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Reflec8ng	  upon	  hero	  programming	  

•  Most	  of	  us	  have	  been	  hero	  programmers	  
⁻  Early	  systems,	  8KB	  of	  memory,	  no	  debugging	  tools	  
⁻  Assembler	  programming	  for	  microprocessors	  and	  the	  

many	  challenges	  of	  developing	  and	  debugging	  code	  
⁻  Parallel	  programming	  and	  the	  many	  addiIonal	  

challenges	  
⁻  A	  short	  list	  of	  current	  heroes	  of	  libraries,	  kernels,	  and	  

applicaIons	  	  programming	  

Many kernels, 
libraries, apps!
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DOE	  Extreme	  Scale	  Science	  

HEP:	  Cosmic	  Fron8er	  	  
(e.g.,	  Supernova	  	  

SimulaIons)	  

Genomics	  
(e.g.,	  	  Plant	  Genome	  

	  Assembly)	  

Combus8on!
(e.g.,	  Turbulent,	  chemically	  
reacIng	  systems)	  	  

Materials	  Design!
(e.g.,	  ab-‐ini,o	  electronic	  
structure	  methods	  for	  
excited	  states)	  	  
!

Climate	  Models!
(e.g.,	  Large-‐ensemble	  	  

mulI-‐decadal	  predicIons)	  	  

Quantum	  Models	  
(e.g.	  in	  computaIonal	  biology,	  
chemistry	  models)!

Fusion	  Energy	  
(e.g.,	  modeling	  of	  fusion	  

plasmas)	  

HEP	  Energy	  Fron8er	  
(e.g.,	  Higgs	  Boson	  discovery	  used	  
billions	  of	  simulated	  proton-‐
proton	  events)	  

•  Energy Technologies: photovoltaics, internal 
combustion devices, batteries!

•  Novel materials: energy applications,     
electronics!

•   Manufacturing technologies!
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Office	  of	  Science,	  ASCR	  has	  significant	  role	  in	  	  
Exascale	  compu8ng	  

   The mission of the Advanced 
Scientific Computing Research 
(ASCR) program is to !
!discover, develop, and deploy the 
computational and networking 
capabilities !
!that enable researchers to analyze, 
model, simulate, and predict 
complex phenomena important to 
the Department of Energy. !

!
 
 



Sonia	  R.	  Sachs	  –	  PACT’2014! 4!

Exascale	  Compu8ng	  
We	  Need	  to	  Reinvent	  Compu8ng!

Tradi8onal	  path	  of	  2x	  performance	  improvement	  every	  18	  months	  has	  ended	  
•  For	  decades,	  Moore's	  Law	  plus	  Dennard	  scaling	  provided	  more,	  faster	  transistors	  in	  each	  
new	  process	  technology	  

•  This	  is	  no	  longer	  true	  –	  we	  have	  hit	  a	  power	  wall!	  
•  The	  result	  is	  unacceptable	  power	  requirements	  for	  increased	  performance	  

We	  cannot	  procure	  an	  exascale	  system	  based	  on	  today's	  or	  projected	  
future	  commodity	  technology	  

•  ExisIng	  HPC	  soluIons	  cannot	  be	  usefully	  scaled	  up	  to	  
exascale	  

•  Energy	  consumpIon	  would	  be	  prohibiIve	  (~300MW)	  

Exascale	  will	  require	  partnering	  with	  U.S.	  
compu8ng	  industry	  to	  chart	  the	  future	  

•  Industry	  at	  a	  crossroads	  and	  is	  open	  to	  new	  paths	  
•  Time	  is	  right	  to	  push	  energy	  efficiency	  into	  the	  

marketplace!

6!

Bill Harrod, Exascale Computing Initiative (ECI)  !
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Exascale	  Compu8ng	  
The	  Vision	  

•  Exascale	  compu8ng	  	  
–  Achieve	  order	  1018	  operaIons	  per	  second	  and	  order	  1018	  bytes	  of	  storage	  

–  1,000X	  capabiliIes	  of	  today’s	  pla_orms	  
– Within	  2X-‐3X	  of	  today’s	  power	  envelope	  (~20MW)	  
–  20	  pJ	  per	  average	  operaIon	  (~40X	  improvement	  over	  today’s	  systems)	  

–  Set	  the	  US	  on	  a	  new	  trajectory	  of	  progress	  –	  towards	  a	  broad	  spectrum	  of	  compuIng	  
capabiliIes	  over	  the	  next	  decades	  

Exascale: The New Computing Frontier!

Text adapted from Bill Harrod,  Exascale 
Update, ASCAC meeting Nov., 2013!

To be deployed in the!
 early 2020’s!

•  Produc8ve,	  performance	  portable,	  and	  adap8ve	  
system	  
–  	  Programming	  environments	  that	  are	  accessible,	  easier	  to	  use,	  
and	  enable	  the	  development	  of	  pla_orm-‐independent,	  high	  
performance	  code.	  

