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Study of Iterative Solution Algorithm of Response Density Matrix in Density Functional
Perturbation Theory

LIU Renyu'?, XU Zhigian®* , SHANG Honghui* and ZHANG Yunquan®

1 College of Information Engineering,Dalian Ocean University, Dalian, Liaoning 116023, China
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Abstract For the problem of calculating the response density matrix in density-functional perturbation theory (DFPT),a new
parallel solution method for the Sternheimer equation is proposed.,i. e. , the Sternheimer equation is solved by the conjugate gra-
dient algorithm and the matrix direct decomposition algorithm,and the two algorithms are implemented in the first-principles mo-
lecular simulation software FHI-aims. Experimental results show that the computational results using conjugate gradient algo-
rithm and matrix direct decomposition algorithm are more accurate, with less error than those of traditional methods,and scala-
ble,which verifies the correctness and validity of the solution of linear equations in the new Sternheimer equation.

Keywords Density-functional theory, Linear equations, Iterative algorithm
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l.r:=Axo— b

2. for i* =1 to Maxter do

3. pi=r
4. & =plr
5. if Vo< ethr then
6. Converged, exit loop
7. end if
8. p:=—p
9. if i>1 then
10. p:=p + Lpnm
Pold
11.  end if
12, t:=Ap
13, n——Pr
pt

14, x¢=xo tAp
15, ri=r+at

16, poa*=p

17 poa:=p

18. end for
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Table 1 Parameters of supercomputer TH-2
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Fig. 1 Polyethylene molecule H(C, H,),H
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# 2 NIRRT AR5 LR

Table 2 Calculation results of different methods under different

systems

BT # benchmark LU CG
50 59.54 59.54 59.54
98 118.91 118.91 118.91
194 237.67 237.67 237.67
386 475.19 475.19 475.11
542 668.17 668.17 668. 06
770 950. 21 950. 21 950. 06
1154 1425.24 1425.24 1425.01

# 2 ¥ benchmark 1% FAZ 45318 Jr ik, LU b B 4% 50 i
B, CG AL is Bk . NI 2 Rk 3 "I LU L 7E/VAL
AR RIS R 80N F 1000, Hofth 3 Ff 7 2 5 1% 48 Jr ik
BTSRRI A — B, BE AR BUR R A, LU rik 5
RS R B iR 22 JLT- 0,CG ik 51 Gt 507 e i ik
2N BB RPN CC HFEMEHERT RSP LU
77 5 1 i M A

~e- benchmark
108
-+ CG
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10!
10° /f
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50 98 194 386 542 770 1154
RI¥%
K2 AR R T AR J7 ik 0 35 o fi

Fig. 2 Calculation time of different methods under different systems
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Table 3 Absolute value of relative error

J&F # benchmark LU CG
50 — 10°° 10°°
98 — 107° 107°
194 - 1079 1079
386 — 105 0.000168
542 — 10°° 0.000165
770 — 10°° 0.000158
1154 — 10°° 0.000161

T PR AN R R R A [ D5k B SR ] AR 0L A% 1
5 ESCRFF—BG IR RN E 3 R .

LU == CG

20 +105%
- 94% -96% {100

87% 83%

67%

Bt it B /s
FHATEE /%

0

1 2

4 8

FEl 3 P 1 A iR T R T Y T AT R

Fig. 3 Parallel efficiencies of strong scalability of two algorithms

3 HaT LA EE E], CG Jrik Al LU Jrik 51658 u i ik
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INBIJEF R BN CG 7 R LU J7 3 /Y 3 50 B 18] 4 g 33208
{B7EH B B R B R R, CG ik gt B mt Al 1 LU J5 ¥k
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3.2  HIEHEEEE NS E R

HEAIE AR P CG kR, AT AR LT
WHA TR PR s R .

B, CG Tk kM 386 A5 (9 7k R AT I, 43 01 o8
BRI 3 AR B A HIR SRS I 4y ol 100,101,107,
Bk A — % CPSCF M4 B i N FAEE R s R 5 %
ST Bk u LRSS ST X b SR A R gk 4 T,

4 R AU B R

Table 4 Accuracy of algorithm with different number of iterations

W SORE B u CG
10°° 475.18 475.18
104 475.18 475.18
103 475.18 475.18

WA R 5 £ 2 PMEGITE o ik 386 KR M4
HEAT X L IS R AR BN E WAL, BT LR ) CG 7k AE
BRI AN =R S N

F 5T CG I kEANR L ACKECT 0y 3+ H s a], m]
PLE R 2% 10 BCR 35 m, CG 5 ik 1T & fY s (7] AT A
.,

£ 5 AREERRECT 09 1H5 0T 1]

Computation time for different number of iterations

Table 5

Ksk g CGHEitEmE/s
1077 208.012
101 185. 227
1073 66.617

WA AR CG 5 1 BRT A SCR A /N A A Dt 55
AT IR R A 5O T 1000, H B g5 R sk 6 frgl,
A6 /NIRRT RO T i O AR N 1] B AR B

Solution time and number of iterations for equations with

Table 6

small number of atoms

J&F# CG
0.534s
50 Min iter =2
Max iter =146
1.512s
98 Min iter =2
Max iter =309

JE 4 50 B CG 7k i J7 B BV FEBT O 0. 534 s, Ji
Bk 98 B CG J7 ik it Jr 2 MAEHS Ry 1. 5125, Min iter
Mazx iter 5397 09 75 F2 0 die /I R e K& Rk 8k, 72 DR T80k
50 B CG I BT 25 5 59, 54, JL T 50N 98 HF 54 4%
118,91, 5 2 u Jr ik M TE A g B HE AT X L AT DLW 5%
B FETH RN R TR R T CG i MBS u ik ry it A
GERIA B HRE RS .

3.3 AH BN
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PR IEAT T 0. e A I b, 003 Y SR i
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4T 8 A, A xHES LU Bk CG Ak ikdr ik, iF A
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Table7 Test results of LU algorithm’s strong scalability
CPU # #t HE AL B/ s o W FAME/%
1 21.316450250 1. 00 100
2 12.314 805750 1.73 87
4 6.411373862 3.32 83
8 3.966194642 5.37 67

8 CG R LMY kL4 R

Table 8 Test results of CG algorithm’s strong scalability

CPU # #t AR B s i W HATRE/ %
1 20.135521060 1.00 100
2 10. 698882890 1.88 94
4 4.760458335 4.23 105
8 2.617948012 7.69 96

PR B AT ORI 3 Bios &5 AR TR ST URE
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HABRARIFATRORAR A AT LAIK ] 94 %0, 3t ml A3 WA 2k 4 QB 32
Y CG B IS H TR A SO &t #, Rk i
B,

HRiE
BRI 43 F AL S R Bl AT R S A DG B

TE % 27 BRI B8 R, Sternheimer J7 355
AR TAEAE
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