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Abstract

VASP is an important software for material microscopic physical properties simulation, with ex-
cellent parallel performance, among which matrix diagonalization takes up a lot of time in its cal-
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culation process. Under HPC job scheduling, the parallel process allocation of VASP shows the dif-
ference between the single node and across multiple nodes. Through the analysis of the intra-node
and inter-node processes of MPI parallel, the running time of EDDIAG and RMM-DIIS, we clarified
the importance of matrix diagonalization in VASP program parallelism and the role of OpenMPI on
matrix diagonalization parallelism. Furthermore, we write a communication-optimized matrix
diagonalization program. By test, the parallel program using the Thomas algorithm shows strong
scalability than the serial algorithm. The OpenMPI-based parallel program can significantly im-
prove diagonalization’s parallel efficiency, but the relationship between its parallelism, commu-
nication cost, and computing scale needs further study.
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1. &4t

WAER, MERHE S EIUER AR R ARV 70 A b R F BB R, R R R T &7
155 — IR B (ab initio) THE, A4 A BT R SR A SO IR 1]-[8], HI T SEI AR & AR B BRI, 1
s THEL R SRR B B MR TR 118 3 75 ZER MR oy 7R, PR RE 3R T BRI Bk .
BEE e R T BRI RE S 3T, MR B AT AR AN R Ry, H I TR R 2 1 R P R A
HI2E— R B AT T H 84, W0 VASP (Vienna Ab-initio Simulation Package) [9]+ QE (Quantum Espresso) [10]
HPWmat 11155, 25 &SI B2 WA 5t IR TSOMURE - (1 280 s 1023 &40, BRI s PERETHEELRE ) T A4
BRI E R K, EFANIEEE .

S R AR F AR S FE T 2 B B (Density Functional Theory) [12] [13]F1E#AF &4 T H
TIBBNRIL o T RE RS o TH RO R T B RS R RE T SRS 1) AR T T T Ak AN
FFT 283 fr s ORGS0 A s 2) FEREXT MAALSK R DFT &8 7 FEAMEE FER LB, BL VASP A,
FERIRE R 73 T30, SREX T “ XU PR R (dual grid)” [14], RIZE(E]) 23 8] PR AR TH SRR B, K RO I0
SR )G SEHE FET 3IEZ3 G M), THRA RS, A [n 287 [/ (5 %), a5 20 PR e
FEE, WORTHERSRL . T PEIE AL EIENISR A T Davison 7732 FEHEHLEE(CG) M RMM-DIIS [15] [16]
2 PR EIE LI

X FRRFAE AR 0] A BB v SR B S ) B, A7 AE TR 2 R, JCH MR R S — PR 5,
A R SR A, HE R = 0] AR AR =0 A RE R R AR PR SR A P AN P IR, S T I R ) J, AR
SCHPAEFH 096 S A1 OpenMPL BEATHE FEFFAT K AR, FFIINR 1 78 70 A1 BT B IRAT SR RICR .

AL R HL 5 =44 HPC J#4T73A85, OpenMPI Al LSF AEREAE BREMF, 55 =#E09
24 VASP 7£ HPC 1EMk F TR B84 ST I AN & gt AT 704, 20 I VASP F£47. MPI 1k R 4544
AR HE RS TR 7 FC I s B VU4 A BT A AL 7 HAT B0 SRR s e fa WAL .

2. ERZH

YRR LB T SRR BERE T A RERL ok UL, TR R AR — 255 IR, T DAAE A SE PR
i 4% AT B2 N RN EEA R BGOSR BT, AT LRI A s[RI it mT DAASEFDURR R/ B BRI 58 (1 55
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AR, X NARERA &, s A BRIR . SRELI S I e 2, SRR I R AR S T B
FRERER, W DU AL RORACE B S5

BEE HPC Ae ) YOl HE iy, PRS2 I A TSR BE 37 g, TR RUBE AR A 3% L SR [ ) 31 7 2238 A
SORGHA B BT SRR O T RE . e ERETH SRR RERL A N B . R RE TS AR R
BT RARAE R BT RIS, FPRERL A B A R e 1 PR THE IR0

