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Abstract Graphics processing units (GPUs) have become a promising architecture to tackle many computational bottle-
necks in quantum chemistry calculations. Herein, we present our new development on using GPU to accelerate Hartree-Fock
(HF) and density functional theory (DFT) calculations in Beijing Density Functional (BDF) Package. Our program utilizes
the OpenCL platform and thus can execute on a variety of computing devices from different companies as NVIDIA and
AMD. All time-consuming steps in HF/DFT, such as calculation of electron repulsion integrals (ERIs), the formation of the
Fock matrix, and the exchange-correlation (XC) functional related works, have been implemented on the GPU. In our algo-
rithm, the coulomb- and exchange-matrix are calculated directly on GPU by contracting the primitive ERIs with the density
matrix. The 1T1PI (1 thread 1 primitive integral) algorithm in which each thread evaluates one primitive ERI, is used to
schedule the computational tasks on GPU. To achieve this task, the primitive Gaussian basis shell pairs uv are first pre-
screened and sorted according to their values. The Gaussian product theorem (GPT) is applied to each shell pairs and the
intermediate values are calculated and copied into the GPU memory for further use. Then, the one-dimensional mapping is
used to assign 32 work items (threads) into one workgroup to calculate the J matrix element and the permutation symmetry of
the primitive ERIs is fully utilized. To calculate the K matrix, two-dimensional mapping is used and every 64 work items are
packed into one workgroup. Permutation symmetry of exchanging the bra pair x4 and the ket pair vo is ignored for reducing
the expensive commutation between different workgroups on GPU. After a batch of coulomb- or exchange-matrix elements
are computed on the GPU, the results are copied back to the CPU and accumulated to the Fock matrix. The XC terms are
calculated through a numerical procedure due to the complex form of the XC functionals. We first pack the numerical grids as
batches in which one batch has 128 grids. Then the none zero Gaussian basis shells on each grid batch are sifted out. The grid
batches and the basis function sieving indices are duplicated on CPU and GPU memory to avoid unnecessary communication
between CPU and GPU. The computational tasks are scheduled dynamically according to the grid batches on GPU. All steps
as calculating the numerical grids and their weights, electron density and density gradient, the XC functional and its deriva-
tive, and the XC energy and the matrix elements of the XC potential, are optimized step by step on GPU. All calculations are
carried out in 64-bit double-precision accuracy to achieve the same numerical precision as on the CPU. Benchmark calcula-
tions are carried out on several different GPUs from NVIDIA and AMD for assessing the performance of our code. The
benchmark result indicates that the algorithm implemented on the GPU can achieve up to 148-fold speedup over a serial CPU
implementation, and the total energy calculated on the GPU is as accurate as the resulting calculated on the CPU.
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LT F5T OpenCL [ PEAG ST B AR RETHE. Bl A 04!
NARIE ¥ CPU M GPU B & THE XU TR 5%, [F
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#RSEFET HF, ARFIH OpenCL 115 A Al A HERE, IR
ITH H b2 15T OpenCL XU HLFFAr AL AT
BaE BE . A4 AH G AR BRI TH AR, DASEI SE B 2 T
OpenCL I f¥] HF/DFT B3 &5
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(Beijing Density Functional) ™ 5¢ % [#). BDF f#] HF/DFT 3£
FERE i — 4> 877 1% (exact two-component, X2C) 1 HE &
BEEEHE, e se M o1 R RRIE, FEAX IR RN
(R Ak 3 E R — R T A ST BV IR BDF K
HF/DFT 1 50 FH GPU i, Aknyik— 54 20 pr
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pendent density functional theory)%%.

