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Abstract

This article introduces the novelty and benefits of the finite annular prism method (FAPM) based on
Reissner’s mixed variational theorem (RMVT) developed by Wu’s research group. Implementing the
RMVT-based FAPM shows that it converges rapidly, and its results are in excellent agreement with
the accurate solutions reported in the literature. Afterward, the FAPM is applied to a parametric analy-
sis examining the impact of some essential factors on the three-dimensional static bending behavior
of functionally graded toroidal shells, including the radius-to-thickness ratio, the ratio of circumferen-
tial- and meridian-radii, and the inhomogeneity index.

Introduction

In 1984, a Japanese scientist, Niino, proposed the concept of functionally graded (FG) materials for
use in thermal barrier materials at the National Aerospace Laboratory of Japan [1, 2]. These FG mate-
rials are composed of two or more phases of dissimilar materials in such a manner that the material
properties vary gradually and continuously in one or more directions. One of the most prominent
applications of FG materials is the ceramic-metal two-phase FG composite materials, which can have
the low thermal conductivity property of ceramic materials and the high toughness and strength prop-
erties of metallic materials. On the one hand, FG structures can be designed to optimize their specific
structural performances by changing the volume fractions of the constituent materials [3, 4]. On the
other hand, it can form various sandwiched and multi-layered FG structures to prevent delamination
failure, which often occurs at the interface between adjacent layers of conventional laminated com-
posite structures, in which the material properties suddenly change [5-10]. As a result, the develop-
ment of these FG materials progressed rapidly, and their application in various advanced industries
has become increasingly popular.

Material properties

This work analyzes the 3D static bending behavior of a complete FG toroidal shell. The shell of inter-
est is composed of a metal and a ceramic material. The material properties are assumed to obey a
power-law distribution function that is dependent on the volume fractions of the constituent materials,
ie., F,,,(C) and Fc(g“), where the subscripts m and ¢ represent the metal and ceramic materials, respec-
tively, through the thickness direction of the toroidal shell and are given as follows:

(0) = [am+ @m)]” (1a)
r(¢)=1-r,() (16)

where —h/2 < < h/2 , and Kpr denotes the inhomogeneity index.
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The rule of mixtures is used to estimate the effective material properties of the complete FG toroidal
shell, which are expressed as follows:

mij(éj)— mil,+m!'Tl, =m! +(m —ml])l" (2)

l]C y m

where mj'and mj are the material properties of the metal and the ceramic materials, respectively.

Finite annular prism method

With the popularization and application of FG materials and structures, proposing an efficient numeri-
cal method for analyzing their mechanical behaviors has attracted considerable attention. In this
work, we employ Wu and Li’s finite annular prism method (FAPM) [11] based on Reissner’'s mixed
variational theorem (RMVT) to analyze the 3D static bending behavior of an FG toroidal shell subject-
ed to a uniformly distributed load as shown in Figure 1 (drawn from Wu and Li[11]).

Figure 1. One segment of an FG toroidal shell and the toroidal coordinate system
(drawn from Wu and Li[11]).

In Wu and Li’s formulation, three displacement and three transverse stress components were selected as the
primary field variables. Variations in the primary field variables over the meridian-thickness nodal surface (i.e.,
the - surface) and in the circumferential direction (i.e., the ¢ direction) were assumed to be separable, and
for a typical annular prism of the m™-layer, they were thus given by

g

{[uée)(g,(p,g)](m) [u;e>(9,¢,g)](m) [u5e>(9,¢’c)](m)}T_z[ ©(o, g)]{[uw)(q;)]tm) [y(e)(qj)]im) [w(e>(¢)](_M)}T, 3)

i=1 !
"d

{e0a.0]" [oeea]” eowea]”} =3 oo {[ew]” ] [ew]”}) @

i=1
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where ()" (19)" ()", (£9)7 ()" and ()" with (i=1,2,...,n) are the nodal displacement and transverse
stress components of a typical annular prism of the m"-layer of the toroidal shell; n, denotes the total number of
nodes of a specific annular prism, so the values of n, are eight and 12 for the quadratic and cubic finite annular
prisms with quadrilateral cross sections, respectively. The symbols, Q8 and C12, are thus used to represent
eight-node quadratic and 12-node cubic finite annular prisms, respectively. A typical Q8 parent annular prism

in natural coordinates (£, 1) and a typical mesh of (n,x n, ) =(8x2) are shown in Figure 2, in which the mapping
relations between the global and natural coordinates of each point in the prism domain (i.e., 0 =Y 0y (&, 7)

d.