2.1. OpenMPI BY{E R G4

& T AURE . MPP &8 7041 sU N A7 S5 W I AT S AR A 555, 3 B “ IFAT JEFULAL ” (Parallel Virtual Machine,
PVM)ak “JH B fEi##2 10”7 (Message Passing Interface, MPI)R32H. FIF PVM L HE, \J DU EE )55 Fh
THHENUECA— G IHATHL, i g fE N A3 T —AME T8 BRI A F g2 205, 1 BH PVM )9 P
XIRETF AT 4, AR T I AT S N T FAESS 5 & B BL 30 & A7 SOPLEAT AT /B . MPI =2
— LT BAR AT SOE,  TH B (Message) — I ELFERLE . FE A B E B EHIE S5, MPI$2
BT —EW BRI E, BT EAAE AT AR i 8 MPL 3 2% 15 e pR A S BLT sl
Z A E AT 4, FRERALIFAT AR S5 2 R [F 22455 BT, 5T PVM F MPI JRAT9mfEEAEs, #nr LA
SHF C. C++A1 FORTRAN 25 [ 34T 4 A o

Open MPI )3T HH AR R A AN =J7 ot i it 7R e i~ &, s sr ok b s i 72
BT A A . Open MPI [FIZAT IS IAETHR (L T /S S FIE B IFAT B A HE AR S5 . Open MPI 11351t LA MPI
FJPFEZE R (MPI Component Architecture, MCA) Ay, NETE e JZ IRIRALE R 55 O SRt A 25 . X
Open MPI (152453 #1328, OpenMPI FF A2 Ja B HMEERE , [R5 1 RISk 0T 38 e A2 1) e — SR Al
EHRGN T E RIS g 2.

22. (EVEERGHBE SRS IE

P RETE S DA S BN TH S BA B A A S At o A A 30 2R G0 0 A B BN L BE A 9 1D
ST B RGN — AL T LA S ORI, SRR ME DL S AT SS . SR S T e It e T S A
W, RAMEAS, v R ESERRRITHEEE ), (EEE R AR BER TN EERE RS, BT
25 RN EERE R B EAT SR P ) R A B, O PSS AR S A BT T SRR, O e R B
PIPAT S G5 R s [FEE, SRt R R KT BE /1, 7T DUTE S0 B e i A N e R R (1) Uik
DS T AR

e 25 5 O FE SR 52 e 1 B P PR, S5 R B B AR AR RN B P ) B S A A, [
HME AR DR VT SRR AR A S5 BRI IR A A o P A BB AEAT AT b 5 # e RS S S AR Y, 9F B Bhigds
Bm, B A Re s B R ) R AN A, S B R, R e A ) R, e B T ) FH P R
FHVCER L, RGN BE.

b &0 R A IBM Spectrum LSF (Load Sharing Facility) 7 & R4 A& BEERE A E . X T
BUR S A SUT S B S M Re T R R, X BRI 2R A (2 T R BRI, SRS DKl 1Y) SRS v
M ER AR, TR P A R R B TR, IREE ARSI ERE . AR SRR N IR S 2 AR
2,y E RN BT A B ST IR R P A T AR, IR RS B R AL Ot
S R IEAT PR AT S | J& LSF “FEEERF T RGN HME SRS HAT IR

TENVE B RG R IR ARSI e B 7

1) 1ENFEAS

F it LSF % o, B T DAFHAT bsub A2 (RIS 2% 32— Mk, 435X i fRlkiy, s
FREMBABAT, AR B R G BN BT b AR MLAE A S &5 1 22 1E, X/ R A T2 AR
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Figure 1. The submit progress when using LSF in Cluster environment

1. LSF F AR PR ARGIME THESRZMITER

2) 1BV

Ja G EHEFE mbatchd R AL FRBAF A 1ML, E— N Tl PR A 7] [ B% FERE X Se 4 b 42 15 T &1
&35 25 32 B 3 F2E mbschd.

FIFHEEFEFE mbschd PPALIX G TAERS, FRAEVE ML SO0 26 AL € B sk . I EENLHIAT m] R B0 . &
R R R ] DUS AT VR M S v 51 A, R B SRR 145 )5 & 32 3EFE mbatchd. 3 5185 B 2
HREUm)IERPEE R, E lim 5 mbatchd F AR EEFE R, &IEK mbatchd £ H 2 BIAZHR
SRR e .

