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GPU	  momentum	  conSnues	  to	  grow	  

3	  
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The	  Accelerator	  model	  

1.  First	  COPY	  input	  data	  from	  CPU	  memory	  to	  GPU	  
memory	  

2.  Load	  GPU	  program	  and	  EXECUTE	  (caching	  data	  
on	  chip	  for	  performance)	  

3.  When	  results	  are	  ready,	  COPY	  back	  data	  from	  
GPU	  memory	  to	  CPU	  memory	  

PCI-‐E	  
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Collision	  or	  Convergence?	  
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3	  ways	  to	  accelerate	  codes	  using	  GPU	  
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Libraries	   DirecSves	  
(OpenACC)	  

Direct	  programming	  	  
(CUDA)	  

ApplicaSon	  

Modest,	  2x	  ~	  10x	   Best,	  up	  to	  100x	  

“Drop-‐in”	  AcceleraSon	  
Maximum	  

Performance	  	  
Quickly	  Accelerate	  
ExisSng	  ApplicaSons	  



QUANTUM	  ESPRESSO	  



What	  is	  QUANTUM	  ESPRESSO?	  

•  QUANTUM	  ESPRESSO	  is	  an	  integrated	  suite	  of	  computer	  codes	  for	  atomisSc	  
simulaSons	  based	  on	  DFT,	  pseudo-‐potenSals,	  and	  plane	  waves	  

•  "ESPRESSO"	  stands	  for	  opEn	  Source	  Package	  for	  Research	  in	  Electronic	  Structure,	  
SimulaSon,	  and	  OpSmizaSon	  

•  QUANTUM	  ESPRESSO	  is	  an	  iniSaSve	  of	  SISSA,	  EPFL,	  and	  ICTP,	  with	  many	  partners	  in	  
Europe	  and	  worldwide	  

•  QUANTUM	  ESPRESSO	  is	  free	  soiware	  that	  can	  be	  freely	  downloaded.	  Everybody	  is	  
free	  to	  use	  it	  and	  welcome	  to	  contribute	  to	  its	  development	  
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What	  can	  QUANTUM	  ESPRESSO	  do?	  
•  norm-‐conserving	  as	  well	  as	  ultra-‐soi	  and	  PAW	  pseudo-‐potenSals	  
•  many	  different	  energy	  funcSonals,	  including	  meta-‐GGA,	  DFT+U,	  and	  

hybrids	  (van	  der	  Waals	  soon	  to	  be	  available)	  
•  scalar-‐relaSvisSc	  as	  well	  as	  fully	  relaSvisSc	  (spin-‐orbit)	  calculaSons	  
•  magneSc	  systems,	  including	  non-‐collinear	  magneSsm	  
•  ground-‐state	  calcula=ons	  

–  Kohn-‐Sham	  orbitals	  and	  energies,	  total	  energies	  and	  atomic	  
forces	  

–  finite	  as	  well	  as	  infinite	  system	  
–  any	  crystal	  structure	  or	  supercell	  
–  insulators	  and	  metals	  (different	  schemes	  of	  BZ	  integraSon)	  
–  structural	  opSmizaSon	  (many	  minimizaSon	  schemes	  

available)	  
–  transiSon	  states	  and	  minimum-‐energy	  paths	  (via	  NEB	  or	  

string	  dynamics)	  electronic	  polarizaSon	  via	  Berry’s	  phase	  
–  finite	  electric	  fields	  via	  saw-‐tooth	  potenSal	  or	  electric	  

enthalpy	  
•  Wannier	  intepola=ons	  

•  ab-‐ini=o	  molecular	  dynamics	  
–  Car-‐Parrinello	  (many	  ensembles	  and	  flavors)	  	  
–  Born-‐Oppenheimer	  (many	  ensembles	  and	  flavors)	  	  
–  QM-‐MM	  (interface	  with	  LAMMPS)	  

•  linear	  response	  and	  vibra=onal	  dynamics	  
–  phonon	  dispersions,	  real-‐space	  interatomic	  force	  constants	  
–  electron-‐phonon	  interacSons	  and	  superconducSvity	  

effecSve	  charges	  and	  dielectric	  tensors	  
–  third-‐order	  an-‐harmoniciSes	  and	  phonon	  lifeSmes	  
–  infrared	  and	  (off-‐resonance)	  Raman	  cross	  secSons	  
–  thermal	  properSes	  via	  the	  quasi-‐harmonic	  approximaSon	  

