IHOOPMALINHI TEXHONOTII, CACTEMHUA AHANI3 TA KEPYBAHHA

Xiangwei Zhang!,
Lili Huang?,
Guoqun Zhao?

1 — School of Management, Shandong University, Jinan,
Shandong, China

2 — Institute of Engineering Mechanics, Shandong Jianzhu
University, Jinan, Shandong, China

3 — Engineering Research Center for Mould & Die Tech-
nologies, Shandong University, Jinan, Shandong, China

A DENSITY CONTROL BASED ADAPTIVE HEXAHEDRAL
MESH GENERATION ALGORITHM

Causeii Yxan!,
Jlini Xyan?,
Tomons Y:kao?

1 — dakynsreT MeHeMKMeHTY, LIlaHbIyHChKUIT YHIBEpCH-
teT, L[3uHaub, llanbnyH, Kurtai

2 — IHctutyT iHXeHepHOi MexaHiku, LlaHbIyHCBKUI
L3ssHbuXy yHiBepcuTeT, LI3unanb, [llanbayH, Kutait

3 — LleHTp iHXXEHEPHUX AOCIIKEHb /I TUBAPHUX Ta Me-
Taso00poobJoounx TexHoJorii, IlanbayHChbKU yHiBep-
curert, L3dunanp, lllaubnyH, Kurtait

KOHTPOJIb HIUVIBHOCTI HA OCHOBI AJAIITUBHOTO
AJITOPUTMY NOBYAOBU INIECTUTPAHHOI CITKU

Purpose. The quality of the finite element mesh is one of the important factors which determine the precision
and accuracy of finite element analysis. A density control based adaptive hexahedral mesh generation algorithm
for three dimensional models is presented in this paper.

Methodology. The main idea of the adaptive grid-based mesh generation algorithm is similar to those of
other conventional grid-based methods, but the initial grid structure is generated adaptively based on the geomet-
ric features of the solid model.

Findings. The density control based hexahedral mesh generation algorithm can accurately capture the geo-
metric features of the solid model with the least number of elements and can generate high quality of hexahedral
element meshes.

Originality. A spatial refinement field is constructed in this paper to control the mesh size and density distri-
bution based on the geometric factors of the solid model.

Practical value. Conformal hexahedral element meshes which can capture all the geometry characters of the
solid models and meet finite element analysis are generated. The effectiveness of the algorithm and quality of the
mesh generation are demonstrated by using a mechanical model.

Keywords: improved grid-based method, geometric features, hexahedral mesh generation, conformal re-

Jfinement, 27-refinement templates, mesh quality

Introduction. With the development of computer
technology and numerical method, numerical simula-
tion methods play more and more important roles in
the fields of science research and engineering applica-
tions. Mesh generation is the key technique in the pre-
processing part of numerical analysis software, and its
task is to discretize the solid model into a ‘mesh’ com-
posed of a number of elements. The efficiency and ac-
curacy of numerical analysis and the reliability of soft-
ware computation are strongly dependent on the den-
sity and quality of mesh model. In three-dimensional
numerical analysis, tetrahedron, hexahedron and a
combination of them are usually used. Tetrahedral ele-
ment meshes have the advantage of high efficiency,
they are easy to implement, flexible for adaptive mesh
generation and easy to realize the mesh regeneration.
At present, the automatic generation technology of
tetrahedral element meshes is fully mature, and it is
employed extensively to handle complex geometries.
However, hexahedral element meshes have been
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proved to be superior to tetrahedron element meshes
in terms of analysis accuracy, amount of meshes, dis-
tortion resistance and regeneration times. This turns
hexahedra an attractive choice for the numerical anal-
ysis of three-dimensional problems.

Due to its own characteristics of finite element
mesh, the quality of deformed mesh has a great effect
on the accuracy of numerical analysis. A sound mesh
generation is necessary and can significantly improve
the accuracy and efficiency of the analysis. Up to now,
many research studies have been done in developing
the automatic hexahedral mesh generation algorithms
[1-3]. There are mainly four typical approaches pro-
posed for all-hexahedral mesh generation, including
mapping/sweeping method [4], plastering method [5],
whisker-weaving method [6] and the grid-based meth-
od [7]. The grid-based method is relatively simple to
implement and easy to realize the local refinement.
Recently, with the development of the adaptive tech-
niques of mesh generation, the grid-based method has
been modified by many researchers and used widely in
the mesh. Unfortunately, there are no demonstrated
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methods for creating grid-based, good-quality, rea-
sonably density distributed hexahedral meshes.