and ¢“=> ¢y (& n) are also shown. They represent the degree of approximation used to describe the coordi-

nate transformation for the isoparametric finite annular prism, where v, (&, n), i=1-n, denote the shape func-
tions of a typical n-node annular prism.

In the formulation, the FG toroidal shell is divided into several finite annular prisms with quadrilateral cross-sec-
tions, for which trigonometric function and Serendipity polynomials are used to interpolate the circumferential
direction and meridian-radial surface variations in the primary field variables of each prism, respectively. The
material properties of the toroidal shell are considered to obey a power-law distribution according to the volume
fractions of the constituent materials through the thickness direction. As a result, the homogeneous isotropic
toroidal shells and laminated cross-ply toroidal shells can be regarded as special cases in this work. A typical
C12 annular prism element and a typical mesh (n,x n,) =(8x2) are shown in Figure 2 [12], where 5 and 7 denote
the number of prisms in circumferential and thickness directions.

12

0= 07y (&)

i=1

12
C =Y o (e)
i=1

Figure 2. The schematic diagram for a typical C12 element, an ( n, x n, )= (8x2) mesh, and
the mapping transformation between a typical C12 element in the real domain of a toroidal
shell and the parent element in the natural coordinate domain (drawn from Wu and Hung

(12])
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The linear constitutive equations of the m"-layer are given as

(m) _ (m) _(m) 5
Cy =Ciyu €u> ®)

(m)

where o' is the stress tensor; €% is the strain tensor; and ciilis the elastic coefficient, which is variable in the
thickness direction of the finite annular prism (i.e., ¢ (£)).
The RMVT is used to derive the Euler-Lagrange equations for an FG toroidal shell, and the corresponding func-
tional (I1,) of the shell is written as follows:

ny

m=Z{

m=1

Ne

2n te om s
(n’.) e+1 ~ +
E fo fL [Ul(]e)gl(/e) _B(Gz(,e))] hohgh,dOdldep — 8,y E fo f MCED) (u(rf’)) hohg d0d ¢
e e=1 Se

e=1

te om Se+1 _ i
o1 Y f f 4 8,0) (") h9h¢ded¢}—z |
e=1"0 “se m=1

where n, and A, denote the number of annular prisms in each layer and the cross-sectional area of a typical
annular prism, respectively; I', and T',denote the portions of the edge boundary where the surface traction and
displacement components (i.e., 7"’ and u'" (k= 0, ¢, and r )) are prescribed. The positive directions of external
loads (7, ) and (7, )applied on the outer and inner surfaces of the shell are defined as outward and inward,
respectively, following the conventional sign in the 3D local elasticity theory. B(cr;?)) is the complementary energy
density function, and 5,.1. denotes the Kronecker delta symbol, the value of which is 1 when i=j, while it equals
zerowheni # j.

Substituting the kinematic and kinetic assumptions (i.e., Egs. (3) and (4)) in Eqg. (6) and requiring the first-order
variation of I, to be zero lead to the prism element equilibrium equations. Afterward, by imposing the continuity
conditions of each node’s nodal primary variables at the nodal lines between adjacent prisms, the local stiffness
matrix of each prism element can be assembled as their corresponding global stiffness matrix for the FG toroi-
dal shell as follows:

om (6)

n
Eumyarac-y |
m=1"%

C«m
[ 16 - amye1arag
n

m-1"1o m-1"1u

Equation (7) represents a common algebraic problem that can be readily solved, so the stress and displace-
ment components induced in the loaded FG toroidal shell can be obtained.