•  electronic	  excited	  states	  
–  TDDFT	  for	  very	  large	  systems	  (both	  real-‐Sme	  and	  “turbo-‐

Lanczos”)	  
–  MBPT	  for	  very	  large	  systems	  (GW,	  BSE)	  

	  
plus	  several	  post	  processing	  tools!	  
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QUANTUM	  ESPRESSO	  in	  numbers	  

•  350,000+	  lines	  of	  FORTRAN/C	  code	  
•  46	  registered	  developers	  
•  1600+	  registered	  users	  
•  5700+	  downloads	  of	  the	  latest	  5.x.x	  version	  

•  2	  web-‐sites	  (QUANTUM-‐ESPRESSO.ORG	  &	  QE-‐FORGE.ORG)	  
•  1	  user	  mailing-‐list,	  1	  developer	  mailing-‐list	  
•  24	  internaSonal	  schools	  and	  training	  courses	  (1000+	  parScipants)	  
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QUANTUM	  ESPRESSO:	  a	  global	  community	  
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The	  development	  model	  

•  QUANTUM	  ESPRESSO	  is	  not	  a	  monolithic	  applica=on,	  but	  an	  integrated	  ecosystem	  
thriving	  around	  a	  small	  number	  of	  core	  components	  developed	  and	  maintained	  by	  
a	  small	  number	  of	  developers	  

•  the	  ecosystem	  is	  designed	  so	  as	  to	  be	  alien-‐friendly:	  a	  number	  of	  third-‐party	  QE-‐
compa=ble	  applica=ons	  and	  add-‐ons,	  oien	  designed	  to	  be	  code-‐agnosSc,	  are	  
distributed	  with	  QE	  (notable	  examples	  include	  wannier90,	  Yambo,	  EPW,	  WanT,	  
XCrysDen,	  ...)	  

•  the	  environment	  that	  allows	  the	  ecosystem	  to	  prosper	  is	  provided	  by	  the	  QE-‐
FORGE.ORG	  plaworm,	  freely	  available	  to	  researchers	  and	  developers	  from	  all	  over	  
the	  world	  
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Quantum	  ESPRESSO	  package	  porwolio	  
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CORE	  	  
modules	  

CP	  PWscf	  
Atomic	  

NEB	  
PWCOND	  PHonon	  

TDDFPT	  
GWL	  GIPAW	  

Xspectra	  

SaX	  
WanT	   Wannier90	   PLUMED	  

Yambo	  
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J. Phys.: Condens. Matter 21 (2009) 395502 P Giannozzi et al

Figure 3. Scalability for medium-size calculations (CP code). CPU time (s) per electronic time step (left panel) and speedup with respect to
32 processors (right panel) as a function of the number of processors and for different numbers ntask of task groups, on an IBM BlueGene/P
(BG/P) and on an SGI Altix. The system is a fragment of an Aβ-peptide in water containing 838 atoms and 2311 electrons in a
22.1 × 22.9 × 19.9 Å

3
cell, ultrasoft pseudopotentials, " point, 25 and 250 Ry cutoff for the orbitals and the charge density respectively.

Figure 4. Scalability for large-scale calculations: wall time (left panel) and speedup (right panel) as a function of the number of processors.
PSIWAT: PWscf code, npool = 4, ntask = 4, on a Cray XT 4. The system is a gold surface covered by thiols in interaction with water, 4
k-points, 10.59 × 20.53 × 32.66 Å

3
cell, 587 atoms, 2552 electrons. CNT (1): PWscf code, ntask = 4, on a Cray XT 4. The system is a

porphyrin-functionalized nanotube, " point, 1532 atoms, 5232 electrons. CNT (2): CP code on a Cray XT3, same system as for CNT (1),
Times for PSIWAT and CNT (1) are for 10 and 2 self-consistency iterations, respectively; times for CNT (2) are for 10 electronic steps plus 1
Car–Parrinello step, divided by 2 so that they fall in the same range as for CNT (1).

larger plane-wave basis set and a larger real- and reciprocal-
space grids are required in the former case. On the other hand,
using ultrasoft pseudopotentials is generally faster because the
use of a smaller basis set is obviously more efficient, even
though the overall parallel performance may not be as good.

