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Efficient Condensation Parallel Computing Method for Finite Element
Structural Analysis Based on Sparse Storage Scheme
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Abstract; An efficient condensation parallel computing method for finite element structural analysis was
proposed based on the sparse storage techniques and direct sparse solvers. In the proposed method, the
process of condensation was converted to the process of solving a series of linear equations, and then the
linear equations were solved with a direct sparse solver. It can avoid the storage and computation of many
zero elements within the bandwidth in the traditional parallel computing method with variable bandwidth
format condensation. Therefore, the memory space can be greatly saved and the amount of computation
can be effectively reduced. Finally, the experiment of the finite element numerical simulation for an
engine crankshaft was used to validate the proposed method. Test results showed that, compared with the
conventional parallel computing method with variable bandwidth format condensations, the proposed
parallel computing approach with sparse storage format condensation could considerably save memory
space and significantly improve computational efficiency. The larger the size of each subdomain, the
effect of the proposed method on aspects of saving memory space and improving computational efficiency
was more obvious. The proposed method can be applied to many industrial areas such as aerospace,
automobile, energy, civil and architecture to significantly improve the efficiency of engineering design
and analysis.
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1. // calculate the condensed stiffness matrix
2.doi=1,n
3. b=Ky(:,i)

4. solve K, t, =b with a direct sparse solver

5. compute t, = Kt

6. compute k(:,i) =Kz (:,1) -t
7. end do

8. // calculate the condensed load vector

9.5=P,

10. solve K, t, =b with a direct sparse solver

11. compute t, = K¢,

12. compute IN’=PB -t

13. //solve interface equations

14. solve I?xb, = P with the parallel PCGalgorithm
15. //calculate internal degrees of freedom

16.b=P, K ,x,

17. solve K, x, = b with a direct sparse solver

U R 48 R AT ROk

Fig. 1 Efficient condensation parallel computing method
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Fig.2 Computational model of crankshaft
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Tab.1 Results of parallel computing for eight partitions

TR . s L 5 5 A 2 i 17t i 0 ¢
5ii e T AN RKWEECR/ME SRR/ ROKAGAR/MB AR
1 18 414 21459 334 510 1052 214 772
2 18 415 21619 165 376 627 213 398
3 18 413 21455 339 481 960 215 792
4 18414 21453 339 482 950 215 796
5 18414 21617 166 378 600 213 393
6 18 414 21455 335 507 1041 214 781
7 18414 21457 338 482 914 215 791
8 18 414 21457 338 500 1050 215 790
K2 16NN FRFFTHEER
Tab.2 Results of parallel computing for sixteen partitions
F X - PR PR AT T 36 5% T i A it A X 2R
%5 " 19 R % 1 R % R N A7 75 5k /MB 45 R [ /s 5 K A7 75 5k /MB 4 2R 1 1] /s
1 9208 10 655 332 246 553 115 415
2 9206 10 650 336 241 521 115 420
3 9207 10 813 163 187 324 114 218
4 9208 10 656 328 240 537 116 391
5 9206 10 646 339 241 551 115 422
6 9207 10 650 339 242 550 116 404
7 9207 10 651 338 246 576 115 405
8 9207 10 651 338 247 577 116 423
9 9207 10 651 338 248 575 115 442
10 9207 10 651 338 241 544 115 404
11 9207 10 650 339 249 581 116 422
12 9207 10 650 339 241 522 115 406
13 9207 10 654 332 248 568 116 416
14 9207 10 649 336 253 596 115 403
15 9207 10 813 163 190 345 114 206
16 9207 10 655 328 249 570 115 409
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Tab.3 Statistics of computational efficiency

y Lk N WA Al R
s SRR/ R EmE /s RE R %
8 1086 828 23.76
16 605 451 25.45
24 338 269 20.41
32 229 187 18. 34

12 3 Al UL, 76 A 52 51 v A i A7 £ s X 6 SROT:
Fr o507 1 ARG e e AL Al S s X SR AT D7 ik
TR ORI 5 18.34% ~25.45% , T B0k 1 A
SRR B A AR R ROR .

