Tém tat: Su tich hop ctia hoc may (ML) va hoc sau (DL) vao
phan tich phan t& hitu han (FEA) dang trd thanh xu huéng
ndi bat, vlira gidi quyét thach thuc tinh toan viia md ra nhimng
huéng nghién cltu mdéi trong ca hoc tinh toan. Bai bao nay trinh
bay mét téng quan toan dién vé vai trd cGla ML va DL trong viéc
nang cao FEA & cac giai doan tién x{ ly, gidi thuat va hau xa
ly. Cac phuang phdp nhu mé hinh surrogate, mé hinh vat liéu
dua trén di liéu va mang than kinh théng tin vat ly (PINN) dugc
xac dinh la mang tinh dét pha, cé kha nang giam chi phi tinh
toan, xt ly bat dinh va hd trg phan tich ngugc. Phan thao luan
so sénh gilia cac phuong phap ML/DL va FEM truyén théng chi
ra nhiing uu diém va han ché. Pinh huéng tuong lai bao gém
phat trién mé hinh lai, khung dinh lugng bat dinh manh mé va
bé gidi dua trén dit liéu hiéu nang cao. Két qua nghién ctiu cho
thay ML va DL sé gi(i vai trd then ch6t trong qua trinh phat trién
thé hé méi cla co hoc tinh toan.

Tur khéa: Phan tich phan tir hitu han, Hoc may, Hoc sau, Mé
hinh thay thé, PINN, Co hoc tinh toén.

Abstract: The integration of Machine Learning (ML) and Deep
Learning (DL) into Finite Element Analysis (FEA) has emerged as
a prominent trend, addressing computational challenges while
opening new research directions in computational mechanics.
This article presents a comprehensive review of the role of ML
and DL in enhancing FEA across preprocessing, solving, and post-
processing stages. Surrogate modeling, data-driven material
modeling, and Physics-Informed Neural Networks (PINNs)
are identified as breakthroughs with capability of reducing
computational costs, managing uncertainty, and enabling
inverse analysis. A comparative discussion between ML/DL
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approaches and traditional FEM highlights both advantages and
limitations. Future perspectives include the development of hybrid
models, robust uncertainty quantification frameworks, and high
performance data-driven solvers. The findings suggest that ML
and DL will play a pivotal role in the evolution of next-generation
computational mechanics.
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1.MG PAU

Phan tich phan ti hiru han (Finite Element Analysis — FEA) tir
lau da tré thanh mét cong cu co ban trong co hoc tinh toan va
ky thuat iing dung. Phuong phap nay cho phép giai quyét cac
bai toan co hoc phtic tap lién quan dén bién dang, Ung suat,
dao dong, truyén nhiét va nhiéu hién tugng vat ly khac thong
qua viéc rdi rac héa mién lién tuc thanh cac phan ti hiu han.
Trong hon ntra thé ky qua, FEA da dong gép to I6n trong thiét
ké ky thuat, tir hang khéng, xay dung, 6 t6 dén ca hoc vat liéu
tién ti€n. Tuy nhién, di ciing véi kha nang moé hinh hoéa chi tiét la
thach thiic vé chi phi tinh toan, dac biét khi kich thugc mé hinh
tang lén, hodc khi yéu cau phan tich xac suat, phan tich ngau
nhién, va t6i uu héa nguoc dugc dit ra.

Trong bdi cdnh d6, su phét trién manh mé cla hoc may
(Machine Learning — ML) va hoc sau (Deep Learning — DL) trong
hai thap ky gan day da ma ra co héi méi cho co hoc tinh toan.
ML/DL vén da chiing minh hiéu qua vugt trdi trong xtt ly di liéu
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. NGHIEN CUU VA NG DUNG

I6n, nhan dang mau, du doan phi tuyén va xay dung moé hinh
thay thé (surrogate models). Khi ap dung vao FEA, ML/DL c6 thé
giam tai khéi lugng tinh toan thong qua viéc xap xi nghiém, dy
dodn nhanh cac dai lugng quan tam, ho trg xay dung mé hinh
vat liéu phi tuyén, va tham chi thay thé mét phan quy trinh giai
truyén thong bang phuong phap dua trén dir liéu.