Numerical examples

In this section, the stress and deformation behavior of an FG toroidal shell under a uniformly distributed load is
studied, where g’ /0,=-5, and ¢, /o,=-2. The FG toroidal shell is made of a metal material (aluminum) and a
ceramic material (alumina), and its material properties are assumed to obey a power-law distribution through
the thickness direction according to the volume fractions of the constituent materials. As mentioned above, the
volume fractions of the metal and ceramic materials are given in Egs. (1a) and (1b) for a complete FG toroidal

14 %5F1 3D Static Bending Analysis of Complete Functionally Graded Toroidal Shells
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shell. The effective material properties of the FG toroidal shell can be estimated using the rule of mixtures, the
corresponding formula for which is given in Eq. (2). The material properties of the metal and the ceramic materi-
als are given as E =70GPa,v,, =0.3, E =380GPa, and v.=0.3.A set of dimensionless field variables is defined as
those used in Wu and Li [11].

Table 1 shows various FAPM solutions for the dimensionless displacement and stress components induced at
the positions (6 =z/4,¢ =0) in the FG toroidal shell, where the material poperty gradient indices are taken as «,,=5
and where R, /h=5/2 and R, /R, = 4 It can be seen in Table 1 that the convergence rates of the displacement
components are more rapid than those of the stress components, where the convergent solutions of the
displacement components are obtained when meshes (16x4) and (8x2) are used for the current Q8 and C12
FAPMs, respectively. Those stress components are obtained when meshes (64x16) and (32x8) are used for the
current Q8 and C12 FAPMs based on the current C12 FAPM solutions, with an allowable relative error of 0.2%.

Table 1. Various RMVT-based FAPM solutions for the dimensionless displacement and stress
components induced at specific positions (0 =z/4,¢ =0) in an FG toroidal shell under a uniform-
ly distributed load.

Figure 3 shows the variations in the through-thickness distributions of various stress and displacement compo-
nents with the ratio of circumferential- to- meridian- radii (i.e., R, / R,), where k ,,=5; R, / R,=2, 5, and 10; R, / k=5, and
R, =1m. It can be seen in Figure 3 that the effect of the R, / R,ratio on the transverse displacement and the trans-
verse shear stress components are more significant than those on the in-surface stress and transverse normal
stress components. The transverse displacement components increase, and the transverse shear stress com-
ponents decrease as the ratio R, /R, becomes greater, which represents a lessening of the gross stiffness of
the shell and a weakening of the shear deformation effect on the bending behavior of the shell. The ratios among
the maximum values of the dimensionless in-surface stress, transverse shear stress, and transverse normal
stress components are 49.1950 : 0.047042 : 5 (i.e., 9.8: 0.009 : 1), 47.398 : 0.1137 : 5 (i.e., 9.5: 0.022: 1), and
42597 :0.1611:5 (i.e., 85:0.032: 1) for the cases of R,/ R=2, 5, and 10, respectively. The variations in the
changes in the in-surface normal stress and the transverse normal stress components with the values of R,

are minor.
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Figure 3. Variations in the through-thickness distributions of various stress and displacement
components induced in an FG complete toroidal shell under radial pressure with its
R, / R, ratio (drawn from Wu and Li [11])

Figure 4 shows the contours of various stress and displacement components induced at the cross-sec-
tion ¢ =0 in a single-directional FG complete toroidal shell, wherex,,=5; R,/h=5; and r,/h=3/2. It can
be seen in Figure 4 that the distributions of the various stress and displacement components over the
meridian-radial surface are symmetric with respect to the axis because both the configuration of the
toroidal shell and its material properties are symmetric with respect to the axis. The maximum values of
the in-surface normal stress, transverse shear stress, and transverse normal stress components occur at
the positions (0, ¢ /) =(x, 1/2), (0.8, -0.0625), and (o, 1/2), respectively, for which the corresponding values
are -19.58¢,, -0.16180,, and -50,.
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Figure 4. Contours of various stress and displacement components induced in an FG complete
toroidal shell under radial pressure (drawn from Wu and Li [11]).

Conclusions

In this work, we employed Wu and Li's RMVT-based FAPM to analyze the 3D static bending behavior
of FG toroidal shells subjected to uniform radial pressure.

