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TOM TAT

Nghién ciru nay, gi6i thiéu phieong phdp sinh lwéi khéng cdu triic va toi wu héa bang
DistMesh. Phwong phdp nay sir dung thudt todn toi wu liec phuc hoi dé cai thién chdt heong hedi
qua tirng buoc va chiéu cdc nit bién duwa trén dinh nghia hinh hoc an. DistMesh tw dong tinh todn
ham kich thieée lwéi dia trén do cong va dic trung hinh hoc, dong thoi két hop phirong phdp gidi
han gradient t6i wu. Phirong phdp ndy cé thé dp dung cho moi chiéu khéng gian va c6 vmg dung
réng rdi, bao gom hedi di dong, dong luc hoc chat long, t6i wu héa hinh dang, bién dang cdu triic,
va thich nghi s6 hoc. Két qua nghién ciru cho thdy, DistMesh tao ra cdac lwGi c¢é chdt lwong cao va

hiéu qua tinh todn vuot tréi so véi cdc phirong phdp tao lwGi truyén thong khdc.
Tir khéa: DistMesh; Ludi chat lwong cao, Hinh hoc an.
ABSTRACT

This study introduces unstructured mesh generation techniques using DistMesh. The method
iteratively improves the mesh by solving force equilibrium equations and projecting boundary nodes
according to the definition of implicit geometry, applicable in any spatial dimension. The algorithm
computes the mesh size function automatically based on curvature and geometric features, combined
with optimal gradient limiting methods. Applications of the algorithm include mobile meshing, fluid
dynamics, shape optimization, structural deformation, and adaptive numerics. Results demonstrate
that this method produces high-quality meshes and superior computational efficiency compared to

other mesh generators.
Keywords: DistMesh; High quality mesh, Implicit geometry.
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1. TONG QUAN

Qué trinh tao ludi dong vai trd rat quan
trong trong nhiéu tng dung, tir mo phong tinh
toan dén d6 hoa may tinh [1]. Mot lu6i khong
ciu tric co ban bao gom viéc chon cac diém
lu6i va phan chia chiing thanh cac tam giac. Dé
xtr 1y cac chi tiét phuc tap cua hinh hoc, ludi
can c6 cac phan tir nho. Tuy nhién, trong mot
s6 trudng hop, viée st dung cic phan tir 16n
hon ciing ¢6 thé hitu ich dé giam do phtc tap
ctia ludi. Trong cac tng dung sb, viéc st dung
cac phan tir chat luong cao, nhu cac tam giac
gan déu, 1a cuc ky quan trong dé dam bao tinh
chinh x4c ctia qua trinh phén tan va tinh 6n dinh
ctia hé phuong trinh tuyén tinh.

Mot trong nhirng thuat toan tao ludi
phd bién nhat 1a phuwong phap tinh chinh
Delaunay[2]. Thuat toan nay bat dau bang cach
chia mot tap hop cac diém ban dau thanh cac
tam giac va sau dé tinh chinh lu6i cho dén khi
chét lugng cua cac ph?m tir dat dugc muc do
mong mud6n. Thuong thi thuat toan nay hoat
dong tir phia dudi 18n, bat dau tir viéc phan chia
cac diém, sau do6 1a cac duong cong, bé mit va
cudi cung 1a thé tich. Phuong phap tiép can mat
[3] ciing 14 mot phwong phap phd bién, noi ma
qua trinh tao ludi bt dau tir bién va tao ra cac
phan tir ludi theo mot mit tiép can vao trong
mién.

DistMesh 1a mot cong cu manh mé cho
viée tao ludi khong cdu trac, dic biét 1a khi can
t6i wu hoa chat luong cua ludi, cong cu nay
dugc viét hoan toan bang ngdn ngir MATLAB.
O hinh 1 ¢6 thé thay 5 duoc cac phan tir ludi
dugc sinh ra tir DistMesh c6 chat lugng dong
déu va cao hon so véi phuong phap Delaunay
thong thuong. Trong nghién clru nay, ching to1
s& tap trung vao md phong sd dé so sanh két
qua gitta cac ludi khac nhau dugc sinh ra tir

DistMesh va tir phuong phdp Delaunay trong
Star-CCM+.
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Hinh 1. M6 ta cdac phwong phap tao luci khdc
nhau cho hinh tron, a) Luoi dwoc sinh ra tir
DistMesh va b) Luéi dwoc sinh ra bang phirong
phap Delaunay.

