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In the plastic injection industry, plastic injection molding is one of the most
extensively used mass production technologies and has been continuously
increasing in recent years. Cost evaluation is essential in corporate operations
to increase the market share and lead in plastic part pricing. The complexity of the
plastic parts and manufacturing data resulted in a long data waiting time and
inaccurate cost evaluation. Therefore, the aim of this research is to apply a cost
evaluation approach that combines hybrid deep learning of a tunicate swarm
algorithm (TSA) with an artificial neural network (ANN) for the cost evaluation of
complicated surface products in the plastic injection industry to achieve a faster
convergence rate for optimal solutions and higher accuracy. The methodology
entails the ANN, which applies feature-based extraction of 3D-model
complicated surface products to develop a cost evaluation model. The TSA is
used to construct the initial weight into the learning model of the ANN, which can
generate faster-to-convergent optimal solutions and higher accuracy. The result
shows that the new hybrid deep learning TSA combined with the ANN provides
more accurate cost evaluation than the ANN. The prediction accuracy of cost
evaluation is approximately 96.66% for part cost and 93.75% for mold cost. The
contribution of this research is the development of a new hybrid deep learning
model combining the TSA with the ANN that includes the calculation of the
number of hidden layers specifically for complicated surface products, which are
unavailable in the literature. The cost evaluation approach can be practically
applied and is accurate for complicated surface products in the plastic
injection industry.

KEYWORDS

deep learning, artificial neural network, tunicate swarm algorithm, cost evaluation,
plastic injection, complicated surface products

1 Introduction

The plastic injection industry accounts for approximately 80% of the modern plastic
industry (Gao et al.,, 2017). In recent years, plastic injection molding has become the most
extensively used mass production technology, continuously increasing the quantity of
plastic products. According to a market analysis report from Grand View Research, the
market value of global injection molded plastics in 2022 was approximately USD
303.78 billion, with an anticipatory 4.6% compound annual growth rate (CAGR) from
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2023 to 2030 (Grandview Research, 2022). The expansion is
predicted to be driven by the incremental demand for plastic
products from numerous applications, including automotive
parts, packaging, home appliances, electronics, and medical
equipment. Modern advancements in reducing the rate of
defective manufacturing have increased the importance of
injection molding technology for complicated surface products. It
is anticipated to be an obstacle to market growth throughout the
forecasting period. The pricing of part is affected by various factors,
and thorough cost evaluation is crucial to operating a successful
business. Nevertheless, the complexity of the plastic parts and
manufacturing data resulted in a long data waiting time and
inaccurate cost evaluation (Che, 2010). The cost evaluation is
overestimated, resulting in the loss of commercial opportunities
due to the higher cost. On the other hand, cost evaluation, which is
underestimated compared to actual expenditure, can result in losses
in business. The costs of plastic injection parts vary widely
depending on the quantity ordered and suppliers. The ordering
of large quantities results in exponential losses. As a result,
manufacturers look for efficient collaboration and rapid response
to expand cost evaluation capabilities.

However, a number of research reviews have studied the emphasis
and diversity of cost evaluation. Che (2010) mentioned automatic
production technology that requires lower production costs and
rapid injection speed, resulting in increased plastic product demand.
Chang (2015) asserted that the key to business success in a highly
competitive market is timeliness and accurate cost evaluation, which
indicates the increased performance for lower cost, higher quality, and
delivery on time. Shekarabi and Dorri (2017) stated that thorough cost
evaluation and reducing the loss of time to market are necessary for
durable business operations in the expeditiously expanding high-
technology industry. Khosravani and Nasiri (2020) mentioned that
plastic injection molding is popularly used to manufacture complicated
surface products with varying sizes despite technological breakthroughs
in this area for supporting a wider variety of applications. Chan et al.
(2018) and Kadir et al. (2020) also mentioned that cost evaluations are
generally based upon historical data on similar parts and the experience
of the cost appraiser. These processes are without appropriate practical
operation to reduce cost evaluation mistakes for complicated surface
products and decision-maker variability. Taghinezhad et al. (2021)
stated that traditional cost evaluation methods are inaccessible to
decision-makers, and available elevation cost evaluation guidance is
limited and outdated. However, a gap still exists in the method of
previous research to decrease cost evaluation errors for decision-makers
and increase the convergence rate to achieve faster optimal solutions in
model development. Therefore, the aim of this research is to apply a cost
evaluation approach that combines hybrid deep learning of the tunicate
swarm algorithm (TSA) with an artificial neural network (ANN) for the
cost evaluation of complicated surface products in the plastic injection
industry to achieve a faster convergence rate for optimal solutions and
higher accuracy, which can unravel the complications of conventional
cost evaluation. The contribution of this research is that the new hybrid
deep learning model integrating the TSA and ANN with the proposed
calculation of the number of hidden layers, specifically for complicated
surface products, which is unavailable in the literature, delivers less cost
evaluation and a faster convergence rate.

This research is divided into four sections as follows: Section 2
illustrates the materials and methods that represent literature
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reviews and describes the methodology deployed on the new
hybrid deep learning TSA with the ANN for the cost evaluation
for complicated surface products; Section 3 discusses the capability
results of model development in cost evaluation; and finally, Section
4 demonstrates conclusions and recommendations for the

guidelines of future study.

2 Materials and methods

This section studies materials and methods of the theory and
research related to this study, including cost evaluation in plastic
injection, deep learning, TSA, and ANN. The methods propose new
hybrid deep learning of the TSA with the ANN to develop a cost
evaluation model for complicated surface products in the plastic
injection industry. The details are as follows.

2.1 Cost evaluation in plastic injection

The product cost evaluation necessitates knowledge about all
expenditures related to production and product development,
including many other charges for the least error price. The cost
evaluation analysis and control cost for using the most beneficial
resources and reducing manufacturing costs are essential for the
initial product development period. The product cost in the
development section is defined as 70%-80% of the product cost
and 80% of the product quality. The concept design phase only
covers 6% of the overall cost (Che, 2010). The diverse cost evaluation
approaches constantly evolve and aim to improve the precision and
efficiency of cost evaluation (Tyagi et al, 2015). Therefore,
knowledge about the factors that influence cost and practical cost
evaluation is imperative to business survival in a competitive market
(Chang, 2015). A wide variety of publications are available on cost
evaluation, spanning numerous different costing approaches. Niazi
et al. (2006) and Ganorkar et al. (2017) also divided cost evaluation
methods based upon grouping with comparable features and
covered various costing approaches that provide the concept in
qualitative and quantitative methods, as shown in Figure 1. The
quantitative methods are based upon detailed product design
consideration divided into parametric and analytical methods.
The analytical function uses the calculation of distinct product
parameters or the total number of elementary units representing
different factors used during manufacturing. The qualitative
methods are principally based upon a comparable consideration
of a new product and the previous experience of an estimator that
can adjust from foundation data. This technique, also known as
case-based reasoning, is excellent for an early-stage cost evaluation
while the produced product is not yet completed.

