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Table 3 Solution approaches in the numerical tests

Solver  Storage scheme  Major operation  Unrolling  Optimization Heference
A column dot-product none minimum front [1.2,11,8]
B skyline two-way [1,2,11,8,5,9]
C none modified [3]

D fomesparse DAXPY” one-way minimum [6,7]
E cell sparse two-way degres this paper

*DAXPY BIEE Az +y M85,
* DAXPY is the shorting of double precision matrix operation Az + .
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Table 4 Comparison of these Solution Approaches

File size of global

Example Number of equation  stiffness matrix Factorization time (reduction time) (s)
(MB)
AB CD E A B C D E
ical 105.86 Gl 10.4 h.74 2.5
botam:'j 22044 17T 38 25 05.86 31.89 0.48 5.7 59
halll*4] (1.89) {1.80) (0.62) (0.37) (0.31)
28054 155, G554 36, 14.64
Froup . 33960 189 84 56 80.5 5587 8.5 36.98 i
container 1 (561)  (4.68) (2.97)  (1.68)  (1.52)
1164.92 65181 . h1.7: 21.45
group 63336 574 137 a1 .9 i51.8 97.99 51.73 )
container 2 (17.13) (14.46) (4.67) (3.01) (2.63)
4- ] J813.24 2175.12 J09.14 171.73 66.11
wre 80676 1082 278 186 ? ”
container (41.10)  (31.48)  (11.03)  (7.43)  (6.28)

6590.02  3803.53 37H4.88 189933  669.83

cofferdam &7 804 1298 647 437
(53.17)  (41.25)  (28.64)  (16.22)  (14.57)
1l (2.6 42461 487, 2626 110.06
tal - 55590 45 190 135 T62.63 3 87.70 A2.60 0.06
building (11.25) (9.71) (7.64) (4.90) (3.97)
i ; 189, 3 509,86 396.74 230,42 117.2
twin tower 94653 1173 299 201 i 18038 3509.86 3967 a0 7.29
building (49.03) (40.08) (6.81) (4.69) (5.64)

hine 32 H118.22 2417.32 GHE. 14 455.

machine 94893 1635 591 304 80783 5118 7.3 968 55.99
clement (35.71) (34.93) (15.37) (11.007) (9.56)
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FAST SOLUTION ALGORITHM IN FINITE ELEMENT ANALYSISY

Chen Pu Sun Shuli  Yuan Mingwu
( Department of Mechanics and Engineering Science, Peking University, Beiging 100871, China)

Abstract In early nineteen seventy's, the skyline active column algorithm is considered as an
efficient one for LDL™ or Cholesky factorization of the positive definite sparse linear equations
Ax = f. But beneath the skyline there are usually many zercs in almost each column. All these
zeros occupied the storage allocations and participated operations. These zeros caused also extra
1/0 between the core and the secondary memory. As the size of linear equations increasing, the
skyline approach encounters difficulties of storage shortage and lower efficiency. Comparing to
conventional skyline and half-bandwidth storage schemes, the sparse storage scheme needs only
allocations for non-zero entries of the stiffness matrix and the whole matrix is manipulated in a
very smart way. Therefore sparse solver requires less disk space and is faster than conventional
direct solvers with skyline or half-bandwidth storage scheme for large-scale problems.

In reference [3] the super-equation was introduced to sparse matrix computation with the
conventional sparse storage scheme for the factor L™ of K in order to perform one-way unrolling.
In this paper, we extent the super-equation concept to the global stiffness matrix A of three
dimensional FEA and proposes cell sparse storage scheme. The proposed cell sparse storage scheme
provides an excellent data structure for two-way loop unrolling, to which we unrolled two outer
loops of the triply nested loop in so-called JKI LDLT factorization. This essential changes led to
a big improvement in efficiency and the disk space requirement. The cell sparse storage reduced
about 70% of core memory as well as disk space requirement for engineering FEA in comparison
with the skyline storage scheme. Even compared to conwventional sparse storage scheme, 30% of
memory requirement was reduced. The combination of the cell sparse technology and loop unrolling
in the new solution strategy achieved very high efficiency in sense of elapsed time and disk space
requirement. Eight examples showed that the proposed algorithm was 7~57 times faster than the
skyline solver and the disk space requirement reduced to 1/3 for engineering FEA.

The higher speed came from the following aspects: 1) the number of operations of the LDL"
factorization in the sparse storage scheme is much less than that in the skyline scheme; 2) the loop
unrolling reduces the data traffic between RAM and cache, and even registers; 3) there are less
indices in the cell sparse storage scheme, thus the index manipulations decreased; and 4) smaller
disk and core space requirement reduces the 1/0.
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