MEREFEHEBREES
RTIUPWNKXADTAITADA



H R

- BN

o ITVIPINZXAVTAIT1DA(MI)
- MIOBEK

- YEFFEHEBZEOBER

o fAIESMIHD?

 DFTEMI

e DFTEMIDS %

o MICLBDFTOHERESR L - L3R



SFR¥th]y

2012 f(RRERITELFREBET (FHELEOTTHR)
F—REFHEICLZAEY FOZHAFHH DIEFR

2012-2013 BRKERT STHREIERARD (EEFMAISLEDTTHRE)
D525 —BEREERAVVEHEEEEAOREROFTHE

2013-2016 JASRI/SPring-8 CRESTIRA RO (K#tHi#E L4 . KI—Z—BASEEDT THR)
F—REBEHECISIZEBLEREIEDORINGS FEARD FIVDETE - EEX

2016- NIMS, BRKEBF NIMSKRARD(UMNAZEXREEDTTHE)
FE—REFEIEONYET oA B LYMEENEME T3LHHE

BHFE - 2BH3— F: LIDG (Linearly independent descriptor generation) program
github.com/Hitoshi-FUJII/LIDG
R $hErh

M ITUPINXAVI7AIT1DAIC LD ¥ B
TE#%¥ (201956 A Bvol67,No.6,p78 B F| T EFHREtt)



RTVPIVAADTAITADA(MI)

METT . FHRBZF, /VI-VEE. T-AVMIVAFOSHTRE
LCEHEMFE (R NFE) OFEZeMNERFAARAUCHE

HRAaBBmEEF%
HEH# FrEMRE 1R F .
- EVF NIV (MO) A
i BE—'//J\ jﬁ;% (oLS) E{E:EGTJL:IIIQZ\AEGA) BiR—MRDE—T DD (SVM)
+ NN B 7O935305(GP) —31—2)LbR&YF(NN)
PCA) ~ Ul =
73 34T ( AL TILTUR L (EA) F4—F5—=U5 (DL)
) ) R FREx@E1E (PSO) SN LTAL AR (RF)
HETHORER R TE PoOYVTINEE
FRMiEEHR=EZLE (AIC) N Siiahd
RIEA(DT)
Rty N T EUTAIAKRIER (MCTS)
—_— =]
AIN=AETIIY RATEEIE

L11E BIJ{E (LASSO)
L21E AIl{E (Ridge) KA X5+



MID B #4

1. MERE:
BIVWIttEZFEOVE -HHOER
FRETIOEEILI LELETIEEN

2. 'WtEF Al
FRIETIEREL., RANMEOYE S FBEICT A
JEFRAZET IV (Black boxBEEL) . HBH LI ETIV

3. ZHIFER.:
e F IR B AE D fEEH
FEoNTMEboFHELGIRE, ZHOFER

4. MET—IR-AIBE




PHEM PR E DR R

MEFF s
EA. BO. VS
MERR — m#E{tME

1% F 8l (Black box) & % IS =8 (Black box)

WD B (B ETI) ——=  2)—2EFYVY

20
WM, EANER <« &L

EZSMETRIFIEEGL
> MEMFENMEINS




PHEFEPEHEMFE DR R

DL
B BWEE

MERF —— #HHFE
? 7?7
LIDG ?

HHFEOFRMWEEFANG

PEEFDORIZOBBFE FEDRE




WP E FiE0 B R 5%

a1k B E R

(LT LEEFIINEBLEELELY)
SR LY TV
LRI 7 IV TR L (EA)

B 7IVTUXL(GA)

BRI 7O9535(Gp)

N X1t (BO) (ETILIHAE)
EVTHIVAKREER (MCTS)
VaAIL—FTyRPZ=UUY

Rl F B sxaE vk (PSO)

B 1k [ 8

ETIVNTA=E0 ETIVERLE
a1k a1k

F B - 38 A el e

T8I (3371 1 RE (Black box) Zf#<:
(AIoh DEH TRELBETINEZRE)
Bik—kRDA—-T 2 (SVM)
—1—2)b%*Y(NN)
F4—73—=45(DL)

I8 L4 A R (RF)

7oV JIIEER

AN=2AEBFVID (IEfEEYIUD):
($&H . AN—ABETINZRE)
=/NZF % (OLS)

LASSO. Ridge[E]IF

F 5 7347 (PCA)

B e/ =% (PLS)

NA XHETE :
(BAIT DI EHTE)



IS MIH ?

