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Abstract This paper focuses on high performance and scientific computation method
in high resolution Earth’s gravity field modeling, based on the semi-analysis method,
OpenMP and MPI parallel computing method. A new high performance and scientific
computing method is designed, which is validated by numerical experiments on
computing error and computing efficiency. The semi-analysis can effectively reduce
the computation and storage consumption in high resolutoin gravity field modeling; the
time consumption of OpenMP+MPI hybrid parallel computing is only 1/18.4 that of
sequential computing with 20 cores; the new computing method proposed in this paper
with semi-analysis and OpenMP+MPI computing can be used on super computers for
earth’s gravity field modeling, and the modeling of coefficients up to d/o 5399 can be
completed within one day by using 80 CPUs on 4 nodes.

Keywords high resolution gravity field model; high performance computing;

OpenMP+MPI hybrid parallel computing
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R 75V AR A T B L YR/ BV FE S IR AR, 9] G R 4 L e
A He (Fast Fourier Transform, FFT) J5iAS7, FFT J7v22 24 #7137 KAH G4
B2 MR 715, Colombol it 7ok FFT J5vkH T AR E 13415, #
Y BRi% 454 (Spherical Harmonic Synthesis, SHS) H1ERKi¥% 7 #1 ( Spherical
Harmonic Analysis, SHA) [FJPRI#THE A @, Sneeuw®™ M43 | FFT JjiAAE R BRE
IR EE AT N o PavlisP 44 7 H A B/ 3% (Block-Diagonal Least-
Squares, BDLS) J5 VLB A 264, IR TR E 11485, Colombl”, 2 A1)
Lot T 2Rt I, EGM2008. EIGEN-6C4. SGG-UGM-2. XGM2019 2%
TSR SR AR A8 T Hont f dee /N 3T ik . 7R DR E 35+, RummellVA
Sneeuw! 2IE TR B B EEULIN B b B 2 T B2 T 1D-FFT M1 2D-FFT i
#T (Semi-Analysis, SA) 777k, MFR lumped-coefficients J77%; H T 2D-FFT
(1) SA 7715 X HRJY Torus 7775« Preimesberger £ Pail ™, 4435 U4, xijjgapslisiel
S5y A FH B AT SIS N 28 1 2T D7 VA LR TR I A i S e
W

mtERETHE (High Performance Computing, HPC) 84 FH H-AT 11588 ALK
MAIEAT T HHL R G SE BT FAT 5 o R SR AN BRI/ N AT 55 B i
SR E KT AT 5 A B 2 AR AZO b R SE R SAT 55, MM PR T 5 ke
o B AT I AR OpenMP (Open Multi-Processing) 3147 5 RN
MPI (Message Passing Interface) F-AT T ARSIV, ARG A 45201 i it 4521221,
Mayer-Giirr Z51231, ZAH5243 51K OpenMP FEATHHEH A T 22 5 /5 4t
ML TR E I R SO i PR I R i, PRIEARSER), il ER (26
S8 F R RE T S AR U T MRS GNSS BdE AR p 1 OO B i)
& Brockmann ZEPTRAE MPI HAT VS AR B i 43 A = ) AR F) e B
FEIF, (ERMENGBANAEH T BT EE 0% TB RN AF. —2n] L
ACFRSE B 32 S AT B E B R T MPT 3EAT S, 40 PBLAS (Parallel Basic
Linear Algebra Subprograms )1?%2°1, Blackford %%, 1997; Choi 55, 1992).ScaLAPACK
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HUE LI T AT IR AT, f 5 M 43
1 i 5HE
1.1 AT R ER I HRREGERY

5 A Ag(r, 9, \) (¥R 25 7 37 A BRE J T 5B,

Grlz/l i (n —1)(%)n Zn: (C,,,cos(m\) + S, _sin(m\))P, (cosd)

n=2

Ag(r,9,\) =

()
S GM RIS ARG, @ RBHHRIGKAS, (r,0,3) JHALAT: HERE H
Sy MR R RSO MR 51 ) G BR U R AL, T 51 0 G TE 6 R B B2
(Come Su) RRALLHHAE REL P 522 ENRBL AL, nm g 58)
U B R R A A
A1) S R AU 7T 49

