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What is ADPACK?

ADPACK (Atomic Density functional program PACKage) is a software to
perform density functional calculations for a single atom

The features are listed below:

« All electron calculation by the Schrodinger or Dirac equation

* LDA and GGA treatment to exchang-correlation energy

* Finite element method (FEM) for the Schrodinger equation
 Pseudopotential generation by the TM, BHS, MBK schemes
 Pseudopotential generation for unbound states by Hamann's scheme
 Kleinman and Bylander (KB) separable pseudopotential

» Separable pseudopotential with Blochl multiple projectors

» Partial core correction to exchange-correlation energy

« Logarithmic derivatives of wave functions

« Detection of ghost states in separable pseudopotentials

« Scalar relativistic treatment

* Fully relativistic treatment with spin-orbit coupling

* Generation of pseudo-atomic orbitals under a confinement potential

The pseudopotentials and pseudo-atomic orbitals can be the input data for OpenMX.
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Programs of ADPACK

Programs: 65 C rounties and 5 header files (50,000 lines)
Link: LAPACK and BLAS

Main routine: adpack.c
Input: readfile.c, Inputtool.c

Output: Output.c
All electron calculations: All_Electron.c, Initial Density.c, Core.c

Numerical solutions for Schroedinger and Dirac eqs.: Hamming_I.c, Hamming_O.c

Density: Density.c, Density PCC.c, Density_V.c
Exchange-Correlation; XC_CA.c, XC_EX.c, XC_PW9l.c, XC_VWN.c, XC_PBE.c

Mixing: Simple_Mixing.c
Pseudopotentials: MBK.c, BHS.c, TM.c
Pseudo-atomic orbitals: Multiple PAO.c

The global variables are declared in adpack.h.



1D-Dirac equation with a spherical potential

1-dimensional radial Dirac equation for the majority component G is given by
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Solving the 1D-Dirac equation

By changing the varial r to x witl 7 = €* | and applying a predictor and
corrector method, we can derive the following equations:
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In All_Electron.c, the calculation is performed.



Scattering by a spherical potential

Incident wave
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Norm-conserving pseudopotential by Troullier and Matins

N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).

1 d? (I +1) . ] . . u;[fr‘}
——— t+ =+ V()| w(r) = gulr) Ri(r) = —

" 2a7 5,2 " I\ A u(r) r

For u;(r), the following form is used.
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Putting u, into radial Schroedinger eq. and solving it with respect to V, we have
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« Norm-conserving condition within the cutoff radius
« The second derivatives of V ¢ is zero at r=0

« Equivalence of the derivatives up to 4™ orders of u, at the cutoff radius



Ultrasoft pseudopotential by Vanderbilt

D. Vanderbilt, PRB 41, 7892 (1990).

The phase shift is reproduced around multiple reference
energies by the following non-local operator.
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If the following generalized norm conserving condition is fulfilled,
the matrix B is Hermitian. Thus, in the case the operator V,, Is also
Hermitian.
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How the non-local operator works?

Operation of the non-local operator to pseudized wave function
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The matrix B and the generalized norm conserving condition

The matrix B is given by
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By performing the similar calculations, we obtain for the all electron wave functions
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Norm-conserving pseudopotential by MBK

I. Morrion, D.M. Bylander, and L. Kleinman, PRB 47, 6728 (1993).

If Q;; = 0, the non-local operator can be transformed to a diagonal form.

] The form is exactly the
W = Z Bij|5:) same as that for the Blochl
expansion, resulting in no
— Z i) (o] need for modification of
OpenMX.

To satisfy Q;=0, the pseudized wave function is written by
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The form of MBK pseudopotentials

The pseudopotential is given by the sum of a local term V, . and non-local term V.

V) =V (N +Vi

The local term V,,. is independent of the angular channel I. On the other hand,
the non-local term V, is given by projectors

VL = Z/li ‘aixai |

OC

The projector consists of radial and spherical parts, and depends on species,
radial and I-channels.



Optimization of pseudopotentials

(i) Choice of parameters

Optimization of PP
typically takes a half

1. Choice of valence electrons (semi-core included?)
week per a week.

2. Adjustment of cutoff radii by monitoring shape of
pseudopotentials —
Adustment of the local potential
4. Generation of PCC charge

w

|

(i) Comparison of logarithm derivatives No good

If the logarithmic derivatives
for PP agree well with those (i11) Validation of quality of PP by performing
of the all electron potential, good a series of benchmark calculations.

go to the step (iii), or return —>

to the step (i).

good *

No good

Good PP



Database (2013)

Database (2013) of optimized VPS and PAO

The database (2013) of fully relativistic pseudopotentials (VPS) and pseudo-atomic orbitals