4 HWRIE

DX 3 73 A 2 AT BROGEE AL o A vh ) 2 R T —
FOOFATIRSETT o 46 2R 2 DX I o0 Ak i vp Al G B Y
— IR A5 R A DU R B R G N AT K T
HERBI ARG A AW ORTRI R g A7 6 R
AR BRI A SRR b $R T — Bl T
i it - 1 XA A BR TT 45 4 23 BT s A JROFAT T3
Jr i o 8 e MR R AR ] 2 W« R X A G AR A B
i ROFAT I T7 i, A SO i A7k s X R AT
T 7 R RS KR B 48 N A7 25 [ RUA R85
RO 5 251 XA BROC RS IR, AR SCR R 0 AL A7 22
(L) 18345 487 701 455 SR ) ) il 200RE T A

2 % X W

1 Jacobsen D A, Senocak I. Multi-level parallelism for incompressible flow computations on GPU clusters[ J]. Parallel Computing,

2013, 39(1) :1 -20.

2 EYEE, RN, SO R SRS EE TS [T] . RO LAk ,2014,45(3) <37 - 44,
Wang Weijun, Wang Yang, Liu Ruihua, et al. Numerical calculation of cavitation flow in a centrifugal pump[ J]. Transactions of
the Chinese Society for Agricultural Machinery,2014,45(3) .37 —44. (in Chinese)

3 LiYY,JinXL, LiLJ, etal. A parallel and integrated system for structural dynamic response analysis[ J]. The International
Journal of Advanced Manufacturing Technology, 2006, 30(1 —2) :40 —44.

4 BEE FFATIHROSHAELT] R SR, 2012,34(8) 11 - 10.
Yang Xuejun. Sixty years of parallel computing[ J]. Computer Engineering & Science, 2012,34(8) :1 —10. (in Chinese)

5 EEU, Rk, W S E SEMEME I T E T (T]. A 2R ,2012,29(3) 1352 - 356.
Wang Jianwei, Jin Xianlong, Cao Yuan. Parallel computing for the train-structure dynamic coupling analysis[ J]. Chinese Journal
of Computational Mechanies, 2012,29(3) :352 —=356. (in Chinese)

6 Vassilev D, Wang C, Yotov I. Domain decomposition for coupled Stokes and Darcy flows [ J].

Mechanics and Engineering, 2014, 268 . 264 —283.

Computer Methods in Applied

7 Wang Xicheng, Baggio P, Schrefler B A. A multi-level frontal algorithm for finite element analysis and its implementation on

parallel computation[ J]. Engineering Computations, 1999, 16(4) . 405 —427.

8 Han T Y, Abel J E. Substructure condensation using modified decomposition[ J]. International Journal for Numerical Methods in

Engineering, 1984, 20(11) . 1959 - 1964.

9 Ondrej Medek, Jaroslav Kruis, Zdengk Bittnar, et al. Static load balancing applied to Schur complement method[ J]. Computers &

Structures, 2007, 85(9) : 489 —498.

10 Montagne E, Ekambaram A. An optimal storage format for sparse matrices [ J]. Information Processing Letters, 2004, 90(2) :



% 43 HOHTOR S5 R TR B A0 1A BR TS5 ) S0 AT i A RO AT I R T 343

11

87 -92.

Rao A R M. MPI-based parallel finite element approaches for implicit nonlinear dynamic analysis employing sparse PCG solvers
[J]. Advances in Engineering Software, 2005, 36(3) :181 — 198.

Chen P, Zheng D, Sun S, et al. High performance sparse static solver in finite element analyses with loop-unrolling [ J].
Advances in Engineering Software 2003, 34(4) . 203 -215.

Skogestad J O, Keilegavlen E, Nordbotten ] M. Domain decomposition strategies for nonlinear flow problems in porous medial J].
Journal of Computational Physics, 2013, 234 . 439 —451.

Kurc 0. Workload distribution framework for the parallel solution of large structural models on heterogeneous PC clusters[ J].
Journal of Computing in Civil Engineering, 2010, 24(2) :151 - 160.

Kraus J. Additive Schur complement approximation and application to multilevel preconditioning[ J]. Siam Journal on Scientific
Computing, 2012, 34(6) : A2872 — A2895.

Kocak S, Akay H. Parallel Schur complement method for large-scale systems on distributed memory computers[J]. Applied
Mathematical Modelling, 2001, 25(10) :873 - 886.

