TNU Journal of Science and Technology 229(15): 12 - 20

MACHINE LEARNING REPRESENTATION FOR ATOMIC ENERGIES
IN MAGNETIC MATERIALS

Nguyen Tien Cuong’, Nguyen Viet Anh', Nguyen Truong Danh®, Pham Tien Lam?
WNU - University of Science, Hanoi, 2Phenikaa University

ARTICLE INFO

ABSTRACT

Received: 271612024
Revised: 30/9/2024
Published: 30/9/2024

KEYWORDS

Machine learning
Linear regression
LASSO regression
Rigde regression
Atomic energies
Magnetic materials

In this study, we propose machine learning models, including linear
regression, LASSO regression, and Ridge regression, for fast estimating
atomic energies in a magnetic system. In our method, the total energy of
a magnetic system contains chemical energy and magnetic energy. The
chemical energy is approximated as the summation of atomic energy
which is the interaction energy with its surrounding chemical
environment within a certain cutoff radius. Atomic energy is
decomposed into two-body terms which are expressed as a linear
combination of basis functions. The magnetic energy is also
approximated as the summation of atomic magnetic energy. The
machine learning models, trained with crystal bcc-Fe data, can fast
estimate the total energy of the system in both magnetic and non-
magnetic states. Result from these models were analyzed and compared
with calculated results by density functional theory (DFT). Model
evaluation metrics including MSE, MAE and R? indicated that Ridge
regression gives the best results. Results from our machine learning
models show good agreement with DFT calculations.
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Trong nghién ciru nay, chung t6i dé xuat cac mé hinh hoc may, bao gom
hdi quy tuyén tinh, hoi quy LASSO va hdi quy Rigde, dé wéc tinh nhanh
nang luong tdng cong cua cac hé vat liéu tir. Trong phuong phap cua
chung 161, nang lwong cua mot hé vat liéu tir 1a tdng cua nang lugng trong
tac hoa hoc va nang lugng tuong tac tir. Nang luong tuong tac hoéa hoc cua
hé duogc tinh gan dung nhu 13 tdng cua cac nang lugng nguyén tr cau
thanh, khi twong tac véi mdi truong héa hoc xung quanh trong mot ban
kinh gi6i han xac dinh. Nang lugng cua ting nguyén tir dugc phan tach
thanh cac s6 hang twong tic hai vat va biéu dién dudi dang t6 hop tuyén
tinh ciia cdc ham co s¢. Nang lugng tuong tac tir ciing dugc tinh gan ding
nhur 12 tong ning lugng twong tic tir ciia Cic nguyén tir CAu thanh. Cac mo
hinh hoc may, sau khi dugc huin luyén véi dit liéu cua mang tinh thé bee-
Fe, c6 thé du doan nhanh ning luong tong cong cua hé & ca trang thai co
va khong c6 tir tinh. K&t qua tir cac mé hinh ndy di duoc phan tich va so
sanh v6i két qua tinh toan bang 1y thuyét phiém ham mat do (DFT). Céac
chi s danh gia mé hinh nhu MSE, MAE va R? chi ra raing mé hinh hi quy
Ridge cho két qua tot nhat. Két qua tinh toan tir cac mé hinh hoc may cua
chiing t6i cho thay sy phi hop tot véi cac tinh toan DFT.
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1. Gioi thigu

Trong nhitng ndm gan day viéc tmg dung tri trué nhan tao, cu thé hon 14 hoc may vao linh virc
khoa hoc vat liéu da va dang thu hut dugc sy cht y cia nhiéu nha khoa hoc trong va ngoai nudc.
Viéc ting dung hoc may duoc ki vong s€ gitip tang tdc qué trinh nghién ctru, thiét ké vat liéu moi.