(PAQ), generated by ADPACK., which could be an Fully relativistic pseudnpotentials
The data of elements with the underline are currentl
VPSS and PAO, in the program package, OpenhMX, {
openmx®.*/DFT_DATA13/VPS/ and openmx™.*/DFT
The delta factor of OpenMX with the database (201]

Fully relativistic pseudopotentials generated by the I
(PBE13) which contain a partial core correction ant
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Close look at “vps” files #1

Input file

Fun s s ebbob o

Input file
B e g L e g e R gttt s gt sttt ttts]

it

BFile Hame

it

Swatem.CurrrentDir i ft default=./

awstemn. Name Pt _PBE13

Log.print OFF #t ON|OFF
gvstem.UseRestartfile wves B NO|YES, default=ND
avstem.Restartfile Pt PBE13 B default=rull

ft Calculation tvpe

pg.type dirac f schlsdirac|diras
calc.type ¥ps #oaLL|YPS| PO

K. tvpe G i LDA | GG

i

# dtam

it

htomSpecies T8

max .occupied.N ]

total .elect ron 8.0

valence.elect ron 16.0

<?ccupied.electrnns
2 2.0 RB.D |
1 1

==
==
oo
oo
=

=

.0 10.
6.0 10.
6.0 9.
n.0 0.
lectron

‘v"l:ll:ll:ll:l

.electrons

In the header part, the input file
for the ADPACK calculations
are shown, which maybe
helpful for the next generation
of pseudopotentials.



Eigenvalues for all electron calculation

Close look at “vps” files #2

Frifiiieriisiiiii ik inei e i e s e

Eizervalues (Hartree) in the all electron calculat ion
O Sl el e e e e

n=
=
n=
n=
n=
=
=
n=
n=
=
=
n=
n=
n=

COCACA O b b o fe DO QOO D D —

o2 — oD — OS] — O — O

- Zohio
-503
-414
-118

-394
-7
-20
-18

i=l1+1/%

-0H6443450359 355
-1 142921617334
154BE 70411121
0771871048125
-0 406459585 7966
-1 768324008852
3345514773071
0570286040002
1245371 454213
-45681 91344740
-BH526504468 7S
0410921 BAE76]
201 931 BH3 4267
2073945621 3222

-2oki.
-a03.
-2,
-114a.
-104.

-id.
-22.
-1

j=1-1/2

G464 439505435
114252 1617334
3720670651586
0771871045125
1310226714455
16291076 102345
3340801 4773071

-J6ZAR03002204
0257406345024
-0821 360560534
-BHE2E0 044687
- 433830 1B52EEE
- 2496568022815
2073456213222

The eigenvalues with
J=1=x=1/2 for the all
electron calculations by
the Dirac equation are
Included, which can be
used to estimate the
splitting by spin-orbit
coupling



Close look at “vps” files #3

Information for pseudopotentials

vps .t vpe ME
Aumber . vps 5
£pseudo JNandl
I 501 1.1000 0.0
] 52 1.7000 0.0
A E 0 2.0000 0.0
3 E 1 2.8000 0.0
4 0 2.8000 -0.1

pseudo. NandLs

£project .energies

:
I 1.00000000000000e+00
I 1.00000000000000e+00
] L00000000000000e+00
] L00000000000000e+00
2 =1.00000000000000e+00
i L00000000000000e+00
E L00000000000000e+00
I ENErgiess

z

The specification for the

pseudopotentials is
made by vps.type,
number.vps, and
pseudo.NandL.

The project energies A 1s shown as follows:

L0000000000000e+00
L00000000000000e+00
L00000000000000e+00
L00000000000000e+00
L00000000000000e+00
L00000000000000e+00
0000000000000 e+00



Close look at “vps” files #4

The generated pseudopotentials are output by Pseudo.Potentials

<Pseydo Potentials

-1.00000000000000e+01 4.5399928762484%-05  -1.5627 4493573701 e+01
1. 2901619173529Ye400 -3.535767A3162273e-04 -2. 7450152907 15068 e-04
-2 44B045T72803525e-08 4. 48045801 596636-08 5.09718838745471 0=e-08

-9.973535490981 9539 +00 4.56168218439265:-00 -1.5627 4493573701 e+01
1. 2901619175875 42400 -3.630540060427 43e-04 -2.81859221 925009 e-04
-2.57892987AE2848-08 4. 70277839806157e-08 5.37409931750746=-08

-9.947093196392 9e+00 4.786R331 2960476e-00  -1.5627 4493573701 e+01
1. 29016191783 448400 -3.72785244541990e-04 -2.8941 4129143262 e-04
-2.71903310082123-08  4.95826204925540.-08 5.6BR05322202532:-08

-9, 9206 4729458918400 4.914933238953605:-00  -1.5627 4493573701 e+01
1. 29016191809451e400  -3.82777317519373:e-04 -2.971715368271 /8e-04
-2. 8667475880582 e-08  5.227R2013305807e-08 5.973868734609548=-08