3) fEaksric

mbatchd FFFEYKE] mbschd A KM E G, LRI FCAE L B TH 5

4y fEMbizeT

ML AE B HERE (sbatchd), A\ mbatchd EHEREHEFIER, LA T sbatchd Fl—MAATHEE, il
ffi F— AN RE AT R S5 2 AR IR AME ML o X T4 MPT $1 AT HIVEME, LSF 257E MPI 1S A 18] B g — A
TaskStarter #EF2, T8 H#A R 8AME L AT

5) i [El i

L MEATE RS, N R BRI, e T AR . WA R R LTE
TR R TR HRAS . sbatehd MEIAMEMVAE B, BIFEHT 1R IZ5 F145 mbatchd ()% HHE &

6) 15 }iu

mbatchd 3 FiE 77 GG ACE BB HHEE . R, SnEE. BER.
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A B AR AE B, R, AER N, AT RS, REE RGO AE MPT i
fEIA BN, ETHSEA S BT RMSGERE, — BT B RS 8- 1)*CPU %, 55—
BERE, BUAS BB SR BRSNS BRI o PRI (T i 8- 1) o SR TH S P A BERANES T 05, 1E
WA B R GUR B MPI REERE (R 78 24 M A s 4 E R, DR e L B R e R Sh AN 2 7

3. VASP FHTHRAA

VASP J4E g K= TT K PAW J7E[17] [18] 5 — BRI VAR T 22504, VASP 1¥) MPI Jf
ATRCRE Fr o AEAL R T THE A0 AR 5528 T A 558 Intel® Xeon (R) CPU E5-2680 V3 2.50 GHz, A7
DDR4 64 G, 2133 MHz, M %% Infiniband 56 Gb/s. &N 54 24 #%, B 4 272, @ikl
EHARG, AR R IRAR R S S . 16 . 24 AEETT 1 24 (N =2). 48 E(N=3). 72
BN = 42 JURMENL, VASP IEH 450G, 1R HE RG0S5 B R FE RO R R 8. it
€ VASP FFAT IR T f . R SE TR IO SO, it — O SR R AR v A

3.1. VASP B9H{TSEIR

ARG IBAT RS, VASP [3471H5, /2 H Open MPI 3 £§[f). Open MPI j&27E LAM/MPI,
LA-MPI A FT-MPI 255 F R —Ff 425 (0 2 T4 - E 2 ) MPT 5230,  VASP 1) MPI S8R SGuE =t g
THE B 53 77 T, BV 23 (A0 AR R 23 BO AN B T 47 DRad SR AR 1 ) @ . Open MPI J: A4~ & LAM/MPI, LA-MPI
HTFT-MPI [ fai 4G, T2 — M4 MPL SEIL, 584 sl 7 MPI-1.2 Al MPI-2 #14, Jf H58 430
FH RN % 28R M (5 /& MPI. THREAD MULTIPLE).

VASP 2T I FE, HAT V503 5 5 AR v 7E 32 AR 2% (8] IR A 25 B FAT 20 BC S k A REAT AME LR A
FEXT 1 40)F1 DFT @G i 50X JLE 4>« VASP [ E 72 K 1 H 5 5 U5 (2 B B CPU)Z 4 i 220 NPAR Fl
NCORE 43 (ZL3R i /&£ NPAR*NCORE = NCPU), {ESEPRHAAT AR, &30t S Im i F A o5
HARAH [ :

1) B2 ARG S AT EC R FET 48, 7EiZMr B, NCPU AMHE RIS /R N BB £5 10, B2 Al &)
IXH AR A2 73 B NCPU NERE b, TERMA% S A NCPU AN BERERISR I, e Bt JEml ., A4S NCPU
AN BEFE A R 2% 56 2 58 i MPIL SZHR 0 FET 484, SEIL G AL O & 28 FFT 484

2) k RS ARG (E SR AR, 4285 CPU 40~ NPAR A4, 440 NCORE A~ CPU |- SZ¥i MPI &1l
BRI GBI N AR KR — A BT I ARNEAE, AT A SR f# NPAR A BETH AEE -

3) DFT S BEE T, 5 k SRR ANMEAE R AR ARL, K NPAR 4THRE M4 R G, BEME R P EEE
o FUZMER) MPI HERE .

3.2. VASP 1T

VASP FHATH M A BRI RA T 1, R REY, B EN = DN, #EE%E cPu
BH, MBI AN > DIFER, SRR E N, B AT A R CPU A H 3 23
HA R AR AL, ZRFREON 46 2R FF CPU 2 H 1 4 £ 838 91 10 85 1 0T SR A M i 38 1 AR 10 o] RE AR
BATI VASP BAFHIFATSEI . MPL [ R 25 FOAE L5 B 2R 40 (1 02 5 0 O AR s 4% = AN 5 TN 18 1
R a s RS E .