Tinh toan ning lugng cia mot hé vét liéu dong vai trd quan trong trong viée xac dinh ciu tric
dién tir va cac tinh chat cta hé vat liéu d6. Viéc md hinh hoa ding vé ning luong sé& gitip ich
chung ta trong viéc tinh todn, md phdng vat liéu. Nang luong cia mot h¢ vat liéu co thé nhan
dugc bang cach thuc hién tinh toan cau tric dién tir dya trén ly thuyét phiém ham mat do
(Density Functional Theory-DFT) [1], [2]. Hién nay, cac tinh toan DFT dugc coi la mdt trong cac
phuong phap tinh toan chuan muc, dang tin cdy va thuong dugc dung lam tham chiéu cho céc
phuong phap tinh toan khac. Tuy nhién tinh toan DFT cho cac hé vat liéu 16n gdm nhiéu nguyén
ttr doi hoi hidu ning may tinh cao va thoi gian tinh toan kéo dai. Vi vy can phai c6 phuong phap
gitip giam thiéu thoi gian va doi hoi it chi phi tinh toan hon.

Thong thuong, bé mit thé nang (Potential Energy Surface-PES) cua hé duoc xdy dung dudi
dang tong tir cac dong gop cua cac sd hang thip chiéu don gian (cac yéu t6 cdu truc) biéu thi cac
lién két: cong hoa tri (covalent bonds), lién két goc (bond angles) va goc nhi dién (dihedral
angles) [3]. Cac phuong phap nay t6 ra hiéu qua va dugc ap dung rong rii dé mo phong cac hé
sinh hoc 16n (large biosystem). Nhung chung kho c6 thé mé ta cac phan tng héa hoc (chemical
reactions) li€én quan dén sy hinh thanh hodc su phan ly cta cac lién két cong hoa tri. Gén day, cac
phuong phap thay thé, c6 thé “hoc” PES tir bo dit liéu 10n vé cac ciu tric vat liéu va ning lugng
DFT tuong tmg, di va dang dugc phat trién manh mé [4] — [10].

Trong nghién ctru trude ddy, nhom chiing toi di thanh cong trong viée phat trién cac md hinh
mang No-ron nhan tao co6 thé “hoc” duoc cac tinh chit hoa hoc, tinh chét vat ly an trong cac hé
vat liéu dua trén cac dit liéu vat lidu d3 biét [11]. Ngoai ra, chung t6i da thanh cong trong viéc
phat trién cac md hinh hdi quy tuyén tinh, cac mo hinh hoc sdu trong biéu dién tuong tac cip
(pairwise interactions) cho bé mat thé ning, luc nguyén tir va ning luong trong cac hé vat lidu
khong tir tinh, nhu hé Silic tinh thé va vo dinh hinh [12], [13] Véi cac hé vt lidu tir tinh, viéc dé
xudt md hinh wéc tinh nhanh ning lugng phirc tap hon nhidu so voi cac hé khong tu tinh. Ngoai
ra, viéc chuén bi va chudn hoéa dit liéu tinh toan DFT cho cac vat liéu tir, ding dé huén luyén mo
hinh ciing gip nhiéu kho khan.

Trong bai bao nay, chung toi dé xuét cac mo hinh hoc may dya trén hdi quy tuyén tinh nham
udc tinh nhanh nang luong tong cong cuia cac hé vat lidu tir 'v6i dg chinh xéc cao. Trong hdi quy
tuyén tinh cac hé s6 khong bi rang budc nén cd thé khop tot cho tép dir liéu huin luyén, nhung
kha nang du bao cho nhung diém dir liéu moi khong duge tot. Hién tuong nay trong hoc may
dugc goi 13 hién tuong "qua khép" (overfitting), day 1a van dé rat quan trong dbi v6i hoc may.
Nhim kiém soat hién twong qua khop, chung toi thir nghiém thém hdi quy Ridge va h01 quy
LASSO (Least Absolute Shrinkage and Selection Operator). Trong hoi quy Ridge, cac h¢ s6 hoi
quy tuyén tinh duoc thira nhén 1a cac bién ngiu nhién dc 1ap tuan theo phan phéi chuan véi ky
vong toan 1a 0 va do léch chuén 14 siéu tham sb (hyperparameter) dé kiém soat kha ning khai
quéat hod ciia mé hinh. Twong tu nhu vay trong hdi quy LASSO, ching ta thira nhan cac hé sd
tuan theo phan phdi Laplace. Chung toi da tién hanh mo hinh hoa, ldy mau va tu chay céc tinh
toan DFT dé chuin bj dit liéu huén luyén cho cac mé hinh nay.