ARSI AE T HF/DFT J7i% ) T OpenCL 1]
S, BT T HE R AR 73 55 Fock 6 MR IE, T2 IR
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Pk RUBLCETHE T %, DA H AR 2 B AR R I TH 5
Bt )5 43 AI7E. AMD Fl NVIDIA A & A [F GPU f# {415
& AT TN, 25 R B RBATM EVEEA R LEH
AT CPU B AT RR I EEHA T AR R TT,
H78 53 R 7 OpenCL % B AE S0 AN [3] Al 14 4 A4 1 36 FH
P£. 2T OpenCL [¥) BDF F£5 I T 4 Tk & HF/DFT
THE, 7R AT 352 I 8] P9 56 BCHE R 1) 73 TR R I E 1L
Ft R RO AT RE.
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7, VAT 25 23 AN FEE A2 19 CPU/GPU [ R iR,
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AR I RE B A $AH KA PR S OpenCL WAZFEIT. A0t
FH ST AT A QRS 35 15 FH XURS 2 17 i BT Ie 5, (e %
GPU F#47#ll CPU/GPU VR & IFATHIR. AR5
POARHSE IS 3545 250 2 5 Ss.

3 MiXEH
3.1 MO ENETE A

BATE S LLE T Becke 2 SSF 73 EI R FR /> 44 s AL
HIFHETRAE CPU 5 GPU ERMERE. X141 T %
5| DNA i BUE Intel Core 19-9900K CPU _E Hif% s 47 %
JF A1 AMD Radeon VII GPU _E P F 3k 1 51 ] (4=
G TR A R s 4T I R E]), OpenCL PIA%
ffF ROCm!'SE G528, & 1 F55HIEEN GPU A
XFT CPU S b, AR50 4% s fiH BDF 727 BRI
medium 3§ % K% A5 (H-Ne(75/302), Na-Ar(88/434),
K-Kr(112/590), Rb-Og(123/590)).

K1 Becke [ SSF ##IHVATE CPU 5 GPU il Stk RE LKL
Table 1 Comparing the performance of the Becke and SSF partition
algorithms on CPU and GPU

Wall time (Second) and speedup

Molecule Natoms/ Ngr

1CPU" 1GPU"¢ 2GPUP*
Becke partition
(DNA), 62/625 16 0.5(32.0) 0.3(53.3)
(DNA), 128/1332 138 4(34.5) 2(69.0)
(DNA), 260/2746 1166 33(35.3) 17(68.6)
(DNA)g 524/5574 9582 269(35.6) 136(70.5)
SSF partition

(DNA), 62/625 6 0.6(10.0) 0.4(15.0)
(DNA), 128/1332 55 4(13.8) 2(27.5)
(DNA), 260/2746 517 37(14.0) 18(28.7)
(DNA)g 524/5574 4401 287(15.3) 145(30.4)

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

@ Reference calculations were performed on a single core of Intel Core
i9-9900K processor. ? Calculations were executed on AMD Radeon VII GPU.
¢Numbers in parentheses represent the speedup.

X} F Becke 7 EI5H L, fE—HUMBE GPU R Lk
53 B E 35 F1 70 £ HIINIE, T SSF 2 #I/E —HAN PR
GPU F _bae sy Ik 2] 15 A1 30 £5 0k, BEE it o
TRRMIGR, BFR M R ESIVEE GPU  F#R3R
BT EmEKmEL., B CPU LK SSF HikitH Lt
Becke 7R £, (HHAE GPU LRI LA %] Becke
T ¥, X T SSF BUEAEAERZ 4y ORI, i
B GPU K& RG4, W™ HEm s GPU L
FITH SRS, X5 GPU AR LEE: s A A ).
3.2 Fock FEFEITE MHEREMIK

By BB SCF ik, MH P05 T K JiRE T
SRR R, FMMRA S 1 S AR B SR
B A, FRATEE(DNA), 23 F IR T A1 KRR i
TEARFZER TR % LERE. B T3RA14E GPU LLL
SEIR s A p FRBY P i B s AR o AR, 1% IR
181 F 4T DNA 4 24X & s Al p BL R 1 6-31G L2061 1
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) Fock FEFEFEEE. B 1 AHT T M K HFEE
AMD Radeon VII. NVIDIA Geforce RTX 2080Ti. Tesla
V100 Fl A100 Z54bFEE% FAHXTT Intel Core i9-9900K
CPU I i sf AT RE A e R) g Lk, Hoh GPU &
(T () Ge 62 CPU Al GPU (R BR AL sk R 4%
FEESI[A]. R T P4l Fock FFETHEAE CPU _LHIFRAT N
i#, 8CPU #% 1T 5 J. K A BRI 8] S AH T 51 CPU #11
R AR S FRE B HEE 7 R S4 s