-9.89 49539278557 +00 5.04BR7228281931e-00 -1.56274493573701 e+01
1. 2901619183685 1400 -3.5930372163393 45:.-04 -3.051368 72 /EEE05e-04
-3.02248683064018-08  5.511B216B502627e-08 B.29540434038342=-08

-9, 867745490981 96 +00 5.181942453787 78 4e-00  -1.5627 4493573701 e+01
1. 29016191865 760400 -4.035721197606803.-04 -3.13315710232509e-04

O 1002 ar I arot - no E M1iNndAmMmoadinnda- no 0 cAanE?oeCc3?I MMin d- No

1st column: x

2" column: r=exp(x) in a.u.

3" column: radial part of local pseudopotential

4™ and later columns: radial part of non-local pseudopotentials.



Close look at “vps” files #5

Charge density for partial core correction

<density.PCC

-1.00000000000000e+01 4.5395923762484%9-05
-5.9735490931963%9+00 4.66163218439260=-050
-8.947093 196392 79e+00 4.7866331 2960 47E-05
3. 020647294555 18e+00 4.9149332385936R0e-05
-9.8941 983927805 Te+00 504667228281 9812-05
-9, 867745490981 96 e+00 5.181594243787 78 4e-050
-9.8412945891 7836e+00 5.320838351 42065E=-05
4. 81484368 737470e+00 5 .4R3457207REBEA2-00
—-5.7883827800671 14e+00 5 .E09898795 7526 1e-05
-4, 761841883767 04e+00 5.7B02655T953301e-05
~-8.730480958196393+00 5 .9146627R929530-05
—-89.7090 400801 B032e+00 B.0731983953636Ve-05
-9.682589178356 71 e+00 B.235598338363870e-05

=0 RRETDOOTRRERST] AN A1 oo AR 1R~ -NR

S411B07 B251530e-01
S411B07 B25153ke-01
SA11B07 E25130e-01
S411B07 B25153ke-01
411607 B2E130be-01
S411B07 B25153ke-01
411607 B2E130be-01
S411B07 B251530e-01
S411B07 B25153ke-01
S411B07 B251530e-01
S411B07 B25153ke-01
411607 B2E153be-01
S411B07 B25153ke-01

oAARNT R T AR~

o e e e e e
o e e e

1st column: x
2"d column: r=exp(x) in a.u.
3" column: charge density for PCC



Primitive basis functions

1. Solve an atomic Kohn-Sham eq.
under a confinement potential:

r Z
—— for r=r,

B

s-orbital of oxygen

N
T

7
3

Veorel7) =94 > by forr<r=r,
n=0

=]

h for r.<<r.
.
2. Construct the norm-conserving
pseudopotentials.

uonoun4 eAep) [elpey

1
Mo
T

A

Pseudo potential for s orbitals (Hartree)

o
_
N
wk
N
o1

3. Solve ground and excited states for the
the peudopotential for each L-channel. r(a.u.)

In most cases, the accuracy and efficiency can be controlled by

Cutoff radius
Number of orbitals s o



Variational optimization of basis functions

One-particle wave functions Contracted orbitals
wﬁ(r)=2 c,u,fcrd)r'a:(r_r;') (rb;'&(r)=2 Hiaqun(r)
I q

The variation of E with respect to ¢ with fixed a gives
(?El.tr:ll"l{&cﬁ.f{}:zo — zﬂ <¢EH‘H|¢;3>C;¢=J’,{)’=8#_EE (qbfa‘(bj,[i’)cﬁ:jﬁ
J J

Regarding c as dependent variables on a and assuming KS
eqg. is solved self-consistently with respect to c, we have

IE oE ., op(r)

(?ﬂ;a,q - 5,0(1') ﬁaiaq
=22}8 (@E-a‘jﬁ(x”}.‘f:flt;bj'ﬁ)_Eimjﬂ(Xh?‘(bjﬂ))
J

Ozaki, PRB 67, 155108 (2003)



Optimization of basis functions

1. Choose typical chemical environments pay

2. Optimize variationally the radial functions

3. Rotate a set of optimized orbitals within the subspace, and
discard the redundant funtions



Close look at “pao” files #1

Contraction coefficients

fumber.optpan 3

The optimized PAO are
generally obtained by two or

<Cont ract lon. coefficlents! three calculations for orbital

i
E Pt opt.dat, Pt7a_l.pan

dtan= 1 L=0 Mul=0 p= 0  0.993972378719354 oAt :
am= = = = . - - -

iton= 1 L-0 Hu-0 n- 3 -0.00i4045155es COefficients are attached in the

dton= 1 L= 0 Wul= 0 p= 4 0.003436437962913 :

aton= 1 L=0 Wul=0 p- 5 o0.0mo54n9a60717a7  header of the pao file.