Mét trong nhiing diém néi bat 1a su xuat hién cia mang
than kinh théng tin vat ly (Physics-Informed Neural Networks —
PINNSs), cho phép giai truc ti€p cac phuang trinh dao ham riéng
(PDEs) ma khéng can rai rac hda mién nhu FEM. Cach ti€p can
nay ma ra trién vong vé cac bo gidi thé hé mai, khéng dua hoan
toan vao lugi phan tl, dong thai co kha nang xu ly linh hoat cac
bai toan bién ngugc va bat dinh.

Muc tiéu cha bai bdo nay 1a cung cdp mét cai nhin téng
quan hoc thuat, phan tich vai trd ctia ML/DL trong viéc nang
cao FEM, chi ra cac hudng ti€p can ndi bat, so sénh véi phuong
phap truyén théng, va dua ra trién vong cho tuang lai. Bai béo
tap trung vao ba giai doan chinh: tién xt ly, giai thuat va hau x

ly. Ngoai ra, bai viét con ban luan vé han ché hién tai, thach thic
ky thudt va co hoi nghién cttu mé.

Phdn tich phan ta hitu han (Finite Element Analysis — FEA)
tirldu da tré thanh mét céng cu co ban trong
co hoc tinh todn va ky thudt ing dung

2. PHUONG PHAP NGHIEN CcUU

- Thu thap d@ liéu: DI liéu nghién cliu dugc thu thap chi
yéu tir cdc ngudn tai liéu hoc thuat cé uy tin nhu Scopus, Web
of Science, IEEE Xplore, ScienceDirect va SpringerLink. Cac
céng trinh dugc chon loc bao gém bai bao khoa hoc, bao cao
ky thudt, va mot s6 tai liéu téng quan trong nhiing nam gan day
nham dam bao tinh cap nhat.

- Xt ly va téng hop phan tich dt liéu: Cac tai liéu thu thap
dugc ti€n hanh phan loai theo ba giai doan cta FEA (tién x ly,
giai thuat, hau x{r ly) va theo loai md hinh ML/DL (ANN, CNN,
GAN, GPR, PINN, v.v.). Qua trinh phan tich tap trung vao viéc
danh gia theo céac tiéu chi vé dé chinh xac, chi phitinh toan, kha
nang ma& rong va pham vi iing dung.

-T6ng hop bang phuong phéap phan tich dinh tinh, két hgp
vGi mét s6 thdng ké mo ta (s lugng nghién clu, tan suat ap
dung mé hinh, xu hudng xuat ban). Cac céng cu hé trg bao
g6ém Excel va VOSviewer dé 1ap ban dé trich dan va phan tich
xu huéng nghién ciu.

3. CO SO LY LUAN VA UNG DUNG CUA TiCH HQP HOC
MAY VA HOC SAU VGI PHAN TiCH PHAN TU HOU HAN FEM

3.1. Khai quat vé hoc may va hoc sau

Hoc may la linh vyc cla tri tué nhan tao tap trung vao phat
trién cac thuat toan c6 kha nang hoc héi tir dir liéu va dua ra du
dodn ma khong can lap trinh tudng minh. Trong co hoc tinh
toan, cac thuat toan hoi quy, phan loai, mang ng-ron nhan tao
(ANN), va may vector hd trg (SYM) dugc ap dung rong rai cho
viéc xay dung mé hinh thay thé.

Hoc sédu, mot nhanh ctia hoc mdy, khai thdc cdc mang no-
ron nhiéu tang (deep neural networks) nham ty dong hoc dac
trung va mo hinh héa cac quan hé phi tuyén phc tap. Nhé vao
GPU va tinh toan song song, DL da tré thanh cong cu hiéu qua
dé xtt ly dit liéu c6 dé phuc tap cao nhu hinh &nh, tin hiéu, va
trong béi canh FEM - dir liéu trudng ting suat/bién dang.