2. M6 hinh héa va chuén bj dir liéu
2.1. Cic mé hinh héi quy

Hbi quy tuyén tinh (Linear Regression) hay phuong phéap binh phuong tbi thiéu (least square)
1a phuong phap hdi quy don gian va ¢b dién nhat. D6i voi mé hinh nay, gia tri du doan tai diém
dix liéu thir i s€ ¢6 dang don gian nhu sau:

Vi =20 Wi 1)
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Dé xac dinh wj, ching ta cyc tiéu hoa ham mat mat L(wj):

L(w;) = % L -Y)? = % i — 2?21 w;x;j)? (2)
Hoi quy tuyén tinh c6 wu diém 1a mo hinh don gian dé trién khai. Tuy nhién, khi lam viéc véi
céc hé phirc tap v6i lugng dit liéu 16n, thi két qua du doan ctia mé hinh thuong cho sai s6 kha 1on.
Dé cai thién nhugc diém ciia mo hinh h6i quy tuyén tinh, nguoi ta dua ra mo hinh héi quy
LASSO. H0| quy LASSO t6i vu hoa tham s6 theo quy tic L1 (L1 regularization). M6 hinh thém
vao tham s6 B (tham sd penalty), 1a mot s6 duong, gitip ching ta c6 thé diéu chinh dé tang cuong

kha nang khai quat hoa ctia mo hinh cho vi¢c du doan cac diém dir ligu méi:

1 N

L(W]) =3 N 1Y —Y; )2 Z = (Y; — Z ijlj)z + sz 1|W]| (3)

Tuong ty nhu hoi quy LASSO hoi quy Ridge tdi uu hoa tham s6 theo quy tic L2 (L2
regularization). Tuy nhlen ham mét mat co su khac biét ¢ s6 hang cudi:

L(w)) =530, (% — 9% = S5, (% — XP_ wyxy)? + B X0 4)
Gié tri § cang l6n thi muc do rang budc de cho céc hé s6 hoi quy tién t6i khong cang manh,
nguoc lai néu B béng khong thi mé hinh hdi quy Ridge va mo hinh hoi quy LASSO suy bién
thanh hoi quy tuyén tinh. Trong cong trinh nay, ching t0i s dung phuong phap Grid search két
hop vai 5-fold cross validation dé tim kiém gia tri B t6i uu. Cuy thé, ham GridSearchCV ciia thu
vién Scikit-learn duoc sir dung dé tim kiém g [14].
Céac md hinh hdi quy néu trén déu c6 nhitng wu nhuoc diém riéng. Viéc lya chon mé hinh nao
tly thudc vao timg bai toan cu thé. Trong nghién ctru ndy, chiing t6i khao sat ca ba mo hinh dé
tim ra mo hinh c6 thé biéu dién tét nhat nang lugng nguyén tir trong cac hé vat liéu tur.

2.2. Biéu dién nang lwong twong tdc giita cdc nguyén tiv

Nang lugng cua cdc nguyén tir trong cdc h¢ vat ligu tur tinh chiu dnh huong cua hai thanh
phan: ning lugng twong tac hoa hoc, E° va nidng luong tuong tac tu, E™9. Ning lugng tong cong
cuia hé s& 1a tong déng gop tir nang lugng cua ca hai thanh phan.

E = EC + E™mag (5)

Trong mé hinh, tong ning luong cuia mot hé s& duoc tinh gan dung bang tong cua tat ca cac
nang lugng cua cac nguyén tir ciu thanh duoc xac dinh boi twong tac giita nguyén tir dugc chon
Vai cac nguyén tir 1an can trong moéi truong hoéa hoc xung quanh trong mot ban kinh gidi han
(cutoff energy). Nang lwong nguyén tir s& dugc biéu thi dudi dang t hop tuyén tinh ciia cac ham
co s, sir dung cac phuong phap hoi quy (Linear, LASSO va Rigde) dé tdi wu tham s ctia mo
hinh nay.