dton= 1 L=0 Wul=0 p= B 0.003333532045599

atan= 1 L=0 Wul=0 p= 7 0.00]154304378998

dton= 1 L=0 HMul=0 p= B 0.001330B35454375

aton= 1 L= 0 Wul=0 p= 9 -0.000335434804772

aton= 1 L= 0 Wul= 0 p= 10 0.0007560363432927

dton= 1 L= 0 Wul= 0 p= 11 -0.000BEE201042057

Aton= 1 L= 0 Mul= 0 p= 12 D.D0023659897 1484

4= 1 Il =1 Wol- 1N w149 N Nnna?ai A7R2 AN A



Close look at “pao” files #2

Input file

Fi sk sk e ok ok

Input file
B g T g e e g Sy St g et g s s R e s st tsg trs]

i

B File Name

i

Swaten.CurrrentDir i f#f default=./

Gwstem. Name Ft7.0p

Log.print OFF #ON|OFF
Gvstem.UseRestartfile ves B NO[YES, default=NO
Gvstem.Restartfile Pt7.0p B default=rull

# calculation tvpe

eg.type sdirac #schlsdirac|diras
calc.type pan fALL|YPE|PAD
wc.type (G #LD& | GG

i

B itaom

i

ftomSpecies T8

max .occupied.N B

total .elect ron 8.0

valence.elect ron 16.0

<occupied.elect rons

The input file for the ADPACK
calculations is attached which
can be helpful for checking the
computational condition.



Eizenvalues

Lmax= 3 Mul=1h

mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu

[l il il et Y i )l e e el e T e ) el e T e e e e e B e e e e e e e e e e e e e e e |

—_— —_

—_——
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Close look at “pao” files #3

e.g., Si7.0.pao

CJAA320368623145 1
.0185424?2858?2‘1
LATIhERR461703 E;
L39915528592393
LAM0GT03303063
LB3499804739274
LA388R012002733
Ch48R7HI47R097
La3041526308320
L240554619339333
CAhB1a0ha1232040
LHR3EA7TTRET0R
LG201447357 1136
LATINTTARAT2ENT
LAAz24h30a07 3866
LAT4E0013133101 ;Z
L2RITRANTARAR] ES
LTR3T3R0083T0
LAA438637335006
3211686526004
LHARETI242 30366
LA1246180826168
.23503733702661
LH9454075291723
LNBOZ 102380762
LA2B92005225443
L0h86T400B6TIE2E
LB02723R3142245
LAhB9484363537 1
LT2E0232390 4447
L1886411507 4821 :3
.35893514998085'7
LH4629318704602
LTRZ20176REA4333
1418723624338
L 10BBRN12645361
LBABETATIETRON
L3952 2693820433
LATEZE098351867
JRZ2TAITTE4R02
LIBBZ05EBE50630
LAABR1B12641581
LAZZIRETS158659
LATA0E031363278
LTaR3BETE482773
L2A3RRTEATRTR4R ES
LTa032836 114060
A233206R30872R
(5253726 1436132

The eigenvalues of pseudized and confined states are shown.
The information can be used to choose basis functions step by step.
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Total energy (Hatree/atom)

-4.1

-4.11

S

Si7 0-s1p1
Si7 0-s1p1d1
Si7 0-s2p2d1
Si7 0-s3p2d2f1
Si8 0-s3p2d2f1

5.4 5.6
Lattice constant (Ang.)

2.8

One may find that the
structural properties can
be obtained by Si7.0-
s2p2d1l.

Also, it is found that the
cutoff of 7.0 (a.u)
reaches the convergent
result from the
comparison between
Si7.0-s3p2d2f1 and
Si8.0-s3p2d2f1.



Valence density

Close look at “pao” files #4

<valence.charge ..density

=10.000000000000000  0.0000 43395924 752

0.0017 456549482571

-4, 4970041 1163 16E4]T  0.00004651003 76 O.001 /456549561254
-4. 45 1h82233033262  0.000047647 412381 0.001 74565460 4523
-4.827hE35007 44921 0.000045312538050  O.001 745655773515
-4. 490330446 76BRBOE T 0.000050006154622  0.001 /4565585 7544
-4.879200084083202  0.000051228458753  0.001 745660007317
-4. 900046 7014948541 0.000052451664263  0.001 74566013256
-4.503065781 04 1k452  0.000053765002242  0.001 74566026 4555
-4.8067235935333123  0.0000550787217 73 0.001 7456604035256
-4. 7820700522 44783 0.000056426540249  0.001 7456605458456
-4, 841116416404 0.0000573065537582  0.001 745660700526
-4, 73 4202Zan083043 0000059219557 772 0.001 745660860913
-4.71004934029948654  0.000060665047247  0.001 745661025514
-4.b3043401 94916525 0.0000621515674458  0.001 7456612050355
-4.B0177aB36E32564  0.0000636V1364278  O.001 745661359950

1st column: x
2"d column: r=exp(x) in a.u.
3" column: valence density for the chosen states



Close look at “pao” files #4

The generated radial functions are output by
pseudo.atomic.orbitals.L=0,1,...