Simulations on systems containing several hundreds of
atoms are by now quite standard (see figure 3 for an
example). Scalability does not yet extend to tens of
thousands of processors as in especially-crafted codes like
QBox [170], but excellent scalability on up to 4800 processors
has been demonstrated (see figure 4), even for cases where
coarse-grained parallelization does not help, using only MPI
parallelization. We remark that the results for CNT (2) in
figure 4 were obtained with an earlier version of the CP code
that did not use ScaLAPACK; the current version performs
better in terms of scalability.

The efforts of the QUANTUM ESPRESSO developers’ team
are not limited to the performance on massively parallel

architectures. Special attention is also paid to optimize the
performances for simulations of intermediate size (on systems
ranging from several tens to a few hundreds of inequivalent
atoms), to be performed on medium-size clusters, readily
available to many groups [81]. In particular, the QUANTUM

ESPRESSO developers’ team is now working to better exploit
new hardware trends, particularly in the field of multicore
architectures. The current version implements a partial but
fully functional OpenMP parallelization [171] that is especially
suitable for modern multicore CPUs. Mixing OpenMP with
MPI also allows scalability to be extended towards a higher
number of processors, by adding a parallelization level on
top of what can already be achieved using MPI. Preliminary
tests on realistic physical systems demonstrate scalability up
to 65 536 cores, so far.

Looking ahead, future developments will likely focus on
hybrid systems with hardware accelerators (GPUs and cell co-
processors).
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QE	  Scalability	  
(2010)	  

CP	  	  
(Aβ-‐pepSde	  in	  water:	  838	  atoms	  and	  2311	  

	   	   	  	  electrons,	  gamma	  point)	  	  

PWscf	  
(PSIWAT:	  587	  atoms,	  2552	  electrons,	  4	  k-‐points)	  
(CNT:	  1532	  atoms,	  5232	  electrons,	  gamma	  point)	  



PWSCF	  GPU	  PORTING	  



Plane	  Wave	  Self-‐Consistency	  Field	  (PWSCF)	  

The	  soluSon	  of	  the	  Kohn-‐Sham	  requires	  the	  diagonalizaSon	  of	  the	  matrix	  HKS	  
whose	  matrix	  elements	  are	  
	  

hk + G|T|k + G0i =
~2

2m
(k + G0)2�G,G0

hk + G|VH |k + G0i = VH(G�G0) = 4⇡e2 n(G�G0)
|(G�G0)|2

hk + G|V
xc

|k + G0i = FT [V
xc

(r)]

KineSc	  energy	  

Hartree	  term	  

Exchange	  correlaSon	  
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PWscf	  arallelizaSon	  hierarchy	  
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• Only	  for	  Nudged	  ElasSc	  Band	  (NEB)	  calculaSons	  Images	  

• DistribuSon	  over	  k-‐points	  (if	  more	  than	  one)	  
• Scalability	  over	  k-‐points	  (if	  more	  than	  one)	  
• No	  memory	  scaling	  

K-‐points	  

• DistribuSon	  of	  wave-‐funcSon	  coefficients	  
• DistribuSon	  of	  real-‐grid	  points	  
• Good	  memory	  scale,	  good	  overall	  scalability,	  load-‐balancing	  

Plane-‐waves	  

• IteraSve	  diagonalizaSon	  (fully-‐parallel	  or	  serial)	  
• Smart	  grouping	  of	  3DFFTs	  to	  reduce	  compulsory	  MPI	  communicaSons	  

Linear	  algebra	  &	  task	  
groups	  

• OpenMP	  handled	  explicitly	  or	  implicitly	  
• Extend	  the	  scaling	  on	  mulS-‐core	  machines	  with	  “limited”	  memory	  

MulS-‐threaded	  
kernels	  

BGRP_COMM	  



Simplified	  PWSCF	  life-‐cycle	  

QUANTITIES

DIAGONALIZATION OF THE
HAMILTONIAN MATRIX

(FOR EACH KïPOINT)

CALCULATION OF THE
CHARGE DENSITY

CALCULATION OF THE 
NEW POTENTIALSNONïLOCAL POTENTIALS

CALCULATION OF THE NEW

FORCES AND
STRESSES EQUAL 

TO ZERO

ELSE

CALCULATIO N OF  NEW
ATOMIC POSITIONS

(AND LATTICE PARAMETERS)