N < GM
Ag(r,9,)\) = Z(cos(m)\) «( z == (N=2)C, Py (9)) +sin(mA) -
m=0

n=max(m,2)

Nmax GM (2)
(> —7(=DCuPum(@)
n=max(m,2)
& XA (lumped coefficients, LC) Z& %] (A, By) HBl:
Nmax
A=Y D)€ (0)
n=max(m,2) r
&L GM a @
Bo= Y —5(=D()"SPm(6)
n=max(m,2) r
B3 AARARN2) A AT13:
Nmax
Ag= Z(cos(m)\)An +sin(m\)B,,) 4)
m=0

R THT RO <5 A A% R 1 2 5 T AR O A, Herp i RS E i MR,

4



RoRGF AT, Agi ] LRIRA:
Nmax R )
Agy = Z(cos(mA ()AL +sin(m;)B,) 5)
m=0
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A gy — T (AL B 225 (C o, Som) (8)

1.2 OpenMP+MPI B & F B F-4TH BB R

m e TR — AR ST AL KB R 5 KB R Gt
RO SR EA TAR R v SR 8. A8 A B S AT R AR S, R —
SER ATV REERY, A EE A4 OpenMP. MPI Ml OpenMP+MPI J&-4& 4745
YRR AR 2

1.2.1 OpenMP HATH B

OpenMP 52 il [a] 3k 2 A7 (0 2 LA T AT TH SRR, 4 1 fos . OpenMP Jf:
AP SRR R T B e AE e RO R 7= AR 2 AN ERRE, ISR s AT AT
M2 AL E, EEA G A RN AR, LR 8] T8 73 BEAT I8 5 AT A B D7 1]
FITAT K% - OpenMP TR B TR 22 : 1) ZIFIaTH N, 208 (master
thread) JT4Riz4T, BT TUE MR E LEHEATIAE: 2) AiHHE BT E X
HIIFAT G, IR TSEE AT SR T 2fe ], XA R L= AL (1
BN A7, RN CPU Tigtr, MHEUMEZERENTEAES: 3) HATX4S
RZJa, TG, NELBEPITRFR ST, BEREEET - DMIHTIX;
4) IBEF AT R IEIEA F T AT IFATIX, BRRE AR,

& 1 OpenMP HATiT+EAZRAI TIEHLHI
Fig 1 The mechanism of OpenMP parallel computing

OpenMP 5 Z PE il 5 B4 (1) FFAT ¥ iH B EE, OpenMP i & L — R AT
BT SRR AR BRI 5, F2 IR BAR 1 05 R R e G 16 AT LUJFAT AT IR P
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OpenMP 32 #f C. C++#ll Fortran S 4af2ih 5, 7554 #AT1HHE L% B OpenMP 4
PR RIE ), K SiE A E IR E N AT K BOHT AT, — BB IFRAT X
Sl VT BRR PP A U SAE AR H T RSLIEAT I A XA RR AR /N 1 e Bl e A
KL PN OpenMP FEATHAT AR T, ¥ OpenMP 3154 : PARALLEL
1 END PARALLEL. DO #1 END DO. PRIVATE. NUM_THREADS % Sif .

5 Y HROGT A i /s 307 SR AP L I R AR B, R T R I R Hond A T X
V1, SEITREFE MRS BT, W] DU ERISR A, A i T R 1 B Y s i
AP RH. IR 1 PR, XAEISR AR AL A DLy — MBI, &3 1
FRTETT PR ME R S, BRRIEIA AT DO AR SR AR A — AN, 15 3%k
TTREHUO B SR A, ARSI Bt nT 45 3R SRR R 3

Hexs 1 fe /) T SRR AT B B DX IR A2 A R AN SR Ak T AR R
g3t BT AREARIAMRK, EH OpenMP [¥] DO LA LURIX MG IF
170 BRI 1 g8t 1RSI AT B OAARID, FE IR IMIIN T OpenMP ()
PARALLEL A DO iff, A HIZIX N AT HAT B X, Bz 415570 Bl 2] 20 4
LR b o KRR AT LR AR O FTAE L S AT R 2 AT O LB AT B IRAT
FEFT o