I WAZ AV TAITADART B AV ITAIT1DAICHAT,
MEFEBEADAVITAIT1DADEANENTON ?

ez

H1. WEHFEERMICIEFENGHRA RN AT REL 75
2. BRICSE—REFHE (DFD &LV DBV - IR FE

2FEDIE, EIC, IRk

REVOHEBD DT (TERDNS)

LU, BESONA2N—T Y FRER, BT RICLIKREOYET -5
DER (BT T—8) v HERARERFOIMEFCLD, L5
ERFPORBTICHLAVTAIT1OABRMDANGNS LI(CT327k




DFTEMI
IR7E., (BHE) MEFEICIIDETEMIELNS 2D R BHH D

DFT BHEE (+ PrET—43)
Ml

AVE1—7—3F - IFIVPINX-TH14> (CMD)

cNhEEDSISICERTIINERE

- DFTEMID S %
- MIICLBDFTORERESR L - Hii 5k




DFTEMIDN 53 3£

A AVITAITADA

XT3 HmrE — & FRAESRER

DFTG)J" (ﬁ*ﬂ) Eﬁ%%o)ﬁgﬁs EK??%E&\ EJJ’@UBU)%D‘LIZ\E

DFT+MI in silico
HET-5 — fEyrEs — BEEYHE gy

FRIETIV




MIICLBDFTDHERESR L - 53R

Bl SR ERE(

DFTOIEERMHREICIIERIBEERRKICIIEBRELHS.
(MEABEELTHIRRERBREEVEDEAEITIVENLRHB)

EHRFEOFEEAIWNE, BRATRORFEEDHEZ
J$5A—BELT. BREMEEBIENTES,

(ENICED RAPVEOERRER/ETCORLILGYIEER
[OENTEELIICES, )

USPEX
AR E S VS LE R o © oyt .
10-100 EAICL S R TEEDE MK BHDETEHE T
— " BREBEORR
SALS BOICLBMEMBY TS
MMBETVILER  (mETHEETLERE)



FERATRETET VY
i EIROEREAN-AETIVD



o ERTTREME(FHEN?

- BRATEEEDES

o MERAIEEBETIVEER?

« ETIDIEfME LIEEEINDES
« #BEETIEEREETIV

o WEEIESH

o ERFITHERBRFAIMNIDESE
o FCRFH R DA

* LIDGTOEE M F4E B

- ZEHEMH

- IEANED3IZDO77O—F




AR AT RETE(T =D 2

HEERE:
WMEEFE > YT Bl (Black box) > ¥tEF 8l (BBIFRAIEEETIL)

MBERERICEBITLEDEFAIEHETIEIEL(EA)
Yt FANCE AT U IR al fEME I B ETIZELV(DL, RF)

Flo. TAEFEDZAINEDOR VD HE B,
=k - ESRE T AIICUNEBRDE L,

IR AT RETEC FRIFBE (X HBIEE FL— FATDER R

70% L HTzhi3 VEIR - SRBART REBETILE.
0% H 5T 3YDRYD A TIE., E5nohMEEN S LD ?



FEIRATRETEDE =

- AR, MEZRAERCOBHNIAIREEDLHS
(CPHTRICHEGRIZORR)

T4 T5—INROIEREDREETT—H

23 BIRAREET I
H75—0:&8 REERAI) 7 = const.
Zi—-hVOBHESIhOERM [ Mm
=6—

Za—- bR BoEEUEHEBIDER 1 ETTS5—DREERAID G,
AUV TeHBET ANAZLENLTIBEIVEEREER




FEIRATRETEDE =

- AN (REakF) & 7 (OETE) EDBR R DD NS

7590 RyDO AB#M T A HEH AEDRBIDOREFRDN A
> EDIOHBAABRVNEHAERE>HD(FTH) bR
> F, FOBEOERASEENDHILEL

— 7. BRATEGETITHNE, EONFA=FEENLET EIFNIE
WIEEDENZIT LD, ELVHZERDNS,

> ROV ARG R ZH2<

> EFIOERASEEN DS (RIRETEH HS)

-> RFEHDONS

> EDRFEZBAZHOEY MFLNS (RIREED HB)

BRIRATREET L D3R 7



IRAIgeETILEL ?

1. B THS
2. ZERVPERICERA S 3
3. FPHAIFEENECECHL % = const.

&2,
RIRTATEEETIV(TEhE. MENEKREHMETTEERETIV)
Z/RBEHICIE. ETIVOBEEERREETI T AIRE 17213 TRHL.