Gia dinh rang tong ning lwong cua mot hé 1a tong ning lwong twong tac cia cac nguyén tir Ciu
thanh: E€ = Y, Ef, trong d6 E°€ 1a téng ning luong va Ef 1a nang lugng dong gbp cua nguyén tu
thir i vao tong nang lugng. Cac nang lugng ciia nguyén tir i ¢6 thé duoc biéu dién dya trén tuong
tac ciia nd voi cac nguyén tu lan can trong mot ban kinh gidi han, r.. Trong md hinh cua chung toi
chi tinh dén cac s6 hang twong tac hai vét (two-body interactions). Vé nguyén tic, cac sb hang
tuong tic bac cao hon c6 thé dugc dwa vao dé nang cao hidu qua cua cac md hinh hoc may.

Ef =Y E;j =Y Xk cibi(7ij,91,9;) = T cie X bie (71,90, 9;) = e Cexie (6)

Trong d6 x = X by(7ij,9:,9;) , bi(ri,9:,9;) 1a cée ham co s6, ¢ 1a hé s khai trien, 9; va
¥; la cac vecto ddc trung ma hoa thong tin cua nguyén tir i va j, twong ung. Dé nang cao hiéu qua
biéu dién phi tuyén, cac s6 hang twong tac hai vat duoc khai trién theo da thire dén bac p:

Ef = Biecg % +Tp o xE + o+ Ty ol , (7)

Khi ap dung cho hé vat ||¢u tu (V1 du hé bce-Fe), vi thong tin nguyén tir giong hét nhau doi
VGi tit ca cac nguyén tir sit, chung ta c6 thé loai bo 9; va ¥; trong phuong trinh (6). Do do (6) c6
thé duogc rat gon thanh dang don gian hon:

[ =22k Ckb(Tij)k (8)
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Chung t6i sir dung dang biéu dién ham co s& b(rij)=e‘”k(r‘rk)2fc(rij) tuong ung cho ham
co s Gaussian. Trong d6 1y, 7% 1a cac tham sd xac dinh cac ham co so, f.(r; ;) la mot ham cat
(ham giGi han) dam bao rang ning luong thay doi mot cach lién tuc va tron & ban kinh cat, 7,.:

0,5[cos +1]néu r; <r,
fe(ry) = ( 2 Vo ©)
0 néu rj >,

Heé s6 c;, duoc xac dinh bang mét phép hdi quy tuyen tinh theo nang lugng dugc tinh tir DFT.
Dbi vé6i s6 hang tuong tac tir, chung ta gia dinh rang tong ning luong twong tac tir cia hé 1a
tong ning luong tuwong tac tir Clia cic nguyén tir Ciu thanh: E™9 =¥, E[™, trong d6 E™A9 1a
tong ning lugng va El.m %9 1a nang luong dong gép ciia nguyén tir thir i vao tong ning luong
tuong tac tur.
Nang lugng tuong tac tir dugc tinh theo cong thic:
mag fl(o-l) + Z] fz(o-u O-j' rz}) fc(rl]) + Z}k fS(Uu U]: Uk:rl]t Tik, ]k) fc(rl])fc(rlk)fc( k) (10)

Trong cac mo hinh Ising, ning luong dwoc biéu dién don gian hoa nhu sau:

Emag AUI. +Z] Ulo}fz(ru)fc(ru) +Z]k Ulo}akf3(rutrlk' jk)fc(rlj)fc(rlk)fc( k) (11)
Trong do: f(rl]) 2y &by (1if) (12)
Va f (o T Tja ) =L Cabea (13, Tirer Tik) (13)
Cuoi cung, nang lugng tong cong cia mot hé vat liéu tir duoce tinh theo cong thic:

