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Abstract

I will discuss our recent work on implementing the coupled-cluster
method (CC) on GPUs. CC is an important quantum many-body
method for molecular calculations and is considered the " gold
standard” due to its accuracy and black box nature. Because CC
can be implemented in terms of matrix-matrix multiplication
([SD]GEMM) operations, it is relatively straightforward to
implement on GPUs using CUDA BLAS. However, due to the large
number of terms, memory limitations of NVIDIA Fermi cards, and
large variation in matrix dimensions, realizing a large speedup
requires careful memory management and movement of data. This
talk will present our earlier work on a GPU-only implementation of
CCD as well as a more recent hybrid CCSD code, which attempts
to dynamically optimize the overlap of computation and
communication.
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Motivation
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Strawman Exascale Architecture

per-node
shared memory

~1 million nodes
(hierarchical network)

Jeff Hammond GPU CC



Wavefunction theory

1 @ Second-order perturbation theory (MP2) is
. r‘f . ‘7\ ) accurate via magical cancellation of error but
I » {1 can't do excited states.

\f,): N d @ Quantum Monte Carlo (QMC) integration
R applied to the Schrodinger equation but can't
U(;C;) do most properties.

Opﬁ(f; @ Coupled-cluster theory (CC) is infinite-order
OC :)Q solution to many-body Schrodinger equation;
v @ it can do both excited-state and properties.
R : f)ff S @ CC applications limited to 10-100 atoms on
- :r)': R :«;3 2 terascale and petascale computers because of
ala scaling: ~ N . (x=b-7)
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Motivation for CC with HPC

o Electronic excited-states and electric-field perturbations
push the limits of conventional approximations in density
functional theory (DFT) and are outside the scope of
classical methods.

@ Interesting chemical processes in biology and material
science require model systems too large for a conventional
computational resources.

e Answering many chemical questions requires large data
sets which cannot be obtained in a reasonable amount
time if done sequentially.
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Coupled-cluster theory

Jeff Hammond GPU CC



Coupled-cluster theory

The coupled—cluster (CC) wavefunction ansatz is
|CC) = e |HF)

where T = T1—|—T2+--~—|—Tn.

T is an excitation operator which promotes n electrons from
occupied orbitals to virtual orbitals in the Hartree-Fock Slater
determinant.

Inserting |CC) into the Schodinger equation:

HeT|HF) = Ecce” |HF) H|CC) = Ecc|CC)
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Coupled-cluster theory
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Coupled-cluster theory

Projective solution of CC:

Ecc = (HF|e"THe |HF)
0 = (XleTHe"|HF) (X=S,D,..))
CCD is:
Ecc = (HF|e~T2He?|HF)
0 = (Dle"2He™|HF)
CCSD is:
Ecc = (HFle" """ T2He™ " T2|HF)
(Sle~ i T2He i+ T2| HF)
0 = (Dle- " T2He 2| HF)
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H = Hi+H
— F4V

F is the Fock matrix. CC only uses the diagonal in the canonical
formulation.

V is the fluctuation operator and is composed of two-electron
integrals as a 4D array.

V has 8-fold permutation symmetry in v,gf, and is divided into six
blocks: VA, Ve, VI vab, vibe, vl

iy ia iy ia !

Indices 7, j, k,... (a,b,c,...) run over the occupied (virtual)
orbitals.
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CCD Equations

o 1
Rj? = Vii® + P(ia, jb) [T,ie/:’ = Tl S VETS +

1 a mn ae |m ma € ea ea m
ST — TR — AT+ (2T — T,m)/ejb}

2 mn'ij mj'ie

B o= (-2 VDTS,
o= vy - VINTy

ij ij if f

= Va+ VeTa

. . 1 .

B = vi-SviETs

ia ia im ea 1 ae 1 mi Tae
li = Vi + Vie( m T mj)—§ be I'mj
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Turning CC into GEMM 1

Other contractions require

reordering to use BLAS:
Some tensor contractions are

trivially mapped to GEMM: /15 += VI T
, y lbjia + = VbeimTmjea
4= VT _
" .. Jbi a T = Wbi me Ume ja
j0) ) e y e e
(kT) (ef) " (k) B+ = WU,

1> 4+ = vbTS Ga) o _  p(me)y (a)
? < Ty = Wibiy Upmey
Z o= WUE
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Turning CC into GEMM 2

Reordering can take as much time as GEMM. Why?

Routine flops mops pipelined
GEMM  O(mnk) O(mn+ mk + kn) yes
reorder 0 O(mn + mk + kn) no

Increased memory bandwidth on GPU makes reordering less
expensive (compare matrix transpose).