It is noted that the RMVT-based FAPM differs from the conventional finite shell element (FSE) methods.
In the former, the RMVT was used, where three displacement and three transverse stress components
were regarded as the primary variables, such that the displacement and transverse stress continuity
conditions at each nodal point were automatically satisfied as each discrete finite annular prism was

17 %7 3D Static Bending Analysis of Complete Functionally Graded Toroidal Shells



assembled to form the entire structure. In the latter, the principle of virtual displacements was used,
where only the displacement continuity conditions were satisfied at each nodal point, such that they
obtained discontinuous solutions for the transverse shear and normal stresses at the interfaces of the
adjacent layers in the multi-layered structures and obtained poor predictions of the transverse shear
and normal stresses induced in the FG structures. In addition, in the RMVT-based FAPM, the trigono-
metrical functions and Serendipity polynomials were used to interpolate the circumferential direction
and meridian-radial surface variations in the primary variables. They could thus obtain the 3D solutions
for the stress and deformation induced in the revolution of various FG shells using a 2D finite element
mesh on the meridian-radial nodal surface. A two-dimensional shell theory was used for the convention-
al FSE methods, where a set of displacement components varying in the thickness direction were
defined in priority. Assorted stress components and their cross-sectional moment inertias were
integrated through the thickness direction of the shell to form the generalized force and moment resul-
tants, and they were applied on the meridian-circumferential surface (i.e., mid-surface). Serendipity
polynomials were used to interpolate each shell element's displacement component variations in the
mid-surface. Thus, The FSE methods were used to obtain 2D approximate solutions rather than 3D
ones.

The major novelty of these FAPM was that they could obtain the 3D solutions for mechanical analyses
of various revolutions of FG plates and shells, including FG circular and annular plates, FG cylindrical
shells, spherical shells, FG toroidal shells, FG conical shells, FG hyperboloid shells, and FG paraboloid
shells, with using a 2D finite element mesh on the meridian-thickness nodal surface.
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Professor Han-Ching Wang

- Director, International Center for the Scientific Development of Shrimp
Aquaculture, National Cheng Kung University, Tainan, Taiwan

- Distinguished Professor, Department of Biotechnology and Bioindustry
Sciences, National Cheng Kung University, Tainan, Taiwan

- University librarian, National Cheng Kung University, Tainan, Taiwan

- Leading expert, the World Organisation for Animal Health (OIE) reference
laboratories for WSD and AHPND

According to the FAO report (2018), global
aquaculture production exceeded 100 million
metric tons in 2016, with a value of USD 250
billion.Among cultured crustaceans, tiger shrimp
(Penaeus monodon) is highly regarded world-
wide as a popular and delicious source of
high-quality protein due to its unique texture
and flavor.Currently, black tiger shrimp is the
second largest cultivated shrimp species (after
white shrimp).However, due to serious contam-
ination of wild tiger shrimp populations by
diseases or pathogens, plus no long-standing
commercial breeding history (as for white
shrimp), successful cultivation of tiger shrimp
is challenging.Therefore, a comprehensive and
scientific breeding program is urgently needed
to ensure sustainable development of the
global tiger shrimp aquaculture industry.

To revive and advance shrimp aquaculture in
Taiwan, the NCKU International Center for the
Scientific Development of Shrimp Aquaculture
(ICSDSA) focuses on tiger shrimp, a superior
shrimp species along the Taiwanese coast.
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The Center aims to develop a specific patho-
gen-free (SPF) black tiger shrimp breeding
program with regional development advantag-
es, global competitiveness, and unique research
and development characteristics.This program
addresses challenges faced by the tiger
shrimp aquaculture industry in Taiwan and
worldwide, including disease outbreaks, scar-
city of quality breeding stocks, and poor agua-
culture environments.The ICSDSA was proposed
in 2013 at NCKU and has been funded by the
NCKU's endowment, the NSTC and the Minis-
try of Education (MOE). In the last decade, the
Center has constructed essential infrastructure
that meets international standards, including
the 0.5-hectare Tiger Shrimp Nuclear Breeding
Center, the 3-hectare Tiger Shrimp Multiplica-
tion Center, the 0.1-hectare Commercial Tiger
Shrimp Seedling Production Center, two World
Organisation for Animal Health (formerly known
as OIE) reference laboratories for shrimp
diseases (WSD and AHPND), and a core labo-
ratory for shrimp diseases and genomics.Cur-
rently, the ICSDSA is the only institution in
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Taiwan and one of the few globally with a com-
plete facility and technical chain, and it is a
highly competitive and internationally recog-
nized shrimp aquaculture research institution.