A number of literature reviews have been conducted on costing
methods to study cost evaluation approaches. Wang (2007)
presented the ANN with feature extraction to develop a cost
estimation model for plastic products. This research compared
the model learning cycle that selected the number of model
learning cycles as 50,000 and reduced the projection area
parameters. The mean absolute percentage error (MAPE) was
decreased by 0.77%,
approximately +2%. Che

and the cost percentage error was

(2010) integrated particle swarm
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Classification of cost evaluation methods (Niazi et al., 2006; Ganorkar et al., 2017).

optimization (PSO) with the ANN and applied factor analysis to
identify the peculiarity effect on the cost data of the product and
mold for cost evaluation. The findings demonstrate that
incorporating PSO with the back-propagation (BP) neural
network improves the accuracy of cost identification for plastic
injection molding by the cost percentage error (CPE) of parts, and
mold costs are approximately +0.4% and +0.5%, respectively, which
can lower the parameter settings of the BP neural network. Wang
etal. (2013) applied PSO with the ANN to develop a cost estimation
model of part costs in plastic products. The outcome of testing data
for the CPE is approximately +0.2% to £1%. PSO can find optimal
solutions and improve the convergence rate, which can achieve
better accuracy. Tyagi et al. (2015) presented a product life-cycle cost
model for a

identification ~mathematical multigeneration

manufacturing-based product that emphasizes market and
technical risks. This study of mathematical models meets the
need to obtain better accuracy and confidence in the prediction.
Chan et al. (2018) developed a new cost identification method for
additive manufacturing (AM) using big data analytics cyber
manufacturing. This method applies feature extraction on elastic
net (EN) regression with least absolute shrinkage and selection
operator (LASSO) regression within each cluster. The outcome
shows that the smaller cluster size affects the learning ability. The
prediction error of LASSO is 85.16% less than that of EN regression,
resulting in EN regression achieving better accuracy and efficiency
than LASSO regression. Tosello et al. (2019) integrated AM in the
injection molding process chain to optimize the value chain and
manufacturing cost. The result indicates that using the AM inserts
reduces lead times in product development by up to 66%, which can
reduce the production time by at least 5 days and improve the
manufacturing process. Ahn et al. (2020) developed a transportation
cost evaluation model for prefabricated construction that adopted
feature extraction of geo-fence-based large-scale GPS data with
support vector regression (SVR) to predict transportation
demand. The accuracy result of trailers and the duration are 86%
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and 88%, respectively, and the actual transportation cost decreased
by approximately 14%, improving transportation cost evaluation
efficiency. Tabkosai and Kengpol (2022) proposed a cost evaluation
model for plastic products that integrated a 3D convolutional neural
network (3D-CNN) with voxelization that can enhance excellent 3D
voxel processing from a 3D model. The result proves that voxel 128°
resolutions are superior to voxel 64° resolutions for both the part and
mold. The accuracy of part and mold costs is approximately 97.55%
and 92.66%, respectively.

According to previous research, various techniques are used in
many different aspects of cost evaluation. However, a gap still exists
in the method for reducing cost evaluation errors and a faster
convergence rate for optimal solutions. Therefore, this research
aims to apply the hybrid deep learning ability of the TSA to find
optimization parameters of the ANN model to enhance learning
capability and achieve higher accuracy to fill the gap mentioned
above, which is unavailable in the literature.

2.2 Deep learning

Deep learning is a model that transfers the critical representation
of self-learning characteristics at a multilayer ANN. Multi-
dimensional scaling is a technique that automatically converts
input attributes to output attributes (Emmert-Streib et al., 2020).
Deep learning is the most popular method for information
conversions due to its ability to handle information processing
and instantly recognize an attribute of data at different levels of
abstraction (Chien et al., 2020). The capability of deep learning
models has surpassed that of widely used alignment-based methods
with more outperformed in some circumstances (Mathieu
et al.,, 2022).

Deep learning is a rising territory of machine learning (ML) and
artificial intelligence (AI) that can have learning capabilities from
data, which is a mainstream technology nowadays. Deep learning
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FIGURE 2
Relationship between deep learning (Sarker, 2021) and the typical architecture of a neural network and deep neural network (Xing and Du, 2018).

technology emerged from the ANN, which is used extensively in
prediction, visual recognition, text analytics, cybersecurity, and
other domains, as shown in Figure 2A (Sarker, 2021). A deep
neural network typically consists of multilevel hidden layers,
involving input and output layers. Figure 2B represents the
typical neural network architecture compared with a deep neural
network. The difference between a regular neural network and a
deep learning network is the number of hidden layers. A typical
neural network has one hidden layer, while a deep learning network
has multiple hidden layers. The hidden nodes in each layer are
processed from the input layer to the output layer (Xing and
Du, 2018).

2.3 Tunicate swarm algorithm

TSA is an optimization technique for solving non-linear
constrained problems, which draws inspiration from the
survival behavior of tunicate swarms in the ocean’s depths.
Among the simplest bio-inspired meta-heuristic optimization
algorithms is the TSA. In over 74 benchmark problems,
alternative optimization methods was
2020). Fetouh and
Elsayed (2020) mentioned that an effective and simple design

superiority  over
demonstrated conclusively (Kaur et al,

encourages the consideration of implementing and enhancing
this algorithm for the situation at hand. The TSA primarily
emulates the swarming behavior and jet propulsions of marine
tunicates that facilitate their navigation and foraging operations.
A population of tunicates engages in swarming behavior in the
TSA to locate the best food source; this behavior indicates the
fitness function of the model. The tunicates in this swarm adjust
their positions concerning the first optimal tunicates that are
garnered and updated in each epoch. At the beginning of the
TSA, a random initialization population of tunicates is generated
within the allowed ranges of the control variables.