J-2080Ti 10.3
K-2080Ti | |4.6
J-Radeon VII 234

K-Radeon VII 14.7

Wi [ s
K-V100 :In.s

J-A100 148.1

K-A100 67.8

T T T T T
20 40 60 80 100 120 140 160
Speedup Ratio

Bl 1 PRI M AR AN R 224 GPU L B inis bl
Figure 1 Comparing the speedup of the J- and K-matrix calculation on
different GPU architectures
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FRM L2 9247 Em AR 58, X b BARE
FERBUE IR TR BT SR8 ), AER BRI SEBR AT 3R
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K1 EoR, K AERETFEAE A100 & _EAHXF 5 CPU
B S IEL N 67.8, L4108 T HFER—, At
HOPEWEBL T IR, XEABT K MR GPU
T ST T R T AR A R FR b () R A R A b
(vo) I W R S B L. BRiG b, 78 GPU L BiH5
WHEFFUTEN CPU _E2H—f%, X 5HAWET GPU
() HF TR 22 30t 2 A ) 2 0,

3.3 AKX RE
K 2 R T A AR SR EE AR 220 GPU
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e, MRS T S & 5 Fock #E MRS AHE], {H 00
ANT %2 GPU M4 R. it & H PBE!'SIZ | Al

WK 2 FizR, 5 Fock A5 FEMIRIARIR, A8t K BETH
HAE NVIDIA A100 LRI HirrIvERe, SR min
MLk 177, fEFHE A100 | LA 34.6 fEr0niE, £+
PR BT AR &L, 5 Fock FEPEITFEA
6], FRATTVBE A KA e AH 537 bR A U S5 A A 8 R
THMKZ BB ERITITEAR, mMEFAHTS
CPU _EZRAIARHS, AR P63 Wi %,
M Ve tFEAE GPU _E RNk Eb A1

2080Tix1

2080Tix2

Radeon VIIx1

Radeon VIIx2

V100x1

V100x2

A100x1

A100x2 34.6

T T T T T T T
12 16 20 24 28 32 36
Speedup Ratio

F T T
0 4 8

B2 ACHOH R MR T SEAE AR S84 GPU B fnig by
Figure 2 Comparing the speedup of the exchange correlation functional
matrix calculation on different GPU architectures

3.4 SCF MHaEMmIK

5o, FATFIA cocaine. (DNA);. taxol. (DNA),-
valinomycin M(DNA), 575473 1#E4T 7 4E CPU Al GPU
) SCF iHEXHENR. CPU %iitn/2 Intel Core
i9-9900K CPU I s ATFEFITHERT 8], GPU N AMD
Radeon VII #1 NVIDIA A100 #.4t GPU & _F )it 5Lt
B, TFEAEH 6-31G 245 B3LYPRZ k. 7E CPU Al
GPU Lil5 J F1 K AR FEI #5100 A5 4 1) P e
ik, AR SAE RS BDF f) medium A% . 3£
Ha o Ze T — IR SCF AR, T 55 K R K A8 #AH A
FERTH SR, R4 T B SCF -5t a), Hdh s
T GPU AT CPU BITH S INIE L.