Padr.Lmax 4

Pac.Mul 15

spseudo .atomic.orbitals.L=0

-10.000000000000000  0.000045399529762  0.16R091A19003741 -0.161C
1 .B0BR93967RA8T 44 1.812888733723762 1 .8375470174446358 2. 2405RE
3.168493033333155  3.42951293042341 4 3.705347133930492 58

-5 875841 116891A641  0.000046510087569  0.16608161 9004R96 -0 .1610%
1 .B0BR93967375123  1.612886733470841 1.837547017050928 2.2495RE
3.168493032006391  3.424512978068319  3.70347133R33 1002
-5.851682233333282  0.000047647 412381 0.166B08167149005R98 -0.1610%
1 .BOBRY93967172548 1.612886733205308 183754701 16A37RAT  2.2495RE
3. 168493030036719  3.429512970678182  3.703471333307734
-5.827523350749921  0.00004858125380585 O0.1660916149006750 -0.1610%
1 .G0EE9396R959944 1.612886732026817 1 .837047016203978 2.2405RE
J.168493027969540  3.4295129729742538  3.7053471330082429
-5.903364467AEREAT  0.000050006154522 0.1660916149007354 -0.16810%
| .6OEEY9396R 736315  1.612886732634444 1 .8375470157433801  2.2405R
3.168493025800029  3.429512970241 378 3.70547132669 7407
-9.879205584583202 0.000051228958783 O0.1660916149009013 -0.1610%
| .GOGE9396R502641  1.612886732327006 1.8375047015271093  2.2495RC
3.168493023523118  3.429512967373229  3.7053471323144317

-4.000046 7014493841 0.0000524581 664265 0. 16B091 614010229 -0.1610¢
1 RNRRARAFRRYRERTA 1. RTDRABRTAMNNRARAN 1 . AFTRATMIATRATIR  °_ WATRRE

1st column: x
2" column: r=exp(x) in a.u.
3" and later columns: radial part of basis functions



A-factor

The delta factor is defined as difference of total energy between Wien2k
(FLAPW+LQO) and a code under testing, which is shown as shaded

region in figure below, where the volume is changed by plus and minus
6 % taken from the equilibrium V, .

AL < \/f AEQ(I")dI">
code 2 AV

E i

code 1

N
-

V
Lejaeghere et al., Critical Reviews in Solid State and Materials Sciences 39, 1-24 (2014).



Comparison of codes in terms of A-factor

Code Yersion Basis Potentials M—factor Authors

WIEREZ K 131 LAPY APWHID full O retsatom S Cottenier

WAL 5212 plare waves PAM 20 2 07 metlatom K Lejpeghere

WAL 2212 plare waves PAM 201 2 GW-reachy 08 metSatom K Lepeghere

Ahinit 753 plare waves PAY . TH 12 meyatom F. Jollet et af [3]
Abinit 712 plare waves GPAW PAW 059 (40 Ha cut—off) 13 retsatom FoJollet e st [3]
GPAW 091  plare waves PAWOS 15 mevSatom  ASE [2]

Cluantum ESPRESSCE 502 plane waves PA 3 18 et atom Quantum ESPRESSO [5]
Cie bl a7 peeUdo—atomic orbitals  MorrisormBylarder—Kleinrman morrrcorssning (201 5) 20 retatom Cpentds [4]

WASP 522 plare waves PAY 2011 21 mevsatom K Legeghere et af [1]
¥ 080 grid—hesad PAW G 38 mevatom K Lejpeghere et &l [1]
Cacapo 2716 plare waves Warderhilt ultrasoft version 2 6.2 metsatom  ASE [2]

Ahirit F44p plare waves Troullier-Martine norrcorserving (FHIE) 145 meyatom ASE [2]

http://molmod.ugent.be/deltacodesdft



Structures of OpenMX

« Language: C, fortran90

« 265 sub files, about 1000 sub routines

« 21 header files

» About 300,000 lines

« Compilation by makefile

« Eigenvalue solver: ELPA included

» Linking of LAPACK, BLAS, FFTW3

» Hybrid parallelization by MPI,0OpenMP

Basic structure  Openmx() Main computational flow

Input_std() Reading input file

openmx_common.h * _ Analysis of geometrical structure,
truncation() memory allocation, analysis of
Common functions and } communication pattern
common variables are DFT()
: : SCF, total energy, for
declared in the header file. * dy, TOTees