In the mathematical modeling for the first behavior of the
tunicate, the jet propulsion must satisfy three
conditions, namely, preventing collisions among the agent,

essential

approaching the position of the best agent, and maintaining

proximity to the optimal solution (Sharma et al, 2020).
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Conversely, swarm behavior serves the purpose of notifying other
seekers of their presence in order to locate the best optimal solution.
The TSA starts with the tunicate populations being initialized
randomly while considering the allowable bounds of the control
variables. A™ is a randomized vector to prevent conflicts between
search agents in each tunicate. The new search agent position
computation to avoid the collision between tunicates can be
modeled as follows:

. G
A:T, 1
v, (1
- -
G:C2+C3—F, (2)
E=2xq, (3)

where A is a randomized vector for the initial tunicate, G is the
gravity force, F is the movement of water in the ocean, and ¢y, ¢,, and
c3 are disorder grades with a range [0, 1].

The social force among search agents is the colony strength
between the tunicates stored in a new vector M that is determined
as follows:

M = lein +¢1 X Prax — PminJ) (4)

where M is the colony strength between the tunicates and P,;, and
Phax are the minimum speed and maximum speed of the tunicate to
build social liaison, respectively. The variable P,;, has a value of 1,
and variable P,,,, has a value of 4.

In order to transition to the position of the optimal tunicate, one
can prevent conflicts between tunicates and get closer to the optimal
tunicates as follows:

PD = [FS — runa xP; ()] (5)
where PD is the distance between the food source and tunicate, S is
the position of the food source (optimal fitness value), FI; (x) is the
position of the tunicate, and r,,; is the disordered grade in
space [0, 1].

The best tunicate can adjust its ranking to reflect the current
state of affairs. The position of the food supply is related to this, as
shown in the following equation:
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_ - 5 = if d
P, (x) = ES) + I}XE_Q,} ran 20.5_ (6)
FS — AxPD, if rand < 0.5

In order to search for the optimum tunicate positions, the
approach allows for keeping the optimal solutions and adjusting
the others. The collective tunicate behavior can be expressed
as follows:

P, (x)+ P, (x+1)

Bx+1)= S
1

(7)

The final position inside a random region is determined by the
position of the tunicate. The tunicate swarm algorithm can be
summed up as follows.

- Parameters A, G, and M prevent and encourage in a defined
search space and escape conflict between tunicates.

- In order to use vector variations A, G, and M, it is anticipated
that the investigation and exploitation method will obtain a
greater value.

- The collective behavior exhibited by the TSA is comparable to
the behavior of tunicate colonies and jet propulsion.

Many research studies apply the TSA. Aribowo et al. (2020)
proposed the TSA to improve the performance of the feed-forward
neural network (FFNN) that used optimization weight to obtain
better output results for the adaptive power system stabilizer
parameter. The outcome demonstrates that the TSA can adjust
parameters and outperform the outputs of alternative approaches.
Kaur et al. (2020) proposed a new bio-inspired metaheuristic
optimization method that studies the TSA to analyze sensitivity,
convergence, and scalability analysis with the ANOVA test. The
outcome shows that the TSA can obtain a better optimal solution
than other algorithms, which can solve problems with unknown
search space. Fetouh and Elsayed (2020) applied an improved TSA
with distribution network reconfiguration (DNR) for optimal
control and operation of capacitor banks (CBs) and distributed
generators (DGs) that can achieve the optimal solution and
outperforms the other algorithms in the literature. The benefit
of research can reduce power losses by approximately 96.97%. The
results show that the TSA can enhance performance for fully
automated distribution networks. Sharma et al. (2020) applied
the TSA to evaluate the optimal solution of the unknown
standard
temperature conditions. The RMSE results indicate that the

parameters for the photovoltaic module under
optimization of the TSA is superior to other algorithms and
yields an excellent convergence rate. Nguyen et al. (2020)
designed the TSA for the Internet of Health Things (IoHT) to
protect medical image data in a cloud server using energy-efficient
lightweight encryption and fog computing. The efficiency of IoHT
combined the peak signal-to-noise ratio (PSNR) with the number
of pixel changing rate (NPCR), resulting in improved accuracy of
medical reports and fewer computations on a cloud server.
Houssein et al. (2021) combined a TSA with a local escaping
operator (LEO) to improve the convergence rate and local search
performance of swarm agents for image segmentation. The
performance of TSA-LEO achieves optimal solutions and
accelerates the convergence rate with better efficiency than
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other metaheuristic algorithms. According to the previous
research mentioned above, it was found that the TSA can solve
unknown search space and enhance the rapid convergence rate.
Although the TSA is widely used in optimal solutions to solve
unknown parameters, no evidence has been found to develop the
TSA in the cost evaluation of complicated surface products.
Therefore, this research aims to apply the TSA to optimize
initial weight to improve the performance of the ANN that can
achieve faster-to-convergent optimal solutions and higher
accuracy in the cost evaluation model.

2.4 Artificial neural network

The ANN involves computations and mathematical models that
include diverse processing components comparable with human brain
processing, which obtain inputs and transfer output based upon their
predetermined activation functions (Kengpol and Neungrit, 2014). The
most widely used ANN for a wide range of issues is based upon a
supervised procedure that employs multilayer perceptrons (MLPs) with
BP learning algorithms. The ANN architecture comprises an input layer
as the neuron is the input variable to problem solving. The different
values are distinct in each characteristic, causing attribute disorder and
influencing the obtained findings. Therefore, normalization is essential
to convert data to a single based upon each attribute (Henderi, 2021).
The hidden layer is responsible for conveying the weighted connections,
which are indicated as weights in the computation process of the input
layer and transferred to the output layer through the hidden layer. The
weight value is important to the propagation of the network model. The
magnitude of the signal that traverses from the hidden layer to the
output layer is determined by the weight connected between them. The
number of independent variables used to predict the target value of
output in the model is directly proportional to the number of neurons in
the input layer. The number of hidden layers and neurons is determined
by the complication of the model, which describes the computation in
the methodology section. The forward propagation is the initial process
consisting of weights and biases to minimize the error for the neural
network training of the input layer and processing transferred in
backward propagation of the output layer. Figure 3 depicts the
processing of necessary neurons at their hidden nodes.