1. s
2. B8

CH+5HERETILENDHD.




ETFINDIEHMS (LI BEESHIDER

B

- RAEBDD B (AN-A)THS

. B 1 Zh\
SLZE S (O3 AL 8 AN L\

X |x; — x|
o x_] JXi + x;
S
- YENESE (B T, XFRHE)
- HRIHGE . BEREDESE

N OB E ORMF E TR SNSH, LIDGETII S E FI HE



MIEETIEFRETI

BEETIL: ERBETI:
n'l'g:ll I“‘EL\ n'l'g:ll I“IE.I L\

- 183# & LICLY (low variance) - B A LT L) (high variance)
(U7 IR DZE b (CHERk) (V7 IVZERDZE b (CEUR)

- YVTWEBETIVDRELONS - JRETIVDRYDABETIVE@FEONDS
> MEMERZHMHTES -> YRR E R O H (3 R &

- =3 AMELY (high bias) - B 1N E L (low bias)

RBAEIVTNEEDED FL— FATEEDLIICERER TN ?
> RBFEHLCERL., EDHMbR TR FDFHEES

BRAIRRETUV U DEERTG &
AL RO F 4 pR ETILER



ALV

—a fhDMESE
1. \WEETIDRE BHMEH (ﬁ&%ﬁlﬁw'&ﬁ/
L (BBEH) e
—XB+% & EEEAIASH) <ia
/—}} — Xﬁ ?\ *EE“E BV7Ib1 Y1 X11  X12 X1n
l_;’ IR BUFI2  y, | x5 X233 | . Xop
BoTbm vy, | X1 Xmz o Xmn
R ){(mxn): )
2. HIFHDOLETEIIRZE g ERDD RCF1T5 (RHETS)
- R/ FE (OLS)
= . - —n2 L, JIVLO)
BoLs = argm1n{||y—Xﬁ||lz} e
B
I8, (Zw’)
- LASSO

= . (=  val? rilk
BLasso = argmin {”3’ - Xﬁ“lz T Allﬁ“ll}
B



SR FITHIERE R FAD MLDE &
?C)J'
5 ETH 1 x11 X12 X1j X1n _ =
R F 4751 1 x31 x2 X2j X2n y=XB+E¢&
(mxn + 1) X = 1 x'l_l x;z sy x.in 7,
1 Xyt Zmz o Fm o Tl

N3—VRBHTORERF (FE) AV MLOE R AN=AETIVTTHRER FAREDDEE

Yi, = [1, x;1, Xi2, ---'xin]T

n+ 1 RuTFHHZEREOXD MY
i BEEOYYTIVCHT S EEHEDES

—

X == [75)1,»;‘22,» ...,xm']T

L T3 -,
Yi=X; B+é& y=XB+&
(yi=B"%;, + &)

n B EBEE
m (ZEMNT SR eEtED HSD

—

x']- = [xlj, xzj, ...,xmj]T

m XYV TIVZEMEDAD RV
j BB OB FOEYVTIVTOEDES

X=[1

n

Rats

1, X2, s X p]

X,
YJ-[},-+E y=XB+€

y =

J

n (ZENT SR REHEDHS
m (LB EEE

)
0



o F A B D1

ZABOEE S
)
: A
Base b
EilEE iR FELLER B
$=0.11681b+0.13780 h — 0.03876
Adj.R* = 0.5515

EDEECOEEFH LOERFEULE R BIE
S =0.4998 bh —2.333%x10°°
Adj.R* = 1.0000

FORE—DDBVDICHEREIIRBOTNS,
FEROEED, SRR FOREEMSESHETIIEL,
WE F2{EHETHS,

s
s

Hﬂ_ Il:'I-II-Ill ol

COETIDb=AFROEROZEA(AX)EERR



LIDGCOEE M FAERL: EAEE

HAKX (#)H1) 58+
f1!22
EKXEH:
%411, [ %21, 1Z%;| = (Ixq;], 1x2], o) [ DT
—>_1 _ _1 T
}’Il }’51 (xll le Xmi
- 1—-1 — _ _ 4T
|7C)1|_1, |7C>z|_1, | %] t= (lxlil 1 | %2 L. | X mil 1)
X1 + X2, [X¥1 — %3], Lo .
|xl- + x]| = (|X1i + x1j|, vee ) |xmi + xm]|)

(X1 + %)L (% — %)L,

%1 + %571, 1% — %571,

55k, L ERBERNER CEARPIER. MAHEHGE) EEZTLRIWD,
FEREOE AL, COR R THIENICHLEMBREE DI HFELIBLY,
CNEITH. HEIEEORT AR LNRANS,



LIDGCODERRFHAHRL2: EfRlCLBERL

(7R EXRET/ONELREBFETS. %, %), 1/3, %))

1t order:

I

2" order:

“—> 3rd order:

—» 4t order: ...