Eotar = Xi E; = Xi(Ef + E["*) = 3 Ef + X, E"Y (14)

2.3. Chudn bi dit ligu

V6i mé hinh wdc tinh ning lugng twong tac hoa hoc, chung toi sir dung mang tinh thé 3x3x3
cho tinh thé bce-Fe véi 54 nguyén tir va 5872 cau triic duoc tao ngiu nhién. Ning luong va luc
clia Cu tric tinh thé dugc tinh toan bang PWscf code trong quantum ESPRESSO. Hiam PBE
dugc sir dung dé biéu dién ning luong twong quan trao dbi. Cac tham sé mé hinh duoc lya chon
dia trén két qua cuc tiéu hoéa nang luong, gia tri tham s6 md hinh dugc lya chon khi xu huéng
gid tri nang luong dan 6n dinh. Hinh la va 1b lan luot mé ta sy phu thudc cia ning lugng vao
hang sb ‘mang tai cac gia tri nang luong gidi han khac nhau va vao ludi chia k-grid.

Dé tbi wu hoa ning luong cutoff, ban kinh cutoff (Reut) dugce thay dbi lan luot vé6i cac gia tri 1a
30Ry, 40Ry va 60Ry. Tir hinh 1a, chung ta thiy rang véi gia tri nang lwong Reut tir 40Ry thi ning
luong c6 xu hudng 6n dinh. Vi vy, tham s nang luong cutoff voi Reut = 40Ry duoc lya chon.

Dé t6i wu hoa ludi chia k-grid, ludi chia duoc thay dbi lan luot tai cac gia tri: kxkxk lan luot
1a 2x2x2, 4x4x4, 6x6x6, 8x8x8 va 10x10x10. Tir hinh 1b, chung ta thdy rang véi gia tri k > 4 thi
ning lugng c6 xu huéng 6n dinh. Vi vay, tham sé k-grid = 4x4x4 duoc lya chon cho toan bd cac
tinh toan DFT dé chuan bj dit liéu cho md hinh.

-111.46 . . . : . -111.35 . .
(a) Rcut =30 Ry —=—
Rcut = 40 Ry
R Rcut =60 Ry ---4--- _111.40 i
= -111.48 |- =
(& L
3 & -111.45 .
2 2
w  -111.50 - w
-111.50 1
-111.52 L i i | . -111.55 ' ' :
4.9 5.0 5.1 52 5.3 5.4 5.5 2.0 4.0 6.0 8.0 10.0
a(A) k-grid

Hinh 1. Sir phu thugc ciia ndng lwong vao: (a) hang sé mang tai cdc gid tri nang hrong gisi han

khdc nhau va (b) vao luéi chia k-grid
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Véi md hinh wdc tinh nang luong twong tac tir, chung t6i gia thiét ring toa d6 nguyén tir trong
mang tinh thé 1y tuong duoc giir ¢d dinh, ciu hinh spin duoc tao ra mot cach ngau nhién va tao ra
bo dir lidu gom 1497 ciu tric trong khong gian spin dugc tham khao tir cac nghién ctru trude day
vé bee-Fe [15]-[17]. Trong khong gian spin: D = {(spin, E_i), i=l..m}, ching ta can diéu khién
spin trong qua trinh tinh ty hgp SCF dé cyc tiéu hoa nang lugng véi diéu kién méd men spin & cac
sites ¢4 dinh:

E =Escr + 24 X0 — 1;)? (15)

Dé Iya chon gla tri tham sb A trong cong thirc (15), chung t6i xét ca hai mé hinh céu trac tinh
thé: M6 hinh cau tric tinh thé cho trang thai sit tir (toan bd cac nat mang 1a spin- up, nhu hinh
2a) va mo hinh cau trac tinh thé cho trang thai phan sit tir (cac nat mang ¢ dinh 14 spin — down va
nut trung tam la spin — up, nhu hinh 2b).