M 2 Hra] DU Y B SRR (A CER 2R, BT /NS B 5 AT A% B B 0 R 7 FARAR o 24 4 A 5 9
B, IRAT R BB AR U ST (B3 ). VASP FE 5 1 AT S04 32 B2 F R IEAR(SCR) R R RS ik, 7]
PAEH, SR EEIER A FE RM-DIIS FERF (5 02k, BRI R RN, 78 AN KT A
24 T T, IATIZEOAR) 20 K4, RM-DIIS ik 3 4TI
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Table 1. The number of threads when using different number of nodes and CPUs

%% 1. VASP #THER AR T S it iz iz

Niode
N=1
1
1

Z 7z 2z 7z 7 7 7
F O VAN

Neru
8
16
24
24
48
48
72
96

NProcess

8
16
24
25
49
66
111
147

Nhread
32
64
96
96
192
192

288
384

P R IFATIN (K 3): Wi 00T (24 R2)FFATIN, BEHEIFAT I R B I, B W AR R R X A AL
[ALEA A, (H BEARABR LB AN SRR A B R ). 07 (12 B FFATIN, TH R0 B S AT

BESTE SR

MIFAT RSO, B 20 AR REE Y ST R E

L LTk, VASP tHE R, GIRSPRiH R R SR EEE T A, VASP ¥ NCPU MR IEIEA
SRR, B —E R S EOE T E R IEEAT RISy, H2 VASP BT R B BN, ik
FEORFEN NCPU, (K AR AN 3ERE T RE EH MPT 25715 S AT FIAE ML A B 2R Goxs VR AN B B8 5 M 3 7= 2R 1)

110
100
90
80
70
60
50
10
30
20
10

110
100
a0
80
70
60
50

30
20

'II'OT—time/hI —k—
B RM-DHIS=Time/s 7]
i e F
12 14 16 18 20 22 24
cores
Figure 2. VASP parallel test single-node
[ 2. BY55 VASP FHITIR
MPI-TEST
T T T T T T T
RM-DIS [
B NODE RM-DIIS —— 7]
| | ?NODES | | 4NIODES
20 30 10 50 60 70 80 90 100

cores

Figure 3. VASP parallel test inter-nodes
3. BT AR VASP FHTIK

HIE R AT, LSF {EM RGN, RABBal i T ik SR A m, HE Sy
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MR ERHE, FATATCSRILL R4 EmTERESRE I VASP 1HEL, WREERIMEHSE, S48
SERITH RIS TR T, BT VASP /R B S FITR IR, (SR RGERIT R —#ritie, St
RPN SRR B . MR ANZED" o IXLSEOMNYRERRIE S RS mbatchd 3%, —fRIBOL T, XLLEEE
HHBRGTFIRA K. HL, XT VASP XFETHEARL, AR B A R03ERE, XS BT T 5L
AT LLZIR A B, BT R B E AT 55 A A, PRI Wall-time FOSEME, L2518 .

4. FEEHIT AU SEHR

VASP A A P RE FEXT A AT R AN B, 43 791Kk H EDDIAG A1 RMM-DIIS 5%, N 1 B#K A
A 2% FE HARTI MPT AT X 55 FEXT A AL RO RCRSE T, FRATTR -G ES JE BT 40 B, AN POk ST R i
J FE ] Thomas ByEHEAT IHZITHE
4.1. EiER

W TR R XML EEFEAET ORI, B, 2%1— 2 n x nFFEM, WERXNT i #j,
M; =0, WIZAEFE AN FAERE . WRAFE—ANMERE A, i AT'MA 45 5O AMERE, IFRALRE A KRS

Mt X F—NERER Y, A @A AL RERE, HEREE D n x n JERFEDRAAE 0 A
LA R R, U R P R0t A 4L

1:

2 Begin the Reduction phase of the algorithm

3

4: for (i=1;i <= log2(n+1); i++) do > Loop through number of stages to solve
5 for j = 0 to numactivep do - Loop through active processors
6: if this processor is active then

7: Reduce system of 3 equations to 1 equation

8: if not reduced then

[ send/ receive information to/from neighbou s
10: end if
1 end if
12 end for
13: Reduce active processor list
14: end for
15:
16: Begin the Back substitution phase of the algorithm
17:
18: for (i = log2(n+1)-1;i >=1;i——) do > Loop back through number of stages to solve
19: MPI:Allgather(result) & send result to all processors
20 refill active processors
21 for j = 0 to numactivep do & Loop through processors without solutions
22 if this processor is active then
23: Solve for local solution on this processor
24: end if
25: end for
26: end for
27: MPL:Allgather(local result) &> send local result to all processors
28:
29: if processor 0 then > Processor 0 loops through even rows and computes final values
30: for all even rows do
31: find solution
32: end for
3% Print solutions
34: end if