“—> 5th order: ...

ZOI 2)11 E)2 (3H1 = 3)

22 22 32

ZyZ1, ZyZy,

23 23 33

—2—= —2—=

ZyZqy, ZyZ,,

Z;

> T
Zj = (zlizlj, ZZiZZ]" ...,Zmiij)

CDIDICLT, BB FeEBERLITERBRIICOATITIYDICERTES,
SR FOEMIELEREMICEMIERIENTES,
(BBANCNLDEERFOREICIEZIRTHZ EEHEFEHENELSAIREENHD)



ZEHRMYE

-1 X; = ¢jXj + ¢
LB X; ~ ¢jXj + g
ZEHRMG X; = ¢jX; + X + -+ o
EZEHEN Xi ~ CjXj + X + -+ ¢

BFEREITOIE, BHICCOLIBEABRABERSNTLED,

ik, 2EHRMEERE -BRELBINEGLELON ?
(fald, e FEMERMIRILE LB INE TRV ?)

- [EIRFRBDIE X, FER
- HYFNEROELICHTIEFNOFRE M CRIEEEEDET)

- ETILEROFRE M



/N3 % (OLS)

X = [X1,X2, X3, ..., Xy Definition of L, norm

Bois = argmin {”7 — Xﬁ”l

2 } n 1/p
; : 17, = ()
i=1

a—ﬁ — —[XTV — XTXE] - 6
Bors = (XTX) 'xTy ryy o A
Bois = (X'X) X'y (x"X) det|XTX|

BL.X"X (FIEBITHITHEET S,
2FD. XTX F#HITHIERFOET S,
det|XTX| = 0

> SNIEDED, ¥, %y, X3, .., X, DRBEIRIITHBEVICE,
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Ridge and LASSO

*OLS (ordinary least-squares) method

argrgnin {||§f — Xﬁ”lzz}

p
*Ridge regression , ) |3|| (Zlﬂll )
argmin {|[ - x|, + 2|8l }

B Regularization term (to avoid “over-fitting” problem)

*LASSO (least absolute shrinkage and selection operator)

= - D Z 7] 1
argmin | - X, + 48], }

“selection” means some f; are to be 0



Ridge and LASSO

. oLS argmin{ Y — XB 122}
= 2 -|- 2 + _|_ 2 E . .
IIIilllz VIB1l? + 18] Bal idge  argmin { S — X7 122 Hllﬂlli}
— B -
||I;||l1 |ﬁ1| + |ﬁ| + + |ﬁn| LASSO argmln —> ﬁ . n ﬂ,”ﬁ”ll}
1D: | 2
”ﬁ”,2 = VIB1l% ||ﬁ||,2 = |B11°
81],, = 181 TR R B
Generally, small ||ﬁ|| are better
y=pB"1x Ridge
y=pB1x ik
1 A”ﬁ”lz N
y = Bllllx ”’1B 1 ﬂ 1
LASSO
— 1
MBI,

ﬁnllﬂll ﬂnl ﬁl




. = ik BlI°
Ridge arglnin{“y_xl;“lz +A“ﬁ”lz}

Small 4

Ridge and LASSO

B

Large A

Small 4

—,2
A8,

Small A Large 4

=L

-
NP AL

— —112 il
LASSO arglnin{”y - Xﬁ”lz + )‘”ﬁ”ll}

B

Regularization path
Solution path

B

SmallA Llarge A

0

A



Ridge regression

o . .
L(B) = f(B) + 2(B) £(8) =5 - xBl,,
ERidge = arﬁgmin{L(E)} £y (E) _ g ”E”Z

af(g 1 _

of2(B) -

—— =2
o5 P
oup)__1 X7y — X"XB] + 2B =0
aﬁ m

ﬁRidge = (XTX + m/ll)_ley

Even if XT X is not regular, (X" X + mAlI) is always regular.