Spin Auwn Spinup
© © Po 5T

(a) (b)

Hinh 2. Cdu hinh spin cho: (a) trang thdi sdt tir va (b) trang thdi phan sdt tir
Céc két qua tinh toan su phu thugc cta ning lugng va do tir hoa vao gia tri gidi han mé men
tur vai cac gia tri tham so A kha nhau ctia chung t6i chi ra rang khi gia tri tham s6 A = 20 thi hé tir
tinh dat trang thai 6n dinh, trong ca hai treong hop sat tir va phan sat tr. Vi vay, tham so A =20
duoc lua chon cho toan b cac tinh toan DFT dé chuan bi dix liéu cho m6 hinh.

3. Huin luyén mé hinh, két qua va thao luan
3.1. Hudn luyén mé hinh

Bo dit liéu ciia mang tinh thé bee-Fe 3x3x3 ¢ trang thai khong tir tinh gdm 5872 cAu tric duge
chia theo ty 1€ 80-20 thanh dir liéu huén luyén (training data) vdi 4697 cAu tric va dit liéu kiém
tra (test data) voi 1175 cau tric, cho cac md hinh udc tinh ning lugng twong tac hoa hoc. Tuong
tu, bo dir liéu gém 1497 chu trac cua mang tinh thé bee-Fe & trang thai tur tinh véi cac cAu hinh
spin khac nhau, duoc chia theo ty 18 80-20 thanh dit liéu huan luyén gdm 1197 cau trac va dir liéu
kiém tra gdm 300 céu trac. Hinh 3a va 3b l1an luot biéu dién sy phan bd ning luong tinh bing
phuong phap DFT cua cac bo dit liéu mang tinh thé bee-Fe ¢ trang thai khong c6 va co tir tinh.

120

250 b

(a) wo| (D)

200
= =
<= “R 80
=2 =2
<& 150 &
E] g €
Ed 4
'(s 100 (g
= = *

50 20

0 0

5 10 15 20 % 30 -3 -2 -1 0 1
Ning luwong (eV) Nang lwgng (eV)

Hinh 3. Biéu d6 biéu dién sy phdn bo nang lwong tinh bang phwong phdp DFT ciia:
(a) Bé dir li¢u o trang thai khong tuwe tinh, (b) Bé dir liéu o trang thai co tir tinh
Trong mé hinh du doan ning lugng cia hé & trang thai khong c6 tir tinh (chi bao gém tuong
tac héa hoc), v&i ca ba mo hinh hoi quy: Linear, LASSO va Rigde, ching t6i str dung ban kinh
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gidi han r&= 6A. P6i v6i cac ham Gaussian, trudc tién ching t6i st dung ham véi trung tim la
nguyén tir trung tdm, 7, = 0.0. S6 lwong cac ham co s& Gaussian duoc xac dinh bai tham sd,
Nmax- Cac ham co s& Gaussian véi cac tam khac nhau: rp € {0.0, ..., 8.0} va nx € {0.05,
2.05} ciing da dugc mo rong sau do. Trong md hinh dy doan nang lugng cua hé ¢ trang thai co
tr tinh (bao gdm ca twong tac hoa hoc va tuong tac tir), chiing toi giit nguyén cac th()ng s6 V& ban
kinh cit, Nk, T, VO ca 3 phuong phap hoi quy Linear, LASSO, Ridge nhu trén, dong thoi bo sung
thém cac yéu td tir tinh, cac md men tir cho mé hinh tinh toan.

3.2. Két qud va thdo lugn
3.2.1. Du doan nang lwong cho hé ¢ trang thai khong tw tinh

Tép huén luyén Téap kiém tra

Linear Linear

-10

-]

-]

3

-
=]

©

|
o

|
~N
o

Niing lwong tinh tir cAc mo hinh hoc may (eV)

-20 -10 [ 10 20 30 40 & ™ -3
w ©
£ Ridge »
x 0
10 10
] 0o
10 (e) -10
A Ta—r 5 1'0 Py ® © 3 o 3 o % » w0
Ning lwong tinh tir DFT (eV) Niing lwong tinh tir DFT (eV)