MF 2 7 LAE H, SCF 15 1) GPU I &4 5L bt & 14
RINBERE T RERS, HH(DNA), FHHBIE Radeon
VII F1A100 E453 A 2] T stk 19 540 86 i ik, JL
T /& cocaine 73 F I LL U 2 7%, W R A EEG LWL
M AR S5 A RE e 0 K 4% GPU HITHEAE)). M—Ik
SCF #EATHE I AR A, XFT A100 =, J HFE R0
I LE 100 fi5 AL, KA PRI LL 20 2 T H R —2F, Ve
FERE TSI LB, AHEL T T AR RE A5, KAERE 522
A HE BT 502 H BTRE P RO, 2Rkt —b itk
B ). TR BRI TR IR, A T IRUETHEOR B, R4
1t GPU ERIFTE A AE FHXOR FE i g 5, JF HoR
17 OpenCL ZmiFds M2 Eryfitk, B CPU
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F 2 SCF it CPU 5 GPU LMMERERTEL «
Table 2 Comparing performance of the SCF calculation on CPU and GPU*
Intel Core i9-9900K*® AMD Radeon VII NVIDIA A100
Molecule  Nuoms/Ngr  One SCF iteration ] One SCF iteration SCF One SCF iteration SCF
J—Kch SCF time 7 K v, ~ time(speedup) 7 K Vee time(speedup)
cocaine 43/240 47 48 12 1569  3(15.7)¢  5(9.6)  2(6.0) 136(11.5)  0.4(117.5) 1(48.0) 0.9(13.3)  34(46.1)
(DNA), 62/369 82 84 19 2347 4(20.5)  7(12.0) 5(3.8)  191(12.3)  0.6(136.7) 2(42.0) 1(19.0) 45(52.2)
taxol 110/647 718 731 69 22589  33(21.8) 57(12.8) 14(4.9) 1524(14.8) 5(143.6) 12(60.9) 4(17.3)  323(69.9)
(DNA), 128/796 1333 1355 113 41678  57(23.4) 92(14.7) 16(7.1) 2439(17.1) 9(148.1)  20(67.8) 7(16.1)  542(76.9)
valinomycin  168/882 1993 2030 146 61849  85(23.4) 153(13.3) 21(7.0) 3855(16.0)  14(142.4) 30(67.7) 9(16.2) 803(77.0)

(DNA),

260/1650 9347 9492 472 287831 367(25.5) 572(16.6) 68(6.9) 14815(19.4)

67(139.5) 122(77.8) 28(16.9) 3329(86.5)

@ Wall times (in seconds). » Reference calculations are performed on a single core of Intel Core 19-9900K processor. ¢ Numbers in parentheses are speedup.

GPU I SCF iHHBIREEAEZ RIS 1X10°8
Hartree | 584 — (17 WL HHE BAE 6 173K S3).
3.5 GPU 83t CPU HITiHE MM ML 47
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17. XEMEEIMEE 7 358 S4 4ot 73 2 i E H)
SCF +5.4E Intel Core 19-9900K 8 1% CPU _L ()it 5 0 1]
K be. wTLAE H, AR CPU #%, f§TH 8 4~ CPU
#%:0> BDF [¥] SCF T3 3845 T 25 6.5 5 g b, X J-4
SR ) B K AR R —(DNA)s 701, A100 AXF T
Intel 19-9900K [¥] SCF T+ INid 1749 13 £%. A100 R1ITh
FEZH 250 W, #1°4 Intel 19-9900K THEE(95 W)Y 2.6 13,
MINFEA VR, FIH GPU HHE R E &

4 i

2T OpenCL ZwFEHESE, FRAITE BDF W& 7 AT H
FANE) 7 GPU &4 ) HE/DFT 5 R E, Ak 7 W
T-HE TR Fock AR K AZ A SRR ST ST, JF
W RAVEBI T R R, 4R EoR, BATM
TP EH T 2 P2 J e, R T RIFrH
e, 7E GPU FIIEEAR4EFETH AL CPU bR E AT B
i AT IE 148 5Nk, %40 DFT AT A SLl 1 i
= 86 FEMINIE. HARH TAES &, AT K&
CPU/GPU JRA T8 1) HF/DFT &35, W% M 2h & 5 107 R
Bt s, p MSERIFSAE GPU _EACFR, ot i BUH 51
SY(E CPU _ACEE, F K & HF/DFT BEJZ 5L, LUIRE
Sy FIF T F ) CPU/GPU SRR A5 TR S 5
71, 523 BDF 1 HF/DFT GE& M6t UM &5
RANPS iR A= =¥ B 1T

B

SR v [ k2 B T SEATL I 2% 45 S e T S 1
55 4 A A AR A X e 6 7 T A B
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