1.2.2 MPI 34785t

MPT 2 1 7] 7345 2 A A7 B2 T B AR 1 2 BERE AT TR SRR, Gl 2
s fER] MPT AT 22— & IR R A 2 AN akRe, BN 1T RUsAT 2
AT ENRI 2 A1 5 b, XL I8 A5 A e« P e OB TR
5%, BARRpartae: D Rain&EREisfr e, BasarEE
AR, XEHRER ST A AT A 2 A R By 2) BT BT X EE
THRPATHSE D THEAT 5 3) AEIFAT XA, BERE 2 1a1 i H 2 A% 3 bR 4
BT, fRBEdE: 4) BHBIRTE RIS,



& 2 MPI B9 TAEALHI
Fig 2 The mechanism of MPI parallel computing

5 OpenMP AN[F], MPI 23 SIS HLHI g2 T77%, MPI il — R
IEAT T (194 5 3 o Z50R FAth o 250 S IRV SR 55 114 43T A B AR IR e A , et
T S A% 8 bR B S LR A 2 (A B[R] AR . LU E S R B MPLInit
MPI_Finalize. MPI_SEND. MPI RECV. MPI BCAST %5 %{.

BDLS Jjik )it s S XA T AR A AR AR PR, #2If MPT JFAT i
SRS, MPI JFATRE P RIS AT IN W] DU AR 2N, AR 4 5T — B4 T BAE
55. 7£ BDLS J7i%, AT DMEAEH 7 JE RIS b A b, A HERE 55T —HB 20
FEITREHU R R SR AR, JHEE MM REGE ROR B LR, EE R
R E N, REIETE ARG .. RO, AT MPL AT
(Y] BDLS 157735, MR 2 45 7 EEM RS, R R, #ES R0 M
BERE A BT e FAR AR TH R R B Pirf HERE 5 A0 0 UBERE 5T 1H B0l 40 1%
BERERTS, AT E G REORIES] 0 HHFE . AR 5 DT M B ORI 72 )7
PR 5 2 L) myid NI, A ZE A nproes-1 FIEEZH5, HA nprocs A& B ik
P AR 0 BERESERIT RARSS G, I 0 5 HEREH HY A 25 A SRS R 8

1.2.3 OpenMP+MPI JB& 4T B &

OpenMP I MPI J#47 1+ SR RAT 25 B (118, OpenMP JHAT A I GEAE HL4>
T RBAT, AR E R EERUN, 1T MPL AT R SR AR I HTIEIT I 2
ANERER TIEILE AL, EFERIRF AR, NEES BT RN RE, (€
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FI OpenMP+MPI R (AT AT DURHE & F IS oRFMS . — R G I
AT T 2 1 S BT S — I IFAT TS, SRS BRI 3 4 — P F A7 A
TR B T, IR G IFT AL,

Mlmﬁ?ﬁ%MHﬁﬁ%ﬁﬁﬁ%,Eﬁﬁ%%%mi,%MOWMW
(¥ S35k T LU L CA OpenMP+MPL IR A iH B, AR (126 3 4 TIR & TF
AT DA, 7EVE T FEBRIOAE IR EIRIN T OpenMP S, IX Ak T LK SR it
R SCRIRE FHAT, EBITR, B— AR IR Z A%, 2%
LAV L S i AT 5% o TR G AR o — O AR P 1) MPT BERZ B0 B S 17y
MAL H OpenMP ZRFRE B it 597 Ui AL L AL, X IRATRE P2 AT I
AR IZATE SRR — N ST A L, HERE N IR R IB AT LR T ST A% O
b, R )3 I B A R R F) AR TR AN R BT 2R T DA R
Il N AFTEAE, PR A% At 1]
2 FEHEEST

B BAE L, AT T AT 775 OpenMP+MPT & P REFFHAT (1115
L&
2.1 fEREENT T R E R R R

NAHT SA J7 SRR E JJ AR T H RS RS, AR HEAT T AR B SR

1 fiH EGM2008 (359 Bir) BAITHE 72420 6378136.3 m BRI A X
O R E 7 5 A S8 (R 20 98 R Ol 307%307, % 5 ) 57 8 3 id A GRAV30;

2) HZE S RE AR, M SA A THEAREIE 348 R 4L, ] Model-
SA.