Carter W T, Law K H. A parallel finite element methods and its prototype implementation on a hypercube[J]. Computer &
Structures, 1989, 31(6): 921 —934.

Intel Math Kernel Library—Fastest and most used math library for Intel and compatible processors [ EB/OL]. [2014 -05—-03].
http ://software. intel. com/en-us/intel-mkl/.

(L#EE 364 TT)

7

13

14

Rusinkiewicz S, Levoy M. Efficient variants of the ICP algorithm [ C] // Proceedings of the Third International Conference on 3D
Digital Imaging and Modeling, 2001 ; 145 - 152.
8 Zhu L, Barhak J, Srivatsan V, et al. Efficient registration for precision inspection of free-form surfaces[ J]. The International
Journal of Advanced Manufacturing Technology,2007 ,32(5 -6) : 505 - 515.
9 Maurer J R, Aboutanos C R, Dawant G B, et al. Registration of 3-D images using weighted geometrical features[ J]. IEEE
Transactions on Medical Imaging, 1996,15(6) . 836 —849.
Zinsser T, Schnidt H, Niermann J. A refined ICP algorithm for robust 3-D correspondences estimation [ C] // Proceedings of
International Conference on Image Processing, 2003 :695 - 698.
Stewart C V, Tsai C L, Roysam B. The dual bootstrap iterative closest point algorithm with application to retinal image registration
[J]. IEEE Transactions on Medical Imaging, 2003, 22(11) . 1379 - 1394.
Chetverikov D, Stepanov D, Krsek P. Robust Euclidean alignment of 3D point sets: the trimmed iterative closest point algorithm
[J]. Image and Vision Computing, 2005, 23: 299 —309.
BAT, waEf, MR, BT T BRI i R I i R AR R IR ()] BUM CAR 2% 41,2009, 45(11) : 240 - 246.
Cheng Yunyong,Zhang Dinghua,Bu Kun,et al. Model registration control point set selection for turbine blade shape inspection
[J]. Journal of Mechanical Engineering,2009, 45(11); 240 —246. (in Chinese)
Bing Jian, Baba C Vemuri. Robust point set registration using Gaussian mixture models [ J]. TEEE Transactions on Pattern
Analysis and Machine Intelligence, 2011, 33(8) : 1633 - 1646.
Tsin Y, Kanade T. A correlation-based approach to robust point set registration[ C] // 8th European Conference on Computer
Vision, 2004, 1. 558 - 569.
Per Bergstrom, Ove Edlund. Robust registration of point sets using iteratively reweighted least squares [ J]. Computational
Optimization and Applications, 2014 ,58(3) :543 - 561.

(E#EE 378 W)

17

18

19

20

B, 8 8, RN, 45 . 7 2 P IR LR BT e R GRS E (D] AL WU 41 ,2014,45(7) :333 - 339.

Miao Hu, Zhou Yucheng, Sheng Zhenxiang, et al. Design and application of a control algorithm for hydraulic lifting system of the
hot platen in continuous flat press [ J]. Transactions of the Chinese Society for Agricultural Machinery, 2014 ,45(7) :333 -339.
(in Chinese)

GAE, B 4. T LabVIEW RURRHELS LR i 5 AL 4508 S Bt il R g ek [T ). 7 LBl , 2013 ,41(6) 1103 ~ 106.
Zhang Jian, Xiao Xingming. Design of condition monitoring and frequency conversion speed feedback control system for screw
feeder based on LabVIEW [J]. Mining & Processing Equipment, 2013,41(6) :103 - 106. ( in Chinese)

XS, ) R AR 2% B SO LS BRAE AT R 2 ) Reis FpRAE LT ] Rl TR ,2011,27(7) 1123 - 128.

Liu Bao, Zong Li, Zhang Dongxing. Force and motion states of hammer mill at unloaded running [ J]. Transactions of the CSAE,
2011,27(7) :123 - 128. ( in Chinese)

PRI A, X4 5, R B, 5 K OGP s L AE Rtk P4 f R e [T AR WL A 4R, 2014,45(7) .79 - 84.

Chen Junmei, Zhao Zuoxi, Chen Jiaqi, et al. Design of nonlinear leveling control system for paddy land leveler [ J]. Transactions

of the Chinese Society for Agricultural Machinery, 2014 ,45(7) .79 —84. (_ in Chinese)