2. PHUONG PHAP SINH LUOI VA TOI
UU HOA

Thuat toan tao ludi nay dya trén mot
phep tuong tu co hoc gitra mot ludi tam gidc
va cdu trac glan 2-D, hay cau trac 10 xo [4],
[5]. Thuat toan bét dau bang cach sir dung thuét
toan Delaunay d¢é tao ludi tam giac cho tap hop
cac diém trong mit phang x, y. D6i vi mo hinh
vat 1y nay, cac canh cua tam giac (cac duong
nbi giira cac diém) duoc coi nhu cac thanh cua
gian, va cac diém duogc coi nhu cac khdp ndi.
MGdi thanh ¢6 mot méi quan hé gi&a luc va bién
dang f(l ,)» phu thudc vao chiéu dai hién tai 1
va chiéu dai ban dau khong bi keo gian I cua
n6. Cac ngoai luc tac dong 1én cau tric duoc
ap dung tai cac diém bién. Tai mdi nut bién, cd
mdt phan lyc vudng goc véi bién, c6 do 16n du
dé ngan nat di chuyén ra ngoai.

Nhiém vu cta thuat toan la tim vi tri cua
cac khop sao cho toan bo cdu tric dat trang thai
can bang lyuc tinh. Khi h (x, y) = 1 (ham nay dé
xac dinh d6 dai can béng cua céac canh), muc
tiéu 1a chiéu dai cua tat ca cac thanh tai trang
thai can béng s€ gﬁn nhu béng nhau, tao ra mot
luéi tam giac déu va co hinh dang tot.
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Dé giai quyét trang thai can bang luc,
chung ta can thu thap toa do x va y cua tat ca
cac diém ludi N vao mdt mang Nx2, goi la p:

X1 N
X; Y
p= 52 ] E2
Xn VN

Vector luc F(p) tai mdi diém ludi s&
duoc chia ra thanh cac thanh phan theo phuong
ngang va doc, ky hi¢u la F_(p) va F (p) Céc
thanh phan nay duoc tmh dua tren tong luc
tir tAt ca cac thanh két ndi. Mdi thanh tao ra
mot luc ty 1€ véi su kéo dan hoac nén so voi
chiéu dai ban dau cta né. Diéu kién can bang la
tong cac thanh phan luc ndy tai mdi diém bang
khong, dam bao khong c6 chuyén dong thuan
va do do ludi o trang thai on dinh.

F(P) = [Fmt,x(p) Fiﬂt,y(p)] + [stt,x(p) stt,y(p)]

O day, F .. chtra cac lyc bén trong tir cac
thanh va F_, 1a cac luc bén ngoai (phan lyc tir
cac ranh gidi).

Luu ¥ rang F(p) phu thudc vao ciu triic
ctia cac thanh nbi gitta cac khép. Trong thuat
toan, cau trac nay dugc xac dinh béng cach st
dung phan chia Delaunay cua cic diém trén
ludi. Delaunay tao ra cac tam giac khong giao
nhau dé 1ap day ving nam phia trong cta cic
diém dau vao bao quanh no, sao cho mdi canh
chi dugc chia sé boi t6i da hai tam gidc va
duong tron ngoai tiép ctia moi tam giac khong
chira bat ky diém dau vao nao khac. Trén mat
phéng, viéc phan chia tam giac nay duoc biét
dén dé toi da hoa géc nho nhat cua tit ca cac
tam giac. Bang chu y, vector luc F(p) khong
thé duoc coi 1a mot ham lién tuc cua p do ciu
trac (su c6 hodc khong c6 cac thanh ndi) duoc
thay d6i boi Delaunay khi cac diém di chuyén.

Heé phuong trinh F(p) = 0 can duoc giai
dé tim ra mot tap hop céc vi tri cn bang p. Pay
12 mot van dé kha kho khin, mot phan do tinh
khéng lién tuc trong ham luc (su thay doi cua
hinh hoc) va mot phﬁn do su hién dién cua cac
ngoai lyc tai bién.

Mot cach tiép can don gian dé giai hé
phuong trinh F(p) = 0 1a dua vao mot yéu t6 phu
thudc vao thoi gian do. D6i voi mot s6 p(0) =
p,» chung ta co thé xem xét mot hé cac phuong
trinh vi phan (trong h¢ khong thir nguyén).

dp
7~ F@).
Néu tim duge mot nghiém tinh, no sé

thoa man h¢ phuong trinh F(p) = 0. H¢ phuong
trinh (2.3) duoc x4p xi bang phuong phap Euler
tién (forward Euler method). Tai cdc thoi diem
roi rac (gia dinh) t = nAt, nghiém xap xi p,~
p (t,) duoc cap nhat bang cach:

t =0.

