Vol. 45 No. SIG 6(ACS 6) gooooooooooOobOOoOoooobooooooo May 2004

gougbotuboooobooobooood
—Uuugbbdooouoougboooon

ot o o o ot ommmft

goooooooooooooooooooooooOoOoOOObObOOObOOOoOOoOoOooooo
o0o00o0ooooooOoOooO0ooO0oOoO0oOOobocO0OO00O0O0O0O00OO0O0COOOOOOOOODOaO
gobo0ooooooooooboooboooooOoboOooOOoo0oooooooooooooooooo
goooooooooooboboobonoon 1280000102400000000000000 240
000 d-pO00000O0000 18000000000 000O00OO0OOOO0O0DOOOOODOOO0
gooooooooooooboO0oOoocOoOoOO0OOOO0OO0U0OoOoboobOOobobOOoboOoOoboboOoooo
gooooooooooobooooooooooo

Parallel Computation of Large-scale Eigenvalue Problems
of Strongly Correlated Electrons on the Earth Simulator

SUSUMU YAMADA,! MASAHIKO MACHIDAt and TOSHIYUKI IMAMURA

We propose a parallelization technique for solving huge size matrices encountered in cal-
culating electronic structures of strongly correlated electron systems. By utilizing a specific
character that these matrices are generally represented by direct product in the Hamiltonian
matrix for the strongly correlated electron systems, we develop the technique effective in
vector-parallel architecture as the Earth Simulator. Consequently, we obtain both the small-
est eigenvalue and the eigenvector of a matrix with about 18 billion-dimension for 24-site
problem of “d-p model” on the Earth Simulator. Moreover, it is confirmed that the execution
and communication loads of the parallel calculation are almost equally distributed to each
node.
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Table 1 Relation between number of sites and dimension
of matrix.
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20 240,374,016
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28 1,401,950,721,600
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OO0000 #0000
Bo=0,v_1 =0, vo = z0/||x0]]|
for k=0,1,2,...,m—1

w = Hug — Brvr—_1

ap = (wka)

w=w — Vg

Br+1 =/ (w,w), ve+1 = w/Brs1

endfor

0 1 Lanczos JOODOOODO
Fig.1 Algorithm of Lanczos method.
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do i=1,n
do j=ir(i),ir(i+1)—1
av=a(j)
ice=ic(j)
do 1=1,n
nn=(1-1)*n0
w(nn+i)=w(nn+i)+av*v(nn+icc)
enddo
enddo
enddo
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Fig.2 Vectorization of (I @ A)v.
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w(nn0+1)=w(nnO+1)+av*v(nni+l)

enddo

enddo

enddo
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Fig.3 Vectorization of (A ® I)v.
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Table 2 Execution time of matrix-vector multiplication.

a) (I ® A
D000 | FLOPS | V. OP | BANK
B0 1 goo | (x10% | RATIO | CONF
JDS | 34.124 | 11122 | 99.39 | 1.2489
CRS | 8733 | 43461 | 99.42 | 0.0000
b) (A® I)v
D000 | FLOPS | V. OP | BANK
oo D00 | (x10° | RATIO | CONF
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Table 3 Communication amount of conventional method.

oooooooo
ooon | BO00 "5EF %100 | 000 x10°0
32 226 48.837 216.093
48 368 54.346 147.679
64 524 57.660 110.038
96 834 62.695 75.174
128 1,170 66.122 56.514
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Table 4 Calculation amount of conventional method.
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128 1.563 | 0.937 1.329
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Table 5 Number of additional elements.
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Fig.4 Compressed Row Storage Format for the matrix (Example: Matrix size:

8 x 8, Nsumber of nodes: 2).

do ip=1,np
ii=(ip-1)*nb
do j=1,nb
jj=(j-1)*nd
do 1=kr(ii+j),kr(ii+j+1)-1
kk=(kc(1)-1)*nu
av=ak (1)
do k=1,nu
vvl(jj+k)=vv1(jj+k)+rbuf (kk+k,ip)*av
enddo
enddo
enddo
enddo

