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Overview

= Major limitations of current hardware

= Programming Models & Elements

= Characteristics of Parallel Electronic Structure Codes
= Summary
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internode network bandwidth ~500 MB/s
intra-node intra-node intra-node
(L3 cache shared) memory bw “ memory bw “ memory bw node
~17GBls ~17GBls ~17GBls
(L2 cache CPU-local) . . . . CPU
(L1 cache core-local) ] core
moderate size <4GBIcore shared shared distributed
memory memory memory
NUMA!
limited number of 1/0 nodes \ I '
Slow! access pattern
crucial for performance
accumulated bandwidth O(10GB/s)
large volume O(10 PB)
large #files, nested directories
parallel filesystem
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Processes versus Threads

process-based thread-based

all data private all data public

shared memory public thread private data
NOT necessarily redundant always kept redundant
Virtual Virtual Virtual

memory memory| memory

/I

Shared
Memory
Control: Control:
SMP: all kernel utils through system libs SMP: (kernel utils through system libs)
Inter-node: MPI, TCP/IP pthreads, OMP
large overhead for process creation small overhead for thread creation
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Shared-Memory Access

shared memory

ﬁtm
Process
\(senallzatlon)

Guarded indirect access
(unordered, slow, copies)

Process #1 Process #2 Process #3 Process #4
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Shared-Memory Access

Shared memory
1 2 B

Guarded indirect access
(unordered, slow, copies)

Process #1 Process #2 Process #3 Process #4
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Shared-Memory Access

Guarded indirect access
(unordered, slow, copies)

Process #1 Process #2 Process #3 Process #4
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Hybrid-Parallelization

May 8, 2013

process
based

spawn
threads
thread
based

terminate
threads

process
based

h))

Node #1

Node #2

Process #1

Process #2
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Process #3
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Tasks

-

(o)

i1

g3

E

Tasks
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Load-Balancing

90000

constraints: ﬁﬁ
* memory consumption

* data locality

* load balance issues
* task granularity

* counter saturation

dynamic assoc.

enumerated, data/domain
ordered tasks decomposition

static
assoc.
task-proc
Process #1 Process #2 Process #3 Process #4
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Amdabhl’s law

f=10% —
fs=1% —
1000 F s E
f=0.1% ——
f=0.01% —
ideal —_—
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Interoperability of Quantum Chemistry Codes

basis sets integral @
geometry evaluation

i | = | i

peicaton

eff. Fock &
density matrix
construction

basis sets integral ABACUS @
geometry derivatives

optimiser structure @
setup relaxation
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Interoperability of Quantum Chemistry Codes

Classes of data interchange:

= small data

- transferable: coordinates, gradients ...
. less transferable: molecular orbitals

= large data

- transferable: integrals, density matrices
- less transferable: correlated wavefunctions

Molecular orbitals & integrals depend on
the (non-unique) definition of the basis functions
(e.g. phase, ordering, symmetry treatment, normalization)

Correlated wavefunctions are even less transferable
(determinants vs. CSFs, implicit ordering ... )
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QM/MM: Electrostatic Embedding

= The interaction with the environment is taken into account
through a modified Hamilton operator

E®(1,0) = EQu(l,0)

S S 3 e

AcO Bel AcO i
= Vén + Vne

= The gradients evaluated in standard procedures with the
modified Hamiltionian require an additional term

EX = Tr(ove)) + v

Elo
= Non-adiabatic coupling vectors are corrected by
h's = Tr(D°Vvpd))
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Electronic Structure Problem

N-particle expansion of the wavefunction

wexact () ) = Zciwi (11,72...7N)

Orthonormality:

(Vi(r1, 72 ... )| Vj(T1, 72 ... 7)) = G

Antisymmetry (fermions):

Vi(ry,12...7n) = —Vi(72, 71 ... TN)
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Analytical Wavefunction Expansion

N-particle trial functions

Determinants: antisymmetrized product 1-particle functions

Vi(r1,72...TN) = \/%Aﬂqsl(ﬁ),qsz(ﬁ), ooy bn(Tn)

CSFs: linear combinations thereof to obtain eigenfunctions of S, S,

1-particle trial functions

LCAO (linear combination of atomic orbitals) approximation

¢i(r) = Z Cpixu(r)

May 8, 2013 Folie 15



#) JOLICH

FORSCHUNGSZENTRUM

Wavefunction degrees of freedom

Molecular orbitals

Given a set of n atomic orbitals (basis set), the 1-particle expansion
(or molecular orbital) coefficients are optimized

éi(r) = Cpuixu(r) Vi

i.e. there are n? coefficients to be determined.

Independent particle approximation

Expanding V(71,72 . ..7y) in a single determinant and minimizing
the energy subject to orthonormality yields the Hartree-Fock /
Kohn-Sham equations.
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N-particle expansion coefficients

basis set size N

size of configuration space N¢gp

2S+1/ n+1 n+1
nesks.s: =00 = () ( )
N+1\IN-S/\IN+S+1

L =
May 8, 2013 ¢ No NB
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Some illustrative numbers for Singlet states

n N NESH NES Description
4 4 20 36
8 8 1764 4900
12 12 226512 853 776
16 16 34.8 x10° 165x10°
20 20 5.92 x10° 34.1 x10°
56 8 29.0x10° 134x10° C,, cc-pVTZ
84 12 25.4 x10*® 165 x10® HCHO, cc-pVTZ
84 18 15.1 x10%' 136 x10?' Os, cc-pVTZ
238 30 3.14 x10* 47.1 x10* pyridine, cc-pVTZ
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Electronic Structure & Molecular Dynamics
Energy (eV) — Singlet
s Triplet )
Pis PA — photoabsorption Ifs
\\\ VR i’ /\ coni.cal interse'ction 10-102 fs abin
/.., avoided crossing 102-10* fs

VR - vibrational relaxation 102-10° fs
¥ intersystem crossing  10°-107 fs
FI - fluorescence 100-108 fs
Ph — phosphorescence 1012-107 fs

0_
May 8, 2013 Nuclear coordinates
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few¥, 10} fix
10} opt.

