of equipment intelligent manufactunng as an example,
Mohammad et al [Eﬂ wsed  digital  twin  technology  for dynamic  simulation  of
industry-education integration, and proposed a digital twin-based construction safety training
fmmework with architecture and construction industry as the object of study, which combined
with a virtual reality traming environment o provide a professional tramimng scenano for the
students, and the fmmework realized the value of safety traning in terms of effectiveness,
cost-henefit analysis, monitoring of employees’ behavior, and safety education. Acker et al
[ﬁ] preseribed digital twins using technologies such as Unity and the Roboties O perating
System in order to improve students’ understanding of K-12 industrial robotics i order to
assist students in paining a deeper understanding of industnalization and expertise in

2
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conjunction with higher education. Sepasgosar et al [] proneered a varety of case study
projects for imnovative education and practical trainmg, such as vitual tours, digital
twin-based architectural education systems, and data visualization of mmersive practical
training envionments, and the research s of practical relevance in the fields of architecture,
mining and urban planning. Filipescu et al [@] introduced a multifunetional robotic cell
remote monitonng and control system centered on the Intemet of Things and digital twin
technology, which integrates the design concepts of Industry/Education 40 and
Industry/Education 5.0 to create an intel igent, fexible, and extensible environment, which is
better swited for industrial and educational fusion applications. Meng et al [@] proposed a
virtual training platform based on digital twin technology for the problem of how to
efficiently and safely conduet practical traming in rail transportation, and venfied the
feasibility of the platform in improving teaching quality and coltivating students’ practical and
innowvative abilities through teaching mmplementation. However, st present, the research on
digital twin system related to the miegraton of mdustry and education 15 relatively small,
lacking theoretical system support and practical applcation experience.

Based on the conceptual theory of digital twin system, this paper divides the digital twin
system for the collaborative effectiveness of imdustry-teaching  integration into  three
functional modules, which are industry-teaching  integration mesource recommendation
module, prachical traming module, and student management early wammg module, On the
basis of data acquisiion and preprocessing, LDA model and content recommendation
algonthm are used to complete the design of the resource recommendation module for
mntegration of education and industry, Next, under the joint action of development software,
image processing al gorithm, LSTM network, back propagation Rprop algonthm, the design of
practical traming module and student management warning module s finally completed.
Finally, through the system function module simulation analysis, venfy the application value
of the system in this paper, and put forward the corresponding oplimization strategy, n onder
o promote the development of industry-teaching integration coll aborative effectiveness,

2 Construction of Digital Twin System under the Perspective
of Industry-Education Integration

The comstruction of the digital twin $ystem orented o the synemgistic efficacy of the
integration of industry and education 8 not only the core link of the construction of ndustrial
colleges in the context of the digital economy, but also an important manifestation of the
integration of industry and edocation, and the digital twin technology provides a guarantes for
the synemmistic efficacy of the integration of industry and education. The system packages and
processes real-time and real data of enterprises, classifies them through digital means, and
displays them on the system to real cee multi-panty resource shanng. Through the construction
of digital twin system oriented to the synergistic effectiveness of industry-education
integration, it promotes the applicaton of enterprise project construction and the mnovation
of talent cultivation mode in colleges and universities.

2.1 Digital Twin Concept and Reference Architecture

211 Concept of digital twin svstems

Digital twin system i the process of digital representation of a specific tarpet entity through
data connectivity. In this case, the target entity, also known as physical entity, 15 the real world
entity selected for digital mapping. The digital representaton, also known as virtual entity, is
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a digital mapping or digital mirror of the physical entitv. The data connection s used to
synchromize the update of the state of physical and virtual entities by employing accuracy and
rate, and the concept of digital twin system 8 shown in Fig. 1. On the basis of data-dnven,
dynamie iteration and vitual-real interaction between physical entities, virtual enfities, and
service applications can be realized through connection interaction. Data-driven includes both
activities such as data collection and data analvsis, as well as activities such as data-based
dectsion-making and execution, which ultimately form knowledge i derative optimzation,
Dynamic deration means that virtual entities recerve data generated by physical entities in real
time to complete terative optimization, while physical entities receive feedback data from
virtual entities n real time to complete assisted decision-making. Virtual interaction refers to
the two-way mapping, real-time connection and dynamic intemction between physical entities
and virtual entities to provide users with application services such as visualization, simulation,
prediction and projection,

Vintual- * physical

physical J" iiileract ion
interaction "1' R
\ P,
4 4 Larpracad
i l— 2 .
B ; relationships
! o = — g INETEGT
exclange

Figure {: The concept of digital twin svstem

2.1.2 Reference Architecture for Digital Twin Svstems

Digital twin system mefers to the system based on data<driven to realize the dynamie temtion
of the elements between the target entity and the digital entity, which consists of the tarpet
entity, the digital entity, the interactive data connection as well as the model, data, and
interfaces invol ved in the process of the data connection, ete. The reference architecture of the
digital twin system consists of three pans: industry-education fuson resources recommending
module, practical traming and combat module, and student management and eady warning
module. The digital twin system  provides intelligent support for the collaborative
effectiveness of industry-education integmation by constructing an accurate digital mapping of
physical eftities n digital space in real time, and simulating, verifying, predicting, and
controlling the whole Life cycle process of physical entities based on eal-time simulation and
data anal ysis, and ultimately providing intelligent support for the collaborative effecti veness
of mdustry-education integration,
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22 Muoedule for recommending resources for integration of education and
industry

221 Duta preparation

By analyzing the list of projects approved for the integration of mdustry and education
released by the Higher Education Department, approximately 70000 data items were crawled
from 2004 to 2023 including "Company MName", "Project Type", "Project Name",
"Undertaking school®, and "Time". Then, hased on each enterprise’s name, the addresses of
approximately 2,000 enterprises are crawled from the "“Qichacha® platform. Finally, about
2000 unversity addresses were crawled fom "Badu Baike" based on the names of the
undertaking schools of each university, thereby obtaining the dataset of industry-education
MUEETALION MESOUTEes,

111 Data pre-processing

Data preprocessing i mainly to provide a data basis for the extraction of feature words of the
title and the division of the subject interest theme of the project later, This subsection uses
data standard ization, word splitting, and deactivation word removal for data preprocessing 1o
eliminate the mterfenng data in the data and make the reseanch content of this paper more
COMYINCIng.

113 Project Subject Interest Mining Based on LDA Modeling

{ 1) Text feature representation

When mndustry and academia reach cooperation on the project of mdustry-education
mtegraton, they first judge whether the resources of mdustry-education integration belong to
their own fields according to the content of cooperation. Smee the title 18 limited in length and
highly summariees the cooperation content, the project that reaches cooperation must involve
the user's cooperation field, so i the theme recognition of the title, the participle result of the
title can be directly used as the feature word,

TF-IDF is a commonly used method to classify text according to the importance of words
in the text, and the basic pnneiple s that if a word 8 relatively rare, but it occurs many times
in the article, then this word can represent the characteristics of the anticle well, TF-IDF is
divided into two parts TF and IDF. TF stands for word frequency, which indicates the number
of occurrences of a word in an article, and needs (o be normalized due to the length of the
article, See equation (1)

The number of times a specific
word appears inan article (1)
The total number of words in the article

Term Frequency (TF) =

IDF stands for Inverse Document Frequency, which indicates the Sequency of cocumence
of a word n all the texts, if the word occurs in most of the texts, the word does not represent
the article features well, its importance should be low, and the value of IDF s low The
formula of IDF 15 shown inequation (2):
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Total numbser of
Irwerse Document i documents in the corpus
Frequency { IDF ) & MNumber of documents

containing the tem + |

(2}

The TFIDF value s calculated in equation (3):
TF=IDF{x)=TF(x)*IDF(x) i3

{2) Topwe Clustering

LDA topic clustering is the inverse process of article generation, which inputs anticles and
outputs article topics and topic words, Le., according to a complete article to find its
comesponding distributwon of articledopwes and topic-words, and then based on the
distribution of article-topics to classify the set of articles into different topics, which also
realires the topic clustenng. The poodness of the LDA topic model s usually evaluated by the
degree of perplexity, Perplexity 15 an index that reflects the generalation ability of the model,
the smaller the perplexity, the higher the prediction ability. The specific caleulation formula is
shown in equation (4):

> 3 logpl¥,)

Perplexing D) = expr g = -ﬁhﬁk_ i4)

TN,

|

where [ denotes the test set in the corpus, N denotes the number of articles in the
prediction set, M denotes the number of words in each article in the prediction set, N,
tabulates the number of words in the article o , and (W) denotes the probability of the
word W, in the article, However, because the LDA topic model belongs to unsuperyised
clustenng, relying on the perplesaty degree alone to determine the number of topics, there still
exists the phenomenon of inter-class crossover, for this reason, n this chapter, when carrying
oul LDA topic modeling, the clusiering resulis will be visualized, and the optimal number of
topucs will be determimed according to the perplexity degree and the visualization results,

Each industry-education integration cooperation project has a pair of partners, according
to the LDVA theme model output of the title theme category, the project subject interest theme
mining results can be obtamed.