P, + AtF(p,),

pﬂ+1 =

Khi danh gid ham luc, cac vi tri p_duoc
biét trudc, cdu trac gian (phan chia tam giac cta
tap diém hién tai) cting duogc xac dinh. Cac luc
hdi phuc bén ngoai duoc xir 1y theo cach sau:
Tét ca cac diém vuot ra ngodi ving trong qué
trinh cap nhat tr P, dén P, S€ duoc di chuyén
tro 1a1 dlem bién gan nhat Bleu nay tuan thu
yéu cau rang cac luc tac dong vudng goc voi
bién, cac diém chi co thé di Chuyén doc theo
bién, nhung khong dugc di ra ngoai.

C6 nhiéu lya chon khac nhau cho ham
luc f(1, 1)) trong mdi thanh va mot s6 lua chon
da dugc nghién gl’Iu [6], [7]. Ham k(I -1) mo
phong 10 xo tuyén tinh thong thuong. Trong
trién khai ciia chiing t6i, phan ung tuyén tinh
nay duoc str dung cho cac lyc ddy nhung khong
cho phép luc kéo:
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Khil <1,

{ k(lo—1)
khil = I,

flLlo) =

Céc ham lyc phi tuyén c6 thé tao ra cac
ludi tét hon (vi du véi k(1+D/21), nhu:ng ham
luc tuyén tinh tung doan lai cho két qua tot (k
duoc thém vao dé dam bao don vi chinh xéc; k
duoc dit bang 1). Viéc yéu cau f=0khil=1, 1a
hop ly. Cach xur ly bién dugc dé xuat c6 nghia
la khong diém nao bi ¢p budc phai ¢ lai bién,
chung chi bi ngan khong cho vuot qua bién. Do
d6, diéu quan trong 1a hau hét cac thanh phai
sinh ra lyc day f> 0, dé giup cac diém lan toa
khip toan bo hinh hoc. Piéu niy c6 nghia 1a
f(1,1 ) nén dwong khi 1 gan bang chiéu dai mong
mudn, diéu nay c6 thé dat duoc bang cach chon
I, 16n hon mot chit so vdi chiéu dai thuc sy
mong muon (mat gia tri mac dinh tot trong 2-D
14 20%, diéu nay dan dén Fscale = 1.2).

Déi voi cac ludi dong déu, 1) 1a hing
sO. Tuy nhién, c6 nhiéu trudng hop viée cb cac
kich thudc khac nhau ¢ cac viung khac nhau s€
co loi. O nhitng khu vuc c6 hinh hoc phuc tap,
can str dung cac phan tir nho dé giai quyét van
dé (tinh thich ¢mg hinh hoc). Phuong phap giai
c6 thé yéu cdu cac phan tir nho gan cac diém ky
dj dé dat 6 chinh xé4c toan cuc tdt (trinh giai
thich tmg). Mot ludi ddng déu voi cac phan tir
nho nay s& doi hoi rat nhidu nut. Trong trién
khai nay, phan bd chiéu dai canh mong muén
duoc cung cap boi ngudi dung dudi dang mot
ham kich thuéc phan tir (size function) h(x,y).
Luu ¥ rang h(x,y) khong nhét thiét phai bang
kich thudce thue té: n6 chi dua ra phan bd tuong
d6i trén toan mién. Piéu nay tranh sy lién két
ngdm véi sd lugng nat, ma khong can ngudi
ding phai chi dinh. Vi dy, néu h(x,y) = 1 + x
trong hinh vuéng don vi, thi chiéu dai canh gan
bién trai (x = 0) s& khoang mdt nira chiéu dai
canh gan bién phai (x = 1). Piéu nay diung bat
ké sb luong diém va kich thudc phan tir thuc té.

D tim hé 56 ty 18, ty 1¢ giira dién tich
ludi tir cac chleu dai canh thuc té 1. va "kich
thudc mong mudn" (tir h(x,y) tai tmng diém (x;
,y,) cua céac thanh) dugc tinh nhu sau:

e ( L’ )”Z
esotyle= |7
PO TG

Diéu nay dam bao rang phan b kich
thuoc phan tir duge duy tri dung theo mong

mudn cia nguol ding ma khong can xac dinh
chinh x4c so0 lugng ntt.

3. MO PHONG DPANH GIA LUOI
3.1. M6 hinh mé phéng

Mb hinh duogc st dung dé md phong
trong nghién ctru nay 1a mé hinh mit cit ngang
2D tai suon 0.5 cia mot tau container 25,000
DWT véi kich thude tiéu chuan. Chung t6i
tién hanh khao sat trén ba loai ludi khac nhau:
Luoi 1 (a) duoc tao ra béng DistMesh vai kich
thudc phan tir xap xi 0.5 m, ludi 2 (b) duoc tao
ra bang DistMesh v6i kich thudc phan tir min
hon 1a 0.2 m va luéi 3 (¢) dugc tao ra béng
phan mém Simcenter STAR-CCM+ sir dung
phuong phap Delaunay voéi kich thudc phan tir
xap xi 0.5 m, nhu dugc minh hoa trong Hinh 2.
Mo hinh duogc st dung dé tinh toan 1a mé hinh
Solid Stress, va qua trinh mé phdéng dugc thuc
hién trén phan mém Simcenter STAR-CCM+.