Aiming at solving the problems of local refinement
and mesh quality, this paper proposed an adaptive
generation algorithm of the initial hexahedral element
mesh based on the density control. The procedures of
the adaptive hexahedral mesh generation algorithm
are given.

Improved grid-based hexahedral mesh genera-
tion algorithm. The authors of this paper proposed a b
an improved grid-based method for generating all
hexahedral element mesh in the domain of a three-
dimensional solid model [8]. Fig. 1 shows the flow
chart of adaptive generation for hexahedral mesh. De-
tailed explanations of the key techniques shown in the
flow chart will be systematically presented in the fol-
lowing sections.

Solid model construction and boundary identi-
Sfication. A solid model which can define its geometric
features is constructed firstly. In this paper, triangu-
lated boundary representations generated by CAD sys-
tems, as stereo lithography (STL) files, for example, d
are used. The content of STL files is the data informa-
tion of a series of triangle patches that approach the
surfaces of three-dimensional solid model. Fig. 2
shows the procedure of the adaptive hexahedral ele-
ment mesh generation of a mechanical CAD model.
Fig. 2, a is the triangulation of a mechanical CAD
model generated by UGIV.
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a — triangulated solid model; b — boundary identi-

l fication; ¢ — the refined grid structure; d — the core
mesh; e — the matched mesh; f — the filled and
matched mesh; g — the final generated mesh

| Core mesh generation |

Surface matching

The characteristic boundary of the solid model is
identified through calculating the curvature of the tri-

| Mesh quality improvement | angle facets in the STL files. Firstly, the coplanar rela-
tionship among all the triangle facets is constructed
through calculating the angle between the normal vec-

tors of the triangle facet and those of the three other

Fig. 1. Flow chart of adaptive hexahedral mesh edge-adjacent triangle facets. All the triangle facets
generation which are coplanar form a face named as SF. Then, the
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characteristic edge is identified by judging the attribute
of three edges of all the triangle facets in each face. If
an edge is not shared by two adjacent triangle facets in
the same face, it is defined as a characteristic edge
(CL), otherwise it is a usual edge. Thirdly, the charac-
teristic node (CV) is identified based on the rule that
the node, which is connected to three or more than
three CL is a characteristic node. As shown in Fig. 2, b,
the circle nodes represent the characteristic node
(CV), the thick real line is the characteristic edge
(CL), and the shadowed face represents the surface of
the analysed solid model (SF).

Constructing refinement field and generating
the refined grid structure. In order to accurately
capture the surface features of the geometries, a curva-
ture-based criterion is usually used. Firstly, refine-
ment source points are added on the triangle facets
where the directions of the adjacent facet’s normal
change. If the normal of either of two of the edge-ad-
jacent triangle facets makes an angle of more than a
given value ¢, these two triangle facets are considered
as a curve surface and source points are added on
them. ¢ is a user-specified parameter to detect geo-
metrical features and is assigned as 5° in this paper. If
the sharing edge is an internal edge and its end vertices
are not on the boundary, the source points will be add-
ed on two end vertices. If the sharing edge is internal
and its two end vertices are on the boundary, source
points will be added on the sharing edge. The number
of the source points on the sharing edge can be calcu-
lated by dividing the length of the sharing edge by the
length of the shortest edge among all the edges of the
two adjacent triangles. Then, element refinement
fields are constructed according to the source point
fields. If an element contains more than one source
points, it will be marked as an element to be refined.

To ensure the accuracy of numerical calculation,
the thickness-based criterion needs to be used. This
paper supposes that there are at least three layer ele-
ments in each direction of the meshed model. From
the point of topology, the above supposition can sim-
ply state that every straddling element must have no
less than one vertex-adjacent interior element. Other-
wise, it is marked as an element to be refined.