CALCULATION OF

(AND STRESSES)
NEW FORCES

ELSE

CALCULATION OF
WAVEFUNCTIONS

ORTHOïNORMALIZATION

INITIAL PHYSICAL

STRUCTURE OPTIMIZATION

WAVEFUNCTION

SETUP OF THE

SELFïCONSISTENCY
ACHIEVED

SELFïCONSISTENCY
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3D-‐FFT	  +	  GEMM	  +	  LAPACK	  

3D-‐FFT	   3D-‐FFT	  +	  GEMM	  



QE-‐GPU	  and	  PRACE	  
PRACE	  -‐	  Partnership	  for	  Advanced	  Compu5ng	  in	  Europe	  
	  

•  PRACE	  Project	  1-‐IP	  (2010	  –	  2012)	  
–  GPU	  development:	  PHIGEMM	  library	  and	  PWSCF	  	  
–  Key-‐rule	  to	  leverage	  Quantum	  ESPRESSO	  as	  an	  EU	  community	  code	  
–  (Be|er)	  ParallelizaSon	  of	  the	  GIPAW	  code	  (over	  bands)	  

	  

•  PRACE	  Project	  2-‐IP	  (2011	  –	  2013)	  
–  Extend	  the	  mulS-‐threading	  support	  with	  OpenMP	  
–  Exploratory	  of	  the	  adopSon	  of	  OpenACC	  (GPU	  with	  direcSves)	  
–  Improvement	  in	  the	  linear	  algebra	  and	  the	  diagonalizaSon	  
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A	  "lucky"	  starSng	  point	  
AUSURF,	  112	  Au	  atoms,	  2	  k-‐point	  

1	  SCF	  iteraSon	   1	  full	  SCF	  cycle	  
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GPU	  developments	  
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•  MPI-‐GPU	  binding	  &	  GPU	  memory	  management	  	  
•  NEWD	  à	  CUDA	  NEWD	  (mulSple	  kernels	  combined)	  
•  ADDUSDENS	  à	  CUDA	  ADDUSDENS	  
•  VLOC_PSI	  à	  CUDA	  VLOC_PSI	  (CUDA	  kernels	  +	  CUFFT)	  
•  BLAS3	  *GEMM	  à	  PHIGEMM	  library	  (CUBLAS)	  
•  (serial)	  LAPACK	  à	  MAGMA	  library	  

VLOC_PSI	  acts	  over	  distributed	  data	  
NEWD/ADDUSDENS	  act	  over	  local	  data	  



phiGEMM	  
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•  Inspired	  by	  M.	  FaSca	  LINPACK	  work	  
•  Independent	  open-‐source	  library,	  BSD	  license	  
•  GPU+CPU	  BLAS	  3	  *GEMM	  rouSne	  
•  Manual	  or	  “semi-‐automaSc“	  (SELF-‐TUNE)	  split	  
•  Special-‐K	  for	  rectangular	  matrices	  
•  GEMMàGEMV	  fallback	  
•  Detailed	  call-‐by-‐call	  profiling	  
•  Pinned/non-‐pinned,	  sync/async	  
•  Support	  of	  mulS-‐GPU	  
	  
web:	  h|p://qe-‐forge.org/projects/phigemm/	  
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MAGMA:	  LAPACK	  for	  GPU	  

MAGMA	  uses	  HYBRIDIZATION	  methodology	  based	  on	  
•  RepresenSng	  linear	  algebra	  algorithms	  as	  collecSons	  of	  

TASKS	  and	  DATA	  DEPENDENCIES	  among	  them	  
•  Properly	  SCHEDULING	  the	  tasks'	  execuSon	  over	  the	  

mulScore	  and	  the	  GPU	  hardware	  components	  

What	  does	  HYBRIDIZATION	  means?	  
•  Panels	  (Level	  2	  BLAS)	  are	  factored	  on	  CPU	  using	  LAPACK	  
•  Trailing	  matrix	  updates	  (Level	  3	  BLAS)	  are	  done	  on	  the	  

GPU	  using	  “look-‐ahead”	  
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CUDA	  kernels	  
•  ADDUSDENS	  

–  compute-‐bounded	  kernel	  
–  Best	  performance	  measured:	  20x*	  (RealisSc?	  9x~10x)	  

•  NEWD	  
–  compute-‐bounded	  kernels	  
–  Best	  performance	  measured:	  7.2x*	  (RealisSc?	  3x~4x)	  

•  VLOC_PSI	  
–  memory-‐bounded	  kernels	  
–  Best	  (serial)	  performance	  measured:	  9x	  (RealisSc?	  ...)	  	  