The neuron receives the hidden nodes from each input. Then,
the activation function is used to compute the optimal solution in
the output model through the summation of the input node values
multiplied by their assigned weights. The mathematical function of
the ANN can be explained as follows (Kengpol and Neungrit, 2014).

In order to define the number of hidden layers for large features
and achieve optimal solutions, Equation 8 presents the calculation of
the number of hidden layers, developed by the authors, which is
usually estimated through trial and error tests to reduce cost errors
in the development model.

Nh = VNs/ (I+0), ®)

where Nh is the number of hidden layers, Ns is the number of
samples, I is the number of the input, and O is the number of
the output.

The output result can be determined from Eqs (9) and (10):
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FIGURE 3
Architecture of the artificial neural network (ANN) (Henderi, 2021).

)
(10)

Y= f(z wijx; + bj) =f(),
V= Zw,-]-x,- + b],

where yjis the activation values, fis the activation function, v is the
summation of weight in each input, w;; is the weight variables of
input neurons i to output neurons j, x; is the input variable, and b; is
the bias variable.

The activation function applied the sigmoid function that is
suitable for non-linear problems to predict the result as follows in
Equation 11:

B 1
T 1+ exp”

2 (11)
where f, is the fitness function of the variable.

Several research studies propose an ANN. Juszczyk et al. (2018)
suggested the capacity to receive information in the automated
training process of neural networks and apply it to calculate
sports field construction expenses. Kengpol et al. (2018)
explained that the capability of the ANN has the advantage of
predicting data that have never been seen before in the learning
process. The ANN is one of the techniques used to solve non-linear
problems, which necessitates computing intelligence. The BP
algorithm is a supervised learning technique that accurately
recognizes patterns and predictions (Kengpol and Klunngien,
2019). Elhoone et al. (2020) used an expert system based upon
ANNs in conjunction with the Internet of Things (IoTs) to
determine the most efficient AM procedures for a wide range of
product development in a cyber network-processable environment.
Moreover, the ANN can classify and detect complex non-linear
problems without using complicated mathematics that achieves
prediction accuracy (Wong et al, 2022). Predictive modeling is
essential to research that can be studied and improved using the
ANN as demonstrated by the success of these studies. However, no
evidence has been encountered to propose a hybrid deep learning
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TSA with an ANN for the cost evaluation of complicated surface
products in the plastic injection industry. Therefore, the purpose of
this study is to provide a new approach to fill the gap
mentioned above.

2.5 Research methodology

The cost evaluation model in the plastic injection industry
applies a hybrid deep learning methodology using a TSA with an
ANN for complicated surface products. Figure 4 represents the
method that entails feature-based extraction of complicated surface
products using the TSA to construct the initial weight into the ANN
learning process, which is described in more detail as follows:

Step 1: Data preparation.

1. Data collection: The data preparation method starts with
collecting and categorizing raw data from the 3D-model
complicated surface products and quotation data. The
product design varies in appearance in application usage.
This study emphasizes complicated surface products of
electronic parts, automotive parts, packaging parts, and
medical parts for developing a cost evaluation model. An
example of a complicated surface part is given in Figure 5.

. Feature parameters: The plastic injection industry has more
advanced technology in product design and production
processes that result in plastic products having a more

appearance. The CAD/CAM

technology to create a 3D model of specific products in the

complex designer uses
design stage. This method extracts feature-based parameters of
a 3D model for complicated surface products as input variables
into the ANN model. The input variables are quantitative
parameters that require converting all non-calculable data
into calculable values. The input variables involve the

maximum size of the product in the X, Y, and Z axes, the
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TABLE 1 Factor comparison of the traditional and new cost evaluation approaches.

Cost factor Immemorial plastic injection cost

evaluation

New cost evaluation approach

Raw material cost | Raw material, weight of product, weight of runner, and number

of cavities

Manufacturing
cost

Cycle time, machine rate (THB/min), and number of cavities

Cost of the mold machine, cost of the mold, and number of
cavities

Molding cost

surface part, the weight part, and the volume of the product, as
shown in Figure 5. In this study, the focus is on the material
polypropylene (PP) because of its wide usage and its most
excellent feasibility for a high market value. The key factors in
calculating the immemorial plastic injection cost evaluation
include material costs, manufacturing costs, and molding costs
(Wang, 2007). Table 1 represents the distinctions between
standard cost evaluation approaches and our novel cost
evaluation model in bringing feature parameters to use as a
replacement for various factors.

Step 2: Model parametric for the TSA.

This section proposes a new method for constructing the initial
weight from the TSA technique applied to an ANN that has more
capabilities than other swarm intelligence algorithms to find the
faster optimal solution. Therefore, this study enhances the learning
model and achieves better accuracy. The step and flowchart are
given in Figure 6. The steps proposed for the TSA methodology are
given below.

Step 1: Generating the initial tunicate population. The TSA
produces the initial population of tunicates E: (x), which is equal to
the number of nodes that are processed in the ANN model. The TSA
process
population, which is defined within the value range of 0-1, and

commences by randomly initializing the tunicate

the total population consists of 50,370 tunicates that consider the
allowable limits of the control variables under the condition of the
model learning ANN.

Step 2: Identifying the initial parameter. Table 2 represents the
parameter setting of the TSA that is to define the initial parameters
to be used in the next step of calculation, including ¢y, ¢,, ¢3, and rypq,
that specify random parameters in the range from 0 to 1 [0,1]. The
constant value assigned to Py, is 1, and P, is defined as 4. The
max iteration is determined at 1,000 iterations.

Step 3: Calculating the fitness value. The fitness function was
obtained from the start of the calculation from the colony strength
between the tunicates in vector and M ~ from Equation 4. Then, the
movement of water is calculated in the ocean F from Equation 3.
Then, the gravity force G is determined from Equation 2, and the
new search agent position A is computed from Equation 1. Finally,
the position of the food source that is represented by the best
tunicate position (Fs) is computed to obtain the optimal fitness
value. The optimal function is T = [FP) (x)]2 in each tunicate.