LASSO

o\ — =4 — 1 N —n2

L(B) = f(B) + f1(B) f(B) =1y - xB|,

ELASSO = arﬁgmin{L(ﬁ)} f1 (E) - )“”E”lll
f(B) _

1. . _
of ~ m |XTy — XTXB|

af1 (ﬂ) _ Unlike Ridge regression, we can not find any analytic solution

—

ap f1 is not continuously differentiable.
- we can not use any gradient method.



LASSO

1 — —
argénin {ﬁt ¥ - X[?||lz2 + A||ﬁ||l11} can not be solved

However, a special form like,

1

i 22

v—A2 (v>2)
B=10 (—A<v<A)
v+ 4 (A <v)

_ R S |
argmin {— ¥ — ,3||l2 + ||ﬁ||ll} can be solved

)

Soft thresholding function
v+ A




LASSO

arglnin{f B) + f1 (ﬁ)} can not be solved
B

ADMM (Alternating Direction Method of Multipliers)

argmin{f(f) + f1(") + g(¥ — )}
BY

— 1 — 12
f(B) = 5|y - X8|,
109 = AVl

9(v—B) = K7~ B) +uly - I,



LASSO

Completing the square of g
S N — L =2
g¥-B)=n"(7-B)+uly- 8|,
2 1 -2
—— ||h
[, ~zal,

argmin{f () + {1 + g(¥ - B)}
BY
(1. .2 e m. (= 1\ F 12
axgmin 1[5~ X, + 2071, +5 7~ (58| 5,
By [,

aL(B;7) _
B

1 , — — 15\ S
_ __|wTy _ yT _ _ _ —
X"y — XTXp] u(y B+ h)_o

Brasso = (XTX + mul) " (XTy + muy + mh)



LASSO

argrilin {f(l_g)) + 1) + ET(T; - ﬁ) +pu|[Y - E”lzz}

1 u 182 1 -2
argmm 2— y Xﬁ” + )L||}’||l1 HY (ﬁ - h)” o, ”h”
m I

argmln{/1||)’||11 (ﬁ—"‘)H }
i, +

argmln |V — VIIIZ} Soft thresholding function

1 2/1'
v—A' (v>21)

Yiasso =40 (-A'<v<d) A=

v+ A’ (—A’ < v)

<l
I

=
|

>

)

= =

A
U

Buasso = (XTX + mul) " (XT¥ + mpy + mh)

=)
=)

old T 1 (7LASSO - B LASSO)

new —



e
Elastic net
. (1 . -2 A2
Ridge argl_;nln {?n |y —Xﬂ”l2 +3 ||3||12}
. 1 - =112 rilk
sso  argmin o |~ X, + 51, |
Q) 1

. (1 2 A-a) =2 3
Elasticnet  argmin {ﬁ |y _Xﬁ”,Z + }‘[ 2 ||ﬂ||lz T a”ﬂ”h]}

B
a =0 = Ridge
a=1 = LASSO
v—A' (v>21")
7 — iy ' Aa - 1
VEnet 0 ( AS'U,SA) A =— 1_7)=ﬁ+—h
v+ A (A" <v) u u

Binet = (XX + mA(1 — @) + mpl) " (X" + muy — mh)

=)

new = Rolg + 11 (ﬁEnet - ?Enet)
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Multicollinearity
fi = lel + szz + -+ cnfn

% = XCDglD

i.e., the existence of MCL means the existence of non-trivial solutions of X¢ = 0.
- for finding MCL, we find the non-trivial solutions.

The condition that X¢ = 6 has non-trivial solutions

1. Under-determined system, i.e., m < n.
2. Rank deficient matrix, i.e., rank(X) = r < min(m, n)

n
n 1 0 0 a The number of non-trivial solutions
010 b
1 0 0 0 a _
010 0 b 0 0 1 ¢ n-—r
m Mmio o 0 o
0 00 1 d 00 0 0




The number of multicollinearities

Linear span:

W = span({X;, X2, X3, ..., X,,})
Design matrix:

X = [Yl,fz,f:;, ...,711]

The number of non-trivial solutions of X¢ = 0
means the number of extra basis in span W

n — dim(W)
dim(W) = rank(X) =r
then, the number of non-trivial (independent) solutions is given by n — r

independent one set of solution



RXQ = eref

eref =

cCoCco O M

COCOC O MmO

COOm OO

column basic transformation operator (regular and orthogonal)

RREF method

Make row reduced echelon form (rref) of X by basic operations.