224 Cootent recommendation methods

The content recommendation algonthm has inter-project subject ndependence, ensures that
the personal preference of the pmject subject has nothing to do with others, and can
effectively avoid the cold-start problem of the newly entering project subject. Taking the
recommendation of colleges and uruversities o enterprises in the mtegmton of education and
industry resounces as an example, the content-based recommendation method can be divided
into three steps: establishment of enterprise interest topic model, establishment of college
interest topie model and recommendation of miegration of education and industry resounces
based on the similanty of entemprises and colleges and wniversities.
(1} Enterprise Intenest Theme Model
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Based on the construction of the theme model, the mterest theme model of the enterprise
15 obtained. The topics of interest 1o the entemprise and the preference weights are expressed m
the form of preference feature vectors, The representation form s shown in equation (5

U7 = (B, o, DBy iy Wy oy ) (B ) (5)

where b €8 denotes the item theme that the fth firm is interested in, Le., the interest
theme of the firm. w, €[(,1] denotes the preference weight of the {th enterprise under the
topic of intenest ﬁ". Where { s the number of enterprises and a8 the number of program
themes,

{2)College Interest Theme Model

Also based on the comstruction of theme model, the interest theme model of universities is
obtamed. The preference feature vector of colleges and universities 15 shown i equation (6):

R (RTINS W (. T WG S | ()

where b e B denoles the program theme of interest of the jth HEL ve, the theme of
interest of the HEL w, £[(L1] denotes the preference weight of the  f th HETunder the topic

ofinterest b . Where ; s the number of colleges and universities.

(3) Recommendation of teaching resources for industry-teaching mtegration

The more the research topics of enterprises and universities are the same, the higher the
preference weights of the same research topics are, and the higher the possibility of their
recommendation. For this reason the similanty caleulation fomoula s shown in Eqg:

Pic,s) =3 (w,, *w,,) (M
L}

where P{c,s5) denotes the similarity between enterprises ¢ and collepes 5, W, denotes
the preference weight of enterprises ¢ under the topic of interest b, and w, | denotes the
preference weight of colleges g under the topic of interest b . The higher the similarity, the
higher the hikelithood of recommending the same topic of mtenest between the enterprise and
the university.

23  Practical training modules

On the basis of the theory of digital twin technology, the construction of real with virtual,
wvirtual to help the real, vintual and real combnation of practical traming modules, taking nto
account  the theoretical explanations and practical operations, from the theomtical
explanations and practical operations o improve the quality of the teaching of the ntegration
of mdustry and education and the practical operation of the teaching effect at the same time,
in order to enhance the mtegration of mdustry and education and the development of
synerzistic efficacy of the provision of new ideas,

131 Development of software

(1) Modeling softwane
Currently used modeling software: Autodesk, SolidWorks, Pro/Engineer, UnigmphicsNX

7
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and so on.

{2} Rendering sofiware

Jds Max software operates logically, has a fendly nterface, has a wealth of tutorial
resounces and plug-in programs, provides excellent material editing, model rendering and
oplimization programs, and at the same time provides a wealth of data mterfaces for other
three-dimensional software, which provides strong techrucal support to enhance the Odelity
and immersion of the virtual training room.

{3) Virtual Reality Software

Virtools 8 a kind of development of virtual reality system - tool software, developers
through the intutive graphical development interface, as long as the required module dragped
tor the object can be produced complex interactive behavior, not only to meet the development
needs of program designers, and even do not know the progmam development of the art staff
can be used freely, and the two can be reasonably divided into two, can effectively shorten the
development link, mprove the development efficiency, Virtools s a kind of development of
virtual reality system - tool sofiware, developers through the mtutive graphical development
interface, as long as the module drag to the object can be produced complex interactive
behavior, Virtools i charactenzed by its ease of use and wide range of applications,

232 lmage processing algorithms

In the practical training module, often encountered object movement, rotation, machining chip
display, parts of the cutting and machine tool model of the relative relationship between the
components and other 1ssues, by vinue of Virtools iself can sol ve some of the problems, but
in order to achieve the desired results, the need for geometnc transformation, particle system,
collswn detechon and shadow dmawing and other key alporithms to optimize, The
optimization and implementation of these image processing algonthms will be introduced
nexd.

{ 1} Geometrie Transformation Algorithm

Tmnslation tansfrmation efers to moving an object from s cument position to a new
position without changing its direction and size. Suppose the translations inthe X, Y, and
Z directionsare T, T and T, respectively. Then there are;

(8)

e T e B
==
L == I =]
ol = — I =]

o |
|
|

Thene fore, the new coordinates ofa point [X,¥,Z) after translation are:

X'= X 4T,
P=FaT, )
Z'=Z+T,
Proportional scaling transformatwons are those that change the size of an object by a
certain proportion. Assuming that the scaling factors §,, 5, ,and 5 comespond to the
(X,¥.Z) coordinate axes respectively, the trans formation matrix is;
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(10

= o= o=
o oo
R R
- oo

Thenefore, the new coordinates of a point (3, Y, £) after scaling are:

X'm X5
F=fs, (1)
ZmZy
A rotational transformation 18 a form of geometric transformation that rotates elements of
an object around the X/¥/Z axis Suppose that the rotation of the o angle around the
X axis gives amatrix of R, and the rotation of the # angle around the ¥ axis gives a
matrix of £ . Rotate the & angle around the & axis for a transformation matrix of K,
respectively. Le:

cosd snd 0 O | 1] 0 0
=smf cosd 0 0 0 cose smea 0
R
5 w0 1 ol E ecenuei (12
0 0 11 L] 1] 1 1
cosf 0 =smpf O
0 | | 0
R =| . (13)
: sinf 0 eosf 0
0 0 0 1
{2) Particle system al porithm

Particle system is an indispensable part of almost every virtual engine, which s mainly
used 1o solve the problem of generating and displaying on the computer a large number of
larpge substances composed of a large number of tiny substances moving according to certain
rules, Particle systems are considened to be the most successful algorithm for generating
eraphical sunulations of iregular obpects to date. The basie conception of the method 15 that a
large number of particles with simple shapes and tiny spees are taken a8 the basic elements,
and then they are gathered together so as o form a system of fiesry objects with rregular
shapes and closed objects, which is the particle system.

It can be seen that each of the above steps s a process computational model, so it can be
combined with all the models depicting the motion and charactenstics of the object, eg,
partial differential equations can be uwsed to describe the motion and transformation of
particles. For the contmol of particle shapes, features and motions, some simple stochastic
processes can be used to realiee the stochasticity of the particle system. As for the pammeters
of each particle should be chosen randomly within a pre-determined mange, and then its
vanation range is determined according to the given maximum vanance and average expected
value, the operational equation can be expressed as:
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Paramieter = MecnParcameter + Rened ||: ] [ arParameter (14)

where: Parameter denotes any required random parameter MeanParameter 15 the mean value
ofthe parameter, Rand() s the uniform random function in [-1. 1] VarPammeter is the variance
of the parameter.

(3) Col lision detection al gorithm

The vanous 3D models constructed in the practical traming real-world module are
mdependent of each other, in order to avoid objects crossing in motion, so that the scene
chamecters are more complete, but also need to wse collision detection technology. Collision
detection algonthms are wsually divided into two categories: spatial decomposition method
and hierarchical enclosing box method, the latter s very suitable for collision detection in
complex environments, which s mone widely used.