3.2.Téng quan vé FEM trong co hoc tinh toan

FEM la phuang phap sé dua trén y tudng rdi rac héa mién
lién tuc thanh cac phan ti nhg, trén dé trudng bién dang va
Ung suat dugc xap xi bang cac ham dang. Viéc giai FEM truyén
théng bao gom ba giai doan: (i) tién x{ ly (tao luéi, dinh nghia
vat liéu, diéu kién bién), (i) gidi hé phuaong trinh tuyén tinh hoac
phi tuyén thu dugc, (i) hau x{ ly (xdy dung trudng Ung suat/
bién dang va trich xuat dai lugng quan tam).

DU FEM da dat do chinh xac cao, song khi ap dung cho cac
bai toan phi tuyén manh, mé phéng da ty 1& hodc yéu cau s6
lugng moé phong 1én trong phan tich bat dinh, chi phi tinh toan
tré thanh rao can. Pay la ly do cac mé hinh dua trén ML/DL
dugc quan tam nham giadm thiéu doé phc tap.

(Deep Neural Network)
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Ung dung hoc mdy va hoc s@u trong phdn tich phén ti hitu han
cho mé hinh héa va mé phéng két cdu

3.3. Han ché cia FEM va vai trd bé trg cia ML/DL

FEM tén tai mét s6 han ché sau: Chi phi tinh toan I6n, cac moé
hinh 16n véi hang triéu bac ty do doi hoéi siéu may tinh hodc
cum HPC; Khé khan trong phan tich ngau nhién, Phuong phap
Monte Carlo yéu cau s6 lugng mé phdng FEM rat I6n dé dinh
Iugng bat dinh, dan dén chi phi khéng 16; Khé khan trong xay
dung mo hinh vat liéu phi tuyén, viéc xac dinh théng s6 vat liéu
phi tuyén phuc tap thudng doi héi thir nghiém thuc nghiém
tén kém; Kho giai bai toan ngugc, FEM truyén théng thudng
khé giai cac bai toan tim tham sé dau vao tur di liéu quan sat.
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. NGHIEN G VA ('NG DUNG

ML/DL mang lai mét sé vai trd bé trg: Mé hinh thay thé
(Surrogate models), xap xi quan hé dau vao-dau ra dé giam s6
lan chay FEM; M6 hinh hoa vat liéu dua trén di liéu, hoc truc
ti€p tir dir liéu thir nghiém, thay vi gia thi€t ham hién phap; Giai
PDE béng PIN, loai bd nhu cau rdi rac hoa mién; Hau xt ly nang
cao, GAN va CNN co6 thé tai tao trudng Ung suat tur dir liéu thua

3.4. Ung dung ctia ML/DL trong cac giai doan FEA

Giai doan tién xir ly: Trong giai doan nay, ML/DL hé trg sinh
Iugi tu ddng, CNN va GNN c6 thé hoc cach tao ludi t6i uu dua
trén hinh hoc phuc tap; Du doan tham sé vat liéu, ML hoc tir d i
lieu thi nghiém dé du doan théng s mé hinh phi tuyén.

Giai doan giai thudt: Ung dung néi bat bao gém, mé hinh
thay thé cho solver, ANN va Gaussian Process Regression (GPR)
thay thé mét s6 budc giai truc ti€p; PINN-giai PDE ma khong
can ludi, hitu ich trong bai toan bién ngugc va bat dinh; M6
phong da ty 1&, ML két n6i m6 hinh vi m6 va vi mé nhanh hon
FEM truyén théng.

Giai doan héu xur ly: ML/DL giup khoi phuc trudng ting
suat/bién dang ti dit liéu do dac thua; GANs-sinh anh trudng
(ing suat v&i do phan giai cao tur dir liéu FEM thua; Giam kich
thudc dit liéu, Autoencoders nén dit liéu FEM khéng 16 phuc vu
phan tich ngau nhién.