MD_pac() Molecular dynamics and
; geometry optimization

OutData() Output



Input_std.c

The input file is analyzed in Input_std() which employs Inputtool.c. After searching
keywords, the value after the keyword is set for the keyword. The variables for the
keywords are declared in openmx_common.h.

f eepeeluieioldeebdeleieielieiobdeeideiiioieeleoleio e el ool el

open a Tile
B B P R e e

(inpgt_open%file]:=ﬂ]{
MPT_Finalize()
exit(0);

nput_string(’ Svsten Currrentlirectory”, filepath, ™. /%) ;
input_string( Systen, Mane”, filenane, “default™);
input_gtring ("DATE, PATH”, DFT_DATA_PATH, *, . /DFT_DATA137);
;nput_;ntE” evel, of, stdout”, &level stdout, 1) ;
input_int (" level, of, f1leout”, &level fileout, 1);

input_logical ("memory, usage, T1leout”, kmemorvusage fileout, () ; /% default=off #/

(level stdout{0 || 3{level_stdout)q
printf (" Invalid value of level, of, stdoutin™ ;
pott;

(level fileout{d || 3{level_fileout){
printf("Invalid value of level, of, fileoutin™);
pOtHt;

Inputtool.c allows us to write the input file in arbitrary order for the keywords.



Implementation: Total energy (1)

The total energy is given by the sum of six terms, and a proper integration
scheme for each term is applied to accurately evaluate the total energy.

ETDT - El{in + Eot- + Em:e + E}c:(* + E(‘(' — Ekin + EIlEL + E(-EEL) + Eﬁee + Exc + Escc-

N
(Rn) ; (Ru) o
Ekin - ; ; Z Pa e‘i‘:jﬂ mﬁﬂ,kin- Kinetic energy
agid
E.. = E&" + ENR), Coulomb energy with external potential
- Z; Z I)Jh'_'tjlj f:’ .-:r'l Té:||¥1';::orr:,flir g |£‘D 3'1 Rn'i
icv, i3

+ z Z Z J'r‘)cr m;ﬁ D L‘rl r—7; || ; th.-.,f'fr — Tf||(:jj3'r - TJ' — R’n' ::

icv,j 3

Eee| = 5[ drin(r)Va(r),  Hartree energy

1 3 . oy rrAlaly .
— 6 [ d?‘aﬂ | r ,IJ[ I[_i'a] I r .:| + rﬁ"IH I r :I } .
Eq = [dr*{n;(r) + n(r) + npe(r)}ec(ng + SMpees 1|+ 5Mpec)s  Exchange-correlation
- - energy

Z1Z;
E B ] Core-core Coulomb energy
—
= TO and H.Kino, PRB 72, 045121 (2005)

1
Ecc - -
2




Implementation: Total energy (2)

The reorganization of Coulomb energies gives three new energy terms.

E{L} + Eee + Ec Ena + E&Iee + ES!C'-C'.:'
The neutral atom energy Short range and separable to two-

_ [ J 7 T — T -
E,. = fd.r ﬂ':\lf:'z-[na,,f':,l TI) center mtegrals

R, , N ‘ ,
= Z Z Z 1'91;- »,-,,;é% "32'.::[1‘ — Ti ,:'H'fna,,f \r— 77 ,:'|f*'j,':7':‘r — Ty — Rn,:';::

N i3

Difference charge Hartree energy

| Long range but minor contribution
Esee = 5/d-re’drz[l‘]ﬂ-'i[{l‘},

Screened core-core repulsion energy
Short range and two-center

Es-c-c = 5; |i|7_f —Tj| _‘/"'rhan} J( ]I[}I,j(r]] ) Integrals

Difference charge Neutral atom potential
on(r) = nlr)—n™(r).

= n(r) - Y m"(r).
:

-{"im?f{l' —T7) = L:u:ulef':l 1)+ WV taj( — 77 ).



Implementation: Total energy (3)

So, the total energy is given by
Etot — Ekin + Ena. + EG(EL) + Erﬁee + Exc-. + Escc-

Each term is evaluated by using a different numerical grid
with consideration on accuracy and efficiency.

The relevant subroutines

E kin Set OLP_Kin.c, Total _Energy.c
En a Spherical coordinate in Set_ProExpn_VNA.c, Total_Energy.c
momentum space
(NL) Set_Nonlocal.c, Total_Energy.c
Eec-.
E dee

Poisson.c, Total _Energy.c

} Real space regular mesh

Set XC_Grid.c, Total Energy.c

J Real space fine mesh Total_Energy.c



Atomic 3D atomic partitioning

How one can partition atoms to ,
minimize communication and memory
usage In the parallel calculations ?

Requirement:

@ .
O » Locality
® ® » Same computational
. cost
O ® |
P P « Applicable to any
O O O © systems
® . Small computational
O ® O overhead
@ @
o P

T.V.T. Duy and T. Ozaki, Comput. Phys.
Commun. 185, 777-789 (2014).