(There is a chapter in my thesis with profiling results and more
details if anyone cares.)
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Hardware Details

CPU GPU
X5550 2 X5550 C1060 C2050
processor speed (MHz) 2660 2660 1300 1150
memory bandwidth (GB/s) 32 64 102 144
memory speed (MHz) 1066 1066 800 1500
ECC available yes yes no yes
SP peak (GF) 85.1 170.2 933 1030
DP peak (GF) 42.6 83.2 78 515
power usage (W) 95 190 188 238

Note that power consumption is apples-to-oranges since CPU does
not include DRAM, whereas GPU does.
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Relative Performance of GEMM

GPU versus SMP CPU (8 threads):

SGEMM performance DGEMM performance
X5550 — — X5550 ——
700 | c2050 3 350 [ c2050
600 1 300
5 50 5 250
T T
S S
2 400 2 200
3 3
H H
£ 300 £ 150
S S
H H
& 200 & 100 1
o Y|
100 1 50 f 1
0 0
0 1000 2000 3000 4000 5000 0 500 1000 1500 2000 2500 3000 3500 4000
rank rank

CPU = 156.2 GF CPU =79.2 GF
GPU = 717.6 GF GPU = 335.6 GF

We expect roughly 4-5 times speedup based upon this evaluation.
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Chemistry Details

Molecule o v
CgHio 21 63 o
CioHg 24 72
CioHi» 26 78 °
CioHia 31 93 @ F and V from PSI3.

CisHig 33 99 @ GPU code now runs from PSI3.

CisHie 36 108 . - . .
Coo 40 120 Without committing to anything, the intent

CigHig 41 123 is to release the code under GPL with PSI4.

CigHi2 42 126
CigHo 46 138

6-31G basis set
C; symmetry
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CCD Algorithm

Copy V and F to GPU (cudaMemcpy)
WHILE (|dT|>eps) DO
IF v fitsin GPU memory THEN
Update residual (cudaDgemm)
ELSE
FOR all tiles DO
copy vi:’ to GPU (cudaMemcpy)
contract vgft!?n(cudaDgemm)
END DO
Update residual with remaining terms (cudaDgemm)
END IF
Update T with residual
Compute |dT| (cudaDnrm2)
END WHILE
Copy amplitudes from GPU (cudaMemcpy)
E=tv
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CCD Performance Results

[teration time in seconds

our DP code X5550
C2050 C1060 X5550 Molpro TCE GAMESS

CgH1p 0.3 0.8 1.3 2.3 5.1 6.2
CioHsg 0.5 1.5 2.5 4.8 10.6 12.7
CioH12 0.8 2.5 3.5 7.1 16.2 19.7
CioHig 2.0 7.1 10.0 17.6 42.0 57.7
Ci4H1g 2.7 10.2 13.9 29.9 59.5 78.5
CisH16 45 16.7 21.6 41.5 90.2 129.3

Coo 8.8 29.9 40.3 103.0 166.3 238.9
CigHig 105 35.9 50.2 83.3 190.8 279.5
CigHip 127 422 50.3 111.8 218.4 329.4
CigHoo 20.1 73.0 86.6 157.4 3721 555.5
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CCD Performance Summary

700
C1060 SP —+—
C1060 DP
600 C2050 SP - |
- €2050 DP
~ Xeon X5550 SP
8 500 |Xeon X5550 DP -G~ B
o *
o400 F Ky |
o
8 P
5 —— ~ ]
£ u e G
: .
2 .
4;
b i
o8
100
RoR B D SO O o 6
0 a L L L L ! L !
< o N i o © o @ ~ o
o m o — =1 ot Q © N 2
= 3 % = = = 9) = = =
by 5 S N = = © © ©
8} O = o o 3 < < ®
&) &) [8) 13) 13) I8) S5
molecule

Jeff Hammond GPU CC



Numerical Precision versus Performance

Iteration time in seconds
C1060 C2050 X5550
molecule  SP DP SP DP SP DP
CgH1o 0.2 0.8 02 03 07 13

CioHs 04 15 02 05 1.3 25
CioH12 0.7 25 04 0.8 20 35
CipHis 18 71 1.0 20 5.6 10.0

CisHip 26 102 15 27 8.4 139
CiaHig 41 167 24 45 121 216

Coo 6.7 29.9 41 8.8 22.3 40.3
CieHis 9.0 35.9 5.0 105 28.8 50.2
CigHi2 101 422 5.6 127 29.4 50.3
CigHyo 17.2 73.0 10.1 20.1 47.0 86.6

Almost no work on single-precision or mixed-precision for
standard CPU packages even though it is worth 2x.
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CCSD Equations
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CCSD Algortihm

Guiding principles:
@ Too many arrays to fit into GPU memory.
@ Copy-in every iteration in CCD was not a problem
@ Want multi-GPU, mixed CPU-GPU algorithms.

