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Use	
  Ab	
  ini8o	
  methods	
  to	
  inves8gate	
  and	
  understand	
  key	
  proper8es	
  of	
  energy-­‐related	
  
materials	
  for	
  catalysis	
  
	
  
	
  
	
  
	
  
	
  

Chemistry/Biology	
  Van	
  der	
  Waals	
  
dominated	
  systems	
  

Solids,	
  surfaces	
  
and	
  Nanoclusters	
  	
  

for	
  Catalysis	
  
purposes.	
  



Goal: Reach Chemical accuracy  
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QMC:	
  “The	
  varia8onal	
  Monte	
  Carlo	
  (VMC)	
  and	
  diffusion	
  Monte	
  Carlo	
  (DMC)	
  methods	
  
are	
  stochas8c	
  approaches	
  for	
  evalua8ng	
  quantum	
  mechanical	
  expecta8on	
  values	
  with	
  
many-­‐body	
  Hamiltonians	
  and	
  wave	
  func8ons.	
  [..]	
  The	
  main	
  a^rac8on	
  of	
  these	
  
methods	
  is	
  that	
  the	
  computa8onal	
  cost	
  scales	
  as	
  some	
  reasonable	
  power	
  (normally	
  
from	
  the	
  second	
  to	
  fourth	
  power)	
  of	
  the	
  number	
  of	
  par8cles.	
  This	
  scaling	
  makes	
  it	
  
possible	
  to	
  deal	
  with	
  hundreds	
  or	
  even	
  thousands	
  of	
  par8cles,	
  allowing	
  applica8ons	
  to	
  
condensed	
  ma^er.”	
  [1]	
  
	
  

Needs	
  et	
  al.	
  J.	
  Phys.:	
  Condens.	
  Ma^er	
  22,	
  023201	
  (2010)	
  

-­‐  Inves8gate	
  proper8es	
  difficult	
  to	
  predict	
  using	
  mean	
  field	
  methods	
  (DFT	
  or	
  HF).	
  
-­‐  Use	
  high	
  level	
  theory	
  such	
  as	
  Coupled	
  Cluster	
  theory	
  provides	
  accurate	
  es8mates	
  

but	
  becomes	
  rapidly	
  intractable	
  as	
  number	
  of	
  electrons	
  increase	
  (scaling	
  as	
  N7)	
  

Challenges:	
  

Choice:	
  



QMC Modelization 

	
  The	
  many-­‐body	
  Hamiltonian	
   Ĥ =
1
2me

∇2 +
1
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ri − rj
+ Vext ri( )
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  We	
  solve	
  the	
  Schrödinger	
  equa8on	
   ĤΨT = ETΨT

ET =
w Ri( )EL Ri( )

i

M
∑

w Ri( )
i

M
∑

, EL =
ĤΨT R( )
ΨT R( )

ET =
d3NRΨT

* R( ) ĤΨT R( )∫
d3NR ΨT R( )

2
∫

, ET ≥ E0

Quantum	
  Monte	
  Carlo	
  to	
  solve	
  
mul8dimension	
  integrals	
  

With	
  an	
  error	
  bar	
   δ =
σ
M
, σ 2 = ET

2 − ET

2

Energy	
  obtained	
  from	
  QMC	
  sampling	
  

variance	
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  The	
  many-­‐body	
  trial	
  wavefunc8on	
   ΨT (R) = J R( )ΨAS R( ) = eJ1+J2+.. CkDk
↑(φ)Dk

↓(φ)
k

M
∑

J1 = u1 ri − rl( )
l

Nions

∑
i

N

∑

J2 = u2 ri − rj( )
i≠ j

N

∑

Correla8on	
  (Jastrow)	
   An8-­‐symmetric	
  func8on	
  (Pauli	
  principle)	
  	
  

Dk
σ =

φ1 r1( )  φ1 rNσ( )
  

φ
Nσ r1( )  φ

Nσ r
Nσ( )

Single-­‐par8cle	
  orbitals	
  	
   φi = Cl
iΦl

l

l=Nb

∑

Basis	
  sets:	
  molecular	
  orbitals,	
  
plane-­‐wave,	
  grid-­‐based	
  orbitals…	
   Φl

Many	
  methods	
  of	
  approxima8ng	
  the	
  plane-­‐wave-­‐represented	
  single-­‐par8cle	
  orbitals	
  
with	
  polynomials:	
  

	
  -­‐B-­‐spline	
  approxima8on	
  in	
  QMC,	
  report	
  significant	
  reduc8on	
  in	
  8me	
  of	
  
calcula8on	
  while	
  maintaining	
  plane-­‐wave-­‐level	
  accuracy	
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Varia8onal	
  Monte	
  Carlo	
  (VMC)	
  	