Modified recursive bisection

If the number of MPI processes is 19, then the following binary
tree structure is constructed.

19

10
l
2| :
1] 11 2
108

In the conventional recursive bisection, the bisection is made so that
a same number can be assigned to each region. However, the
modified version bisects with weights as shown above.

This is performed in Set_Allocate Atom2CPU.c



Reordering of atoms by an inertia tensor

Atoms 1n an interested region are reordered by projecting them
onto a principal axis calculated by an inertia tensor.

3D

Principal

1D

’_’VW

\.b This is performed in Set_Allocate Atom2CPU.c

The principal axis is calculated by solving an eigenvalue problem
with an inertia tensor:

<> 2 ?
/l W:(Y.+Z:) —'FWEX;Y; — LW X{Z;

-~ ZWiY: X T w; (X +2() —?;:W:Y;Za Aq|= -2 ay
k - Z w; 2% *?WC?ETE -{-:”C(xlz"'\r- \azj \ﬂz




Recursive atomic partitioning

The method guarantees

® [ ocality of atomic
partitioning

® Balanced
computational cost

® Applicability to any
systems

® Small computational
cost

< r
R /7 \ F
i P
m Principal axis
P_‘\ /"_'(
y—
v | W
PllllLlp?l. axis | | Principal axis
---- %
« | F
«
i 8
g1\
’
|V w
I. . | |
>
< 3
& &

T.V.T. Duy and T. Ozaki, CPC 185, 777 (2014).



Allocation of atoms to processess

Diamond 16384 atoms, 19 processes




Definition of neighboring atoms

Each atom has strictly localized
basis functions. Thus, the non-
zero overlap between basis
functions occurs if ry, < (r,, + re,).

The analysis is performed in
Trn_System() of truncation.c, and
relevant variables for the
Information are

FNANI[]: # of neighboring atoms

natn[][]: global index of the
neighboring atom

ncn[][]: cell index of the
neighboring atom




Three indices for atoms

Global index: if there are N atoms in the unit cell, then each atom has a global
index which is within 1 to N.

interMediate index: a set of atoms (N, atoms) are assigned to each
MPI process. Then index within the MPI process each atom has an
intermediate which is within 1 to N,

Local index: The second index of natn[][] and ncn[][] runs for a local
index which is within 1 to FNAN[].




Example: the three indices of atoms

Only the non-zero Hamiltonian matrix elements are stored in H. An example is
given below to show how the conversion among the three indices is made.

(M AN=15 Mo AN<=Matommum; Mo ARH+) |
(e AN = MEG[HG a1 5
Cwan = Whats er:1esti}c A ;
(h_&N=0; h_AN{= FNQ[*J[GC H[*J] b AN+ 4
Gh_AN = natnIGc AN [h_ A
Hwan = Whatfpecies Gh il
(1=0); 1{Spe Total O Cwan] 1+ 9
[;J— - J{fpe_Total KO [Hwan] JHI
(spin=l; spin{=SpinP_ 5w1tr:h spintt) |

] Th AN [5] [3] = K lawsHO0] [e_ 00 [ [
1 = o
} Hlspam] He J e e e i )
{

where Mc_AN is the intermediate index, and G¢c_AN is the global index, h_ AN is
the local index, respectively.

M2G, F_G2M, and S_G2M can be used to convert the indices.



Cutoff energy for regular mesh

The two energy components E

+ E, . are calculated on real space

oee

regular mesh. The mesh fineness is determined by plane-wave cutoff

energies.

scf ,energycutoff

150,10 ¥ default=150 {Ry)

The cutoff energy can be related to the mesh
fineness by the following egs.

() 1 (2 1 (3 1
-&‘::111. = Egbl ’ gb] ’ L::m. = ;gbi : Ebzu JE"n::ut = Egbii ’ gb.".-.
LA _m o
g 1 - \ | g 2 = |'\'T2 1 g 3 r\h
ga, X ga, ga; X ga, ga; x gas
b & by = 29 b, =2

AV = ga,(ga, X gay),



Structure A

Charge density:
A—B—C

Y

Hartree potential by FFT:
B(abc)—B(cab)—B(cba)
—B(cab)—B(abc)

Partitioning of grids

Structure B
(case of abc)

l

Structure C
Structure D

a
C

v

C |=—|B(abc) |

Exchange-correlation
potential: C. D

v

Charge mixing:
B(cab)—B(cba)—B(abc)

'

Total energy: B

L]

B(cab)

L]

B(cha)

b

Uniform grid is used to calculate
matrix elements and solve Poisson’s
equation. A hundred million grid
points for a few dozen thousand
atoms.

A proper one of four data structures
for grid is used for each calculation.

They are designed to minimize the
MPI communication.