Commonly used hierarchical enclosing box shown m Figure 2, compared with the A ABB
tree, the biggest feature of the OBB tree is the arbitrariness of its direction, because it only
needs to contain the object and the direction of the hexahedron relative to the coordinate axis
arbitrary. The OBB in 3D space can be expressed using the midpoint F, the half-length edges
RUVR2/RE, and the mutually perpendicular unit vectors Z1Z2FZ3 with a total of seven
parameters. The expression 5 given below:

R={F+a RIZ+bR2 Z+c B3 Z|ab,ce[-L1]) (15)

The algorithm utilizes the first and second order statistical properties of the object’s vertex
coordinates, and the enclosing box hieranchy s based on:

I L]
FHEZ{,&W‘”‘} (16)
=il

1 ] ] ey k5
fﬁ!EE{F;F:*"L’?:“'r;Q]IE-"‘*EE (17
=

where: n  the number of triangles that make up the model, F=p —u, § =4 —u, and
Fe=r=u Hal=l vecton F_'={P|_'..F'§_'1F::|F and C, are 3x3 covariance matrices. 4
mean value. C:covariance F.The three vertices of the fthiriangle are (p'.q".r").

13 AABB boumding box 23 OBE bounching box
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Figure 2: Commonly used I erarchical bounding boxes

(4} Shading Rendermg Al gorithm

Mask calculation is divided into three directions of calculation - plane normal, center
pount and plane X, Y direction. The formula for caleulating the mask plane normal is as
fol lows:

(18}

N, N,
N e = s _.\,-'T = '1_T

Vg =0, =V,

where N represents the nomal vector of the masking plane, F i the coordinate of the
ith node of the scene, N, i the nomber of nodes, O represents the geometric cenler
coordinate of the seene, and Fy_, represents the coodinate of the point light source.

Project the scene onto the masking plane to obtain the masking polygon, and fnally
generate the masking polygon by the following transformation matrix (T _matrix), Le;

Vo =M

e bpctLocxd e Werdd M

I

Wikl El,u-l.l'.mu' (19}

where: V. are the coordinates of the projected nodes on the mask plane, My g 15 the
transformation matrix from the system coordinate system o the mask coordinate system,
et 5 the value of the local coordinates of an arbitrary node on the scene,
Moy iraresy 18 the tmnsrmation matrix from the object coordinate system to the system
coord inate system.

13.3 [Establishment of training scenarios

This system 5 based on a school CNC machinmg trning workshop as a prototy pe, mvolving
CHNC lathes, CNC milling machines, machining centers and other equipment, as well as
virtual machmning, leaming materials display, etc., the virtual scene is more complex and a
large number of vintual scenanaos, so this project adopts a modular seenano design ideas, to
break down the complex scermarios into a number of relatively independent sub-scenes, such
as: CNC lathe virtual scenarws, virtual scenes of machining centers, workshop penpheral
seenes, virtunl machining scenes and so on. , workshop peripheral scene, virtual machining
seene and so on, Before modeling, we must fully understand the appearance, stee and mternal
structure of the real equipment, map the real machine tool and collect relevant data as the
basis for virtual modeling Then use the modeling sofiware to buld the model of the
components, and then assemble the components and make appropriate optimisation, and at
the same time make the model material testure, and finally render the model. The traming
spenario avoids the safety accidents and equipment damage caused by the operation in the real
environment, provides students with a vivid and realistic envimonment for the integration of
industry and education, and at the same ume enriches the practical teaching of CNC
machining, which improves the collabomtive efficiency of the integration of industry and
education,
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24 Early warning module for student management

Student management s the foothold of the constructon and development of colleges and
universities, which determmes whether a school can realiee sustamable development, and
student management eardy waming work 5 the top-level design to realize the synemgistic
efficacy of the integmtion of ndustry and education. By building the early warning module of
student manapement, we can gmsp the learming status of students in time, deepen the
integration of mdustry and education, school-enterprise cooperation, strictly implement the
early warning and withdrawal mechanism, reduce the specaltes in tme, Beus on the
advantageous resources (o create high-level talents, and enhance the synergstic effectiveness
of the integration of industry and education.

4.1 Classification of Early Warning Levels

According to the actual situatwn of the integration of industry and edwation student
management early waming level s divided into four levels: red warning, orange warning,
wellow warning, green warning Though the student management early warning neural
network prediction, we will predict the probability of employment is lower than 508 of the
students included in the red warning object, will predict the probability of employment is low
between 50% and 60% of the students meluded in the orange waming object, will predict the
probability of employment i 60% to 80% of the students included in the yellow warning
obyect, for the prediction of the probability of employment is higher than 80% of the studenis
included in the green warning object.

242 Improving LSTM networks

After the multi-dimensional nomal distribution feature extraction of all the student data
matrices, each matrix 5 divided into singular class and standard class, for each class of
student data matrices through two networks, for the different types of data, the data rows with
high dependence on timing such as onecard consumption records, ete, will be nput into the
LSTM network based on the adaptive excitation function for traning, and for the data rows
with low dependence on timing such as student Theonetical scores, practical scores, etc. are
mput mio the MLP network based on the elastic back propagation algorithm for trammg, and
the output obtained from each network s fitted with a linear probability so as to realize the
cascade of the network, and ultimately the employment probabality is obtained. That is:

& -

f{x}-l +lm:l.t[1},:},u+1'-l (209
u ¥

e ke

The origimal tanh  meentive function mto an adaptive incentive function  Relu+anh
weighted avemge function, for each gate of LSTM mncoming data using the fom of ncentives,
so that through the LSTM on the student card comnsumption related information for training,
warning classification of each student, for each student tarpeted to penerate a personal
analysis report If the warning is a high-risk warning, it will receive the corresponding warning
information and cascade the waming information with the attificial neural network in 3 to
predict the probability of the student's employment.

Calculation of the parameters of the adaptive excitation function: the mput layer s a
matrix of size  J,*n, where j <m, j, s the number of rows extracted from the total data
matrix K, where f =7, through repeated iterative caleulations and optimal approximation
o obtain the adaptive excitation function. That 18!

12
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o= -!-ma"u[wL]+ -Ltmh[nr—] (20
¥ t=1) u =1

The weighting coefficients v=0637 and w=0363 amr best trned.

243 lierative Training Based on Backpropagation Rprop Algorithm

The sdvantage of choosing the elastic backpropagation algorithm model i that the gradient of
the error function only has an impact on the direction of the change of the weighis in the
process of model training, the valne of each change of the weights s equal to the
comesponding  learning rate of the weights, and the gradient of the change of the ernr
finction & only due to the direction of that that the weights are updated, and does not affect
the intensity of the update of the weights, When the gradient of the error function s positive,
it is appropriate to reduce the value of the comesponding lower weight. If the gradien of the
ermor function 15 negative, it 5 appropriate o nerease the coresponding weights to make the
ermor function close to the minimum value, as shown in the Bllowing formula:

Aw, = =n, () ifE(y)=0
Aw, , =41, Lifgly)=0 (2%)
A, = {1, arthrerw ize

In the problem of learning mie #, (f)  value change in the elastic backpropagtion
algonithm, the sign of the gradient in any adjacent moment will change, this change s mainly
divided nto two cases: 1f the gradient direction of the ermor function i different m the
previous moment and the current moment, it means that the current moment has missed the
minmmal value, that s, the growth of the last update of the weights & too large, and then

# ) s smaller than & (t=1) makes the learning rate of the previous step and the value
7" belonging to the range of (0,1} multiply to get the current leaming rate, when the
direction of the two times is the same, 12, it has not yet arrived at the minima of the ernor
function, 5o that the learnmg rate of the previous step s multiplied by a value s larper
than [ to get the current leaming mte, as shown in Eq. (23}

i1 0 =0, (e=1), glt=1)glr) >0
Guif}"Td"i'?ulf-ll.glr-l}gu}a:ﬂ (23}
it =n, =1} otherwizse

The system inputs to different training networks for ¢lass ification operations according to
the different types of student nformation data, and then combimes the output pmobability
results, using the form of p*a+{l=p)*b=c for the fusion of results. Where p 15 the
weight coefficient, @ is the LSTM network prediction result, b 15 the antificial neural
network prediction result, and ¢ 15 the probability of employment, which ultimately resulis
in the probability of employment of the student, and different degrees of management
warning for students.
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14.4 Network parameter configuration

The most important hy perparameters of the network consist of learning mie, momenium
increment, and number of training iterations, which are set to 0001~05, 0.01~4.0, and
100~1000, respectively,

Caleulation of the input layer: from the total data matrie K | the LSTM selects § row
vectons for trasning, then the remaming s f, =m— j; ows of data, then the input laver 5 a
matrix of size > *1 . The number of nodes in the input layer s o, here o =13, and the
neurons are fully conmected so the weight 15 1.