4. KET QUA VA THAO LUAN (Results and Discussion)

FEM vs ML/DL: FEM: chinh xac, dua trén co s& vat ly viing
chdc, nhung chi phi cao. ML/DL: tinh toan nhanh, hiéu qua
trong bai todn Iap di lap lai, nhung phu thudc vao dir liéu va
kho dam bao tinh téng quat.

PINN vs FEM: PINN, khéng can ludi, linh hoat trong xt ly
bién ngugc, nhung yéu cau dit liéu huan luyén chat lugng. FEM,
én dinh, phé bién trong céng nghiép, nhung khé ép dung cho
bai toan ngau nhién quy mé 1én.

Han ché'va trién vong: ML/DL can lugng dit liéu huan luyén
I6n va thudng thiéu minh bach (black-box). Trién vong ndm &
cac moé hinh lai FEM-DL, vua téan dung cg s& vat ly FEM, vua
tang t6c bang DL.

Dua vao viéc so sanh FEM, ML/DL va PINNs cling lam séng to
uu thé va han ché tuong déi cua tirmg phuong phap, ti dé dua
ra géc nhin can bang gitra dé chinh xac, chi phitinh toan va tinh
Ung dung. Bai bdo cung cap céi nhin toan dién vé hién trang
tich hgp ML/DL vao FEA ma con dua ra khung phan loai theo ba
giai doan, giup hé thong héa kién thirc mot cach rd rang. Ngoai
ra, bai viét nhan manh vai trd dac biét clla cdc md hinh thé hé
md&i nhu mang than kinh théng tin vat ly (PINNs), vén c6 thé
thay d6i céch ti€p can truyén théng trong viéc gidi cac phuong
trinh dao ham riéng.

Bai bao da hé théng héa nhiing tng dung néi bat clia hoc
may (ML) va hoc sau (DL) trong phan tich phan t& hiru han
(FEA), tap trung vao ba giai doan quan trong: tién x{ ly, giai
thuat va hau xd ly. Cac két qué téng quan cho thdy ML/DL c6
kha nang gidm chi phi tinh toan, tang téc qua trinh gidi, déng
th&i ma ra huéng ti€p can mai trong moé hinh héa vat liéu phi
tuyén, xu ly bai toan bién ngugc va phan tich bat dinh. Y nghia
khoa hoc ctia nghién cttu nam & viéc chiing minh tiém nang
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cia ML/DL nhu mét céng cu bé trg hiéu qua cho FEM truyén
théng, trong khi y nghia thuc tién thé hién & kha nang ap dung
vao cac nganh ky thuat yéu cau mé phdng phc tap, tir hang
khéng, xay dung, dén nang lugng va vat liéu tién tién.
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Ung dung vao ky thudt céng nghiép nhu hang khéng, co khi,
ndng lugng tdi tao

5. KET LUAN (Conclusion)

Bai bao da téng quan céac ung dung ML/DL trong FEA, tu
tién x{ ly, giai thuat dén hau x{ ly. Cac két qua cho thay ML/DL
khoéng chi 1a cong cu bd trg ma con cé thé thay thé mot phan
quy trinh FEM trong tuang lai. Tuy nhién, thach thdc van tén
tai, bao gém tinh minh bach, dé tin cay, va nhu cau di liéu 16n.

Trong tuong lai, huéng nghién ctru can tap trung vao: M6
hinh lai FEM-DL @& ddm bao vita nhanh viia chinh xéac. Dinh
lugng bat dinh tich hop trong ML/DL nhdm ting dd tin cdy. Ung
dung vao ky thuat cdng nghiép nhu hang khong, ca khi, nang
lugng tai tao. Khai thac HPC va tinh toan song song dé huén
luyén ML/DL quy mé I6n.

Két luan chung la ML/DL sé déng vai trd nén tang trong su phat
trién thé hé mdi clia co hoc tinh toan, déng thdi mé réng khdng
gian ting dung vugt ra ngoai gidi han ctia FEM truyén thong.
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