B
H/Y¥,

few ¥,
{6} fix

split H FexpM¥,
10} fix foxfix

single-reference
electron correlation
methods
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Molecular DFT

Fu = hW+Z Dix(pv|kA)—5 Z D,{)\(ILLA|HV)—F,BG;)EV(D)—F’}/EEV(D)
KA KA

= & and ¢ functionals evaluated on a 3D grid O(N*3)
= Coulomb part scales asymptotically O(N?), formally O(N%)
replace four-index by three-index integrals, formally O(N3)

Xo(Nxs(r) ~ Y coasQ(r)
Q

(aBlyd) ~ D (aBIQ)QIP) *(Plys)
PQ
spatial charge-density decomp. — multipole expansion

O(NlogN)
= conv. direct DFT scheme: integral evaluation dominates
vay smorRI+multipole approximation: linear algebra dominates Folie 21
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Parallel DFT Performance (NWCHEM)
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Parallel Periodic DFT Performance (NWCHEM)

104

“Time per step (scconds)
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Integral transformation

= l-particle expansion coefficients are independently
optimized

= hence, electron correlation methods require a basis
change: AO basis —MO basis

(ij[kl) = Zcui ZC]/] Z Crk Z Cai(urv|srA)
1 v " )

= one-step evaluation: O(N8) (cpu)
= four-step evaluation with intermediates: O(4N°®) (cpu)

= integral-direct transformation ((uv|x\) evaluated on-the-fly)
in particular useful, if (ij|kl) require only simple processing
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Multi-reference Configuration Interaction

U= oV + anwa + ) ctPugb

leref ijab

E = Z Dlj hlj + Z dljk| ('J |k|

ijkl

(W[ H[W;) =H;y = Zau hij + Zbljkl(lnkl

ij ijkl

= minimization of the energy wrt the expansion coefficients
yields an eigenvalue problem
= solving via subspace expansion technique

= quick evaluation of H ¢ within a single pass through the
integrals
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Parallel Matrix-Vector Product

11(1,2(1,3[14 Hi,1V1 + Hy 2V + Hy 3V + Hi gV = wy

21(22|23(24 Hp 11 + Ha 2Vp + Hp 3V3 + Hp avs = Wy

31(32(33|34 H3 1v1 + H3 2Vo + H3 3v3 + H3 4v4 = w3

41424344 Ha 1va + Ha 2Vo + Hy 3V3 + Hg ava = Wy

ST T H = w; Vi €A

B jeB

with Hj = Hj;: Hagva — wg and Hagvg —a
Strategy:

1. loop over all block pairs (A,B) and accumulate wa = wa + Ha Vg
2. loop over all block pairs (A > B)

accumulate wp = Wa + Ha gvg andwg = wpg + Ha gVa if A # B
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Load-balancing issues

Relative Cost (2-external integrals)
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Parallel Multi-Reference CISD (COLUMBUS)

Time per CI iteration (seconds)

4096

2048

1024

\

w

256

128

128

256
number of CPUs

512

1024
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123_CI'2

(1.7 x 10° CSFs)
IBM SP4 (32
cores, 128
GB/node)
Juropa: =4 times
faster

(8cores,
24GB/node)
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Coupled Cluster Expansions

Wavefunction expansion

V=exp(T)Vo=exp(T1 +T2+Tz+...)
Ti=> t'X[X
Al

Coupled Cluster Equations

(Wolexp(—T)Hexp(T)|Wo) =E
(WP lexp(—T)Hexp(T)|Vo) =0
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Coupled Cluster Expansions

(finite) Hausdorff Expansion

exp(~TYHexp(T) = H + (M, T] + +5 (1. T, T+

1 1
+6[[[H?7—]’7_]77_] + ﬂ[[[[HﬂT]?T]’ﬂaT]

= applying to W, and projecting onto{Wo, WA, WAB ..} yields
CC equations up to forth order in the amplitudes.

= terminating 7 at some excitation level and expanding the
CC equations yields expressions in terms of amplitudes
and numerous contractions of integrals.

= jterative solution with DIIS extrapolation.
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Coupled Cluster Methods

characteristics

= Size-extensive
= asymptotically approaches FCI
= non-variational

= tensor-contraction engines

ressources

= computationally expensive:
O(n®) (CCSD), O(n8) (CCSDT), O(N°) (CCSDTQ)

= memory-intense: O(n*) (integrals) O(o (n — 0)") (amplitudes)
intermediates: balance memory, communication, cpu-time & I/O

May 8, 2013 Folie 31



#) JOLICH

FORSCHUNGSZENTRUM

Parallel EOM-CCSD(T) (NWCHEM)

100,00

10,00

some model protein
648 basis functions

Total time (seconds)

1,00 -
1,000 10,000 100,000
number of CPUs
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Summary

codes are "alive” - method development and parallelization are
concurrent tasks

there is little interest in a specialized HPC code - rather a fast
and universally applicable code with full compatibility within the
entire package

HPC systems tend to be specialized and respond well to little
I/0, local or systolic communication patterns in combination with
distributed memory

traditionally, QC codes are a huge collection of continuously
developed algorithms that do not directly rely on distributed
memory

our approach: using an interface for transparently supporting
shared memory (per node replicated data) and fully distributed
data along with both guarded and unguarded shared memory
access and shared counters
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