Calculation of the hidden layer: hidden layer, in the learning rate y =0.0128 and the
number of hidden layers of § layers when the accumey has reached a hugh level but the failse
positive rate 15 also relatively high, contimue 1o deepen the hidden layer in the learning rate of
y=0.0M28 and the number of hidden layers of 20 layers when the accuracy of the obvious
decline and Bilse positive mie & once again higher, through the elastic back propagation
algonthm repeated temtions Through repeated iterations of the elastic back propagation
algonthm, the optimal accuracy 15 obtamed when the learning rate and the mimber of hidden
layers s 10.

Calculation of the output layer: since the output result 5 the probability of student
employment, the outpul laver i the number ofnodes 1.

3 System module simulation and optimization

3.1 Simulation of the resource recommendation modole for
industry-teaching integration

After verifving the application effect of the LDA topic model in the subject intenest mining of
the industry-education fusion project, it is also necessary o compare and analyee the content
recommendation algorithm with the user recommendation algorithm, so as to test the
performance of the content recommendation algorithm. To this end, simulation experiments
are conducted according to the text data of the integration of industry and education o
compare the pedformance of the content recommendation algorithm  with the user
recommendation al gorithm,

311 Imterest Mining Analvsis of Subjects of [ndustry-Education [ntegration Projects

This subsection preprocesses the textual data of the production-teaching integration resounces
by vectorizing the downloaded policy test through Pythor's pandas library and storing o in
the form of an Excel dataset. The first filtering utilizes Python's jieba lexical module o
process the vectorieed text of education and industry imtegration resources into lexical
processing. Chinese literature has no prominent separating boundanes between words, and
punctuation 1§ not enough to sepamte the test of education and industry integration resounes
into topic words, and the model can only wentify words with charactenistic fatures, so this
step s very important and determines the efficiency and accumcy of the LDA topic model.
Then, ThdModel 15 called to perform TF-IDF calculation, which is proportional to the
number of occurrences of a word i a document and inversely proportional to the number of
occurrences of the word in the whole corpus. The TF-IDF values are used to filter out the
words that appear more than a certain frequency with small weights in the text of the
mtegration of education and production resources, and retain the word items related to the

14
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integration of education and production resources. Finally, the filtered dataset 15 impored into
the LDA model for modeling.

The most important step inthe LDA topic model 8 to determine the number of topics, and
it s more common to determing the optimal number of topics by tope consistency and
pemplexity. Theme consistency, also known as theme coherence, mefers to the degme of
comection between words within a theme, Le., whether the word occurs frequently within the
same theme, The higher the thematic cohenenece, the more closely related the words are within
the theme, and the higher the interpretability of the theme. Perplexity s used to measume the
degree of uncertainty of the model's prediction of the text data, the lower the pemplexity, the
lower the uncertaimty, the better the topic clustering effisct, the more accurate and certam the
model’s peneralization and prediction of the topic of the data corpus, the number of topics -
pemplexity folds are shown in Figur 3.

Ag the value of the number of topies K increases, the perplexity gradually decreases,
When K belongs to (2.4), the perplexaty curve pradually decreases. When K is 4, the
pemplexity curve decreases sharply, but the topic granulanty 15 too large at this time. When
num-topics=3, the value of pemplexity @5 low, the clustering effect of themes s better, and the
demarcation between themes 8 more obvious, Therefore, the selected number of topics
gererated for the integration of production and education resources is 5. Calling the
HopPyLDAvis library to visualize the LDA topic model is shown in Figure 4, in which
TI~T3 represent the textual lexical items of the integration of production and education
resources, which nol only mtuitively demonstrates the trend of the distnibution of textual
feature word frequency, but also confirms the application effect of the LDA model in the
subjective interest munmg of integration of production and education projects,
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Figure 4: Visual display
312 Algorithm simulation analyvsis

In this subsection, the content mcommendation algorithm s compared with the user
recommendation algorithm for recommending the resources for industry-teaching integmaton,
and the accuracy, check-fullness, and precision mtes of the two algorithms are caleolated, so
as to compare the performance of the two algonthms. The correct mte comparson s shown in
Fig. 5, the check mte comparison s shown in Fig 6, and the precision rate comparison is
shown in Fig. 7. Firstly, comparing the correct mte and check rate of the two algonthms, the
comect mte and check rate of the content recommendation al gorithm merease rapudly with the
merement of the number of peommended resources for the ntegration of education and
industry, but the user recommendation al porithm needs to have a more significant increase in
the correct rate and check rate when the number of resources for the integration of education
and mdustry 15 larger, and its value range 15 [0, 0.4]. Then compare the accuracy rate of the
two algorithms. As the number of recommended mesources for integration of education and
industry increases, the accuracy mte of the user recommendation algorithm decreases
significantly, while the content recommendation algorithm maimntains a high recommendation
accuracy rate. Overall, as the number of recommended resources for integration of education
and production increases, the correct rate, check rate and accumcy rate of the content
recommendation algorithm are not lower than that of the wser rec ommendation al gorithm, and
the more the number of recommended resources for mtegmtion of education and production
meresses, the more obvious the advantage of the content meommendation algorithm in terms
of performance, Le., the content recommendation algonthm s better than the user algorithm.
The results of simulation and analysis confirm  the effectiveness of the content
recommendation al gorithm m the resource module of the mtegration of education and industry,
and to a certain extent verify the application value of the digital twin system in the perspective
of the mtegration of eduwcation and industry, which is of great significance to enhance the
collaborative effectiveness of the miegration of education and industry.
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3.2  Practical training and combat module simulation

321  Initial condition setting

The computer simulation needs to be set up mibially by setting the simulation stan time =
2014, simulation termination time = 2023 simulation step (DT) = 1, and time unit (UNIT) =
vear, and its data 15 derved from the data crawling program in web mining.

322 Test analysis

Thene 5 also a need to test the module after it has been created, as moduole testing 5 wsed o
find errors so that the modeler and the wser can understand the limitations of the module and
improve i, and ultimately so that the module assists the user in making better decisions,
Variows special ped puesses are created to find flaws and improve the module, but it & not
pissible to prove the vulnerability of the module in every aspect, penerally the following tests
are performed on the module: boundary test, mental model test, quantitative consstency test,
structural and behavioral test, pammeter estimation est, integral error test, sensitivity test, and
extreme case test. The following further performs history test, sensitivity analysis and extreme
case test on the module.

{ 1} Historical Test

In order to make progress in teshing the effectiveness and authenticity of the module, the
practical training simulation data derived from the simulation s compared with the historical
practical training data, and the error rate is whether it i within the value of the error allowable
range, and the results of the historical test are shown in Table 1. Most of the relative emors
between the simulated real tmining values and the historical real training values within the
process of industry-education integration from 2014 1o 2023 are controlled within 5%, and the
avermpe value of the relative emor rate between the simulated real training data and the
historical real tramning data s 2.42%, and the emor value is within a reasonable range.
Therefore, the practical training module has excellent application effectiveness,

Tabie I: Historical test resulis

Year | Historical traming data Practical traming simul ation data Relative error value
2014 7.623 7054 0.0807
2015 725 7216 0.0047
2016 0 5318 0583 0.0047
2017 10,103 949749 0.0124
2018 13.744 13,508 0.0175
20149 8.3 B.302 0.0011
2020 15309 15,154 0.0102
2021 16,765 16.64 0.0075
2022 10.984 0973 01014
23 11812 11,832 0.0017
[Mean 11,1439 10,9241 0.0242

(2} Semsitivity test

Set the number of simulations of students’ practical ability in the practical training module
for 500 times, the sersitivity test results ane shown m Figure B which shows that the
simulation value of students’ practical ability Guctuates between 0.7 and 1.0, and there are
differences in the results of the un due to the different parameters, but the shape of the graph
5 basically the same. It shows that the practical traning practical module of the students’
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practical ability to take the value of insensitive more stable, the model passed the sensitivity
test.

g T T T T T T T L
4 015 NG 2007 IDIR 200% 000 21 2022 2023
Year

Figure 8 Senzitivity test results

{3) Extreme situation test

Set the number of students participating in the practical traming practical module = 0, and
carry out the module extrerme case test, The results of the extreme case test are shown in
Figure 9. When the number of people involved in the practical trining module plummets to
#ero, the simulation results of the practical traming module are in line with reality, and the
partcrpation in the pactcal tmmng module becomes O m 2008, which means that the model
extreme case test passes.