•  All	  the	  data	  is	  moved	  to	  GPU	  memory	  only	  at	  once	  
•  External	  loops	  over	  atomic	  species	  are	  kept	  on	  the	  CPU	  side	  

24	  



The	  parallel	  FFT	  "issue"	  

Ny Nz  FFT along x

Transform along X

0

1

2

3

PE 0
PE 1

PE 2
PE 3

Ec 4Ec

0 1 2 3 0
0 0 0

1
1 1 1

2
2 2

2

3
3 3

3

Transform along Z

~ Nx Ny / 5  FFT along z Nx Nz / 2  FFT along y

z

0

1

2

3

Transform along Y

Pa
ra

lle
l T

ra
ns

po
se

 ~
 N

x 
N

y 
N

z 
/ (

5 
N

p)
 d

at
a 

ex
ch

an
ge

d 
pe

r P
E

xyz x

y z

0

1

2

3

xy

Data	  are	  not	  conSguous	  and	  not	  “trivially”	  distributed	  across	  processors	  

A	  single	  3D-‐FFT	  is	  divided	  in	  independent	  1D-‐FFTs	  
There	  are	  two	  "FFT	  grid"	  representaSon	  in	  

Reciprocal	  Space:	  wave	  funcSons	  (Ecut)	  and	  charge	  
density	  (4Ecut)	  	  

Zeros	  are	  not	  transformed.	  Different	  cut-‐offs	  preserve	  accuracy	  
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H	  *	  psi	  	  
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compute/update H * psi:!
!compute kinetic and non-local term (in G space)!
!! !complexity : Ni × (N × Ng+ Ng × N × Np)!
!Loop over (not converged) bands:!
!! !FFT (psi) to R space!
!! ! !complexity : Ni  × Nb × FFT(Nr)!

             compute V * psi!
!! ! ! complexity : Ni  × Nb × Nr!

             FFT (V * psi) back to G space!
!! ! ! complexity : Ni  × Nb × FFT(Nr)!

             compute Vexx:!
!! ! ! complexity : Ni × Nc  × Nq × Nb × (5 × Nr + 2×FFT(Nr))!

	  
N	  =	  2×Nb	  (where	  Nb	  =	  number	  of	  valence	  bands)	  
Ng	  =	  number	  of	  G	  vectors	  
Ni	  =	  number	  of	  Davidson	  iteraSon	  

Np	  =	  number	  of	  PP	  projector	  
Nr	  =	  size	  of	  the	  3D	  FFT	  grid	  
Nq	  =	  number	  of	  q-‐point	  (may	  be	  different	  from	  Nk)	  



Task-‐group	  parallelizaSon	  
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do i = 1, n 
   compute 3D FFT( psi(i) ) 
end do 

do i = 1, n/groupsize 
  merge( psi( i ), psi( i + 1 ) ) 
  compute groupsize 3D FFT  
  (at the same time)  
end do 

P0	  

P1	  

P2	  

P3	  

G0 

G1 

G2 

G3 



Parallel	  VLOC_PSI	  
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PSI PSIC 
CUFFT GàR 

products 

CUFFT RàG 

PSIC HPSI 

PSIC 

PSIC 

“MPI_Allgatherv”

“MPI_Allscatterv”

MulSple	  LOCAL	  grid	  to	  
compute	  

Overlapping	  is	  possible!!	  

PSI PSIC 

FFT GàR 

products 

FFT RàG 

PSIC HPSI 

DISTRIBUTED 



Parallel	  VLOC_PSI	  -‐	  LimitaSons	  
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64	  

256	  

512	  
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CUDA?	   phiGEMM?	   profiling?	  

MAGMA?	   fast	  CUDA?	  

CPU-‐only	  with	  GEMM	  profile	  
capability	  

GPU-‐CPU	  with	  serial	  
diagonalizaSon	  (MAGMA)	  

ELPA?	  