Step 4: Determining the jet propulsion and swarm behavior of
the tunicate. In order to transition to the position of the optimal
tunicate for evaluating the best search agent within the available
search space after computing the fitness value, the distance between

Frontiers in Mechanical Engineering

Feature parameters are used instead of values for raw material cost, manufacturing cost,
and molding cost

the food source and the tunicate PD is calculated from Equation 5.
The best tunicate can adjust its ranking to reflect the current state of
affairs. The position of the search agent is determined from Equation
6 for verifying the boundary condition of the position of the tunicate
P, ().

Step 5: Updating the position of each search agent: In order to
adjust the locations of the tunicates and update the positions of the
search agents, the new positions of the tunicates are determined by
data concerning the optimal position of the tunicates and the social
interactions among the tunicates in Equation 7.

Step 6: Calculating the fitness value of updated search agents.
The fitness value of the updated search agents from Equation 7 that
are out of bounds in the regulative search space are evaluated by the
nearest limit that should be chosen.

Step 7: Adjusting the search agent if it goes beyond the region of
search space. The fitness function associated with each new location
search is computed, and the tunicate position that is the fitness value
is updated by adjusting the search agent if it is better than the
previous optimal solution. Then, the position of the tunicate Fr: (x)
is updated.

Step 8: Checking stopping criteria. Termination requirements
should be verified. The method continues iterating until the
algorithm terminates, at which point the iteration count is
(2022)  proposed
optimization iterations to enhance the performance of carbon

incremented by one. Stylianos et al.
nanocomposite reinforcement in cement-based materials. This
method compared the
20 iterations, 200 iterations, and 1,000 iterations. The results

number of iterations between
show that a maximum number of 1,000 iterations achieved
Therefore, a

maximum number of 1,000 iterations are applied in this research

excellent accuracy at approximately 99.99%.
to repeat steps 5-8 to obtain great results.

Step 9: Returning the best optimal solution (initial weight). The
output of the optimal solution acquired from the TSA is transferred
to process learning for the initial weight of the ANN model.

In the process, the TSA yields the best optimal solution as the
initial weight to use as the default weight in the feed forward of the
ANN model, which is clarified in step 3 in the following order.

Step 3: Model parametric for the ANN

According to the literature review, this segment proposes the
new hybrid TSA-ANN for the cost evaluation of complicated surface
products. The learning process of the ANN uses a feature extraction
of complicated surface products and obtains the initial weight from
the output of the TSA that is applied to the FFNN. In order to
minimize prediction errors, this section suggests a training and
validation model configuration for an architecture that would
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FIGURE 6

Flowchart of the proposed TSA (Arabali et al., 2022).

evaluate the cost of complicated surface products in the plastic
injection industry, which is explained in more detail as follows.

1. The dataset is split into training, validation, and testing sets
(60%, 20%, and 20%, respectively): The most crucial aspect of
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TABLE 2 Parameter setting of the tunicate swarm algorithm (TSA).

Algorithm Parameter Value
—

Tunicate swarm Tunicate populations P, (x) 50,370

algorithm (TSA)
Parameter P, 1
Parameter P, 4
Number of iterations 1,000
Parameter ¢, Random [0,1]
Parameter c, Random [0,1]
Parameter c; Random [0,1]
Parameter ry,q Random [0,1]
Fitness function FS s = [P_;: (x))?

learning process development is splitting data for model
validation (Xu and Goodacre, 2018). Hemelings et al. (2021)
adopted the splitting data process, which is significant in the
learning model. This research divided the dataset into three
groups for model development, namely, 60% of the training
datasets, 20% of the validation datasets, and 20% of the
testing datasets.
2. Model parametric for the ANN: This segment applies the
of 3D-model complicated
products as the input variable of the ANN. The initial
weight of the ANN was obtained from the TSA technique
in the result of step 9 in Figure 6. The parametric list was

feature parameters surface

obtained from trial and error to minimize errors by splitting
datasets for training, validation, and testing datasets to find the
optimal solution for the ANN model. The hybrid TSA-ANN
model architecture in this research is given in Figure 7.

In the starting model development of the ANN, the input is
denoted by the first layer, which consists of the input variable
obtained from the feature extraction of complicated surface
products as six nodes. The input variables involve the maximum
size of the product in the X, Y, and Z axes, the surface part, the
weight part, and the volume of the product. Due to the different
value ranges for each attribute, normalization is necessary to convert
the data to a similar scale (Henderi, 2021). In order to construct the
equation for normalization between 0 and 1, the minimum value of
the variable to be normalized is initially subtracted. Following the
subtraction of the minimum value from the maximum value, the
resulting value is divided by the minimum value, as shown in
Equation 12:

Xnorm = (Xl - Xmin)/ (Xmax — Xmin )> (12)

where X, om is the new normalization data, X; is the set of observed
values of X, X,.x i the maximum value in X, and X, is the
minimum value in X.

Alwosheel et al. (2018) suggested that the minimum number of
samples suitable for the ANN is 50 times the number of variables.
The learning process of the ANN can achieve satisfactory
performance, with a sample size of 2,000 (Alwosheel et al., 2018).
However, the sample size according to the above definition for
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FIGURE 7
Hybrid deep learning TSA with ANN model architecture.
TABLE 3 Model summary of artificial neural network (ANN) architecture.

Layer (type) Output shape Param # Activation function
Input_Layer (None, 6) 0 -
Hidden 1 (None, 64) 448 ReLU
Hidden 2 (None, 64) 4,160 ReLU
Hidden 3 (None, 64) 4,160 ReLU
Hidden 4 (None, 128) 8,320 ReLU
Hidden 5 (None, 128) 16,512 ReLU
Hidden 6 (None, 128) 16,512 ReLU
Mold_Output (None, 1) 129 Linear
Part_Output (None, 1) 129 Linear

Total Param# 50,370

Remark: Total Param# = 50,370 is the number of hidden nodes of the ANN.

ReLU activation function provides enhanced training efficacy and accelerated computation for non-linear problems.
Linear activation function generates more significant variation based upon the neural network structure.

6 input variables in this research is approximately 6 x 50 = 300. In
order to obtain excellent learning capability of the ANN, the number
of samples is specified as 2,000. The number of inputs is six variables,
and the number of outputs is two target values for the calculation
mentioned in Equation 8. Thus, the number of hidden layers is
[1/2,000/(6 + 2)] = 5.59, so inference uses 6 hidden layers for
this research.