The first step for the initial refined grid structure
generation is to generate a cubic grid structure envel-
oping the solid model. Then each cub is subdivided ac-
cording to the conformal refinement templates in
Fig. 3 until curvature-based and thickness-based crite-
rion stated above are satisfied. That is, there is not any
element to be refined in the refinement field. The hy-
percriticism of the refinement criteria is unnecessary
when the model is complex, because it will decrease
the computation efficiency. As an addition, a conver-
gence criterion of the repetition based on the ratio of
the number of the refinement elements in the element
refinement fields to the total number of elements is
employed. If the ratio is less than a valve value o, the
repetition is stopped. o is usually assigned from 0 to 0.1
and is assigned as 0.001 in this paper. To avoid creating
low quality elements, transition elements are not re-
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Fig. 3. 27-refinement templates proposed by au-
thors [8]:
a0 — zero-refinement; a — all-refinement; b — two
edge-sharing face-refinement; ¢ — face-refinement;
d — two node-sharing edge-refinement; e — edge-
refinement; [ — node-refinement

fined when the refinement step is more than one.
Fig. 2, ¢ shows the initially refined grid structure which
completely encompasses the solid model.

Generating the core mesh. A uniformly sized or a
locally refined hexahedral mesh system, which com-
pletely encompasses the solid model, is generated ac-
cording to the geometries of the solid model. Usually,
there is a relatively large distance between the surface
of the grid structure and the surface of the solid model
due to the complexity of the geometry of the model.
By removing all the elements in the exterior of the sol-
id model, a jagged core mesh which is well-shaped and
near the solid boundary is generated. Fig. 2, d shows
the jagged core mesh through eliminating the elements
out of the solid model.

Matching the core mesh to the solid model. The
surface of core mesh should be matched to the surface
of the solid model. Firstly, the surfaces of the core
mesh which can be considered as a polyhedron of
quadrilateral faces are picked up and the normal vec-
tors of the whole nodes on surfaces are calculated.
Then, the corresponding mesh points of the nodes on
the surface of the core mesh are generated as the inter-
section points of the normal vectors with the model
surface. Finally, the hexahedral elements in the sur-
face-gap are constructed by connecting all the nodes
of the core mesh surface with their corresponding in-
tersection nodes as the unit of a quadrilateral facet. As
shown in Fig. 2, d, the obtained corresponding points
of point a, b, c and d are a,, b,, ¢, and d, respectively.
The generated hexahedral element in the surface-gap
is a-b-c-d-a,-b,-c,-d,. Fig. 2, e shows the resulting
mesh after matching the surface of core mesh to the
surface of the solid model.

From Fig. 2, e we can see that all the surface nodes
of the mesh are on the surfaces of the solid model. It
can also be seen that the CLs of the solid model are
still not described well by the filled mesh. Fig. 2, f
shows the mesh after finishing the surface filling and
boundary matching.

Improving the mesh quality. The mesh quality is
of vital importance for finite element automatic genera-
tion. Mesh quality improvement involves two main ap-
proaches, which are employed together in this paper.
One is a smoothing operation and the other is a topo-
logical operation. Here the smoothing operation selects
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the scaled Jacobian and the condition number of the
Jacobian matrix as the metrics to measure the mesh
quality. It is assumed that the element is untangled, i.e.
the scaled Jacobian value of a hexahedron must be posi-

tive. The condition numberisdefined as k(7") = |T||T’1 ,
where 7'is the Jacobian matrix. An algebraic shape met-

ric for a hexahedron is defined as f = S/Z(K(Tk )/3)
k

with k = 1,..., 8. The full range of a hexahedron condi-
tion number value is from 0 to +1. The hexahedron
whose condition number value is greater than about 0.2
represents a geometrically well-shaped element and sat-
isfies the need of finite element analysis. When the con-
dition number of a hexahedron is between 0.5 and 1, it is
considered as a very excellent resulting mesh.

