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Eigenvalue problem
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Solve self-consistently!
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Real-Space Finite-Difference Method | s equation is solved
and Parallel Computation as finite-difference equation,

KS equation (finite-difference eq.)

3D grid is divided by some regions
for parallel computation,
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Higher-order finite difference
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Mesh
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Flow chart

Conjugate-Gradient Method

H .
Number of atoms N (Wn|Hus ) s minimize
Number of grid points ML (oN) Walwa)

l Residual-Minimization Method

Conjugate-Gradient Method O(NZ) HH ks¥hn —ganH —> minimize
(or Residual-Minimization Method)

l Gram-Schmidt orthogonallization

Gram-Schmidt orthonormalization

l

Density, Potentials update O(N)

Convergence check
Subspace Diagonalization
e
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Subspace Diagonalization 0(N3) Hon = (Wn|Hes|wa)  O(MLXMB2)
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Computational Cost
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Gram-SchmidtE&31k

~Active use of Level 3 BLAS in 0(N3) computation~

Vi=Wi Part of the calculations can be

s =y, v (wi|v,) / performed as Matrix X Matrix operation!
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Performance of Gram-Schmidt routine (PACS-CS)

Theoretical Peak

Operation

Operation & Communication

5.6 GFLOPS/cpu

4.3 GFLOPS/cpu

3.5 GFLOPS/cpu

O(N3) part can be computed at 80% of the theoretical peak performance!
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Bulk Si (4096atoms) | # of atoms: 4096

Grid points: 96"3=884736

# of WF:8196
# of CPU: 256
Convergence of Density
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# of iteration

Time and performance for 1] iteration

Time (sec) MFLOPS/node
Subspace diag O(N?) 1046 ~4000
Gram-SchmidtE 3 1k 178.8 ~2600
O(N3)
Conjugate-Gradient O(N?) 350 ~70
TOTAL 1661 900~1700
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Density of states of Si cluster Density of states of bulk Si
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SlaterO:EBISHkREIRERE ASCFOLLE  Si4006H1038

IP (eV) EA (eV) Gap (eV)
ASCF 5.106 3.747 1.359
€ nomo(N-0.5) 5.106 = 1.356
€ Lumo(N+0.5) — 3.750 1.356
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TFLOPS — PFLOPS

- PACS-CST ORI

N=9653
ML=2575935
MB-16848
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Application 1
~ Sj divacancy ~

Which type of relaxation takes place in the ground state?

Resonant Bond type Large-Paring type

_—— Si atom

This is a long standing problem in semiconductor physics.

We perform structure optimization of systems of 1000 atoms
in order 1o get converged (model size independent) results,

Convergence of bond distances

~ 3.6 Converged (Model Size Independent)
L 34 ‘\Eg . results are obtained !
=8 3.2 )
%304 ° Large-paring structure is appeared in
sl 25 large size supercell,
2.6

I I I
62 214 510 998
Supercell size (# of atoms )

We conclude Resonant-Bond type is the
most stable structure,

—— Large-paring
— Resonant-Bond
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Subspace diagonalization

1. Matrix elements
{Wl’WZ’L ’l//MB}

BLAS3

Hm,n :<Wm‘HKS ‘Wn>

1§t

Time (sec.)

2. MBXxXMB Matrix Diagonalization
Hl,l Hl,MB
; ; C,|=¢,|C,
H MB,1 H MB,MB
3. Rotation BLAS3

1 2 MB
Wr,1 :Cnl//l+CnW2 +L +Cn l//MB

Diveide and

/ conquerik

SCALAPACKEIRfEfRIRSolver (PDSYEVD) OatEEFMH

4 |—— 512 nodes

—A— 256 nodes

| | | | | |
10 12 14 16x10°
Dimension
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