  

-­‐	
  We	
  op8mize	
  the	
  trial	
  wavefunc8on	
  	
  	
  

EVMC =minα ΨT


R;α( ) Ĥ ΨT


R;α( )

EDMC = φ0 Ĥ ΨT ,φ0 = limβ→∞
exp−βĤ ΨTDiffusion	
  Monte	
  Carlo	
  (DMC)	
  

of multi/many-core architectures is relatively constant mem-
ory per core of a few GB. This can limit the problem size
QMC can handle if the ensemble data is replicated on each
core for e⇧ciency. Recognizing that the aggregated memory
of each SMP node is steadily growing with the number of
cores on a processor, one can easily overcome the memory
limitation of multi-core processors by using shared-memory
programming models such as OpenMP [3].

In this article, we present hybrid QMC algorithms using
OpenMP/MPI. Similar to the standard MPI implementa-
tion, we replicate the large but read-only ensemble data
on each MPI task and distribute the walkers among tasks.
OpenMP parallel constructs are used to further divide the
walkers among threads. The threads and objects are care-
fully managed to minimize OpenMP overhead and false shar-
ing, while maximizing data locality and cache reuse. The
computational cost per core and the overall parallel e⇧-
ciency are una⇥ected by the additional parallelization with
OpenMP at a modest core count of a few 1000s. As we
increase the number of nodes, the hybrid methods become
more e⇥ective because of the unfavorable scaling of MPI
collectives with respect to the task count and much reduced
communication needs for the load balance. We expect that
the performance advantage of the hybrid methods will ex-
pand with increasing parallelism on newer processors.

The hybrid QMC algorithms are implemented in QMCPACK,
an open-source QMC package designed for large-scale par-
allel computers [4]. It makes extensive use of object-oriented
and generic programming and design patterns [5] for reusabil-
ity and extensibility. High computational e⇧ciency is achieved
through inlined specializations of C++ templates and by
using SIMD intrinsics for core kernels. It utilizes standard
file formats for input and output, using XML standard and
HDF5 [6] to streamline the QMC workflow and facilitate
data exchange with other applications.

The rest of the paper is organized as follows. First, we intro-
duce QMC methods and core algorithms. We analyze crit-
ical computational components and scaling properties with
problems size. In section 4, we present hybrid algorithms
using OpenMP/MPI at the walker level and detail our ef-
forts to achieve high computational and parallel e⇧ciency
on large-scale clusters. Our on-going works to overcome the
limitations of current implementations are discussed in sec-
tion 5 and the conclusions follow.

2. QMC METHODS
In quantum mechanics, all physically observable quantities
for a system containing N particles can be computed from
the 3N -dimensional wave function, �(r1, . . . , rN ). The ex-
act wave function for the system satisfies the time-independent
Schrödinger equation,

Ĥ� = E0�, (1)

where E0 is the ground-state energy for the system and Ĥ
is the Hamiltonian, or total energy operator. For example,
the Hamiltonian for an N -electron system is given as

Ĥ =
NX

i=1

�1
2
⌥2

i +
NX

i=1

Vext(ri) +
X

i<j

1
|ri � rj |

(2)

!"#"$%&"'
samples 

DMC 

Converged? 

VMC 

no 

(a) (b) DMC 

Figure 1: (a) QMC workflow and (b) DMC algo-
rithm.

where Vext(ri) is the external potential generated by the nu-
clei, applied electric fields, etc. Since the exact solution �
is known only for simple few-body systems, QMC methods
employ a trial wave function �T , which takes the general
form

�T (R) =
Y

k

⇤k({�},R). (3)

Here, each component ⇤k is given as an analytic function of
a number of optimizable parameters {�}.

For any �T (R), we can compute an energy as the expected
value of Ĥ,

ET =

R
d3NR ��

T (R)Ĥ�T (R)
R

d3NR |�T (R)|2
, (4)

where R is a 3N -dimensional vector representing the posi-
tions of the N particles. A variational principle guarantees
that ET ⇥ E0 for all �T , which implies that the lower the
energy a given �T has, the closer it is to the exact solution
of the Schrödinger equation. In QMC, ET is estimated by
stochastic sampling as

ET ⇤
PM

i w(Ri)EL(Ri)PM
i w(Ri)

, (5)

where EL is a local energy, EL(R) = Ĥ�T (R)/�T (R) and
w weight at R.