Kl 3 J& Model-SA HIRE iR 2%, Model-SA EAMELHI RE IR ZEL/NT 10
VL, IR EALENT R ZEE O, X U R ) SR O T LA SA ik
AR e R PEE 1 B AR R



3 Model-SA H REUIRZE
Fig 3 The degree error RMS of Model-SA

Hent f BN 35 1 A W AR B S R R O, SRR T VA
o} BR S A B /N 36 7 924 AN O T A B

(D) THREEE /N s M5 — 37310 3 A AT 20079100, [& YK ) Co
FHON S BB T R A BT, BRI Com B Som Z 55K 25 B0 ()35 7 72
5B 2B 0L TR B, K m IR RETE TR B YA ASFE R
FIXT AR, HEE K 4 A B Pr, Hrb 1 3] 100 2R R & Eh By
BATHES RIS, NEQ-C-O fX3E m X Con REFTHN KL 72 NEQ-C-E 0%
m R Com ZBUBBN 1755 FE; NEQ-S-O f8F m VK Som 257 BN 3L 5 72

NEQ-S-E A{# m X Sun ZBUBEIN HIVETTTE.
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B 4 s/ RAE () FSAFE (B) WERREWRER
Fig 4 The structure of the normal matrix of BDLS method (left side) and SA method (right side)

PA Com R &0 9%, BDLS J5iHik i e R (9T 5, SA ik iE T fess
5 BDLS J7 ik 7 R A5 i 2R, H 7 R e &R H(10) i 55 6 H(9) AN (10)
NATHL, SA TTEMETT TG R AT EH cos AN, XEHT SA J5ik
/7 FFT, fiiH] FFT J554 5 e W Bl e o LC 2B AT T =M
KOS A AT A B RN AR B = AR B R, i B
PTG R S MR, ki AR RIR ) Con RS Som R ELIIVE T 2
PRI, VLT A 4 KR . BHIGE R 7T, M Rk
7 FR A TR B £ L v A A R AN R R, O R AT R N
Wb T 2P

N 2N
NEQ; = (C?’_';/')Z(ni ~1)(n; —1)(%)ni+nj Z |5nim(19p)Ejm(ﬂp)ZCos(mAq)cos(m/\q) )
p—1 =1

N
NEQ; = (2321~ =D ™D P (0)Po(0) (10)
p=1

Hort NEQ F/miE T e, ni Ml ny 53 WIS T R R 26 i AT ISR j AT 70 R
FHSLF) R BBy, N R BRI M L AN p B g 20 IR AZE S p A
gL g ST

3 VS R HOGT A B /N 3R D7 IR R Ad AT 773, AE . CPU A5 R, B EGM2008

(360 Ffr) R BE42 0 6378136.3 m BRI L /) 578 S E g, ME 7=
TR, Bt f/ N I LR 359 [ E 1 R AL SRR A 173.5 s,
SRR ITE RV AR O 24.8 s, 5 MR 5 VE RV SERERT 2905 BDLS J5 )
1/7.

(2) WAFTHFERE o AT MRNT JTVERS, UK Com REUHN S RELIIETT
FRHE R AR R, BRIMPE THRL T R R A 2 Com B Som AL T 7R, R fE—
IR, AT BDLS /9%, SA J7iETT BRI A7 FE. AR IR E s 3
RURPHFERI N AEADN, BT TR A R, FEm 7 PR A 5 SA R
HATRIEH K. B S0P E IR R 2> H OpenMP B MPI 4T 1H5
J5i%, LL OpenMP AT HHE A, —MHEY SBEHIBITZANERE, BNELEE
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i BT MR T RS B, PR N2 8], 71 e s AT e e 2
I, 79 R ) A AN BE T AL IR SRR A 75 5K

® 145 7 OpenMP JHATIHE AL FIEAT 32 NMERE N AFE 7K, AT
RT3 H R B8 R N AT RE PP 1) A A7 8 ME 2 ORI IN - ST U5 1 N A7 75 SR AR
BEAR Y S A AN 2 B UGS

® 132 MEIEFHTRITRUERIEEMAEER (BfL: GB)

Tab 1 The memory requirements for the normal matrix of parallel computing with 32 threads