These data structure are all constructed in Construct. MPI_Data_Structure Grid() and
Set_Inf_SndRcv() of truncation.c.



Case study #1

Values of basis functions are calculated on grids in the structure A.

S get info, on OpentP #/

OMPID = omp_get_thread num() ;
Nthrds = omp_get_num threads();
Nprocs = omp_get_num_procs();

(Me=0MPTD#Gridi_Stom [Go AN] /Mthrds; Ned (OMPIDH ) #Gridh Atom[Go AN /Mthrds; Bt |

Mo = GrldLlsthom[Hc BN [[‘Jr:]; \
(Rc = Celllistétom[Me AN [Nc] ;

In Set_Orbitals _Grid.c

Get Grid RO o)y N NCc runs over grids in
= + -

Heon R {2 EEEMEE the structure A

z = Cxvz (3] + atw[GRc] [3] - Guvz[Go 4] [3

(Cnt_kand==0) {

/% Get_Orbitals(Cwan, x, v, z, Chi) ; #/
/% gtart of inlining of Get_ Orbitals %/



Case study #2:

2D-parallelization of 3D-FFT in Poisson.c

Compared to 1D-parallelization, no increase
of MPI communication up to N. Evenat N?, [ .5

just double communication

cab ach

S~

Processes cab ach cha bea cba bea

N/2 N-2N 2N-4AN 2NN 2NN | WVanv | 2N°4aN NN NRaN

N  NYN-1) 2N%(N-1) 2N(N-1) 2NYN-1)| NM(N-1) | 2N?(N-1) N*(N-1) NiN-1)

DN 15N-N? 2N(N-1) 2N%(N-1) 2N%(N-1)| L5N-N°| 2N*(N-1) 1.5N°-N? 1.5N°-N°

N° 2N (N-1) 2Ni(N-1) 2N(N-1) 2N*(N-1)| 2NV(N-1)| 2N*(N-1) 2N“(N-1) 2N“(N-1)




Case study #3

Each MPI process calculates a part of the energy terms evaluated
on the regular mesh using the structure B(ABC) as follows:

,J"=I==I==I==I==I==I==I=$=I==I¢=I¢=I¢=I==I==I==I==I==I==I==I==I==I==I==I¢=I¢=$¢=I==I=**$$$$$$$$$$$$$$$$$$$$$$

calculations of Eva, Eef, EHI, and EiC
C I o O S L

A THY
B = 0. 0; In Total Energy.c
[*’I}F_EEC[[]J = (.03 _
My _EXCLL] = 0.0;
(E=0; BN{My MumGridB_&E; B+ { <= BN runs over grids in
den[0] = Density_Grid B[0
séentt] - Berett G-I R the structure B(ABC).

tden = aden[(] + aden[1];
aden = ADensity_Grad B[RN];
pden = PCCDensity Grid B[EN];

S 1F (ProExpn_Wa==o0ff), Ena iz calculated hers, #/
(ProExzpr WNA==() Mv_Eva += tdensVla_Grid B[EN];

[# electric energy by electric field =/ _
(E_Field switch==1) My Eef += tdensVEF Grid B[RN];



Case study #4

Each MPI process calculates exchange-correlation potential and
energy density using the structure D as follows:

OMPID = omp_get_thread_rum() ; In Set XC Grid.c
Mthrds = omp_get_num threads(); — —
1 gt
+ 1;

Mgl = Max_Grid Index D[1] - Min_Grid_Index D[1
Wz = Max_Grid Index_D[2] - Min_Grid_Index_D[2
g3 = Max_Grid_Index D[3] - Min_Grid_Index_D[3] + 1;

(MH=OUPTD; MR {Hy_HunGridD; Mi=tthrds) { <—— MN runs over grids

1 = MM/ (Ng2elgl) ; [
Lo e s e In the structure D.
k= M - 1#lg2#llgl - J#g3;
C1==0 [| 1==Ngl-1) || J==0 || 7=M0g2-1) || k==0 || k==(Ng3-1) }{

dDen_Grad[0] [0] [MN] = 0. 0;

dDen_Grad[0] [1] [MM] = 0. 03

dDen_Grad[0] [2] [MN] = 0. 03

dDen_Grad [1] [0] [MN] = 0. 0;

dDen_Grad[1] [1] [MM] = 0. 03

dDen_Grid[1] [2] [MM] = 0, 0;




Summary

The data structure of OpenMX is carefully designed so that the size
of memory and MPI communication can be minimized.

The first step to construct the data structure is how atoms are
allocated to each MPI process by using the modified bisection and
Inertia tensor projection methods.

The second step to construct the data structure is how four sorts of
grid structure are constructed.

Each of calculations are performed by choosing one of the four grid
structures, and changing the grid structure requires the MPI
communication, of which pattern is determined beforehand in
truncation().