05 (AR I)Ooooooooooooooo
Fig.5 Algorithm of (A ® I)v (Conventional method).
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ii=(i-1)*nb
do j=ir(i),ir(i+1)-1
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av=aa(j)
do kk=1,nb
wtmp (ii+kk)=wtmp (ii+kk)+vtmp (jj+kk)*av|
enddo
enddo
enddo
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Fig.6 Algorithm of (A ® I)v (proposed method).
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Table 6 Communication amount of proposed method.
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Table 7 Calculation amount of proposed method.

00000000 m x10°0
nooo oo oo oo
32 5.318 | 5.282 5.317
48 3.546 | 3.490 3.544
64 2.660 | 2.584 2.658
96 1.773 | 1.657 1.772
128 1.330 | 1.254 1.329
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Fig.7 Method of communication.
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Table 8 Elapsed time and error.
a) 000000
a) Conventional method

00000 secO oooo
B000 Y355 Toooo oo (x1079)
96 717.97 | 716.20 | 1434.17 1.018
128 610.54 | 607.13 | 1217.67 2.141
b) DOO0DOO
b) Proposed method

00000 secO oooo

DO00 —5Eg Joooo | 00 | (x1079)
96 155.61 | 153.92 | 309.53 1.018
128 105.49 | 102.71 | 208.20 2.141
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Table 9 Information about program execution.
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Table 12 Floting-point operation time.
a) 000000
a) Conventional method

a) 000000
a) Conventional method
V. OP FLOPS gooooo
DOOD 1 RATIO | (x109) (GB)
96 96.807 233.086 924.578
128 96.288 276.946 951.234
b)yOooooo
b) Proposed method
V. OP FLOPS oooooo
DOOO | RATIO | (x109) (GB)
96 98.647 1058.770 1109.281
128 98.518 1561.437 1117.547

V. OP RATIO--- 0000D0DOO %O

O 10

gooao

Table 10 Communication time.
a) 000000
a) Conventional method

00000 secO
oooo od oo od
96 233.247 135.829 191.053
128 174.250 99.004 145.214
b)yOooooo
b) Proposed method
00000 secO
ooon 0o 0o 0o
96 128.302 119.903 127.559
128 98.829 92.152 98.272

00000 secO
oooo oo od od
96 1298.023 1200.533 1242.756
128 1118.167 1042.866 1071.916
b)yOooooo
b) Proposed method
00000 secO
OO0 3o 00 0o
96 188.795 180.433 181.175
128 114.952 108.268 108.832

011 0000000
Table 11 Wating time for communication.
a) 000000
a) Conventional method

00000 secO
pooo oo 0o 0o
96 1249.832 | 952.880 | 1072.837
128 1078.173 | 851.624 | 935.733
b) 000000
b) Proposed method
00000 secO
oooo —Fg 0o oo
96 32891 | 19.212 | 23.143
128 24.623 | 14.690 | 15.837

goooooocoooooobooooooooooo
goooobobooboooooooobooooooooboon
ob9bomuoooobooobooobo 100o00ao
gboboobOooooooboooooboobooooboon
gobooobonooboooooboooboonoooboo
gobooobobooboOooooOoboooobooo
oooooobooooooobobooooooo

goooooooobooooobooboobooooao
g11o0o0o00ooocoooooooo

goboooooobobooooobooboooooobo
gobooooooooooboooboboo120000
goboboooooooooobobooobobobooboon
gooooobooooooooooooooon

ooooooooooooooooooooooo
goooooooooboOoobooooooooooo
gobooooooooobooboooboOoobooboon
goooooogd