The optimal number of hidden nodes is determined using the
number of nodes with the least amount of error to validate the
learning model. Table 3 demonstrates the model summary of the
ANN, and the input layer has 6 hidden nodes for variables, in
which the output shape is (none, 6). Next, the hidden layers 1, 2,

Frontiers in Mechanical Engineering

and 3 define the number of hidden nodes as 64, and the output
shape is (none, 64). Then, the hidden layers 4, 5, and 6 define the
number of hidden nodes as 128, and the output shape is (none,
128). The final layer is the output layer of the part, and the mold
that defines 1 hidden node for the target value as the output shape
is (none, 1). The “None” in the output shape means a dynamic
dimension of a batch without being pre-determined that is
flexible to adjust the batch size by extrapolating shape from
the context in each layer. The “Param #” column represents
the number of parameters that are multiplied between the weight
of the previous layer and the current layer, plus with bias, which
can be explained as follows.
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Hidden 1: The number of Param # in hidden 1 is 448, which is
obtained as 6 (input variables) multiplied by 64 (hidden node in
hidden 1) and plus by 64 (bias value in hidden 1).

Hidden 2: The number of Param # in hidden 2 is 4,160, which is
obtained as 64 (hidden node in hidden 1) multiplied by 64 (hidden
node in hidden 2) and plus by 64 (bias value in hidden 2).

Hidden 3: The number of Param # in hidden 3 is 4,160, which is
obtained as 64 (hidden node in hidden 2) multiplied by 64 (hidden
node in hidden 3) and plus by 64 (bias value in hidden 3).

Hidden 4: The number of Param # in hidden 4 is 8,320, which is
obtained as 64 (hidden node in hidden 3) multiplied by 128 (hidden
node in hidden 4) and plus by 128 (bias value in hidden 4).

Hidden 5: The number of Param # in hidden 5 is 16,512, which is
obtained as 128 (hidden node in hidden 4) multiplied by 128
(hidden node in hidden 5) and plus by 128 (bias value in hidden 5).

Hidden 6: The number of Param # in hidden 6 is 16,512, which is
obtained as 128 (hidden node in hidden 5) multiplied by 128
(hidden node in hidden 6) and plus by 128 (bias value in hidden 6).

Mold output: The number of Param # in the mold output layer is
129, which is obtained as 1 (target value of the mold cost) multiplied
by 128 (hidden node in hidden 6) and plus by 1 (bias value in
mold output).

Part output: The number of Param # in part output layer is 129,
which is obtained as 1 (target value of part cost) multiplied by 128
(hidden node in hidden 6) and plus by 1 (bias value in part output).

Wibawa et al. (2018) used the rectifier linear unit (ReLU)
activation function for the learning model to identify abnormal
heart rhythms, which provides enhanced training efficacy and
accelerated computation. Furthermore, the model optimization
incorporated the Adam approach for weight adjustment, which
yielded outstanding outcomes. Consequently, the ReLU activation
function is implemented in the hidden layer of each dense that can
apply the Adam approach to complicated functional mappings for
non-linear problems to optimize the cost evaluation model, as
shown in Equation 13. Feng and Lu (2019) proposed a straight-
line equation as an identity function to the linear activation function
that maintains a constant value that suits the default activation when
developing a multilayer perceptron. The linear activation function as
specified for the output layer in this study is denoted by Equation 14.

0 forx; <0

x forx; >0 = max {0,x},

ReLU Activation Function; f (x;) = {
(13)

where x; is the input for each neuron of function f on i, the output is
0 when x;< 0, and the output is x when x,>0.

Linear Activation function; f (x;) = kx;, (14)

where x; is the input for each neuron of function foniand kis a
constant value.

3. Training, validation, and testing data for the ANN model: The
accuracy of training datasets is being able to learn the correct
patterns. The validation datasets aid in precisely fine-tuning
the learning model, and the testing datasets furnish reliable
metrics that instill confidence in the deployment of deep
learning. This process uses the trial and error method to
minimize errors in each dataset, which aims to achieve
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better accuracy and faster convergence for the learning
model of the ANN. The optimal solution to minimize errors
is to evaluate the efficiency of the learning model using error
metrics to compare the predicted costs with the actual costs,
which are described in more detail in the next section.

Step 4: The learning model efficiency is evaluated for the hybrid
deep learning TSA-ANN.

According to the information mentioned above, error metrics
are employed to assess the performance of the learning model of
training, validation, and testing datasets that compare the predicted
costs with the actual costs. The outcomes of these evaluations are
significantly impacted by the implementation of deep learning
techniques. Dessain (2021) suggested that the mean square error
(MSE) and mean absolute error (MAE) are commonly used
indicators for assessing the effectiveness of cost evaluation
models and achieving excellent results. Consequently, the MSE
and MAE are applied in this research to evaluate learning model
efficiency for the hybrid deep learning TSA-ANN, which can be
formulated using Equations (15) and (16).

Yo (Av; — Ev;)?
-1
Yo lAv; — Evj

Mean absolute error; MAE = =2—————
n

Mean square error; MSE = , (15)

(16)

where Av; is the actual observed value, Ev; is the corresponding
predicted value, and n is the number of observations.

The efficiency of learning evaluation is considered by error
metrics of the MSE and MAE. The parametric list configuration
of the ANN model is fine-tuning to minimize errors. If the error
metrics show an unstable trend and still have high errors, it is
essential to repeat and adjust the parametric lists. On the other hand,
the error metrics trend is stable and obtains excellent accuracy,
resulting in achieving the best model for cost evaluation in the
plastic injection industry. The results of learning the new hybrid
TSA-ANN model are illustrated in Section 3.

3 Results and discussion

This section outlines the methods utilized for cost evaluation in
the plastic injection industry. The suggested method for evaluating
the cost of the hybrid deep learning TSA-ANN involves the process
of the ANN obtaining the initial weight from the TSA to develop a
cost evaluation model. The error metrics used the MSE and MAE to
assess the efficiency of the cost prediction in the context of part and
mold costs. The performance comparison of learning evaluation
models for the ANN and a new hybrid deep learning TSA-ANN is
shown in Table 4.