By combining the Laplacian smoothing method
with the optimization approach which chooses the
mesh quality metric as the objective function, the mesh
quality is improved significantly. Although after match-
ing of all the nodes, smoothing techniques are con-
ducted to improve the mesh quality, there are still se-
verely distorted elements. This owns to the generations
of some elements with poor quality in the geometrical
topology, such as some elements sharing a CL with
other elements and some elements with three nodes of
a free facet fixed on a same CL. The quality of such
elements is possibly out of the acceptable range of fi-
nite element analysis and cannot be improved with any
node position smoothing. They are judged as degener-
ate elements. Because all the invalid elements exist on
the CL of the solid model, the insertion technique and
the collapsing technique are applied to the boundary
elements according to their sharing CL of the solid
model. The final mesh is obtained, as shown in Fig. 2,
g. Fig. 4 shows the quality of the resulting mesh after
optimization. The ratio of the elements whose Condi-
tion Number is between 1 and 2 is 95.63 %.

Discussion on the algorithm. The main idea of
the improved grid-based mesh generation algorithm is
similar to those of other conventional grid-based meth-
ods, but the initial grid structure is generated adaptive-
ly based on the geometric features of the solid model.
As stated above, the first step of this algorithm is to im-
port the solid model which needs to be meshed and
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Fig. 4. The quality of mesh in Fig. 2, g with Condi-
tion Number metric

ISSN 2071-2227, HaykoBui BicHuk HI'Y, 2016, N2 5

then identify the characteristic boundary of the solid
model. Secondly, the refinement fields are constructed
and modified according to the conformal refinement
templates, and used as a metric to generate an initial
grid structure which is completely superposed on the
solid model. Thirdly, a jagged core mesh is generated
by removing all the elements in the exterior of the solid
model. Fourthly, all of the surface nodes of the jagged
core mesh are matching to the surfaces of the model
through a node projection process, and a hexahedral
element mesh model with the boundaries matched to
the solid model are generated. Finally, the mesh qual-
ity such as topology and shape is improved by using
corresponding optimization techniques.

These steps are all taken automatically except the
import process in the first step. Many studies have
shown that the time expensed on the mesh generation
usually takes up 80 % of the time for the whole process
of finite element analysis. So it is necessary to find out
the time-consumptive reason and the distribution of
the required time for different mesh generation steps. In
this paper, the time of the mesh generation was calcu-
lated on a Microsoft Windows XP PC with an Intel
Pentium 3.00 GHz processor and 1.5 GB RAM. Fig. 5
shows the ratio of the computation time in different
steps of the mesh generation to the total computation
time of the hexahedral element mesh generation for the
solid model in Fig. 2. In the figure, the abscissa repre-
sents the steps of the mesh generation process, where
numbers 1—5 represent the serial number from the first
step to the fifth step, respectively. The ordinate indi-
cates the time ratio. It can be seen from Fig. 5, the time
ratios for the first step and the third step are relatively
small. The expensed time of the second step is the lon-
gest. The sum of the time of the fourth step and the fifth
step is more than a half of the total computation time.

Conclusion. This paper presented a density con-
trol based algorithm for local refinement of hexahedral
meshes by using the 27-refinement method. The mesh
quality is improved significantly by combining the La-
placian smoothing method with the optimization ap-
proach which chooses the mesh quality metric as the
objective function. The efficiency and robustness of
the algorithm were verified by the resulting meshes.
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The density control based hexahedral mesh generation
algorithm improves the control ability of the element
refinement and can generate the hexahedral meshes
suitable for finite element analysis of three dimension-
al engineering problems.
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Merta. SKicTbh CiTKM KiHLIEBUX €JIEMEHTIB € Ofl-
HUM i3 BaxXJMBUX (PakTOpiB, 110 BU3HAYAIOTh TOY-
HICThb aHaMi3y KiHLEBMX eJeMeHTIiB. ¥ 1iii poOoTi
MIpPEeNCTaBICHO METON KOHTPOJIO IIIJTBHOCTI, 3aCHO-
BaHUI HA aJalITUBHOMY aJITOPUTMI FreHepallii 1eCTU -
TPAHHOIO CITKU A1l TPUMIPHUX MOJIEJIEH.