Leveraging decades of research on shrimp
diseases and linking with international organi-
zations, the ICSDSA has successfully translat-
ed its findings and applied them to address
key issues in the industry, e.g., biosecurity
management. The Center maintains a high
level of biosecurity standards in its tiger shrimp
breeding environment.Currently, the Center
has successfully established indoor rearing
and breeding technologies for tiger shrimp,
employing international three-tier SPF shrimp
broodstock screening techniques. It has culti-
vated approximately 30 SPF tiger shrimp
broodstock families and conducts selective
breeding for 10 key families, based on global
and industry requirements.To promote shrimp
aquaculture, the Center has also developed
techniques for commercial-scale production of
SPF black tiger shrimp seedlings and shrimp.

Additionally, the Center has established a
supply chain for tiger shrimp to provide society
with high food safety standards.Team mem-
bers have expertise in shrimp disease research,
shrimp physiology and immunity research,
microbial community studies, black tiger shrimp
breeding technologies, and SPF shrimp aqua-
culture technologies.Consequently, they can
promptly respond to global trends in shrimp
aquaculture and develop genetically charac-
terized black tiger shrimp families as well as
breeding facilities capable of meeting future
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needs of a changing world due to climate
change. The Center is dedicated to becoming
a leading Contract Development and Manufac-
turing Organization (CDMO) for the global
black tiger shrimp industry.

Based on this strong foundation, the Center will
soon apply the aforementioned unique facili-
ties, valuable research expertise, and distinc-
tive shrimp breeding families to continuously
enhance selection of economically advanta-
geous traits and annual commercial shrimp
production techniques for tiger shrimp, enabling
future global development. We expect to estab-
lish breakthrough and innovative smart farming
and precision breeding technologies to elevate
Taiwan's tiger shrimp breeding and aquacul-
ture to international prominence. We aim to train
more young students and assist the local
biotechnology industry in participating in
global shrimp disease prevention efforts, there-
by establishing a formidable aquatic animal
disease prevention team in Taiwan with inter-
national competitiveness. We take pride in
collaborating globally and assisting in recovery
of the international tiger shrimp aquaculture
industry.Our academic and industrial achieve-
ments in shrimp disease prevention, genetic
breeding, and smart farming technologies will
lead the world and establish an indispensable
and sustainable foundation for global shrimp
aqguaculture.
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Abstract

Space planning is the core of architectural
designs. Employing computing machines to
assist space planning can be traced back to
early 1960s. For nearly eight decades, there
have been occasional publications of literature
surveys on related research. Through these
literature surveys, we can see particular aspects
of the space planning research within particu-
lar time periods. Our work started with the
above survey of the literature surveys. We then
extended to a broader search of “space plan-
ning” related research subjects to understand
the research trend and landscape for the past
eight decades. Using the Google Scholar
database, we observed the rise and fall of
artificial intelligence technologies used in
space planning research. In this paper, in
particular, we aim to contrast the use of expert
system (rule-based) Al and neural network
pased Al in addressing space planning
issues. These two schools of Al have afforded
researchers to see issues in aspects that are
not so different after all.

Key words

Space Planning, Layout Synthesis, Expert
System, Rule-based Al,Neural network-based
Al.