Various algorithms have been developed to find the ground-
state solution, i) either by minimizing the energy by vary-
ing parameters in a �T as in the variational Monte Carlo
(VMC) method or ii) by projecting out the ground state by
repeatedly applying an imaginary time Green’s function or
propagator exp(�⇥Ĥ) on �T as in the di⇥usion Monte Carlo
(DMC) method [1]. In actual calculations, the parameters
{�} are optimized within VMC to obtain improved, yet still
compact wave functions. Once a trial wave function is op-
timized, it is further improved through a stochastic projec-
tion by DMC. This typical QMC workflow is illustrated in
Fig. 1(a).

For stochastic sampling methods, the convergence of a sim-
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The data during the equilibration 
(grey region) are discarded. 
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Profiling HPM	
  Profile	
  with	
  original	
  version	
  of	
  QMCPACK	
  

Percentage	
  of	
  peak=	
  6.55%	
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27.644.290.379.027   All XU Instruction  
22.786.190.220.714   All AXU Instruction 
43.043.218.198.088   FP Operations Group 1  
Derived	
  metrics for code block "mpiAll" averaged over process(es) on 
node <0,0,0,0,0>: 
Instruction mix:  FPU = 45.18 %,  FXU = 54.82 % 
Instructions per cycle completed per core = 0.6138 
Per cent of max issue rate per core = 33.65 % 
Total weighted GFlops for this node = 13.412 
Loads that hit in L1 d-cache =  94.03 % 
                  L1P buffer =   5.36 % 
                  L2 cache   =   0.35 % 
                  DDR        =   0.26 % 
DDR traffic for the node: ld = 1.508, st = 0.540, total = 2.049 
(Bytes/cycle) 

System:	
  
–  Ar	
  Solid	
  –	
  32	
  atoms	
  –	
  256	
  electrons	
  –	
  B-­‐splines	
  representa8on	
  of	
  WF	
  (1.9Gb)	
  :	
  	
  
–  256	
  nodes	
  –	
  32	
  threads	
  –	
  4	
  Walkers	
  per	
  thread	
  
–  Total	
  run	
  *me:	
  53min40	
  



Profiling 
System:	
  

–  Ar	
  Solid	
  –	
  32	
  atoms	
  –	
  256	
  electrons	
  –	
  B-­‐splines	
  representa8on	
  of	
  WF	
  (1.9Gb)	
  :	
  	
  
–  256	
  nodes	
  –	
  32	
  threads	
  –	
  2	
  Walkers	
  per	
  thread	
  

	
  
Flat	
  profile:	
  	
  
Total	
  run	
  *me:	
  53min40	
  
Each	
  sample	
  counts	
  as	
  0.01	
  seconds.	
  
%	
  	
  	
  cumula8ve	
  	
  	
  self	
  	
  	
  	
  	
  self	
  	
  	
  	
  	
  total	
  
	
  8me	
  	
  	
  seconds	
  	
  	
  seconds	
  	
  	
  	
  calls	
  	
  Ts/call	
  	
  Ts/call	
  	
  name	
  	
  	
  	
  	
  	
  	
  
56.95	
  	
  58369.57	
  58369.57	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .eval_mul*_UBspline_3d_z_vgh	
  	
  
14.02	
  	
  72738.82	
  14369.25	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .eval_mul*_UBspline_3d_z	
  	
  	
  
2.11	
  	
  77918.51	
  	
  2161.01	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SymmetricDTD	
  	
  	
  	
  
1.70	
  	
  79663.07	
  	
  1744.56	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  EinsplineSetExtended::evaluate	
  	
  

Profile	
  with	
  original	
  version	
  of	
  QMCPACK	
  

Evalua*on	
  of	
  spline	
  
coefficients	
  (complex)	
  

Evalua*on	
  of	
  spline,	
  gradient	
  and	
  
hessian	
  coefficients	
  (complex)	
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71%	
  of	
  the	
  applica8on	
  8me	
  spent	
  in	
  the	
  Spline	
  evalua8on	
  of	
  the	
  Wave	
  Func8on	
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for (int i=0; i<64;i++){ 
 //	
  load	
  type	
  *coefs	
  arith.	
  Pointer	
  with	
  strides	
   
 for (int n=0; n<M; n++){ 
     v[n]=..///	
  

for(int i=0;i<64;i++){ 
  p = (double *)mod_coefs[i]; 
  for (int n=0; n<M; n=n+4){ 
      double a0,a1,a2,a3; 
      double b0,b1,b2,b3; 
      a0=v[n+0];a1=v[n+1]; 
      a2=v[n+2];a3=v[n+3]; 
      b0=p[n+0];b1=p[n+1]; 
      b2=p[n+2];b3=p[n+3]; 
      	
  
	
  