R(mXxm): row basic transformation operator (regular)

Q(nxn):

(here suppose that it just change the order of columns)

a; by dj]

a, b, d,

az; b; dj
O 0 O
O 0 O
0O 0 O

n—-r=6—-3=3

eref[z')ly Ez, Z'>3] - [6, 6

0]

-

The simplest solutions:

[C1,C2, C3]
1 0 O
0 1 0
0 0 1
0 0 O
0 0 O
0 0 O

—a; —b; —dy
—a; —bz —dz
—az —b; —dj
1 0 0
0 1 0
0 0 1 -
a; by dq1—ai;
a, b, d;||—a;
a; b; dj||—a3 -0
O 0 O 1
O 0 O 0
o o0 o010 -




RREF method

The solutions of X,,..¢C = 0 are the solutions of X¢ = 0 ?
RXQ = eref X = R_lxrrefQT

erefz') =0
R X, ¢ =0
R X,7erQTQC =0

XQc=0
How to obtain Q We only have to remember the order change
XQ - [§11})2J73'Y4]Q - [§3'}>11})2'74]
1 0 0 O] 0 1 0 O]
0O 1 0 0 0 = 0O 01 0
0 01 0[° |1 0 00
0 0 0 1. 0 0 0 1.
0 1 0 O]
10 0 1 O
=11 0 0 o
0 0 0 1]




Subspace selection method

From RREF method,

X, = C{c;gi + c}‘?c’j List representation
X| = €iX; + CjXx; | lxk, X1, Xm, | %4, x]-]]

Xy = Cznfi + c]'-"ic’j Temporary basis
The number of basis of this span

- 5 5 —

Span({})il xj; X X1, xm})
dim(W’) = rank(X') = 2 is only two.

W' = span({X;, %;, X}, X, X, })

Choose two basis in this list

Select X;, Xj and remove Xy, X, X;,

or
select X;, X and remove X, X, X,
or

—

select X, X,;, and remove X;, X}, X,

We can reduce the number of descriptors
without any deterioration in regression accuracy



A 4

LIDG method

o

k=1

|

Read y and S° from DB.

A\ 4

Apply basic operations to S°.
Obtain S3,.

Project y to span(Sfp_n)
Obtain B, R?, 0>

\ 4

St={1}us®usy,

!

Detect and remove MCL in S1.
Obtain Si;p.

\ 4

k+1 _ ck k+1
S = SLip-N U Spp

Detect and remove NMCL in S{;p.

Obtain S{ip_y.

\ 4

Detect and remove MCL in Sk*1.

Obtain SKt!.
k+1

Detect and remove NMCL in Sfp -
Obtain S]’lel_N.

!

k=k+1

\ 4

CEND D
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L. M. Ghiringhelli, et al., PRL 114, 105503 (2015)

1. B3V BOMBARE R F(Ox L, MAEF PP EDEEPIRHGE .
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2. FMDLASSO (least absolute shrinkage and selection operator) EFE(EN, D
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AE = EAB(RS) - EAB(ZB)

_ EA(B) - IP(B) |rs(A) _ Tp(B)l |rp(B) _ rs(B)l
=0.108 r%(A) +1.79 exp(r.(A)) + 3.766 exp(rq(A)

—0.0267
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Previous work Our approach

‘ Sample space setting ‘ ‘ Sample space setting ‘
‘ m~ 100 ‘ m~ 100
‘ Calculation of y ‘ ‘ Calculation of y ‘
Prep. basic descriptors Prep. basic descriptors
X(O) - [T,fl,fz,...,in] X(O) — [T,fl,fz,...,fn]
‘ n~10 ‘ n~10
Descriptor generation Linearly independent
X descriptor generation (LIDG)
‘ n~ 1000 ‘ n<m
‘ LASSO Exhaustive search
n~10 MP solver
BO, MCTS, GA
LASSO, LO




Linearly independent descriptor generation method

‘ Sample space setting ‘
; m ~ 100

‘ Calculation of y ‘

v

Prep. basic descriptors
X(O) — [i), YII zz, ey fn]

‘ n~10 ,'

LIDG

‘ n<mn

Exhaustive search
MP solver

BO, MCTS, GA
LASSO, LO

Backward selection

n~10

15t order DG

‘ n~ 30

‘ Linearly independentize (LI) ‘ n-~20

OLS
‘ 2" order DG ‘ n~ 50
‘ LI ‘ n~ 30
o |
‘ 3" order DG ‘ n~100
‘ LI ‘ n~40
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Example