A0

300014

I:l T L L T T L T L 1
2004 2085 2006 M1T MR AHT 2020 2000 202r M3
Year

Figure ¥: Extreme case test results

33 Simulation of Student Management Alert Module

After building the student management early warning model, the tmining set s substituted,
and afier the iterative traming process based on the back-propagation Rprop algonthm is
completed, the data of the test set s input to carry out the simulation and analysis of the
student management early warning module, and the results of the simulation and analysis are
shown in Figure 10. As can be seen from the data performance in the figure, the error between
the simulation value and the actual value of the student management early waming model 15
controlled within 0,05, which indicates that the prediction of the student management early
warning model s very effective, with high accuracy, so that the designed student management
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early warning module can better serve the digital twin system, which in turn promotes the
enhancement of the effectivensss of the synergy of integration of ndustry and education.

1 — Simulation valise
(.64 Actual valwe

D 10D 200 300 400 s00
Epoch

Figwre [ Simulation analvsis resulis

In order to further venfy the application value of the student management early warning
model in the synergstic efficacy of industry-teaching integration, the model s applied 0
simulation analysis from the aspect of student employment probability, and the results of the
model application simulation analysis are shown m Table 2. Based on the data in the table, it
can be seen that this paper's model n the student management warning level simulation
analysis, red warning, orange warning, yellow warning, green warning prediction error were
00315, 0.0233, 0.0309, 0.0045 prediction error are controlled within 0.05, which fully
explaing this paper's student management early warning model in the synergstic efficacy of
mtegration of education and industry in the application of value. The model i this paper
provides a reference for eady waming of students in colleges and universities, which helps
teachers in the process of industry-eduwcation integration to find students with low
employment ate in a fargeted way and teach them according to their abilities, so as to ginde
and intervene in the early stage of learning ina timely manner, thus effectively preventing the
occurrence of student unemployment.

Table 2: The simwation anafvsis results of the model application

Student manasement warning level Actal value | Simulation value | Relative ernor
Red alen 0478 0461 0.0315
Oranze alert 0.558 0,545 0.0233
Yellow alert 0.744 0.721 0.0309
Gireen alert 0.892 (.BRR 0.0045

34  Optimization Strategies

341 Strengthening infegrated leadership

It is necessary to strengthen the overall leadership of the integration of industry and education,
take the imtiative to coondinate the departments involved in the integration of industry and
education, suwch as education, finance, human resources and social affars, ndustry and
information technology, and establish a perfect jomnt working mechanism for the integration of
mdustry and education, so as to form a puarantee mechamsm For the integraton of mdustry
and education with the gpovernment's overall planning, scientific deployment and policy
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support, as well as a situation of the integration of industry and education with the
coardination of the governmental departments, the coordination of the institutions of higher
vocatwnal education and the collaboration of enterprises, and the active participation of the
industrial organeeations, so as o promote the development and optimezation of digital twin
systems for the synergy between industry and eduwation. The development and optimieation
of the effective digital twin system will enhance students' practical abilites and
problem-soly ing abilities,

341 Enphanced capacity-building for services

Accelemte the construction of service capabiliies for digital twin systems, comprehensively
promote the alipgnment of professional coumses with enterprise production positions, teaching
cormtent with occupational standards, and teaching processes with enterpnse production
processes, so as o further optimiee the digital twin system onented towards the collaborative
efficiency of industry-education integration, thereby meeting the employment demands of
enterprises and providing a “reassuring pill” for enterprises to actively participate
industry-education integration.

4 Conclusion

fith the mpid development of digital twin technology, the high-quality development of
economy puls forward higher requirements for the deep integration of university education
and industry. This paper constructs a digital twin system for the collaborative effectiveness of
industry-education mtegration from the three dimensions of mdustry-education integration
resource  recommendation module, practical traimng and combat module, and student
management early warning module, and simulates and analyaes each functiwonal module of the
system,

(1} Through the subject mining of industry-teaching integmtwn of LDA model, the
number of subject generation of industry-teaching integration resources 1S determmed to be 5,
which shows a better clustering effect, ie., it reflects the application effect of LDA model in
the subject mterest mining of mdustry-teaching intepration prject. In addition with the
increment of the number of recommended production and education fusion resources, the
content recommendation al gorithm's correct rate, check all rate and accuracy rate are better
than the wser meommendation algorithm, which indicates the effectiveness of the content
recommendation al porithm in the production and education fusion resources module.

{2) The average value of the relative error rate between the value of imitation real traming
and the value of historical real training within the process of industry-teaching integration
from 20014 to 2023 is 2.42%, and the relative emor s controlled within 5%, which
demonstrates the effectiveness of the application of the practical traming module in the digital
twin system of this paper, which in tum promotes the high-quality development of
collaborative efficacy of industry-teaching integration.

(3) Using the model of this paper to simulate and analyee the warning level of student
management, it is fund that the prediction erors of red warning, orange warning, yellow
warning and green warning are 00315, 00233, 0.0309, 00045 respectively, and the
prediction errors are within the permissible mnge, which demonstrates the application of the
student management warning module in the digital twin system in the aspect of the
collaborative efficacy of the integration of industry and education. Value,
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Abstract: As one type of the important higher-order neural networks developed in the last decade,
the Sigma-Pi-Sigma neural network has more powerful nonlinear mapping capabilities compared
with other popular neural networks. This paper is concerned with a new Sigma-Pi-Sigma neural
network based on a L; and L; regularization batch gradient method, and the numerical experiments
for classification and regression problems prove that the proposed algorithm is effective and has better
properties comparing with other classical penalization methods. The proposed model combines the
sparse solution tendency of L, norm and the high benefits in efficiency of the L, norm, which can
regulate the complexity of a network and prevent overfitting. Also, the numerical oscillation, induced
by the non-differentiability of , plus L, regularization at the origin, can be eliminated by a smoothing
technique to approximate the objective function.

Keywords: a new Sigma-Pi-Sigma neural network; batch gradient method; regularization;
convergence
Mathematics Subject Classification: 68T07, 92B20

1. Introduction

The Sigma-Pi-Sigma neural network (SPSNN) is a feed-forward neural network composed of
Sigma-Pi units, which can be used to achieve a static mapping of multi-layer neural networks [1-3].
In [4], a new model which can be regarded as a subclass of networks on Sigma-Pi units was considered,
and the authors showed the origin of the Kronecker product representation from the classical Sigma-
Pi units. In [5], a Sigma-Pi network and a new arithmetic were proposed, by which the output
representation self-organizes to form a topographic map. whose main contribution was to solve the
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frathrunsfnrmutinn issues through unsupervisc 1g.  Furthermore, in [6-8],
the approximation, convergence performance, and generalizatic of sparse Sigma-Pi network
functions were studied, and it was shown that the new algorithm ore efficient than those in the

existing literatures.

Itis widely recognized that neural network optimization has emergea as a highly significant research
topic in recent times. Study on neural network optimization consists of two main topics: One is weight
optimization, that is, for a given network structure, select the appropriate learning method to seek
the optimal weight such that the training error and the generalization error are small enough [9, 10].
The second is structural optimization, namely the selection of appropriate activation function, network
layer number, connection mode, and so on [11-13]. But, the research on neural network structure
optimization is far less rich than that on weight optimization. On the other hand, there is no literature
showing that more hidden layer neurons yield better generalization ability.

When it comes to neural networks, the number of neurons is a crucial factor. There are two common
methods for determining the size of networks. The first method is the growing method, where the
network starts with a smaller size and new hidden neurons are added during the training process [14].
Another method is the pruning method [15-19], which begins with a larger network and eventually
removes redundant nodes.

These kind of algorithms separates weight learning and weight training, which is inefficient. There
are also many slightly more complex algorithms, which further introduce various mechanisms like
particle swarm optimization [20], genetic algorithms [21], eigenvalue analysis [22], statistical analysis,
and synthetic minority over-sampling techniques [23,24], so as to enhance the sparsification efficiency.
The disadvantage of these algorithms s that the program is complex and the calculation is large.

An appropriately sized network structure 1s instrumental in enhancing efficiency. Overfitting
poses a significant challenge during network training and is particularly problematic for deep neural
network learning [25]. Consequently, researchers have extensively explored various forms of sparse
regularization techniques, highlighting their indispensability.