	
  -­‐	
  Loop	
  unrolling	
  

	
  -­‐	
  QPX	
  
for (int i=0; i<64; i++){ 
   p = (double *)mod_coefs[i] 
   for (int n=0; n<M; n=n+4){ 
     vector4double a = vec_ld(v); 
     vector4double b = vec_ld(p);	
   	
  -­‐	
  QPX	
  +	
  Prefetch	
  

for (int i=0; i<64; i++){ 

   __dcbt(&mod_coefs[i+3]); 
   p = (double *)coefs[i]; 
   for (int n=0; n<M; n=n+4){ 

      __dcbt(&p[i+32]) 
      __dcbt(%v[i+8]) 
      vector4double a = vec_ld(v); 

      vector4double b = vec_ld(p); 

No QPX 2.48 

	
  	
  Speedup	
  compared	
  to	
  Original	
  

QPX 3.94 

QPX + 
Prefetch 4.25 
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Eval_z_vgh:	
  
	
  Evalua8on	
  of	
  spline	
  coefficients,	
  gradient	
  
and	
  hessian	
  (complex)	
  	
  
	
  
	
  for (int i=0; i<4; i++)  
    for (int j=0; j<4; j++)  

      for (int k=0; k<4; k++) { 

   //missing code (definition of abc) 

    for (int n=0; num_splines; n++) { 

    vals[n]      +=   abc   *coefs[n]; 

    grads[3*n+0] +=  dabc[0]*coefs[n]; 

    grads[3*n+1] +=  dabc[1]*coefs[n]; 

    grads[3*n+2] +=  dabc[2]*coefs[n]; 

    hess [9*n+0] += d2abc[0]*coefs[n]; 

    hess [9*n+1] += d2abc[1]*coefs[n]; 

    hess [9*n+2] += d2abc[2]*coefs[n]; 

    hess [9*n+4] += d2abc[3]*coefs[n]; 

    hess [9*n+5] += d2abc[4]*coefs[n]; 

    hess [9*n+8] += d2abc[5]*coefs[n]; 

}  

} 

 Algo M 2.15 

 Algo M QPX 3.89 
 

Speedup	
  



Einspline 
Eval_z_vgh:	
  
	
  Evalua8on	
  of	
  spline	
  coefficients	
  (complex)	
  
	
  
Number	
  of	
  Cycles	
  =	
  1879207	
  
  503.975   All XU Instruction 
  619.513   All AXU Instruction 
1.141.770   FP Operations Group 1  

Derived metrics for code block 
 ”Original" averaged over process(es) 
 on node <0,0,0,0,0>: 

Instruction mix:  FPU = 55.14 %,   
FXU = 44.86 % 
Instructions per cycle completed 
 per core = 0.5940 

Per cent of max issue rate per core = 59.40 % 
Total weighted GFlops for this node = 0.966 
Loads that hit in L1 d-cache =  93.44 % 
                  L1P buffer =   5.52 % 

                  L2 cache   =   0.83 % 
                  DDR        =   0.21 % 
DDR traffic for the node: ld = 0.009, 

 st = 0.016, total = 0.025 (Bytes/cycle) 
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Number	
  Of	
  Cycles	
  =	
  482989	
  
 86.922   All XU Instruction  
 45.626   All AXU Instruction  
261.130   FP Operations Group 1  
Derived metrics for code block 

”Algo M QPX" averaged over process(es)  
on node <0,0,0,0,0>: 
Instruction mix:  FPU = 34.42 %,  
 FXU = 65.58 %  

Instructions per cycle completed 
per core = 0.2518 
Per cent of max issue rate per core = 25.18 % 

Total weighted GFlops for this node = 0.794 
Loads that hit in L1 d-cache =  56.51 % 
                  L1P buffer =  33.05 % 
                  L2 cache   =   9.05 % 

                  DDR        =   1.39 % 
DDR traffic for the node: ld = 0.040, 
 st = 0.074, total = 0.114 (Bytes/cycle) 

Speedup	
  of	
  3.89	
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Eval_z_vgh:	
  
	
  Evalua8on	
  of	
  spline	
  coefficients,	
  gradient	
  
and	
  hessian	
  (complex)	
  	
  
	
  
	
  for (int i=0; i<4; i++)  
    for (int j=0; j<4; j++)  

      for (int k=0; k<4; k++) { 

   //missing code (definition of abc 
and loading arithmetic pointer coefs) 

    for (int n=0; num_splines; n++) { 

    vals[n]      +=   abc   *coefs[n]; 

    grads[3*n+0] +=  dabc[0]*coefs[n]; 

    grads[3*n+1] +=  dabc[1]*coefs[n]; 

    grads[3*n+2] +=  dabc[2]*coefs[n]; 

    hess [9*n+0] += d2abc[0]*coefs[n]; 

    hess [9*n+1] += d2abc[1]*coefs[n]; 

    hess [9*n+2] += d2abc[2]*coefs[n]; 

    hess [9*n+4] += d2abc[3]*coefs[n]; 

    hess [9*n+5] += d2abc[4]*coefs[n]; 

    hess [9*n+8] += d2abc[5]*coefs[n]; 