GPU-‐CPU	  with	  serial	  
diagonalizaSon	  (MAGMA)	  and	  

advanced	  opSmizaSons*	  

phiGEMM?	  
GPU-‐CPU	  with	  parallel	  

diagonalizaSon	  based	  on	  ELPA	  
(CPU	  +	  GPU*)	  

GPU-‐CPU	  with	  parallel	  
diagonalizaSon	  based	  on	  ELPA	  

(CPU	  only)	  

GPU-‐CPU	  with	  parallel	  
diagonalizaSon	  based	  on	  
ScaLAPACK	  (CPU	  only)	  

GPU	  configure	  

Y	  

Y	  

Y	  

Y	  

Y	   Y	  

QE-‐GPU	  



QE-‐GPU	  Timeline	  (	  ~2010	  –	  today	  )	  	  
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TODAY	  

2013	  2012	  2011	  

Jan	  2011:	  the	  project	  starts	  (PRACE	  1IP)	  

Jul	  2011:	  QE	  4.3.2	  
May	  2012:	  QE	  5.0.0	  

Jul	  2012:	  QE	  5.0.1	  

Nov	  2012:	  QE	  5.0.2	  

Nov	  2012:	  phiGEMM	  2.0.0	  

Jul	  2012:	  phiGEMM	  1.0.0	  

May	  2011:	  First	  beta	  GPU	  PWscf	  	  

Jun	  2012:	  QE-‐GPU	  5.0	  

Sep	  2012:	  QE-‐GPU	  5.0.1	  
Dec	  2012:	  QE-‐GPU	  5.0.2	  

PLUG-‐IN	  

EXTERNAL	  REPO	  

BRANCH	  



PERFORMANCE	  EVALUATION	  



AUSURF112,	  serial	  
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3.49x	  
3.54x	  

5.54x	  7.81x	  

Tests	  run	  early	  2012	  



Performance	  &	  Power	  consumpSon	  (serial)	  
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AUSURF112, k-point (C2050)
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Water-on-Calcite (C2050)

3.67x	   3.1x	   3.2x	  

-‐57%	   -‐58%	   -‐54%	  

Tests	  run	  early	  2012	  



MGST-‐hex	  
216	  atoms	  of	  {Ge,	  Mn,	  Te,	  Sb},	  gamma-‐only	  (courtesy	  of	  Zhang	  W.	  –	  RWTH/AACHEN)	  
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3.38x	  

2.96x	  

2.43x	  

Tests	  run	  early	  2012	  



CdSe159	  
159	  atoms	  of	  {Cd,	  Se},	  gamma-‐only	  (courtesy	  of	  Calzolari	  A.	  –	  CNR/NANO)	  
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2.40x	  
2.17x	  

2.06x	  
2.19x	  

1.89x	  

2.52x	  

36	  
Tests	  run	  early	  2012	  
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IRMOF-‐M11	  
130	  atoms	  of	  {O,	  Zn,	  C,	  H},	  	  1	  K-‐point	  (courtesy	  of	  	  Clima	  S.	  -‐	  IMEC)	  
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1.79x	  
1.97x	  

1.37x	  

1.87x	  

Tests	  run	  early	  2012	  



Hi�ng	  the	  limit	  
130	  atoms	  of	  {O,	  Zn,	  C,	  H},	  	  1	  K-‐point	  (courtesy	  of	  	  Clima	  S.	  -‐	  IMEC)	  
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1.46x	  (1.79x)	  

1.26x	  (1.41x)	  

1.49x	  (1.87x)	   30.9%	  

45.1%	  

30.6%	  

40.9%	  
26.3%	  

40.1%	  

Tests	  run	  early	  2012	  



CdSe489	  -‐	  PRACE	  Preparatory	  Access	  
489	  atoms	  of	  {Cd,	  Se}	  ,	  3	  SCF	  steps,	  24	  MPI	  x	  6	  OMP	  (144	  cores)	  @	  PLX	  (CINECA)	  

2.8x	  

3.1x	  

10x	  

4x	  

~2.3x	  ñ	  
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phiGEMM	  

40	  

•  Inspired	  by	  M.	  FaSca	  LINPACK	  work	  
•  Independent	  open-‐source	  library,	  BSD	  license	  
•  GPU+CPU	  BLAS	  3	  *GEMM	  rouSne	  
•  Manual	  or	  “semi-‐automaSc“	  (SELF-‐TUNE)	  split	  
•  Special-‐K	  for	  rectangular	  matrices	  
•  GEMMàGEMV	  fallback	  
•  Detailed	  call-‐by-‐call	  profiling	  
•  Pinned/non-‐pinned,	  sync/async	  
•  Support	  of	  mulS-‐GPU	  
	  
web:	  h|p://qe-‐forge.org/projects/phigemm/	  
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Hi�ng	  the	  limit	  
489	  atoms	  of	  {Cd,	  Se},	  3(+1/2)	  SCF	  steps	  &	  STRESS	  &	  FORCES,	  24	  MPI	  x	  6	  OMP	  (144	  cores)	  @	  PLX	  (CINECA)	  
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3.2x	  