The MSE of testing datasets for the ANN model in terms of part
costs is approximately 0.06139 and mold cost is approximately
0.09121. The MSE for the new hybrid deep learning TSA-ANN
of part and mold costs is approximately 0.00462 and 0.00527,
respectively. The MAE of the ANN is approximately 0.12094 for
part costs and 0.13597 for mold costs. The new hybrid deep learning
TSA-ANN-obtained MAE of part and mold costs is approximately
0.04113 and 0.05998, respectively. The outcome indicates that the
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Mean absolute error (MAE)
Mold cost

Part cost

Mean square error (MSE)
Mold cost

TABLE 4 Performance comparison of the artificial neural network (ANN) and a new hybrid deep learning tunicate swarm algorithm (TSA)-ANN.
Part cost
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Validation Testing Training Validation Testing

Training

0.07016 0.05811 0.06139 0.10128 0.08826 0.09121 0.09572 0.08615 0.12094 0.10546 0.09695 0.13597

ANN

0.05431 0.03678 0.00462 0.08647 0.07149 0.00527 0.08682 0.07640 0.04113 0.09280 0.08581 0.05998

ANN + TSA
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new hybrid deep learning TSA-ANN has fewer error than the ANN
for both MSE and MAE. As a result, the convergence behavior of the
model development for the new hybrid deep learning TSA-ANN is
superior to that of the ANN.

Figures 8A-D depict the convergence behavior for the resultant
of the MSE and MAE in both part and mold costs between the ANN
and TSA-ANN. The curve of the ANN and TSA-ANN shows a
likewise pattern that compares the training datasets with validation
datasets. Figure 8A represents the learning rate of the MSE in terms
of part costs, which initially exhibits a faster convergence and
gradually decreases over the course of the subsequent
90 iterations for the ANN and 10 iterations for the TSA-ANN.
The resultant of the TSA-ANN for the training rate is approximately
0.05601 and for the validation rate is approximately 0.03943. Then,
the trend decreases until it stabilizes in 250 iterations at the
intermediate trend and halts at the stable point where the
learning trend has stabilized, which occurs in 500 iterations in
the learning process where the training rate is at 0.05431 and the
validation rate is at 0.03678. The MAE in the context of part costs
shown in Figure 8B suggested astute convergence characteristics,
despite the initial knobby nature of the path. The beginning stage
appears to rapidly converge and move downward until it is at a
stable point at 90 iterations for the ANN and 10 iterations for the
TSA-ANN. The training rate of the TSA-ANN is approximately
0.07575, and the validation rate is approximately 0.06903,
approaching the desired target value and terminating the runtime
in 500 iterations at roughly 0.08682 for the training rate and
0.07640 for the validation rate.

According to the outcome of the preceding discussion, the
convergence behavior of the mold cost has a similar pattern to
that of the part cost that compares two line plots between the
training and validation datasets. The MSE of mold cost
demonstrated a rapid decline trend, as shown in Figure 8C,
within 45 iterations for the ANN and 10 iterations for the
TSA-ANN. The result of the training rate and validation rate
with convergence is approximately 0.08658 and 0.07158,
respectively. The termination runtime of the training dataset
is approximately 0.08647, and the validation dataset is
approximately 0.07149 over the course of 500 iterations. The
learning curve of the MAE is shown in Figure 8D, which initially
demonstrates a faster convergence and steadily decreases within
55 iterations for the ANN and 10 iterations for the TSA-ANN.
The runtime stops at the stable point throughout 500 iterations,
with the training and validation rates of 0.09280 and 0.08581,
respectively. Therefore, the outcome of the MSE and MAE for the
part cost illustrates higher capability than that for the mold cost.
In addition, the convergence behavior toward the termination
runtime of the TSA-ANN results in a faster convergence
than the ANN.

The comparison of the accuracy of the TSA-ANN for evaluating
the part and mold costs of complicated surface products is shown in
Figure 9. The accuracy of part cost is represented in green charts at
approximately 92.44% for the ANN and 96.66% for the TSA-ANN.
The accuracy of mold cost is indicated in blue charts at
approximately 90.22% for the ANN and 93.75% for the TSA-
ANN. Therefore, the new hybrid deep learning TSA-ANN model
of testing datasets appears that the TSA can improve the learning
ability of the ANN and obtain better accuracy than the ANN.

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2024.1336828

Kengpol and Tabkosai

10.3389/fmech.2024.1336828

MSE of Part Cost

0.05811
0.07375

./ 0.06108

s o
S o £

0.05601

MSE
e
3

0.07016

<
N\

B MAE of Part Cost

0.09572

0.08615 \
e 0
& 007575 ooses2”

0.06 0.07640

0.06903

0.10209

009188

0.05431 0.04
Ll el 0,03673/-
002 i 0
@ ‘ O
0 25 S0 75100 125 150 175 200 ::5:75 300 325 350 375 400 425 450 4'5 025 S0 75 100 125 150 175 200 ::5 275 300 325 350 375 400 425 450 4'5
Epochs Epochs
o= ANN#TSA_Train ~ ====ANN+TSA_Validate e ANN Train ANN_Validate e ANN#TSA Train = ANNTSA Validate e ANN_Train ANN_Validate
c MSE of Mould Cost MAE of Mould Cost
0.16
0.10546
0.4
\ 0.09695
012 K\ 010363
. 0.10128 Ll
; N ooss 0.1 ~3
aon | e—006d / 4
E 5008 0.09280
s ] g
0.08 \_n.osssx N £
008647 006
006 007158 P {00758 008581
004
0.04
0.02

OvOZ @
0 .
0 25 50 75 100 125 150 175 200 .’253'5 300 325 350 375 400 425 450 47.‘

Epochs

0

0 25 50 75 100 125 150 175 200 11‘275 300 325 350 375 400 425 450 4'5

Epochs
e ANN4TSA _Train === ANN+TSA_Validate e====ANN_Train ANN_Validate e ANNHTSA_Train =~ es= ANN+TSA_Validate essmsANN_Train ANN_Validate
FIGURE 8
Learning curve comparison of the ANN and hybrid deep learning ANN with the TSA.
Validate Accuracy
98.00
96.66
96.00
75
__94.00 93.7
o
33 92.44
>
€ 92.00
g 90.22
90.00
88.00
86.00
ANN ANN+TSA
®Part Cost ®Mould Cost
FIGURE 9
Accuracy comparison of the ANN and TSA-ANN on part and mold cost.
The results of the learning model above illustrate the  verified using the cost percentage error (CPE) with

methodology presented in the cost evaluation approach that
combines the ANN with the TSA and has excellent efficiency.
In terms of applications, the proposed cost evaluation model is
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complicated surface products of the new hybrid deep learning
TSA-ANN. The computing equation is as follows (Juszczyk
et al., 2018):
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TABLE 5 Complicated surface products with the prediction of part and mold costs.