}  

} 

Alterna8ve	
  

-­‐  Inner	
  loop	
  to	
  Outer	
  loop	
  
-­‐  Unroll	
  (j)	
  and	
  (k)	
  loops	
  
-­‐  Reformulate	
  the	
  arithme8c	
  problem	
  	
  
-­‐  Load	
  data	
  from	
  non	
  con8guous	
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 complex_double* restrict coefs = spline->coefs + ix*xs + iy*ys + iz*zs; 
    for (int n=0; n<num_splines; n++, coefs++) { 
       for (int i=0; i<4; i++) { 
 
          double pre0 =   a[i] *   b[0]; 
          double pre1 =  da[i] *   b[0]; 
          double pre2 = d2a[i] *   b[0]; 
          double pre3 =   a[i] *  db[0]; 
  complex_double coef0 = coefs[i*xs]; 
  complex_double coef1 = coefs[i*xs + zs]; 
  complex_double coef2 = coefs[i*xs + 2*zs]; 
  complex_double coef3 = coefs[i*xs + 3*zs]; 
  complex_double sum0 = coef0 * c[0] + c[1] * coef1 + c[2] * coef2 + c[3] * coef3; 
  complex_double sum1 = coef0 * c[0] + dc[1] * coef1 + dc[2] * coef2 + dc[3] * 
coef3; 
 
      //Code omitted  
        // val   +=   pre0 * sum0 + pre01 * sum01 + pre02 * sum02 + pre03 * sum03; 
        // grad0  += 
         .. 
        } 
      vals[n] = val; 
      grads[3*n+0] = grad0; 
       //code omitted 
  } 
  

Einspline 



Einspline 
Eval_z_vgh:	
  
	
  Evalua8on	
  of	
  spline	
  coefficients,	
  
	
  Gradient	
  and	
  Hessian	
  (complex)	
  
Number	
  of	
  Cycles	
  =	
  1879207 
  503.975   All XU Instruction 
  619.513   All AXU Instruction 
1.141.770   FP Operations Group 1  

Derived metrics for code block 
 ”Original" averaged over process(es) 
 on node <0,0,0,0,0>: 

Instruction mix:  FPU = 55.14 %,   
FXU = 44.86 % 
Instructions per cycle completed 
 per core = 0.5940 

Per cent of max issue rate per core = 59.40 % 
Total weighted GFlops for this node = 0.966 
Loads that hit in L1 d-cache =  93.44 % 
                  L1P buffer =   5.52 % 

                  L2 cache   =   0.83 % 
                  DDR        =   0.21 % 
DDR traffic for the node: ld = 0.009, 

 st = 0.016, total = 0.025 (Bytes/cycle) 
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Number	
  Of	
  Cycles	
  =	
  1184355	
  
240.030   All XU Instruction 
299.508   All AXU Instruction 

634.154   FP Operations Group 1  
Derived metrics for code block 
”Algo B" averaged over process(es)  

on node <0,0,0,0,0>: 
Instruction mix:  FPU = 55.51 %, 
  FXU = 44.49 % 
Instructions per cycle completed 

 per core = 0.4466 
Per cent of max issue rate per core = 44.66 % 
Total weighted GFlops for this node = 0.840 
Loads that hit in L1 d-cache =  93.68 % 

                  L1P buffer =   0.26 % 
                  L2 cache   =   5.06 % 
                  DDR        =   1.00 % 

DDR traffic for the node: ld = 0.024, st = 
0.037, total = 0.060 (Bytes/cycle) 

Speedup	
  of	
  1.59	
  	
  



Anouar	
  Benali	
  –	
  MiraCon	
  ESP	
  March	
  4-­‐7th	
  2012	
  

  complex_double coef00 = coefs[i*xs]; 
  complex_double coef11 = coefs[i*xs + zs]; 
  complex_double coef22 = coefs[i*xs + 2*zs]; 
  complex_double coef33 = coefs[i*xs + 3*zs]; 
 
 
  val = a[i]{(coef00*c[0]+coef01*c[1]+coef02*c[2]+coef03*c[3])*b[0] 
            +(coef10*c[0]+coef11*c[1]+coef12*c[2]+coef13*c[3])*b[1] 
            +(coef20*c[0]+coef21*c[1]+coef22*c[2]+coef23*c[3])*b[2] 
            +(coef30*c[0]+coef31*c[1]+coef32*c[2]+coef33*c[3])*b[3] 
            } 

 complex_double* restrict coefs = spline->coefs + ix*xs + iy*ys + iz*zs; 
    for (int n=0; n<num_splines; n++, coefs++) { 
       for (int i=0; i<4; i++) { 