~	  1.73x	  

Tests	  run	  early	  2012	  



CheaSng	  using	  parallelism:	  USE_3D_FFT	  
120	  atoms	  of	  {Bi,	  Fe,	  O,	  LS,	  Mn},	  reduced	  to	  8	  k-‐point	  (courtesy	  of	  Ferreira	  R.	  –	  Rio	  de	  Janeiro	  Federal	  Univ.)	  
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Computer	  Nodes	   ExecuSon	  Time	  [s]	  	  
#10	  self-‐consistency	  cycles	  

Speed-‐up	  

2	  x	  iDataPlex	  DX360M3,	  dual	  Xeon	  E5645	  6-‐cores	  2.40	  GHz	  
(24	  cores)	   52057.22	  

2	  x	  iDataPlex	  DX360M3,	  dual	  Xeon	  E5645	  6-‐cores	  2.40	  GHz	  
(24	  cores)	  +	  4	  NVIDIA	  2070	  (__USE_3D_FFT)	   10029.1	   	  5.2x	  	  

	  #	  pool	  =	  #	  MPI	  processes	  	  
(	  dimension	  each	  pool	  =	  1,	  k-‐point	  distributed	  in	  "round-‐robin")	  

Tests	  run	  early	  2012	  



We	  are	  all	  limited	  by	  Amdahl	  
(parallel	  –	  MGST-‐hex)	  

Between	  60%~70%	  of	  the	  total	  wall-‐Sme	  is	  
portable	  on	  CUDA	  with	  different	  degree	  of	  

acceleraSon	  	  
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FINAL	  CONSIDERATIONS	  
PERFORMANCE,	  CORRECTNESS	  AND	  SUSTAINABILITY	  

44	  



What	  drive	  (my)	  agenda?	  
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Performance	  
Correctness	  

Sustainability	  



Correctness	  vs	  Sustainability	  

•  Bugs	  can	  be	  very	  tricky	  and	  not	  easy	  to	  detect	  
–  long	  runs	  à	  lot	  of	  output;	  big	  runs	  à	  lot	  of	  resources	  

–  Sme	  &	  reproducibility	  

•  An	  embedded	  Unit	  Test	  suite	  is	  a	  soluSon	  but	  ...	  

•  ...	  an	  Acceptance	  TesSng	  Procedure	  is	  required	  too!	  

•  Old-‐fashion	  debugging	  works	  but	  ...	  
–  dirty	  source	  code	  

–  plenty	  of	  preprocessor	  macro	  



Performance	  vs	  Correctness	  

•  GPU	  are	  not	  CPU	  (what	  a	  surprise!)	  

•  Third-‐part	  libraries	  hide	  complexity	  but	  also	  introduce	  "noise"	  

•  ReducSon	  operaSons	  (explicit	  managed	  or	  implicitly	  inherit)	  are	  the	  
nightmare	  

•  InnovaSve	  algorithms	  can	  improve	  performances	  but	  who	  does	  a	  proper	  
validaSon?	  



Sustainability	  vs	  Performance	  

•  CUDA	  or	  not-‐CUDA?	  (Shakespearean	  dilemma)	  

•  Benchmarking	  requires	  Sme	  (again,	  what	  a	  surprise!)	  

•  The	  need	  of	  cerSfying	  QE-‐GPU	  benchmarks*	  

•  Guarantee	  performances	  is	  very	  difficult	  because...	  
–  users	  expect/pretend	  performance	  portability	  

–  too	  many	  HW	  combinaSons	  	  



OpenACC:	  yes,	  no,	  maybe?	  
PROs:	  
•  easy	  learning	  curve	  
•  fast	  first	  deployment	  
•  acceptable	  performance	  compromises	  
	  
	  CONs:	  
•  Code	  has	  to	  be	  rewri|en	  to	  suite	  the	  accelerator	  
•  Lack	  of	  direct	  control	  of	  the	  generated	  GPU	  code	  
•  memory	  sharing	  and	  compeSSon	  
	  
and	  now	  OpenMP	  4.0	  RC2	  with	  DirecXves	  for	  aZached	  accelerators	  
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(pseudo-‐random)	  Personal	  thoughts	  

•  Training	  users	  is	  challenging	  (we	  kept	  everything	  simple	  but...)	  