7.0 0O O

gooooooooooooooobobooooooDo
gooooooooooooooOooooboboo
00000000000 LanczosOOOOOOODOO
gooobooooooooooooboobooooboaon
gbooooooooooOoooobooooboooooo
gbooboodooooboobooobooooooobooo
gooooboooooooooboooooon

oooooooooooooobooooooooo
obooobooooobobooooooooooooan
goooobooooobooboboooo

OO0 0000000000020 00 dpO0O
gboooooooooboooboooooobbboooo
gboboboooobboboooooobooboooooaao
O000PPiekarz OO OO0 O0OO0O0O0O0O00O0OO
goboocbOoooooooooooboobooDbOobooo
goooooooooooooboobooobooooo
gbotcooooooobobooooooboooooo
O00o0o0oooooobooO cecseEnoooooonoon
gooooooobooooboooboobooooboobooo
goooobooooooo



170 gooooooooooooboOoOooooooooo

o o o o

1) Bednorz, J.G. and Miiller, K.A.: Possible High
Tc Superconductivity in the Ba-La-Cu-O Sys-
tem, Z. Phys., B64, 189 (1986).

2) Tachiki, M., Machida, M. and Egami, T.: Vi-
bronic Mechanism of High-Tc Superconductiv-
ity, Phys. Rev., B67, 174506 (2003).

3) Dagotto, E.: Correlated Electrons in High-
Temperature Superconductors, Rev. Mod.
Phys., Vol.66, No.763 (1994).

4) 0D0000000000O0DOO0ODOOOD
http://www.es.jamstec.go.jp

5) Cullum, J.K., et al.: Lanczos Algorithms for
Large Symmetric FEigenvalue Computations,
Vol.1: Theory, STAM (2002).

6) 0 0O00O00O0OO0O0OO0ODOOOO0OOO0OO OO
00000 20000000000 (1994).

7) Fehske, H., et al.: Exact diagonalization re-
sults for strongly correlated electron-phonon
system, Proc. NIC Symposium 2001, Rollnik,
H., et al. (Ed.), NIC Series, Vol.9, pp.259-269,
John von Neumann Institute for Computing,
Jiilich (2002).

8) WeiBe, A., et al.: Exact diagonalization study
of spin, orbital, and lattice correlations in CMR
manganites, High Performance Computing in
Science and Engineering 2002, Krause, E., et
al. (Eds.), pp.157-167, Springer, Heidelberg
(2002).

9) Barrett, R., et al.: Templates for the solution
of linear systems: Building block for iterative
methods, SITAM (1994).

10) DO0O0O00000OFORTRAN9O/ESO OO O
O000ooUooooooooo (2002).

11) O0O0000000FORTRAN9O/ESOOOO
0000o0oooooooooooo (2002).

12) 00000000000 PARCELOOOOO
O O http://parcel.koma.jaeri.go.jp

13) 0000000000000 000O00 Message
Passing Interfacel http://www.es.jamstec.go.
jp/esc/jp/Programming/message.html

(00 150 100 8 OO0O)
(00160 2 010000)

May 2004

0ood gooogo
19700001998 0000000
goooooooooooooan
| gooooooooooooooon
gooo199oocoooooon
gbooooooogz2oo0 00000
goooooooooobooocboooooooooo
goobooooooooooooooooomoon
goooooooooooob0ooooooooooo

oo oo

19630001991 0000000
goooooooooobooooo
ooooooowobooooooo
ooobooobooobooooooDbioge
goooooodooooooooo
gooozooo0000 2001000000000000
goooboooooze02zb000b0000cOobooon
goooboboooooocobooooobz2002t000
goooobobooooooboooboooooooooon
oooOooooooooooooboobOmoOoon
oobooooooooooooboooobocooono

o0 ooooooao

19690001996 0000000
gooooooocoooooooon
- gooooooooooobooooo
- oooooooooooooooo
gooooooooooooooon
0o00o00o00o0o0ooooo STADOOoOogoo
2001000 20020000000000000 HLRS
gboooooobcoz2o030b0000b0b0coboooonoo
O0000HPCOOOOOOOOOOOOODOO
gboooobooobooooooooooooboom
o0 1nogoooooooooooooobooooon

O0000oooOooooooosIAMOOOO