Metonuka. OcHOBHA igesl agallTUBHOTO aJiro-
putMy (OpMyBaHHSI PEryJISIpHOI CiTKM aHajoriyHa
iHILIMM CITKOBUM MeTolaM, ajie BUXigHa CTPYKTypa
CiTKM KOHCTPYIOETbCSI aJaliTUBHO Ha OCHOBI reoMe-
TPUYHUX XapaKTEPUCTUK TBEPAOTUIBHOI MOJETI.

PesynasraTii. KoHTpOJIb 1IIIBHOCTI HA OCHOBI aji-
TOPUTMY TeHepallii IeCTUTPAHHOIO CITKU J03BOJISIE
TOYHO (hiKCyBaTH TeOMETPUYHI OCOOIMBOCTI TBEPHAO-
TUILHOI MO 3 HAMMEHIIMM YMCJIOM €JIeMEHTIB i
MOXe TeHepyBaTH BUCOKY SIKiCTh CiTOK 3 IIIECTUTPaH-
HUMU eJIEMCHTaMH.

HaykoBa HoBu3HA. Y po0OTI OyayeThCs IoJie
TIIPOCTOPOBOTIO MEPECTPOIOBAHHS, 11100 KOHTPOJIIOBA-
TU PO3MIip CiTKM Ta PO3MOMIiJ IIiIbHOCTI Ha OCHOBI
reoMeTpUYHUX (PaKTOPiB TBEPAOTIALHOI MOIETI.

IIpakTuyna 3HaYMMicTh. [eHepylOTbCsl CiTKU 3
PiBHOKYTHUMM IIECTUTPAaHHUMM €JIeMEHTaMMU, IO
MOXYTb OXOMUTU BCi TEOMETPUYHI MIPUMITUBU TBEP-
JIOTIIbHUX MojeJieii i 3aJ0BiIbHSIIOTh aHali3y METO-
JIOM KiHIIEBUX eJIeMeHTiB. EQEeKTUBHICTh alropuTt™My
Ta SIKicCTb MOOYAOBU CITOK IPOIEMOHCTPOBAHI 3 BU-
KOPUCTAHHSIM MeXaHi4YHOI MOei.

KimouoBi ciioBa: ydockoranenuii cimkosuii me-
moad, eeomempu4Hi ocobausocmi, nodydosa uiec-
mueparHoi cimKu, KOH@OpMHe nepecmporo8aHHs.,
wabnoHu ,nepecmporosants Ha 27 ocepedkis*,
AKICMb CimKu

IHenan. KauecTBO CETKM KOHEYHBIX 3JIEMEHTOB $IB-
JISIETCS OHUM M3 BaXKHBIX (DaKTOPOB, OTIPEACIISTIOIINX
TOUHOCTb aHaJIM3a KOHEYHBIX 2JIeMeHTOB. B aT0i1 pa-
0OTe TpEnCcTaBiIecH METON KOHTPOJISI TUIOTHOCTH, OC-
HOBaHHBI Ha aJallTUBHOM aJITOPUTME TeHepallnu
IIECTUTPAHHOM CETKU IJIsI TPEXMEPHBIX MOJIEIICH.

Mertomuka. OCHOBHas uaesl agallTUBHOTO aJiro-
puTt™Ma (hopMHUPOBAHUS PETYISIPHOMN CETKN aHAJIOTMI-
Ha APYTUM CETOUHBIM METOIaM, HO MCXOMHAS CTPYKTY-
pa CeTKU KOHCTPYUPYETCsl afalTUBHO HA OCHOBE Ieo-
METPUUECKUX XapaKTePUCTUK TBEPAOTEIbHON MONIEH.

Pe3syabraTnl. KOHTPOIb IMJIOTHOCTU Ha OCHOBE
aJIropUTMa reHepaluu LeCTUrPaHHOM CeTKU O3B0~
JISIET TOYHO (PUKCUPOBATh F€OMETPUYECKHE OCOOEH-
HOCTH TBEPAOTEJIBHON MOIEIN ¢ HAUMEHBIINM YHC-
JIOM 3JIEMEHTOB 1 MOXKET TeHepUPOBaTh BBICOKOEC Ka-
YeCTBO CETOK C IIECTUTPAHHBIMHU 3JIEMEHTAMMU.