•  User	  support	  is	  Sme	  consuming	  

•  CUDA	  is	  easier	  than	  most	  people	  think	  

•  Focusing	  on	  fine-‐grain	  performance	  ONLY	  at	  the	  final	  stage	  

•  There	  is	  not	  only	  the	  parallel	  world	  

•  No	  more	  old-‐fashion	  porSng	  



The	  OpXmizaXon	  Dilemma	  

51	  

Is	  it	  worth	  to	  spend	  Sme/effort	  opSmizing	  the	  code	  for	  the	  latest	  
available	  architecture	  by	  using	  the	  latest	  cool	  set	  of	  features	  provided	  

by	  the	  most	  updated	  version	  of	  CUDA	  toolkit/driver?	  

?
Who	  are	  the	  users?	  Are	  they	  users	  or	  developer?	  What	  hardware	  they	  have?	  What	  is	  their	  
scienXfic	  workflow?	  What	  are	  the	  scienXfic	  challenges	  they	  have?	  	  What	  is	  their	  budget?	  

What	  ROI	  they	  expect?	  	  



GPU-‐accelerated	  PWscf,	  when	  and	  why?	  

•  Physical	  system	  criteria	  
–  "crazy"	  amount	  of	  atoms	  (	  O(1000)	  )	  in	  gamma-‐only	  (or	  1~2	  k-‐point)	  
–  reasonable	  amount	  of	  atoms	  (O(100)	  )	  	  
–  small	  amount	  of	  atoms	  (O(10)	  )	  but	  many	  k-‐points	  
–  O(10)~O(100)	  but	  with	  lot	  of	  atomic	  species	  

•  Hardware	  criteria*	  
–  workstaSons	  equipped	  with	  commodity	  GTX	  and/or	  high-‐end	  TESLA	  GPUs	  
–  reasonable	  HPC	  clusters	  (O(100)	  nodes,	  1:1	  raSon	  GPU	  versus	  CPU	  socket	  )	  

•  Work-‐flow	  criteria	  
–  long	  SCF	  energy	  minimizaSon	  
–  high	  throughput	  



What	  scienSsts	  do?	  
Courtesy	  of	  Prof.	  Nicola	  Marzari	  (THEOS,	  EPFL)	  
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Dependencies,"workflows,"and"itera=ons"

GPU	  

NO	  GPU	  



Next	  developments/prioriSes	  

TOP	  PRIORITY:	  
•  Specific	  NVIDIA	  Kepler	  opSmizaSons	  à	  NVIDIA	  Dev	  Tech	  
•  non	  collinear	  &	  spin-‐orbital	  magneSzaSon	  
•  PHonon	  using	  OpenACC	  
	  

"LESS"	  PRIORITY:	  
•  first	  GPU-‐accelerated	  CP	  (special	  focus	  on	  DFORCE)	  
•  AlternaSves	  for	  current	  eigen-‐solvers	  (ELPA+GPU?	  Lancroz?)	  
	  

and...	  DOCUMENTATION!	  
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CASTEP	  and	  GPU	  
CASTEP	  and	  QE	  shares...	  
•  similar	  data	  distribuSon	  (by	  plane	  waves,	  by	  k-‐point,	  by	  bands,	  ...)	  
•  similar	  MPI	  communicaSon	  pa|erns	  (MPI_alltoall,	  MPI_reduce)	  
•  similar	  constrains	  in	  scalability	  
	  
Where	  GPU...	  
•  Block	  Davidson	  solver	  with	  density	  mixing	  à	  eigen-‐solvers,	  vloc_psi	  
•  Support	  of	  ultraso_/norm-‐conserving	  pseudopotenXal	  à	  newd	  &	  addusdens	  
•  Geometry	  opXmizaXon	  à	  stress	  &	  forces	  calculaSons	  
•  BLAS	  3	  operaSons	  à	  CUBLAS,	  phiGEMM	  
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THANK	  YOU	  FOR	  YOUR	  ATTENTION!	  
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Links:	  
•  h|p://www.quantum-‐espresso.org/	  
•  h|p://foundaSon.quantum-‐espresso.org/	  
•  h|p://qe-‐forge.org/gf/project/q-‐e/	  
•  h|p://qe-‐forge.org/gf/project/q-‐e-‐gpu/	  