Einspline 

Reminder:	
  	
  
	
  vector4double	
  	
  	
  	
  	
  	
  :	
  {doubles,double,double,double}	
  
Complex_double	
  	
  :	
  	
  {double,double}	
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val = a[i]{ 
   (real(coef00)*c[0]+real(coef01)*c[1]+real(coef02)*c[2]+real(coef03)*c[3] 
    imag(coef00)*c[0]+imag(coef01)*c[1]+imag(coef02)*c[2]+imag(coef03)*c[3])*b[0] 
    //code omitted 
            } 

 complex_double* restrict coefs = spline->coefs + ix*xs + iy*ys + iz*zs; 
    for (int n=0; n<num_splines; n++, coefs++) { 
       for (int i=0; i<4; i++) { 

Einspline 

 val = a[i]{(coef00*c[0]+coef01*c[1]+coef02*c[2]+coef03*c[3])*b[0] 

val = a[i]{ 
   (real(coef00)*c[0] +  real(coef02)*c[2] 
    imag(coef00)*c[0] +  imag(coef02)*c[2] 
    real(coef01)*c[1] +  real(coef03)*c[3] 
    imag(coef01)*c[1] +  imag(coef03)*c[3]) *b[0] 
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val = a[i]{ 
   (real(coef00)*c[0]+real(coef01)*c[1]+real(coef02)*c[2]+real(coef03)*c[3] 
    imag(coef00)*c[0]+imag(coef01)*c[1]+imag(coef02)*c[2]+imag(coef03)*c[3])*b[0] 
    //code omitted 
            } 

 complex_double* restrict coefs = spline->coefs + ix*xs + iy*ys + iz*zs; 
    for (int n=0; n<num_splines; n++, coefs++) { 
       for (int i=0; i<4; i++) { 

Einspline 

 val = a[i]{(coef00*c[0]+coef01*c[1]+coef02*c[2]+coef03*c[3])*b[0] 

val = a[i]{ 
 
    real(coef00) * c[0]    real(coef02) * c[2] * b[0] 
    imag(coef00) * c[0]    imag(coef02) * c[2] * b[0] 
    real(coef01) * c[1] +  real(coef03) * c[3] * b[0] 
    imag(coef01) * c[1]    imag(coef03) * c[3] * b[0] 
                 

vector4double b_0=vec_splat(b,0); 
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 complex_double* restrict coefs = spline->coefs + ix*xs + iy*ys + iz*zs; 
    for (int n=0; n<num_splines; n++, coefs++) { 
       for (int i=0; i<4; i++) { 

Einspline 

val = a[i]{ 
 
    real(coef00) * c[0]    real(coef02) * c[2] * b[0] 
    imag(coef00) * c[0]    imag(coef02) * c[2] * b[0] 
    real(coef01) * c[1] +  real(coef03) * c[3] * b[0] 
    imag(coef01) * c[1]    imag(coef03) * c[3] * b[0] 
                 

 vector4double Coef0_0_0=vec_ld2(0,(double*)(coefs+(i*xs))); 
 vector4double Coef0_0_1=vec_ld2(0,(double*)(coefs+(i*xs+zs))); 

vector4double Coef0_1_0=vec_sldw(Coef0_0_0,Coef0_0_1,2); 
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 complex_double* restrict coefs = spline->coefs + ix*xs + iy*ys + iz*zs; 
    for (int n=0; n<num_splines; n++, coefs++) { 
       for (int i=0; i<4; i++) { 

Einspline 

val = a[i]{ 
 
    real(coef00) * c[0]    real(coef02) * c[2] * b[0] 
    imag(coef00) * c[0]    imag(coef02) * c[2] * b[0] 
    real(coef01) * c[1] +  real(coef03) * c[3] * b[0] 
    imag(coef01) * c[1]    imag(coef03) * c[3] * b[0] 
                 

 vector4double mantissa_1 = vec_gpci(0011); 
 vector4double mantissa_2 = vec_gpci(02233); 

vector4double splatc_0_1=vec_perm(c,c,mantissa_1); 
vector4double splatc_0_2=vec_perm(c,c,mantissa_2); 

vector4double Coef01=vec_add(vec_mul(Coef0_1_0,splatc_0_1),vec_mul(Coef0_2_0,splatc_0_2)); 