Recent years, L, regularization is diffusely used to solve variable selection and parameter estimation
problems in machine learning. This regularization method takes the form

E(W) = E(W) + T|WI,

P’

where E is the normal error function, W], = (3, IWiI")"" denotes the p-norm, 7 is the penalty
coeflicient, and || - || represents the euclidean norm. This regularization term is also named the penalty
term.

In general, there are several common forms of regularization: weight elimination, weight decay,
and approximate smoothing [26-32]. Among them, weight elimination is widely used as the penalty
term in pruning feedforward neural networks, mainly to reduce unnecessary connections or optimize
the network weights [33]. A little more detailed introduction for different penalty terms are as follows.

For different values of p, the L, norm to the standard error function makes it more optimized [34-
37]. This practice is called L, regularization, and the form is shown as follows:

E(W) = E(W) + tllWI,

where IIW]I% denotes the penalty term, and the L, norm solution is popular because of its special
relationship with the normal distributions. It can serve as brute force to avoid excessive weights.
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But, unfortunately, it is not sparse. This means that, during the training process, tl
can not drive unnecessary weights to zero.

The Ly regularization term is the ordinary method for feature extraction and vari:
Constrained by the number of coefficients, the L regularizer produces the most sparse solutio!
are difficult to calculate, and it is a combinatory optimization problem [38, 39].

As an alternative to the L, regularization term, the increasingly important L, regularization term
(Lasso) has become popular since it just needs to resolve a quadratic programming problem [40].
In [41], the L;-norm was combined with the capped L;-norm to indicate the amount of information
collected by the filter and the control regularization. The L, regularization penalty function is generally
denoted as follows:

E(W) = E(W) + 7| W]|,.

It was shown in [42, 43] that, although these algorithms can generate an alternate neural network
structure, they do not offer a unified neural network framework to solve a class of problems,

In order to explore more appropriate neural network structures to get over the obstacles posed by
suboptimal models, we propose a new SPSNN algorithm based on the L, penalty and the L, penalty to
deal with complex and varied tasks within a unified framework to improve the robustness and generality
of the model. Based on the L; norm, an L; norm is presented in SPSNNs to promote the population
sparsity effect to select the relevant hidden node population. Therefore, our proposed variant algorithm
benefits from ridge regression and the tendency towards sparse solutions of the L, penalty, which
generates a more suitable neural network structure than using one of the regular terms alone, and the
elastic net algorithm can also be used to solve for these hybrid penalties [44].

In this paper, the penalty method is considered in the case of selecting the weights, which not only
overcomes the shortcomings of the L; and L norms, (both L; and L, penalties are used in the same
minimization problem), but also has good generalization ability and sparsity. Thus, the mathematical
expression for this hybrid penalty as an error function can be expressed as follows:

E(W) = E(W) + 1 IW[l, + mal W3,

where the tuning constants 7, and 7, are fixed and non-negative. The role of 7, provides a choice of
variables through a sparse vector, and 7, ensures a unique solution and leads to a grouping effect. A
penalty term is added that is a convex combination of the L, norm ||W/||, and the L, norm ||W||§ of the
parameter W.

During the training progress, the usual mixed regularization terms are not differentiable at the
origin, which usually give rise to oscillation phenomenon. Therefore, we propose a new smoothing
algorithm to get over these difficulties. That is, we can use the smoothing technique of the weight in
the neighborhood of the origin of the error function instead of the absolute value of the weight. The
main contribution and novelty of this article are as follows:

(1) In this article, in order to obtain the optimal architecture with good generalization performance,
we will eliminate the weights in the hidden layer by using the idea of elastic net regularization. It means
that, by incorporating the L; and L, regularization terms, this novel algorithm not only eliminates
unnecessary weights but also performs pruning of the network structure in the hidden layers. This
pruning reduces the size of the network, leading to an effective optimization of the network structure.
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ose an SPSNN based on elastic net regularized batch gradient methods to obtain an
ecture with good generalization performance. By means of smoothing technology, we
effectively”get over the oscillation phenomenon in the process of network learning.

(3) To test the accuracy and robustness, we apply the proposed method to a large number of
regression and classification tasks and compare it with other algorithms that have good sparsity and
generalization capabilities.

The rest of the article is arranged as follows: In Section 2 the SPSNN is presented, the batch gradient
algorithm for this model is depicted in Section 3, and the novel pruning algorithm based on L, plus L,
penalty term is depicted for more details. Some numerical experiments are provided in Section 4, and
finally some conclusions are made.

2. Sigma-Pi-Sigma neural networks

Next, we mainly depict the fabric of SPSNNs, which are composed of an input layer, a hidden layer
of summing nodes(3),). a hidden layer of product nodes([]), and output layer(3,). P, N, Q, and 1
represent the number of the nodes of the input layer, }}, layer, [] layer, and ¥, layer, respectively (see
Fig. 1)

We can use Wy = (woi, woz, - - wog)' € R 1o express the weight vector which connects ¥, layer and
the [T layer. Let the weight vector connecting the [ layer and the 3, layer be fixed as 1. Meanwhile,
using W, = (w1, wy2, - w,p)! as the weight vector which connects the input layer and the nth node of
the ), layer, we can set

W= (W . W, Wy T)T € RO

Let us use X = (x, xa,- - - xp) € " to describe the input of the networks. Assume that g : R — Risa
given sigmoid activation function for the ), layer. We denote the output vector & € R of the 3, layer
as

&= (g(W, - X),g(Ws - X),--- g(Wy - X)),

where - denotes the inner product between vectors.

Similarly, we take 6 = (6,05, - -69)"‘ to indicate the output vector of the [] layer. The nodes of
the network are connected in two different ways. One is fully connected between the ), layer and the
[T layer, and the other one is sparsely connected. The difference between them lies in the number of
product nodes: the former has 2" product nodes, and the latter is less than 2V. We can clearly see the
structure of the SPSNNs in Figure 1.
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Output

Hidden layer

Tt layer

Figure 1. Structure of an SPSNN.

Here, H,(1 < g < Q) represents the set of nodes in the ¥}, layer connected with the q-th product
node, while the set of all product nodes connected with the n-th node in the Y, layer is represented by
Fa(l < n < N). We can suppose an arbitrary muster italicize, and ¢(a) is the number of elements in
muster italicize, and we have

Q N
DL PH) = 6T,
4=1 L

which will be used later.
We can compute the output vector § € R? in the [] layer by

s=[]&12q<0

ieH,

To make convention, we denote [, & = | when #, = . In the SPSNN, the final output can be
written as

y = g(Wy - ).
3. Batch gradient algorithm for Sigma-Pi-Sigma neural networks with elastic net regularization

3.1. Batch gradient algorithm for Sigma-Pi-Sigma neural networks

We introduce the batch gradient algorithm for SPSNNs. Let (X', O}l | ¢ R” x R be the given set
of the training samples, where X’ denotes the [th input sample and the @' is the /th corresponding ideal
output. Let y' € R be the real output for each input X’. The conventional square error function can be
given as
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B —

EW) =5 ) (g(Wy - 8") - 0’
=)
5 1
= > 5 &Wy- 8- 0)
=1 =
L
= a(Ws - 51)‘
=1

where g/(2) = 3(g(z) - 0.z e R, I <I< L
For convenience, we need to provide the following forms:

8 = (0},85,--8))

=& []& 3.1)

i€H, i€H> i€Hg
= ([ Jewi- X ] Jewi- 2o [ | awi- X',
1€H, ieHs i€ty

and thus, by virtue of

L

0
Ew) = Z .‘{I(Z Woy - [—l g(W; - X"))

=1 g=1 ieHy

(3:2)

and some calculation, we can gain

L
Ew(W) = > )Wy 8- 4.