Figure 4. Pseudo code of algorithm

B 4. BEFHITALEFHIRD
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CAPS iU

) SRS, BRBAEREREN n, FFATEED N p, A k=n/p, WIFERERIZ Y k*k FRAEREBR

2) FERFANBERE 0 HE AT SRS K i
3) H Thomas 5%} 2)H (145 RdtATIHZ) .
RIS DA AAS W(E] 4 FEREIEAT X A AR e O ACAS)

4.2. SLWEER

SIS LA AT Thomas FVEAE NS, SRS A 1,000,000, 5,000,000, 10,000,000, 50,000,000
POk, 43AI7E 2+ 41 10+ 16+ 20 32 ZFEATEE R e it & THERR]. Inig L Fl FR47 808 andk 2 Fios.

Table 2. Parameters of matrix diagonalization

F2. EENAUSH

SRAFAALE R IBATH ] i L M
H4T: 0.057035
2 0.110394 0.88302806 0.44151403
4 0.045438 1.25522414 0.31380604
1,000,000 10 0.018939 3.00200644 0.30020064
16 0.012024 4.85033974 0.30314623
20 0.009271 6.10399584 0.30519979
32 0.005903 9.60506589 0.30015831
HAT: 0.28042
2 0.327978 0.82309179 0.4115459
4 0.219792 1.27037836 0.31759459
5,000,000 10 0.095686 2.92946722 0.29294672
16 0.06291 4.88983486 0.30561468
20 0.035386 7.87165017 0.39358251
32 0.021872 12.8209583 0.40065495
HAT: 0.561426
2 0.644677 0.876874776 0.438437388
4 0.309206 1729714171 0.432428543
10,000,000 10 0.183201 3.048149301 0.30481493
16 0.121082 4.61117259 0.28819828
20 0.068256 8.225310926 0.411265546
32 0.042963 12.96180434 0.405056386
HAT: 279557
2 3.07504 0.898105391 0.449052695
4 2.12244 1254122614 0.313530653
50,000,000 10 0.895866 3.09856608 0.309856608
16 0.569611 4.899396255 0.306212266
20 0.321817 8.706314458 0.435315723
32 0.202909 13.77745689 0.430545528
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E E

SR A R RN 36 5%, £ OpenMPI M3 AT AIFATIRET T, FEFEXS AT 5L BAT BRI e
71, FESCH IR EIRAT AR BTG E, IBATIN (0] B U I s b, BEABCR WA 5-8.

JEATIN 18]

1 2 4 10 16 20 32
%5

=e=1,000,000 —e= 5,000,000 -#-10,000,000

Figure 5. Processing time under 1 M, 5 M, 10 M size
B 5 1M, 5M, 10M EFEHETHITEE

iZ4THTA - (50,000,000)
35

2.5

1.5

IZ AT (]

0.5

1 2 4 10 16 20 32
%

Figure 6. Processing time under 50 M size

6. 50 M FEREMAE TN RIITATIE]

i AR

60
50
40
30
20
10

I L

1 2 4 10 16 20 32
L3

=8=1,000,000 =&=5,000,000 -#-=10,000,000 =e=150,000,000

Figure 7. Speedups in different core count

B 7. TEZEBIFHITNEREL
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RAME
45

4
35

3

RE

\ 2 . 4 4 ®

10 16 20 32

[y
8]
B

-—e—1,000,000 —&=5,000,000 10,000,000 —e—50,000,000

Figure 8. System utilized in different size of problem and core count

& 8. FRIEMEMRMHITRBY T RENERAYE

5. &g

7E HPC R85 AT RIS A% O 1) R TSR0 i s S TRVRIIA 2 S FAE S BRIg AT Hh 75 S vt 53 o
P IR E LT . AEREE T R BUR IS RO R, BR T A SRR, BRIER
i, ArfERGAVE RS S E BRI B, KRR S ARGRIEAKR, HIFT VASP 23
(¥ CPU AN, 4 BIAE Fr P R RS, AT 55 I R &= AR50, A5 R U AT s AT
i, = SBOMARS AR, Al BB AP .

TR RS A ACAE R U SRS AT B B, ] B 5 PR A A 0, Ak PR RS SRS VAT )26 1]
R, DRAIE DN LU Bl A7 5 BT P08 A HE BRI A P B 205 72 07 170

B O

AT H H B S iR RIITE P S B R EndE S AR R RS RS 5 7 (2018 YFB0703900),
B 3 mnE EAR T S TAER %5758 B K AL(2018YFB0703903) 3 £ .
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