Einspline 
Eval_z_vgh:	
  
	
  Evalua8on	
  of	
  spline	
  coefficients	
  (complex)	
  
Number	
  of	
  Cycles	
  	
  =	
  482989	
  
 86.922   All XU Instruction  
 45.626   All AXU Instruction  
261.130   FP Operations Group 1  

Derived metrics for code block 
”Algo M QPX" averaged over process(es)  
on node <0,0,0,0,0>: 

Instruction mix:  FPU = 34.42 %,  
 FXU = 65.58 %  
Instructions per cycle completed 
per core = 0.2518 

Per cent of max issue rate per core = 25.18 % 
Total weighted GFlops for this node = 0.794 
Loads that hit in L1 d-cache =  56.51 % 

                  L1P buffer =  33.05 % 
                  L2 cache   =   9.05 % 
                  DDR        =   1.39 % 
DDR traffic for the node: ld = 0.040, 

 st = 0.074, total = 0.114 (Bytes/cycle) 
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Number	
  Of	
  Cycles	
  =	
  246752	
  
 52.395   All XU Instruction 
 32.802   All AXU Instruction 

160.874   FP Operations Group 1  
Derived metrics for code block 
”Benali QPX" averaged over process(es) 

 on node <0,0,0,0,0>: 
Instruction mix:  FPU = 38.50 %,  
 FXU = 61.50 % 
Instructions per cycle completed  

per core = 0.3115 
Per cent of max issue rate per core = 31.15 % 
Total weighted GFlops for this node = 0.941 
Loads that hit in L1 d-cache =  75.10 % 

                  L1P buffer =   1.00 % 
                  L2 cache   =  20.06 % 
                  DDR        =   3.84 % 

DDR traffic for the node: ld = 0.068, st = 
0.121, total = 0.190 (Bytes/cycle) 

Speedup	
  	
  compared	
  to	
  original:	
  7.62	
  	
  
Speedup	
  	
  compared	
  to	
  Algo	
  M:	
  1.95	
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Speed	
  up	
   Eval_Z	
   Eval_D	
   Eval_S	
   Eval_Z_VGH	
   Eval_D_VGH	
   Eval_S_VGH	
  

Algorithm B 0.38 0.81 0.39 1.59 0.93 1.62 

Algorithm M 2.48 0.91 1.02 2.15 1.01 0.95 

Algorithm (X)  
with QPX 

3.94 
(Algo. M) 

1.08 
(Algo. M) 

1.26 
(Algo. M) 

7.62 
(Algo. B) 

1.58 
(Algo.B) 

1.31 
(AlgoB) 

QPX + 
Prefetch 4.25 1.23 1.81 - - - 

Eval_Z	
   	
  Complex	
  Double	
  	
  
Eval_D 	
  Double	
  
Eval_S 	
  Float	
  

Eval_Z_VGH	
   	
  Complex	
  Double	
  	
  
Eval_D_VGH 	
  Double	
  
Eval_S_VGH 	
  Float	
  

Coefficients	
  (type)	
   Coefficients,	
  Gradients,	
  Hessian	
  (type)	
  



Profiling 
System:	
  

–  Ar	
  Solid	
  –	
  32	
  atoms	
  –	
  256	
  electrons	
  –	
  Bsplines	
  WF	
  (1.9Gb)	
  :	
  	
  
–  256	
  nodes	
  –	
  32	
  threads	
  –	
  2	
  Walkers	
  per	
  thread	
  

Profile	
  with	
  QPX	
  and	
  Prefetch	
  

Flat	
  profile:	
  
Total	
  run	
  *me:	
  20min03	
  
Each	
  sample	
  counts	
  as	
  0.01	
  seconds.	
  
	
  	
  %	
  	
  	
  cumula8ve	
  	
  	
  self	
  
	
  8me	
  	
  	
  seconds	
  	
  	
  seconds	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  8me	
  	
  	
  seconds	
  	
  	
  seconds	
  
	
  	
  14.08	
  	
  	
  5380.43	
  	
  5380.43	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .eval_mul*_UBspline_3d_z_vgh	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  56.95	
  	
  58369.57	
  58369.5	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  8.25	
  	
  12270.83	
  	
  3152.52	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .eval_mul*_UBspline_3d_z	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  14.02	
  	
  72738.82	
  14369.25	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  5.68	
  	
  14441.45	
  	
  2170.62	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .SymmetricDTD	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2.11	
  	
  77918.51	
  	
  2161.01	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  4.85	
  	
  16292.97	
  	
  1851.52	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  EinsplineSetExtended::evaluate	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.70	
  	
  79663.07	
  	
  1744.5	
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Profile	
  with	
  Original	
  Algoritm	
  

Flat	
  profile:	
  
Total	
  run	
  *me:	
  53min40	
  

Each	
  sample	
  counts	
  as	
  0.01	
  seconds.	
  