=1

It follows from 65, = [ien, Wi - X') that

0, ifg=lorn¢H,

98, _ {(n,-g €)@ W, XHX', if g# 1 and n € H,
aw,

Then, from the above equality and (3.2), we get

= < < 5!
Ew,(W) = Y [8(Wo &) ) (wy - )
i=1 4=1 ®
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3.2. Batch gradient algorithm for Sigma-Pi-Sigma neural networks witi

To simplify the network structure, we add the elastic net regularizati
the group level. So, we can get the corresponding form of the error func

L N
E(W) = )" @itWo - &)+ rlalWoll + ) IW,I1)

I=1 n=1

"
+ (=) (IWoll3 + " IW,IR)).

n=1

where 1 and « are the tuning parameters that control the performance of the penalty term. With
the gradual increase of e, the L, regular term dominates, and the error function gels closer to Lasso
regression; with the gradual decrease of «. the L, regular term dominates, and the error function gets
closer to ridge regression. In particular, the error function is equivalent to that of ridge regression at
@ = 0, and the cost function is equivalent to that of Lasso regression at @ = 1. Let 7y = 7- @ and
7 = 21 - (1 — @). Then, we have

L N
E(W) =" aiWo - &)+ TallIWoll + 3 IW,li1)
i=1

=1

- (3.4)
.
+ Ul + 3 IWLIE).
n=1
The gradient of the error function with respect to W, and W, are, respectively, given as
E, W,
Ey (W) = (W68 + 11— + 7, W, 35
W, (W) ;gl( o8-8 T 4 T W (3.5
and
L
Ew, (W) = D 1g(Wo- 69 Y lwo,( [ | &)
=1 qeFy e H\n (36)
xg'(W,-X)-X"N+1 W + . W,
! Nwal -~ 2

We notice that elastic net regularization in (3.4) is combined with L; norm regularization and
L, norm regularization. It is clear that (3.4) is not differentiable at the origin, which will yield the
oscillation phenomenon, and we propose a smoothing approximation method to overcome this problem
caused by the non-smoothness. For any limited dimensional vector u and a fixed constant y > (), we
can define a smoothing function of |jul| as follows:

[Fall, if llull >y,
M = o (3.7
St i<y
AIMS Mathematics Volume 9. Issue 3, 5995-6012.
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iimate the elastic net regularization in (3.4). Furthermore, the gradient of
vector u is given as follows:

i lull >,

Vah(u,y) = )
' L iflul<y.

Accordingly, the error function (3.4) can be rewritten as

L N
E(W) =" eWy -8 + i A(Wo, ) + ) h(W,, 9]
=1

n=1

N 3.8)
L .
+ o UWoll; + D I, B).
n=1
According to (3.8), we can get a smoothing elastic net Sigma-Pi-Sigma neural network as
L
Ew, (W) = Z g (W - o'y - df, + 7 Vi, h(Wo, y) + T2 Wy, (3.9)
1
g I
Ey (W) = Z g (W, 0" Z Wiyl ]_[ E{)
=1 = i€H,\n (3.10)

X' (W, - X)) - X'+ 7,V h(W,., ¥) + T2 W,

wherel=1,2,--- , L.
Beginning with an arbitrary initial weight vector W, by the following iterative formula we define
the weight sequence

W = W+ AWK, 3.11)
AW = —nEy,(Wh), (3.12)
AW} = —nEy, (W), (3.13)

where 77 represents the learning rate.
4. Simulation results

In this section, the performance of the models with no regularizer, the L, regularizer, the original
L, regularizer (OL, ), the smoothing L, » regularizer (S L, »), and the original group lasso regularizer
(OGL) algorithms are compared with the smoothing elastic net regularizer algorithm (5 GL) by using
four examples: classification problem, parity problem, function approximation problem, and prediction

problem.
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4.1. Classification problem

In this example, we choose 8 benchmark data sets from the UCI mact
the performance of the new algorithm (5§ GL), and compare it with the no
the OL, 3, the S L2, and the OGL algorithms. T —

Table 1 presents the main characteristics of the relevant data sets, which includes the size of

datasets, attributes, categories, and sizes of the training and testing sets, where the dataset is randomly
partitioned into two subsets: 70% for training and 30% for testing.

Table 1. Detailed description of the classification data sets.

Dataset  Dataset Size Training set Testing set Adttributes Classes

Ecoli 336 224 112 8 7
Olitos 120 80 40 25 4
Seeds 210 147 63 T 3
Iris 150 105 45 -+ 3
Wine 178 120 58 13 3
Liver 345 240 105 7 2
Sonar 208 138 70 60 2
Diabetes 768 526 242 8 2

As described at the beginning of this paper, we learn the structure of SPSNNs (see Figure 1). Then,
we select P =13, N =4, Q = 16, and 1, representing the number of the nodes of the input, the 3,
the [T, and the }, layers, respectively. For each learning algorithm, the initial weights are randomly
selected in the interval [-0.5,0.5], the learning rate # is 0.0028, and the regular factor 7 is 0.001, and
we conduct 20 trials for every data set to compare the performance of different algorithms.

To assess the performance of the smoothing elastic net regularizer, based on each data set, we
compare the number of remaining hidden neurons after pruning (RNN), the training accuracy testing
accuracy, and training time for each algorithm, and all experimental results are recorded in Table 2.
From the table, it can be observed that the training accuracy has slightly improved, while the testing
accuracy has increased by approximately 1% to 3%. We can find our proposed smoothing elastic
net regularizer is superior to the no regularizer, the L, regularizer, the original L,,, regularizer, the
smoothing L,;» regularizer, and the original group Lasso regularizer algorithms.

In addition, we have also compared our approach with ather existing methods. In [45], the authors
considered the group Lasso regularization method on the Sigma-Pi-Sigma neural network. In [46], the
authors applied the group L/, regularization term on high-order neural networks. Our proposed elastic

net regularization method is on par with these approaches.
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2. Performance comparison for classification problems.

6004

n

RNN  Training accuracy
0.9761

Testing accuracy  Training (ime(s)
0.9082 17.275

y 1330 ; ;
13.00 0.9747 0.8980 16.7845
12.50 0.9749 0.9191 18.1372
11.80 0.9771 0.9304 16.8050
OGL 12.20 0.9749 0.9191 18.3792
SGL 11.50 0.9780 0.9314 17.3763
NoPenalty  13.00 0.9573 0.8914 29.9742
Olitos L, 12.33 0.9592 0.9053 29.3393
0L, 12.00 0.9604 0.9160 30.6111
SLip 11.67 0.9589 0.9245 30.3067
OGL 12.00 0.9617 0.9264 33.0595
SGL 11.00 0.9628 0.9355 30.5098
NoPenalty 1333 0.9737 0.9522 13.4081
Seeds » 12.67 0.9761 0.9554 13.5387
OL, ) 12.33 0.9791 0.9582 13.8205
SLip 11.67 0.9797 0.9676 13.2730
OGL 12.33 0.9792 0.9629 14,7718
SGL 11.33 0.9813 0.9749 12.7701
NoPenalty 1367 0.9715 0.9296 13.4447
Iris L, 13.00 0.9719 0.9390 13.4420
OL, 12.67 0.9723 0.9458 14.3637
SLip 12.33 0.9743 0.9554 13.5318
OGL 12.33 0.9748 0.9522 16.1023
SGL 11.00 0.9791 0.9629 14.2630
NoPenalty  12.67 0.9872 0.9729 20.4322
Wine Ly - 12.67 0.9892 0.9753 20.4173
OL > 12.00 0.9896 0.9770 21.3012
SLip» 11.50 0.9911 0.9814 20.5545
OGL 11.67 0.9906 0.9798 21.1104
SGL 10.50 0.9915 0.9833 20.1607
NoPenalty  13.33 0.9937 0.9823 15.5081
Liver 2 12.67 0.9943 0.9838 15.4588
OL, > 12,33 0.9947 0.9858 16.4440
SLy;; 11.33 0.9951 0.9861 15.9798
OGL 11.00 0.9948 0.9868 17.4374
SGL 10.33 0.9962 0.9902 16.1645
NoPenalty 1267 0.9825 0.9756 12.6535
Sonar B 12.67 0.9831 0.9787 12.1906
OL)» 12.33 0.9860 0.9830 12.9125
SLy 12.00 0.9909 0.9852 12.5690
OGL 12.33 0.9892 0.9849 13.7648
SGL 11.67 0.9918 0.9860 11.7338
NoPenalty  13.00 0.9925 0.9937 17.7933
Diabetes » 12.50 0.9936 0.9947 17.1156
OL, > 11.67 0.9954 0.9950 17.4822
SLyj 11.33 0.9967 0.9955 17.1170
OGL 11.67 0.9961 0.9953 18.4761
SGL 11.33 0.9978 0.9961 17.3682

4.2. 5-bit parity problem

For the parity problem, there is an input set of 2" samples in n-dimensional space, and every sample
is an n-bit binary vector. We consider a 5-bit parity problem which has an input set with 2° samples in
S-dimensional space; the ideal output equals to 1 if the number of 1 in the samples is odd, otherwise
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it equals to zero. Here, using the above method. we test the performance of
elastic net regularizer.