–  ExecuIon	  environments	  that	  enable	  the	  dynamic,	  adapIve	  
management	  of	  system	  resources	  for	  efficiency	  &	  scalability	  

•  Highly	  Resilient	  system	  
–  ApplicaIon	  and	  runIme	  level	  resilience	  methods	  
–  self-‐diagnosis,	  self-‐healing	  

•  Based	  on	  marketable	  technology	  	  
–  Not	  a	  one-‐shot	  system	  
–  	  Scalable,	  sustainable	  technology	  



Sonia	  R.	  Sachs	  –	  PACT’2014! 6!

Exascale	  Programming	  Environments	  

New	  Programming	  Models	  
-  Processing	  along	  the	  very	  heterogeneous	  

and	  complex	  data	  path	  
-  Data-‐centric	  constructs	  
-  DeclaraIve	  programming	  interface	  
-  Tuning	  for	  locality	  and	  data	  movement	  	  
-  Controlling	  parallel	  semanIcs	  and	  name	  

space	  
-  And	  much	  more…	  

New	  Programming	  Environments	  
§  Rethinking	  DSLs	  for	  addressing	  the	  “real”	  
Exascale	  communicaIon	  challenge	  

The real Exascale 
communication 
challenge!

New	  Programming	  Environments	  
•  AutomaIon	  in	  transformaIons,	  mappings,	  

refinements,	  and	  opImizaIons	  
•  MulIple	  categories	  of	  programmers	  in	  the	  

loop	  

Exascale	  Challenges	  
−  Many	  	  reports	  on	  ASCR	  website	  
−  Funding	  Opportunity	  Announcements	  (FOAs)	  
−  Top	  10	  Challenges:	  ASCAC	  website	  under	  

Charges/Reports	  
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Exascale	  Programming	  Environment	  
The	  Vision	  	  

Auto-tuning and 
optimization system!

Applica8on	  models	  

Specify	  discre8za8ons	  of	  models	  

Specify	  Parallel	  algorithms	  for	  
evalua8ng	  discre8za8ons	  	  

Develop	  machine-‐independent	  
code,	  using	  libraries/frameworks	  

Manual	  code	  tuning	  for	  specific	  
pla]orm	  

Automated	  code	  tuning/compiler/
run8me	  op8miza8ons	  	  	  Refinement loops!

e.g., Continuous 
equations, Monte 
Carlo models!domain 

scientists!

e.g., Discrete-time 
equations!domain scientists 

and computational 
scientists!

e.g., DSLs, diagrams/
equations for data and 
control dependencies!
 !

computational 
scientists and 
computer 
scientists!

e.g., DSLs, HLLs !
 !

software and systems 
engineers!

e.g., specifying  
data and 
computation 
mappings, data 
movement, 
resilience!

M
appings and transform

ations!

Runtime Optimized code!

Computer scientists and 
software engineers!
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!X-‐	  Stack:	  the	  present	  

www.stackwiki.modelado.org	  

PIPER	  (MarIn	  Shultz)	  
Tools	  for	  debugging	  and	  analysis	  of	  
performance,	  power,	  and	  energy	  

X-‐Tune	  (Mary	  Hall)	  
Unified	  autotuning	  framework	  that	  
integrates	  programmer-‐directed	  
and	  compiler-‐directed	  autotuning.	  

GVR	  (Andrew	  Chien)	  
Global	  view	  data	  model	  for	  
architecture	  support	  for	  resilience.	  

CORVETTE	  (Koushik	  Sen)	  
Automated	  bug	  finding	  methods	  to	  
eliminate	  non-‐	  determinism	  in	  
program	  execuIon	  and	  to	  make	  
concurrency	  bugs	  and	  floaIng	  point	  
behavior	  reproducible.	  

SLEEC	  (Milind	  Kulkarni)	  
SemanIcs-‐aware,	  extensible	  
opImizing	  compiler	  that	  treats	  
compilaIon	  as	  an	  opImizaIon	  
problem.	  	  

DEGAS	  (Kathy	  Yelick)	  
Hierarchical	  and	  resilient	  PGAS	  
programming	  models	  (within	  and	  
across	  nodes),	  compilers	  and	  
runIme	  support.	  	  

Traleika	  (Shekhar	  Borkar)	  
Exascale	  programming	  system,	  
execuIon	  model	  and	  runIme,	  
applicaIons,	  and	  architecture	  
exploraIons,	  with	  open	  and	  shared	  
simulaIon	  infrastructure.	  

D-‐TEC	  (Dan	  Quinlan	  and	  	  
	  Saman	  Amarasinghe)	  
Complete	  soqware	  stack	  soluIon,	  	  
from	  DSLs	  to	  opImized	  runIme	  
systems	  code.	  