B Iz ok
10" X10' 0.3
5" X5’ 1.1
2 X2 70
1" X1’ 27.8
2.2 OpenMP FATHHEAREIHHIE

WA 1.2.1 WRIHATIHHERAY, 95 T OpenMP JFAT it i HRAT /A B/
TR, SRS N TR S BT T B S, TR R B
20 N FEAIH 2.4 GHz [ Intel Xeon CPU, HH LIS FEE 2.1 5105256 1 JE %
AL

1) f# F GRAV30 Aysa $ds ;

2) HMZEREEYE, £ BDLS HikMHEMARE SRR, Wl
Model-BDLS, i% it 525 A8 H] OpenMP H:A7 577 1%, FE G0 R R T+ SE [A] ;

3) HiZE S RE I, #/H BDLS FikitHARE A AR5, il
Model-OpenMP, FGiit BT SIS [A]. ffi ] OpenMP HAT 4k, T2/ 1HH i ff
T 20/~ CPU, HATFEFIFRE T 20 NMEFE, A CPU Ligir — A kFE.

Kl 5 J& Model-BDLS I Model-OpenMP [ REL iR %, WA ) R A5
AR5, KRB REL/NT 107 EH, ZIETIHENEETRZ . b ui, {3
H OpenMP FHAT R AR ) RECKE [ . R AEH OpenMP J£AT 4if 2 1, BDLS J7
KA 360 P EIIYIIFERS A 173.5 s, (A OpenMP FAT4E 5, KA 360 s
RUIFERT N 9.2's, BUNEFEFFH 1/18.80 BT AT AEAS A% O b (R FE R e 52 B
A AR R R4 T S, FRUGE R TR REIR , [H5FE 5 12 47 I R AR A B B AT R 7
IFIAT R 1720
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5 Model-BDLS #1 Model-OpenMP HJ R EIRE
Fig 5 The degree error RMS of Model-BDLS and Model-OpenMP

2.3 MPI JFAT AT THER TG UE

H1 GRAV30 %4, 4 2.2 15t iE T MPIL ¥ BDLS HAT1HE 7%, i
BT 360 M E SR R AL 18 Model-MPT, 45 HHR AL TSR 1] . A5 7Y A
SRR 7R EY S BN ACEAER T 10 AN 35508 2.4 GHz 1) Intel Xeon
CPU, &34 20 P ikfE.

Kl 6 /& Model-MPI (R EBr iR 7%, REHrRZEL/NT 107 85, X2dit
SN ERINTR Z B, X B T MPL AT R BRI M. R EH MPT 3F
ITmFE 2 T, BDLS tHEFR/T K M# 360 By (1) 1 BFERT S 173.5's, { A MPI 3
TR e, R 360 IR A THEREI O 9.3 s, TEFFHOTHELIN NI Y
1/18.6. [FJRF, H T A% (A) I 15 45 J5E DRI PR N (RIS 3R,  fSEA9 R 5 (9 T B ] A
IR B R ATREFP I IR 69 17200
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6 Model-MPI (1] R Hi% %
Fig 6 The degree error RMS of Model-MPI

2.4 OpenMP+MPI JB & FHATIHATHH EAREILAE

MRHE 1.2.3 5% 1HE OpenMP+MPL IR G AT HIE, ARG IATIHERB R
HRE TR RE, KBRS EIMSTHE BRI AR — 5, KRB RZED /D
T 107 & tHEFER SR OBOEDE, RN AL 20 MO ITHE
A 9.4 s, TSI Y B ATREFFI 1/18.4. HHULAT W, A MPI 1474
RIEAR, AR GRS, TP AE R G 5T e o A AR IR S5 2 444, 7EF)
AN R BRI SRR DAL, g WA AR, BRI AR I (], 10k
RIBIFATRE P TR BCR S s T R
2.5 BAPRE GEAHR KRR R KR

2.1-2.4 FTIGAE T 2T REE T 7V OpenMP/MPT FEATTHE FI R, 1R/
T S 6 A FERE -, BEAEMENT. OpenMP Al MPL iHE IS, XMt B2
BEAT T OpenMP+MPIL VR & HAT 80, & § Al R MRERF T R R G fiiis
71 OpenMP+MPI & (1 73 HH R By I B R P . O T R g /MR e v
Wk, HEAT T LA EUE S

1 i XGM2019e #8517 154 6378136.3 m BRIH _FIIWHE ) 5
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Fig 8 The degree error RMS of Model-5399
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