Similarly, we can study the structure of SPSNNs. We select P = 13, N =
number of the nodes of the input, },, []. and ¥, layers, separately. In the
initial weights are randomly selected, the learning rate 1 is 0.0045, and the 1cpurar 1acwor ¢ 15 V.Ut
For each learning algorithm we carry out 20 experiments, and we train up to 40,000 steps or we stop
once the error is less than 1e¢ — 4. So, as to assess the sparsity and convergence of the smoothing elastic
net regularizer, we compare the average error (AVE) and the number of remaining hidden neurons after
pruning (RNN) with the no regularizer, the L, regularizer, the original L, regularizer, the smoothing
Ly» regularizer, the original group Lasso regularizer, and the smoothing elastic net regularizer, which
are listed in Table 3.

Table 3. Emulation results for 5-bit parity problem.

Learning AVE RNN
Methods
NoPenalty 0.004433 17.00
L, 0.003967 17.00
OLp 0.003929 17.14
SLip 0.004033 17.33
OGL 0.003925 17.00
_ SGL 0.003471 16.71

The results show that the proposed smooth elastic net regularizer outperforms the no regularizer,
the L, regularizer, the original L, regularizer, the smoothing Z,; » regularizer, and the original group
Lasso regularizer.

Figure 2(a) shows the error performance of the original group Lasso regularizer and smoothing
elastic net regularizer via the 5-bit parity problem. Figure 2(b) shows that the norm of the gradient
curve of the error function, based on the 5-bit parity problem, approaches a small positive constant.
This indicates that the smoothing elastic net regularizer removes the oscillation of occurring in the
original group Lasso regularizer in the learning process.

(a) The curve of error function (b) The curve of norm of gradient

Figure 2. The performance results based on 5-bit parity problem with OGL and S GL.
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oximation problen

, we study the multi-dimensional Gabor function to compare the approximation
above algorithms.

o) 5

xp( L Y Yeos(2m(x + v)).

k(x,y) = 2057

1
200,57
As described at the beginning of this paper, we learn the structure of the SPSNNs. Then, we select
P=13,N=4,0 =16, and | for the number of the nodes of the input layer, 3, , [], and ¥, layers,
separately.

In this experiment, we select 169 training samples from an evenly spaced 6 x 6 grid on the
square —0.5 < x < 0.5 and —0.5 < y < 0.5. In the interval [-0.5,0.5], the initial weights are randomly
selected, the learning rate 7 is 0.0028, and the regular factor t is 0.001. For each learning algorithm
we carry out 20 experiments, and we train up to 40,000 times or until the error is less than le — 4 stop
iterations.

To assess the sparsity and convergence of the smoothing clastic net regularizer, we compare the
average error (AVE) and the number of remaining hidden neurons after pruning (RNN) with the no
regularizer, the [, regularizer, the original L, ; regularizer, the smoothing L, » regularizer, the original
group Lasso regularizer, and the smoothing elastic net regularizer, which are shown in Table 4. We can
see our proposed smoothing elastic net regularizer is superior to the no regularizer, the L, regularizer,
the original L, regularizer, the smoothing L, » regularizer, and the original group Lasso regularizer.

Table 4. Emulation results for identifying the Gabor function.

Learning AVE RNN
Methods

NoPenalty 0.003940 18.00
L, 0.003560 18.00
oL, 0.003783 17.67
SLij 0.004486 17.37
OGL 0.003523 16.87
SGL 0.003286 16.14

For each learning algorithm, we show the error function and the norm of gradient of one of the
20 experiments after 40,000 epochs in Figures 3-5. Figure 3(a) shows the oscillation phenomenon of
no regularizer, the L, regularizer,the original L/, regularizer and the original group lasso regularizer.
Figure 3(b) shows the error curve of the smoothing L, regularizer and the smoothing elastic net
regularizer. Figure 4(a) shows the norm of gradient curve of the no regularizer, the L, regularizer,
the original L;;; regularizer, and the original group Lasso regularizer. Figure 4(b) shows the norm
of the gradient curve of the smoothing L,/ regularizer, and the smoothing elastic net regularizer,
Obviously, it approaches to a small positive constant. Figure 5 shows a typical performance for
one of 20 experiments, and we can see that it has a good approximation effect compared with other
algorithms. In each learning algorithm for the same parameters, we get the corresponding results.
We can see the learning method with the smoothing elastic net regularizer converges faster than
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other learning methods, and the smoothing elastic net regularizer method overc
oscillation phenomenon. Tt also shows that during the iterative process the error
monotonically decreasing and converge to zero, which also validates our theoretic

£

f v e
il ’ ot
(a) The curve of error function for NoPenalty, Ly, OL, ;> and (b) The curve of error function for S L, and S GL.
OGL

Figure 3. The performance results of the error function for the above algorithms.

T‘
e8|

(@) The norm of gradient for NoPenalty, Ly, OLy s and OGL. (b) The norm of gradicnt for § L, > and § GL

Figure 4. The performance results of the gradient norm for the above algorithms.

Figure 5. The approximation result of the smoothing elastic net regularizer.
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n

eness of the algorithm further, this part takes an interval shield tunneling project

engghou City, China, as an example. In order to monitor the impact of the

2 process on the surface buildings and structures, 10-meter intervals are used to

vation points in advance in each shield tunneling section, and the surrounding

SR o8 are monitored. JGCI, the closest settlement observation point of the signal

tower to the right hne ot the shield structure, is selected as the objective of study, and the Leica DNA03

level is used to collect data 10 days before the shield structure is excavated to the closest point of JGC1,

for a total of 40 days, and the frequency of observation is once a day. In this experiment, we use the

data of the first 30 days as the training data set and the data of the last 10 days as the test data set (see
Table 5).

Table 5. Measured settlement of metro shield at point JGC1.

Time JGCI1 (mm) Time JGCI (mm)
2015.3.18  +0.21000  2015.331 0.003286
2015.3.19  -0.13000 201542 +0.10000
2015320  +0.11000 201543  -0.02000
2015321 -0.06000 201544  +0.08000
2015.3.22  -0.23000 201545  -0.16000
2015323 -0.23000 201546  +0.06000
2015324 -0.15000 201547  -0.18000
2015.3.25  -0.03000 201548  +0.28000
2015326 0.003286 201549  -0.07000
2015327  0.003286 2015.4.10  +0.07000
Time  JGCI (mm) Time JGCI (mm)
20154.11  +0.01000 2015422 +0.01000
2015.4.12  -0.01000 2015.4.23  0.00000
20154.13  -0.15000 2015.4.24  +0.19000
2015.4.14  +0.08000 2015425 -0.21000
2015.4.15  -0.09000 2015426 +0.10000
20154.16  +0.14000 2015427  -0.12000
20154.17  -0.02000 2015428 +0.05000
2015.4.18  -0.26000 2015429  +0.15000
2015.4.19  +0.42000 2015.4.30  -0.17000
20154.20  -0.22000 2015.5.1  -0.07000

In this experiment, we learn the structure of the SPSNNs. Then, we select P = 5, N = 4, Q = 16,
and 1 for the number of the nodes of the input layer, 3, ,, and the output layer, respectively. We
use the sigmod activation function at the 3 and output layers, respectively, and our stopping criteria
in this experiment is an error of less than 1 x 10~ or 5000 iterations.

Figure 6 is the error curve of the training set with 5000 iterations, in which red is the error curve
without the regularization term and blue is the error curve with the smoothing elastic net regularization,
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it can be obtained that the error of the network with the smoothing elastic net
faster, and after 500 iterations, the error is smaller than that without the re;
precisely verifies the theoretical results of this paper and the effectiveness of 1

Eastic net
inf |- Nopenay| {

500 1000 1500 2000 2500 3000
Aumber of iterations

500 4000 4500 5000

Figure 6. The curve of the error function for no penalty and for the smoothing clastic net.

5. Conclusions

In this paper, a new batch gradient algorithm for SPSNNs with an L, plus L, regularization
algorithm is proposed as an effective weight pruning technique. It can handle multi-output regression
and multi-class classification problems within a unified framework. This algorithm obtains good
performance in both Lasso and ridge regression, penalizing the weights by reducing the weight vectors
to zero, which is more efficient than other various pruning strategies. Moreover, the theoretical results
and the advantages of this algorithm are also illustrated by numerical experiments.
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