Professional architectural practices generally
consider a building project in phases, starting
from pre-design, design, construction, through
phases beyond construction. Space planning
is likely to take place in pre-design and design
phrases. The pre-design phase concerns brief-
ing (architectural programming), a process to
investigate needs and constraints, and to
formulate requirements and strategies, and to
define the design problem so as to guide deci-
sion-makings through the later design and
construction phases. The core activity of archi-
tectural space planning is allocating functional
spaces within a building. The activity is rele-
vant to all physical design problems. Research
on layout automation includes, in addition to
architectural layout, component packing, facil-
ity planning, and circuit design [1, 2]. As such,
automatic space planning related research
may use alternative terms, such as “space
allocation”, “space layout”, “layout genera-
tion”, “floor plan generation”, “facility layout”,
“box packing”, “packaging”, “container stuff-
ing”, or “spatial arrangement” [e.g., see: 1, 3,
4].

The present study employed content analysis
to select reviewed literature, as well as a
light-weight bibliometrics approach to under-
stand the research trend. As a first step, we
used CumInCAD [5] to find publications of
literature surveys on space planning related
research. We used each of the following search
terms, “space planning”, “space layout”, “facili-
ty planning”, and “facility layout”, combining
with “literature survey”. From search results,
we filtered out those that are not literature
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survey focused, and examined the references
of selected publications to expand the dataset.
We identified 15 articles, including 9 journal
articles and 6 conference papers, covering
architectural space planning related literature
from 1950s to 2022. These articles were thor-
oughly reviewed, as well as tracking working
that cited these articles.

To examine research trend, we used Google
Scholar [6] to retrieve research articles con-
cerning various computational methods of
space planning. From the previous step, we
identified prominent computational methods
of space planning, including “floorplanning”,
“simulated annealing”, “expert system”, “genet-
ic algorithm”, and “neural network”. We noticed
the term “artificial intelligence” often appeared
together with some of the methods. For the
second step, the search was carried out using
each of the prominent methods, as well as
“artificial intelligence”, with “space planning”.
We used 2021/12/31 as the cut-off date of pub-
lication time.

Figure 1 presents the distribution of retrieved
publications per year as a ratio of publication
number of a computational method in space
planning to publication number of architectural
space planning. Expert system method grew to
be the most popular in mid-1980 until mid-2010.
Neural network method grew slowly but became
the second most popular until overtaking
expert system method in mid-2010. The 2012
neural network publication data seem to be an
anomaly. Al methods appeared to correspond
to the trend of expert system method and
neural network method: before 2015 Al seemed

synonymous with expert system, while after
2016 Al seemed synonymous with neural
network.

Figure 1 Distribution of publications on computational
* methods of space planning per year

Our review focused on Al methods in space
planning. We adopted Minsky’s view of
“top-down symbolic Al” and “bottom-up con-
nectionist” strategies in Al [7]. We use
‘rule-based Al” to address space planning
systems using top-down symbolic approach,
and use “neural network based Al” to address
those using bottom-up connectionist approach.
For this, publication trend on rule-based Al
versus neural network based Al were exam-
ined. To adjust for the anomaly of 2012 in
Figure 1, we doubled up the search term with
“artificial intelligence”. Figure 2 shows the
distribution of retrieved publications per year.
Publications on rule-based Al in architectural
space planning were relatively steady, while
publications on neural network based Al grew
slowly until 2015. After 2015, publications on
neural network based Al in space planning
grew exponentially.
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Figure 2 Distributions of publications on Al in space
planning per year.

To briefly summarize results of our content
review, the way researchers addressing space
planning issues are similar whether using
rule-based Al methods or neural network based
Al methods. When taking the rule-based Al
approach, the knowledge about space plan-
ning is organized into three parts: problem and
solution representation, problem-solving meth-
ods, and solution presentation.

The process of space planning using neural
network based Al consists of two parts: training
a machine learning (ML) model, and applying
the model to solve space planning problems.
In this approach, the knowledge about space
planning is encapsulated in the training data-
set, problem and solution representation, as
well as selecting appropriate ML models. In
both approaches, the key “design knowledge”
is “problem and solution representation”. Solu-
tions to space planning problems may look like
images, yet they are diagrams with rich seman-
tics that relate back to associated design prob-
lem. In short, when addressing architectural
space planning problems, the knowledge
engineering task when taking neural network
based Al approach is similar to the knowledge
acquisition task when taking rule-based Al
approach.
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