Complex

surface parts

Part cost
prediction

Mold cost
prediction

\[o}

Complex
surface parts

10.3389/fmech.2024.1336828

Part cost
prediction

Mold cost
prediction

1 ‘ ~0.297167371 ~0.420812101 11 % ~0.247170543 ~0.201825222
2 \ 0.713259271 0.230521984 12 % ~0.24271432 0.205631984
.
3 - ~0.240543195 ~0.216985022 13 % ~0.24731432 ~0.57001022
4 \ —0.257143195 —0.864578122 14 ‘ —0.241827143 —0.849502198
5 ~ -0.176197271 ~0.525924822 15 ‘ ~0.209727143 ~0.1769837
6 \ —0.293427143 ~0.275019837 16 ; 0.129271432 0.757600182
4
RS/
7 \ -0.238575271 ~0.262981984 17 \ ~0.119052714 0.371082198
8 ‘ ~0.24181432 ~0.450159837 18 s ~0.252356143 ~0.899429922
Rl
9 ~ 0.650812714 0.3919837 19 . ~0.266143195 ~0.51885152
10 \ﬁ ~0.24871432 ~0.973498198 20 , ~0.240527143 ~0.34329837
~
Yp. — Ya testing data of sample parts can achieve excellent performance
cpe = P =Ya) o0 (17) 5 ple p P

1

where Yp; is the prediction cost of sample i and Ya; is the actual cost
of sample i.

The predicted cost evaluation of the new hybrid deep learning
TSA-ANN in terms of part and mold costs is shown in Table 5. The
first column of this table is the number of samples. The second
column contains 20 samples, all of which have complicated surface
products. The third column shows the cost prediction for the part
cost, and the prediction of the mold cost is indicated in the
final column.

The CPE facilitates sight in errors in cost evaluation. Figure 10
depicts the CPE of the complicated surface products in both part and
mold costs. The green charts obtained a CPE of
approximately +0.40% of 13 parts, accounting for 65% of the
sample parts for mold cost. The violet charts obtained a CPE of
approximately +0.40% of 14 parts, accounting for 70% of the sample
parts for part cost. The result illustrates cost evaluation errors of less
than 1% in both part and mold costs, which can achieve a higher
accuracy for complicated surface products. The validation and
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for complicated surface products and can be applied to simple
surface products that can reduce the complicatedness of cost
evaluation in the plastic injection industry as well.

4 Conclusion and recommendations

The complexity of the plastic parts and manufacturing data
resulted in a long data waiting time and inaccurate cost evaluation.
Traditional cost evaluation approaches are limited and outdated,
which are inappropriate practical operations to reduce cost
evaluation mistakes for complicated surface products and
decision-maker variability. However, a gap still exists in the
method for decreasing cost evaluation errors and increasing the
convergence rate for faster optimal solutions in model development.
Therefore, the aim of this research is to apply a cost evaluation
approach that combines hybrid deep learning of the TSA with the
ANN for the cost evaluation of complicated surface products in the
plastic injection industry to achieve a faster convergence rate for
optimal solutions and higher accuracy.
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Cost percentage error (CPE) of the hybrid deep learning TSA-ANN on part and mold costs.

The value of this research is the higher accuracy of the new
hybrid deep learning TSA-ANN that can generate much less CPE
of the complicated surface part in both part and mold costs.
Although research has been conducted on cost estimation in
plastic injection, these consider only cost estimation in the simple
surface product. Wang (2007) obtained a CPE of
approximately +2% for part cost. Che (2010) attained a CPE
of part and mold costs of approximately +0.4% and +0.5%,
(2013) achieved a CPE of
approximately +0.2% to +1% for part costs. The outcome of

respectively, and Wang et al.

the new hybrid deep learning TSA-ANN can achieve excellent
efficiency for complicated surface products with the CPE of
approximately +0.40% of 13 parts, accounting for 65% of the
sample parts for mold cost and approximately £0.40% of 14 parts,
accounting for 70% of the sample parts for part cost.

The new approaches reduce cost evaluation errors for
complicated surface products in the plastic injection industry.
The methodology entails TSA to construct the initial weight into
the learning process of the ANN using the jet propulsion and swarm
behavior function to achieve the best tunicates that can generate
faster-to-convergent optimal solutions. The ANN applied feature-
based extraction of complicated surface products as input variables
for developing the model. The number of hidden layers obtained
from calculation uses the value of six for this research. A fully
connected multilayer neural network is an essential part of deep
learning. The result shows that the new hybrid deep learning TSA-
ANN provides a more accurate cost evaluation than using the ANN
only. The TSA has the function to minimize errors to find the best
tunicate that can be used as the default weight in the feed forward of
the ANN
optimal solution.

and eventually achieve a faster-to-convergent
The benefit of this research is to establish a higher accuracy cost
evaluation of complicated surface products. Moreover, the ANN can

generate self-learning ability for non-linear problems, and the TSA
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can save time to find the optimal solution. Thus, the new hybrid
deep learning TSA-ANN can minimize errors and decrease the
complicatedness of cost evaluation.

The contribution of this research is to integrate a new hybrid
deep learning application of the TSA with the ANN that fills a gap
in the literature and proposes a method for calculating the
number of hidden layers for reducing cost evaluation errors
and obtaining a faster convergence rate, which is unavailable
in the literature. The advantage of this study is that the new
hybrid deep learning TSA-ANN achieves higher accuracy and is
able to quote pricing rapidly for complicated surface products.
This means a reduction in cost evaluation complexity in the
plastic injection industry.

The limitations of this research are that a 3D-model file for
complicated surface products is enormously needed, which can lead
to higher computation, which can be time-consuming. In addition,
the processing of the 3D-model data seeks high graphics processing
unit (GPU) processors.

For future study, this new hybrid deep learning TSA-ANN cost
evaluation model can also be applied to other industries, and the
faster-to-convergent optimal solution should be enhanced further to
the full extent.
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