Hinh 4. So sdanh két qua tinh todn ning lwong cua heé bee-Fe trong trang thai khong tur tinh
gitta cdc mo hinh hoc may: (a), (b) hoi quy tuyen tinh; (c), (d) hoi quy LASSO
va (e), (f) hoi quy Ridge, véi ca tdp hudn luyén va kiém tra

Hinh 4 dua ra so sanh két qua tinh todn ning lugng ctia hé bee-Fe trong trang thai khong tir
tinh gifta cAc md hinh hoc may va DFT ciia ca tap huan luyén va tap kiém tra. Chung ta thay rang
da sO cac diém biéu dién két qua dy doan tir cac md hinh hoc mdy cua chung toi déu phan | b6 chi
yéu doc theo dudng phan giac thir nhat voi mot sb it diém bi 1éch xa. Piéu nay chung to ring md
hinh ma chung t6i dé xuat va huan luyén c6 thé du doan ning luong tuong tac hoa hoc cua cac hé
vat liéu khong tur tinh voi d6 chinh xac cao khi so véi tinh toan tir DFT.

Nham luong hoa, cac chi s6 danh gia sai s6 MSE, MAE va R? cia ciac mé hinh hdi quy néu
trén dugc liét ké ra & Bang 1. Két qua chi ra rang: M6 hinh sir dung hoi quy Linear cho két qua
tinh ning luong cta tip huan luyén rat tot (MSE ~0,077, MAE ~0,218, R? ~ 0,998), tuy nhién véi
tap kiém tra lai cho két qua c6 do chinh xac khong cao (MSE ~5,909, MAE ~0,496, R? ~ 0,894).

http://jst.tnu.edu.vn 17 Email: jst@tnu.edu.vn



TNU Journal of Science and Technology

229(15): 12 - 20

Day 1a dau hiéu cia hién tuong overfiting. Két qua thyc nghiém cua chung t6i cling cho thiy cac
md hinh sir dung hoi quy Ridge va LASSO cho két qua tinh nang lwong kém hon véi tap huin

luyén, nhung lai cho két qua t6t hon tap kiém tra (xem bang 1). Pay 1a mot minh chimg rd rang
cho thay chiing ta c6 thé kiém soét hién tuong overfiting ciia mé hinh hdi quy tuyén tinh khi sir
dung cac hé sb penalty dé dua thém cac rang budc ban dau (prior) cho cac hé sé hdi quy. Céac chi
s6 danh gia mo6 hinh nhu MSE, MAE va R? cho thdy m hinh hdi quy Ridge cho két qua t6t nhat

trén ca hai bo dir liéu huan luyén va kiém tra.

Bang 1. Pdnh gid sai s6 so véi két qua tinh todn tie DFT ciia cdc mé hinh di dodn néng liwong
cua hé o trang thai khong tir tinh

o o MAE RMSE

M@ hinh Tap dirlicu (eV/nguyén tir) (eV/ nguyén tir) R’
51 quy tuyé tinh Huén luyén 0,077325 0,217982 0,998629
Kiém tra 5,909171 0,495692 0,894121
N Huan luyén 0,374105 0,462868 0,993369
Hoi quy LASSO Kiém tra 0,391864 0,470368 0,992978
31 quy Rigde Huén luyén 0,117007 0,259523 0,997951
Kiém tra 0,225884 0,340069 0,995745

3.2.2. Du doan nang luwong cho hé ¢ trang thdi co tir tinh

~ A s
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- (c)
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Hinh 5. So sanh két qua tinh todn ndng lwong cua heé bee-Fe trong trang thai co tur tinh