Calculation Experiment
2.5 30 T
AkaiKKR (KKR-CPA) o e BCC % Foc 2
LDA (MJW) - 2.0 : \C/rF::ae g 25 - ?;1;:2‘1’(1)
Crystal structure: BCC = o MnFe § | A\\ ﬁﬁ;‘:‘c’:
Lattice constant=2.86 A § ;- ) TN o AT - i%;;?
Scalar relativistic é o e 3 sl | P g:::(h:lrn
BZ quality =10 (nk=256) &, | < </ : s | /f Qi
edelta = 0.0001 g - § 101 D[S Feicy
ewidth = 1.2 g | p /?’ ® Pure metal
Complex energy mesh = 85 A § s Z 7 %T
Lmax=3 0.0 i " | d X
24 25 26 27 28 29 Cr Mn Fe Co Ni Cu
Average electron number per atom 4 s 26 27 » o
Electrons per atom
H. Saito: Physics and Applications of Invar Alloys,
Maruzen, Tokyo, (1978), 18.
Everyone may image that there is a simple model on the back of this curve
We try to find the simple model by using LIDG method
Target property (m = 99): Initial descriptors (n = 7):

Magnetic moment of binary alloy A;_,B, Concentration, x
Magnetic moment of pure bulk, Mp(A), Mp(B)
M(A, B, x) The number of valence electrons, Z(A4), Z(B)
Magnetic moment of impurity atom, M;(4, B)
M;(B,A)



Raw data

Label | M(A,B,z) z Mp(A) Z(A) Mp(B) Z(B) Mi(A,B) My(B,A)
Sc100Fe000 | 0.0000 0.0 0.0000 3 22604 8  -0.32667  0.00000
Sc090Fe010 | 0.0000 0.1 0.0000 3 22604 8  -0.32667  0.00000
Sc080Fe020 | 0.0000 0.2 0.0000 3 22604 8  -0.32667  0.00000
Sc070Fe030 | 0.0000 0.3 0.0000 3 22604 8  -0.32667  0.00000
Sc060Fe040 | 0.0000 0.4 0.0000 3 22604 8  -0.32667  0.00000
Sc050Fe050 | 0.3157 0.5 0.0000 3 22604 8  -0.32667  0.00000
Sc040Fe060 | 0.7056 0.6 0.0000 3 22604 8  -0.32667  0.00000
Sc030Fe070 | 1.0831 0.7 0.0000 3 22604 8  -0.32667  0.00000
Sc020Fe080 | 1.4793 0.8 0.0000 3 22604 8  -0.32667  0.00000
Sc010Fe090 | 1.8709 0.9 0.0000 3 22604 8  -0.32667  0.00000
Sc000Fel00 | 2.2604 1.0 0.0000 3 22604 8  -0.32667  0.00000
Til00Fe000 | 0.0000 0.0 0.0000 4 22604 8  -0.69382  0.00000
Ti090Fe010 | 0.0000 0.1 0.0000 4 22604 8  -0.69382  0.00000
Ti080Fe020 | 0.0000 0.2 0.0000 4 22604 8  -0.69382  0.00000
Zn040Fe060 | 1.2862 0.6 0.0000 12 22604 8  0.03119  0.00000
Zn030Fe070 | 15524 0.7 0.0000 12 22604 8  0.03119  0.00000
Zn020Fe080 | 1.8440 0.8 0.0000 12 22604 8  0.03119  0.00000
Zn010Fe090 | 2.0763 0.9 0.0000 12 22604 8  0.03119  0.00000
Zn000Fel00 | 22604 1.0 0.0000 12 22604 8  0.03119  0.00000




Descriptors

Mp: Magnetic moment of pure bulk A M,(A,B):

Z: # of valence electrons Magnetic moment of impurity A (B)
A Mp(A) Z(A) in bulk B (A)
Sc 0.000 3 A B Mi(A, B) Mi(B,A)
Ti  0.000 4 Sc Fe  -0.327  0.000
vV 0.005 3 Ti Fe  -0.694 0.000
Cr  0.000 6 V Fe -1.165  -0.005
Mn 0937 7 Cr Fe  -1.644 1.825
Fe  2.260 8 Mn Fe  -1.769 2.387
Co 1.740 9 Co Fe 1.846 2.673
Ni 0.591 10 Ni Fe 1.075 2.797
Cu  0.000 11 Cu Fe 0.268 2.332
Zn  0.000 12 Zn Fe 0.031 0.000