Hayynas HoBu3Ha. B pabGorte cTpouTcs roJie
MIPOCTPAHCTBEHHOTO IIEPECTPOCHUSI, YTOOBI KOHTPO-
JIMPOBAaTh pa3Mep CETKU M pacIpeneieHue TUIOTHO-
CTU Ha OCHOBE IeOMETPUUYECKUX (paKTOpOB TBEPHO-
TEJbHOM MOIEIIN.

IIpakTHYecKasm 3HAYMMOCTb. [eHepupyloTCcsa
CEeTKM C PaBHOYTOJIbHBIMU IIECTUTPAHHBIMU JIEMEH -
TaMH, KOTOPbIE MOTYT OXBATUTh BCE T€OMETPUUECKIIEC
MIPUMUTUBBI TBEPAOTEILHBIX MOAEIEH U YIOBICTBO-
PSIOT aHAJIM3y METOAOM KOHEUHBIX 3JIEMEHTOB. D(d-
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(beKTUBHOCTH aJITOpUTMa U KayeCTBO TOCTPOEHUS
CETOK TIPOJIEMOHCTPUPOBAHBI C WCIIOIb30BAHUEM
MeXaHUYEeCKOI MOJENH.
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THE ALGORITHM OF ARTIFICIAL IMMUNE SYSTEM
SIMULATION WITH SAATY SELECTION OPERATOR
AND ONE-DIMENSIONAL LOCAL SEARCH
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AJITOPUTM MOJEJIOBAHHA IITYYHOI IMYHHOI
CUCTEMMHA 3 CEJIEKTUBHUM OIIEPATOPOM CAATI
TA OJHOBUMIPHHUM JIOKAJIBHUM ITOILIIYKOM

Purpose. Development of an algorithm which implements a certain method of modelling an artificial im-
mune system for solving the task of multidimensional constrained optimization of multiextremum continuous
functions and which provides increasing performance indicators.

Methodology. A hybrid adaptive immune algorithm is proposed. It uses an operator of clonal selection based
on the evaluation of fitness of solutions using the method of Saaty’s hierarchy; pair adaptive crossover; the adap-
tive mutation based on polynomial and normal distribution laws; limited coordinate wise local search using the

method the Golden section.

Findings. The use of the algorithm for multidimensional constrained optimization that simulates the behavior
of the artificial immune system as the operator of selection is mathematically justified by the operator based on the
method of analysis of Saaty’s hierarchies. It is proposed for the first time. Unlike any of known implementations
of heuristic operators, it ensures a high precision and speed of the ascent up to the same level of problems.

Originality. The results show high efficiency of the proposed algorithm for optimization of standard objective
functions used as a test on the spacial dimensions up to 100 iterations. The algorithm shows stable convergence
and a higher speed when there is a task of training neural networks of direct distribution.

Practical value. The main advantages of the proposed algorithm lie in the fact that it remains effective with
the growth of the of the problem; it finds not one solution, but many of them (alternatives); use much less time for
a comparable solution. These properties allow the application of the proposed algorithm to solve multi-criteria
multi-factor optimization problems of decision making in the processes of complex systems control.
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Introduction. A lot of engineering, social and eco-
nomic problems can be formulated as problems of op-
timization some objective functions which include
many variables. However, in most cases there appears
to be multimodal objective functions. The existence of
multiple local optimums of the objective function in
the same time with one or more global optimums is
traditionally seen as a significant drawback. There are
a number of methods and algorithmic techniques
aimed at the withdrawal of the local optimums to
achieve a single global solution.
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The problem is compounded when the issue is not
about one, but about a number of criteria and a set of
decisions which are not dominated by each other
among which we still trying to find a single optimum. In
real usage there is often the need to find not a single
optimum solution for the problem, but their families.
Each of the resulting solutions that, in general is subop-
timal, allows us to consider several possible outcomes.

Problem definition. Metaheuristic, known as a
method of simulation of the artificial immune system,
provides this multivarious problem solution.

The immune algorithm (IA) offered here imitates
properties of the natural immune system. It is based on
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