gitta cdc mo hinh hoc may: (a), (b) hoi quy tuyen tinh; (c), (d) hoi quy LASSO

va (e), (f) hoi quy Ridge, vdi ca tap hudn luyén va kiém tra
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Hinh 5 dua ra so sanh két qua tinh toan ning luong ctia hé bee-Fe trong trang thai c6 tir tinh
gilta cac md hinh hoc may va DFT cua ca tap huén luyén va tap kiém tra. O trang thai co tir tinh,
Chung ta phai ké dén dong thoi ca hai sb hang nang lugng la twong tac hoa hoc va nang luong tr.
Tir két qua do thi thu duoc, chiing ta thay rang cac mé hinh hoc may da x@y dung c6 thé dua ra
két qua ude tinh ning luong tuong tic c6 d6 chinh xac cao khi so voi két qua tinh toan bing
DFT. Trong d6, két qua tir mo hinh hdi quy tuyén tinh cho két qua c6 nhicu diém léch khoi
duong phan giac thir nhat hon so véi hai mo hinh con lai, chimg t6 mét cach dinh tinh rang
phuong phap nay c6 do chinh xac thap hon.

Dé dinh luong sai s6, mot cach twong tu, bang 2 dwa ra sai s6 théng ké khi so sanh véi két qua
tinh toan tr DFT cta cdc m6 hinh hoc may trong du doan nang lugng cta hé vt liu bee-Fe &
trang thai c6 tir tinh (bao gdm ca tuong tac hoa hoc va twong tac tir).

Két qua tir bang 2 cho thdy mé hinh hdi quy tuyén tinh cho két qua tinh ning luong cua tap
huén luyén rét tbt trong tit ca cac phuong phap. Tuy nhién voi tap kiém tra lai cho két qua nguoc
lai 12 kém chinh x4c hon cac phuwong phap con lai & hau hét cac chi s6. Md hinh LASSO cho két
qua dy doan t6t hon & tap kiém tra nhung lai kém hon & tip huén luyén khi so véi md hinh héi
quy Rigde. Nhin chung, ca ba mé hinh cua ching t6i déu dy doan voi do chinh x4c rat cao ning
lugng cua cac h¢ vat li¢u tir tinh. Su chénh léch vé céc chi sb théng ké danh gia sai sb 1a khong
nhidu. Mot cach tong thé, mé hinh hdi quy Rigde cho két qua phu hop nhit.

Bang 2. Ddnh gid sai s6 so véi két qua tinh todn tir DFT ciia cdc mé hinh dw dodn ndng leong
cua hé o trang thai co tir tinh

. o MAE RMSE )

M hinh Tap dirlicu (eV/nguyén tir) (eV/ nguyén ti¥) R
b1 quy tuyéa tinh Huén luyén 0,002261 0,040132 0,998918
Kiém tra 0,003004 0,043259 0,998484
N Huan luyén 0,002753 0,045850 0,998683
Hoi quy LASSO Kiém tra 0,002562 0,044844 0,998707
Hbi quy Rigde Huén luyén 0,002313 0,041099 0,998893
Kiém tra 0,002710 0,042877 0,998633

4. Két luan

Chting t6i da dé xuét mé hinh, thuc hién cac tinh toan DFT dé chuan bi dix liéu va huin luyén
thanh cong cac mé hinh hdi quy (tuyén tinh, Ridge va LASSO) c¢6 kha ning di doan nhanh ning
lwong twong tac gitta cac nguyén tir trong hé vat liéu tinh thé bee-Fe & ca trang thai c6 va khong
c6 tir tinh. Cac két qua tinh toan tir cic md hinh hoc may nay da dugc phan tich va so sanh voi
cac két qua tinh toan bang DFT, cho théy do chinh xac cao. Trong d6, m6 hinh hoc may sir dung
phuong phap hoi quy Ridge 1a tot nhat. Co thé noi cac mo hinh hoc mdy dua trén hoi quy 1a mot
giai phap tiém nang gitip don gian hoéa va rit ngan thoi gian ciing nhu chi phi tinh toan ning
lugng trong hé vat liu tinh thé bee-Fe ndi riéng va cac h¢ vat li¢u tr n6i chung.

Lo1i cam on

Nghién ctru nay dugc tai trg boi truong Dai hoc Khoa hoc ty nhién, Dai hoc Qudc gia Ha Noi
trong dé tai ma so TN.23.06.
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