__--......||I|Im
3

Hinh 2. Biéu dé so sanh chdt hrong phan tir ciia 2
phuwong phap chia luci
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Trong md hinh vat ly, chung t6i gia
dinh mét lyc do song bién gy ra theo phuong
ngang tac dong tir bén hong cua con tau. Trong
truong hop nay, tat ca cac suon cua tau sé chiu
luc phan bd nay. Chiing t6i phén tich lyc tac
dong Ién mgt mat cit ngang cua tau nhu dugc
mo ta trong Hinh 3.

Chidu ring B=206m

Chiéu Cao H=1375m

Tii trong F=10MN

Diéu kin img suit Dan hi tuyén tinh

Hinh 3. M6 hinh vt ly va bang théng s
3.2. Phan tich két qua

Két qua bai mo phong so sanh giita
cac ludi (hinh 4, 5) cho thay su khac biét dang
ké vé cac thong sd quan trong c6 thé quan sat
trong bang 1: P9 dich chuyén 16n nhat theo
phuong x, Gmg suét 16n nhat theo phuong x, va
tong thoi gian xtr Iy CPU cia bd giai. Co thé
thdy rang, luéi Delaunay cho két qua do dich
chuyén 16n nhét va tmg suét cao nhat, trong khi
hai lu6i DistMesh cho két qua gan nhau hon va
thap hon vé ca d6 dich chuyén va ung suat. Tuy
nhién, vé tong thoi gian xir Iy CPU, DistMesh
(Ludi 1) co thoi gian xir Iy nhanh nhat, cho
thiy hiéu sut tinh todn cao hon so véi ludi
Delaunay cung kich thudc.

Displacement: Magnitude (m)

Hinh 4. Mo ta vi tri cia mé hinh sau khi
tdac dong luc

Bdng 1. Tong hop két qua - danh gic Bé Dich
Chuyén, CPU Time va Ung Sudt Téi Pa trong mé
phong cua 3 ludi khac nhau:

D4 dich chuyén lém nhit
theo phwong x

Téng théi gian xir Iy

Phuong phip tao lréi CPU ciia by gidi

(0 ymax

DistMesh (Luéi 1) 1.454102 (m) 2.532733¢+09 (Pa) 4,982 (s)

DistMesh (Luéi 2) 1.519024 (m) 2.602335¢+09 (Pa) 6.234 (s)

Delaunay (Star-CCM+) 2038736 (m) 2.766248¢+09 (Pa) 6.152 (s)

Hinh 5. Két qud mé phong hedi
4. KET LUAN

Nghién ctru nay da gidi thiéu va ap dung
céc k¥ thuat sinh ludi khong cdu tric sir dung
DistMesh dé mé6 phong mot mit cat ngang cta
tau container 25,000 DWT. Chiing toi da tién
hanh khao sat trén ba loai ludi khac nhau va so
sanh chat lugng phan tir ciing nhu hi¢u qua tinh
toan cua timg loai ludi. Két qua cho thiy rang,
phuong phap DistMesh tao ra cac ludi co chat
lugng cao va hi¢u qua tinh toan vugt trdi hon
50 v6i cac phurong phap chia ludi truyén thong,
dac biét 1a khi sir dung ludi min hon véi kich
thude phan tir 0.2 m.

Ludi tao ra tr phan mém Simcenter
STAR-CCM+ véi kich thuéc phan tir 0.5 m
ciing cho thiy hiéu qua tt, nhung chua dat dén
muc do tinh té va chat luong nhu cac ludi tao
ra bang DistMesh. Phan tich lyc tic dong 1én
mit cat ngang cua tau cho thdy rang ludi co
chat lugng cao dam bao tinh chinh xac cua két
qua mé phong va 6n dinh cua hé phuong trinh
tuyén tinh.

Nghién ctru nay, dong gop vao viéc mo
rong hiéu biét veé viéc ap dung cac phuong phap
tao ludi va toi wu hoa trong vi¢c mo phong cac
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van d¢ tinh toan phirc tap. Diéu nay giup cai
thién su chinh x4c va hi€u qua cta cac phan tich
k¥ thuat trong linh vuc co khi va hang hai.«
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