	
  	
  %	
  	
  	
  cumula8ve	
  	
  	
  self	
  

Total	
  run	
  *me	
  Speedup	
  of	
  2.68	
  *mes	
  	
  
	
  
	
  



HPM PROFILING 

27.644.290.379.027   All XU Instruction 
22.786.190.220.714   All AXU Instruction 
43.043.218.198.088   FP Operations Group 1 
  
Derived metrics for code block "mpiAll" averaged 
over process(es) on node <0,0,0,0,0>: 
Instruction mix:  FPU = 45.18 %,  FXU = 54.82 % 
Instructions per cycle completed per core = 
0.6138 
Per cent of max issue rate per core = 33.65 % 
Total weighted GFlops for this node = 13.412 
Loads that hit in L1 d-cache =  94.03 % 
                  L1P buffer =   5.36 % 
                  L2 cache   =   0.35 % 
                  DDR        =   0.26 % 
DDR traffic for the node: ld = 1.508, st = 
0.540, total = 2.049 (Bytes/cycle) 

Anouar	
  Benali	
  –	
  ORNL	
  October	
  19th	
  2012	
  

 8.581.366.867.332   All XU Instruction 
 4.896.512.230.816   All AXU Instruction 
13.017.533.928.058   FP Operations Group 1 
  
Derived metrics for code block "mpiAll" averaged 
over process(es) on node <0,0,0,0,0>: 
Instruction mix:  FPU = 36.33 %,  FXU = 63.67 % 
Instructions per cycle completed per core = 
0.4417 
Per cent of max issue rate per core = 28.12 % 
Total weighted GFlops for this node = 10.922 
Loads that hit in L1 d-cache =  88.60 % 
                  L1P buffer =   5.92 % 
                  L2 cache   =   4.50 % 
                  DDR        =   0.98 % 
DDR traffic for the node: ld = 3.503, st = 
1.101, total = 4.604 (Bytes/cycle) 

Percentage	
  of	
  peak=	
  5.33%	
  	
  Percentage	
  of	
  peak=	
  6.55%	
  	
  

Total	
  run	
  *me	
  Speedup	
  of	
  2.68	
  *mes	
  	
  
	
  
	
  

Original	
  Code	
   BGQ	
  op8mized	
  Code	
  



QMCPACK – performance on Blue Gene/Q 

Applica8on	
  speedup	
  using	
  QPX	
  and	
  prefetching	
  is	
  2.68	
  folds	
  from	
  original	
  
Algorithm.	
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1	
   1	
   1	
  

2.08	
  

1.01	
   1.1	
  

2.68	
  

1.09	
   1.21	
  

0	
  

0.5	
  

1	
  

1.5	
  

2	
  

2.5	
  

3	
  

COMPLEX	
   REAL	
  -­‐	
  Double	
  Precision	
   REAL	
  -­‐	
  Single	
  Precision	
  

Original	
   NoQPX	
   QPX	
  



QMCPACK – moving forward 

§  Status	
  on	
  Blue	
  Gene/Q:	
  
–  Science	
  	
  computa8ons	
  have	
  started.	
  
–  Finalizing	
  work	
  on	
  single	
  precision	
  version	
  of	
  Spline	
  Library	
  (VGH)	
  and	
  prefetching	
  	
  

•  Op8mize	
  further	
  Einspline_S_VGH	
  performance	
  

–  Working	
  on	
  Nested	
  OpenMp	
  Parallelism	
  to	
  handle	
  large	
  QMC	
  problems	
  

§  Challenges:	
  
–  Percentage	
  of	
  peak	
  is	
  very	
  low	
  ~	
  5-­‐6%	
  

•  Many	
  kernels	
  bandwidth	
  limited	
  (i.e.	
  QPX	
  will	
  not	
  help)	
  

–  More	
  compact	
  representa8ons	
  of	
  the	
  wave	
  func8on	
  needed	
  
•  Distribute/tessellate	
  wave	
  func8on	
  without	
  a	
  performance	
  hit	
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Applications 
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Using	
  the	
  actual	
  op8mized	
  version	
  of	
  QMCPACK	
  we	
  are	
  running	
  

Largest	
  molecule	
  
with	
  DNA	
  fragments	
  

using	
  QMC	
  	
  	
  	
  

Ar	
  Solid	
  (pure	
  van	
  der	
  
Waals	
  dominated	
  

system)	
  

Pt	
  solids	
  and	
  
Nanoclusters	
  for	
  

catalysis	
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