The results of OLS with 1st, 2nd, and 3rd order descriptors

1st order (8)

R? = 0.906
Q% = 0.887

Up to 2nd order (17)

R? = 0.969
Q% = 0.950

Up to 3rd order (24)

R? = 0.996
Q% = 0.991

~

job]

~

~

(@]

Estimated magnetic moment (ug)

Estimated magnetic moment (ug)

Estimated magnetic moment (ug)

cﬂ

)

3.0

2.5

2.0

15

1.0

0.5

0.0

-0.5

)

3.0
2.5
2.0
15
1.0

0.5

0.01

|
o
n

p—

3.0

2.5

2.01

1.5

1.0

0.5

0.0

-0.5

ScFe
TiFe

VFe

CrFe
MnFe
CoFe
NiFe
e CuFe
ZnFe

0.0 0.5 1.0 1.5 2.0
Calculated magnetic moment (ug)

2.5

e o 0 0 00
(a]
=
-n
]

0.0 0.5 1.0 1.5 2.0
Calculated magnetic moment (ug)

2.5

o o 0 0 00
[a]
=
=
m

0.0 0.5 1.0 1.5 2.0
Calculated magnetic moment (ug)

2.5

(a)

Magnetic moment (ug)
©c B = N N W
0w o »v o u o

o
=)

(b)

Magnetic moment (ug)
© r B N N W
W o »v o u o

o
<)

~
(@)
~

Magnetic moment (ug)
©C B = N N W
nW o » o U o

o
=)

Slater-Pauling curve

22 24 26 28
Average electron number per atom

Slater-Pauling curve

30

—+— ScFe
TiFe
—— VFe
—— Crfe
—+— MnFe
—— CoFe
NiFe
—— CuFe
ZnFe

;
/ /
22 24 26 28

Average electron number per atom

Slater-Pauling curve

30

—+— ScFe
TiFe
—— VFe

22 24 26 28
Average electron number per atom

30



Obtained model by backward selection

M(A,B,x) ~(1—x)Mp(A) + xMp(B)
+x(1 — x)[—4.03 + 0.28Z(4) + 0.62M;(B, A) + 0.20|Mp(A) + M;(A, B)|]

An interpretation
by analogy with the regular solution approximation for binary compound system

M(A,B,x) = M(A, B, x) + AM(A, B, x)

M(A,B,x) = (1 —x)Mp(A) + xMp(B) Averaged magnetic moment term
(linear to x)
AM(A, B, x) = x(1 — x)Q(A, B)

Mixing (excessive) magnetic moment term generated by alloying

Q(A,B) = —4.03 + 0.28Z(A) + 0.62M,(B, A) + 0.20|Mp(A) + M,(A, B)|

Interaction parameter (does not depend on x)



Summary

We propose RREF method for detecting MCL

The subspace list is useful for breaking the detected MCL relationships
This is a new approach to solve MCL problem in linear regression analysis
By combining these methods, LIDG method was proposed

LIDG method was applied to analyze SPCs and we could obtain a simple
(interpretable) model with high generalization capability.



Use of symmetry in target property

If we can find symmetries,

1. we can increase samples which are symmetrically equivalent.
2. we can construct descriptors to satisfy the above regulations in advance

Magnetic moment of alloys expected to have a symmetry like,
M(A,B,x) =M(B,A,1—x)

A, B, x4, xg: identifiers (primary key)

M(A,B,x4,xg) = M(B,A, xp, X4) (not descriptor)

EM(A, B,xA,xB) = M(A, B,xA,xB)
O'M(A, B,xA,xB) = M(B,A,xB,xA) = M(A, B,xA,xB)

Symmetrization operator (projection operator):
S=E+o0



Symmetrization of descriptors

Symmetrization operator:
S=E+o

SMp(A) = Mp(A) + Mp(B)
SMp(B) = Mp(B) + Mp(A)

SXq=x4 +Xxp
SxB =xB+xA

SM;(A,B)=M;(A,B) + M;(B,A)

SM;(B,A) = M,(B,A) + M,(A, B)

SxaMp(A) = x4,Mp(A) + xgMp(B)

If we use these symmetrical descriptors,
we can get a more reasonable model.

M(A,B,z) = M(A,B,z) + AM(A, B, ),

M(A,B,z) = (1 — 2)Mp(A) + zMp(B),
AM(A,B,x) = x(1 —x)Q(A, B).