Design:

Persistent buffers but push all large arrays every iteration.
O(N®), O(N®) on GPU.

O(N®), O(N*) on CPU.

Dynamically schedule some diagrams each iteration to
load-balance.

Overlap computation and communication with CUDA streams
(CUBLAS compatible now).
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Hybrid CCSD

Iteration time in seconds
Hybrid CPU Molpro NWChem PSI3 TCE GAMESS

CeHio 06 14 2.4 3.6 79 84 7.2
CioHg 09 26 5.1 8.2 179 16.8 15.3
CioHi 14 41 7.2 11.3 23.6 252 23.6
CoHie 33 111 190 20.4 542  64.4 65.1
CuHio 44 155 310 49.1 61.4  90.7 92.9
CuHig 63 241 431 65.0 103.4 1292  163.7
Cao 105 432 102.0 175.7 1626 2339 2775
CiHis 100 389 841 1175 1924 2679 3458

CigHiz 14.1 57.1  116.2 178.6 216.4 304.5 380.0
CigHxo 225 959 1614 216.3 306.9 512.0 641.3

We do at least twice as many flops as Molpro due to CC formalism.
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More hybrid CCSD

molecule  Basis o v Hybrid CPU Molpro CPU Molpro
CH3OH aTZ 7 175 2.5 4.5 2.8 1.8 1.1
benzene abz 15 171 5.1 14.7 17.4 2.9 3.4
CyHgSO, aDzZ 23 167 9.0 33.2 31.2 3.7 35
CioH12 Dz 26 164 10.7 39.5 56.8 3.7 53
CioHi2 631G 26 78 1.4 4.1 7.2 2.9 5.1

Molpro optimized for v/o > 1.

Our code doesn’t favor any limit except o, v > 1.
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The NWChem-GPU connection




NWChem TCE module

e Automatically generated code: easy to rewrite (in
principle).

e Data-parallel over tiles using Global Arrays.

e Naive dynamic load-balancing (shared counter).

e Standard GA programming model:
check out, compute, check in
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TCE CPU algorithm

for (P3,P4,H1,H2) in all (P,P,H,H) tiles:
if (my_turn) and (nonzero_symmetry):
allocate_and zero buffer Jc
for (P5,P6) in all (P,P) tiles:
if (nonzero_symmetry):

allocate_and _zero buffer Tc
get Tb from global T
reorder Tc
allocate_and _zero buffer Ic
get Ib from global I
reorder Ic
compute Jc += Tcx*xIc

reorder Jc

acc Jc onto global J
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TCE GPU algorithm

grab_from_pool_and zero buffer pair (Tc,Tg)
grab_from_pool_and zero buffer pair (Ic,Ig)
if (push_gpucompute_pull < cpucompute):
iget_and_push Tg from global T
iget_and_push Ig from global I
igpu_reorder Tg
igpu._reorder Ig
gpucompute Jg += Tg*Ig
else:
iget Tc from global T
iget Ic from global I
compute Jc += Tcx*xIc
ireorder Jg
reorder Jc
pull_and_acc Jc += Jg
acc Jc onto global J
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Evaluating the GPU algorithm

e Tilesizes not big enough to justify GPU all the time (bad).
e Jg stays on the GPU through each pass (good).
@ Possibly good overlap of data movement (good).

e Can unroll inner loop for maximum overlap (good), but
this doubles the memory required (bad).

e Threaded CPU code helps memory issues but GA/ARMCI
not thread-safe (funneled or serialized should be okay).

Many of the GPU-oriented optimizations will help with
multicore CPUs. Fully rewritten GPU TCE in NWChem will
probably coincide with porting to BGQ for this reason.
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Shameless promotion
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SAAHPC 2011

What: Symposium on Application Accelerators in HPC
When: July 19-21, 2011
Where: Knoxville, Tennessee

Application Sessions:

Computational chemistry on accelerators (Chair: Jeff Hammond, ALCF)
Lattice QCD (Chair: Steven Gottlieb, Indiana University, Bloomington)
Weather and climate modeling (Chair: John Michalakes, NREL)
Bioinformatics (Chair: TBD)

Submissions:
Short paper (up to 4 pages, for a poster presentation)
Long paper (up to 10 pages, for an oral presentation)

Deadlines:

Submissions due: May 6, 2011

Presentation acceptance notification: June 6, 2011
Final papers due: June 30, 2011
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