XPRESS	  (Ron	  Brightwell)	  
Soqware	  architecture	  and	  
interfaces	  that	  exploit	  the	  ParalleX	  
execuIon	  model,	  prototyping	  
several	  of	  its	  key	  components.	  
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D-‐TEC	  Programming	  Environment	  integrated	  
with	  other	  X-‐Stack	  technologies	  
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D-‐TEC	  DSL	  (Halide)	  and	  Refinement/Transforma8ons	  
technologies	  applied	  to	  	  

HPGMG	  miniapp	  
Original program (C + OpenMP)!
!
!
!
!
!
!
!
!
Separation of concerns!

Algorithm: describes the computation!
•  write once by the domain expert!
•  Much smaller and simpler!

 !
!
!
!

!
!
Schedule: describes execution recipe !
•  machine dependent!
•  Written by performance engineer or 

!auto-generated by autotuning!

Optimized C code to Halide!
!Porting the algorithm was quick and 
straightforward !

Halide performance!
Autogenerated schedule for CPU!
Hand created schedule for GPU!
No change to the algorithm!

!

#define OMP_THREAD_WITHIN_A_BOX(threads_per_team) \!
  if(threads_per_team>1) num_threads(threads_per_team) collapse(2)!
int i,j,k;!
#pragma omp parallel for private(k,j,i) OMP_THREAD_WITHIN_A_BOX(level->threads_per_box)!
for(k=0-ghostsToOperateOn;k<dim+ghostsToOperateOn;k++){!
for(j=0-ghostsToOperateOn;j<dim+ghostsToOperateOn;j++){!
for(i=0-ghostsToOperateOn;i<dim+ghostsToOperateOn;i++){!
  int ijk = i + j*jStride + k*kStride;!
  double Ax_n = a*alpha[ijk]*x_n[ijk] - b*h2inv*(!
     beta_i[ijk        ]*(valid[ijk-1      ]*( x_n[ijk] + x_n[ijk-1      ]) - 2.0*x_n[ijk])!
   + beta_j[ijk        ]*(valid[ijk-jStride]*( x_n[ijk] + x_n[ijk-jStride]) - 2.0*x_n[ijk])!
   + beta_k[ijk        ]*(valid[ijk-kStride]*( x_n[ijk] + x_n[ijk-kStride]) - 2.0*x_n[ijk])!
   + beta_i[ijk+1      ]*(valid[ijk+1      ]*( x_n[ijk] + x_n[ijk+1      ]) - 2.0*x_n[ijk])!
   + beta_j[ijk+jStride]*(valid[ijk+jStride]*( x_n[ijk] + x_n[ijk+jStride]) - 2.0*x_n[ijk])!
   + beta_k[ijk+kStride]*(valid[ijk+kStride]*( x_n[ijk] + x_n[ijk+kStride]) - 2.0*x_n[ijk]));!
  double lambda = 1.0 / (a*alpha[ijk] - b*h2inv*(!
     beta_i[ijk        ]*(valid[ijk-1      ] - 2.0)!
   + beta_j[ijk        ]*(valid[ijk-jStride] - 2.0)!
   + beta_k[ijk        ]*(valid[ijk-kStride] - 2.0)!
   + beta_i[ijk+1      ]*(valid[ijk+1      ] - 2.0)!
   + beta_j[ijk+jStride]*(valid[ijk+jStride] - 2.0)!
   + beta_k[ijk+kStride]*(valid[ijk+kStride] - 2.0)!
   )) ;!
  x_np1[ijk] = x_n[ijk] + c1*(x_n[ijk]-x_nm1[ijk]) + c2*lambda*(rhs[ijk]-Ax_n);!
}}}!
!
//… scheduling constraints in a different file!
level->concurrent_boxes = level->num_my_boxes;!
if(level->concurrent_boxes > omp_threads)level->concurrent_boxes = omp_threads;!
if(level->concurrent_boxes <           1)level->concurrent_boxes = 1;!
level->threads_per_box = omp_threads / level->concurrent_boxes;!
if(level->threads_per_box > level->box_dim*level->box_dim)!
   level->threads_per_box = level->box_dim*level->box_dim; // JK collapse!
if(level->threads_per_box > level->box_dim*level->box_dim*level->box_dim/64)!
   level->threads_per_box = level->box_dim*level->box_dim*level->box_dim/64;!
if(level->threads_per_box<1)level->threads_per_box = 1;!
!

Func Ax_n("Ax_n"), lambda("lambda"), chebyshev("chebyshev");!
Var i("i"),j("j"),k("k");!
Ax_n(i,j,k) =  a*alpha(i,j,k)*x_n(i,j,k) - b*h2inv*(!
    beta_i(i,j,k)  *(valid(i-1,j,k)*(x_n(i,j,k) + x_n(i-1,j,k)) - 2.0f*x_n(i,j,k))!
  + beta_j(i,j,k)  *(valid(i,j-1,k)*(x_n(i,j,k) + x_n(i,j-1,k)) - 2.0f*x_n(i,j,k))!
  + beta_k(i,j,k)  *(valid(i,j,k-1)*(x_n(i,j,k) + x_n(i,j,k-1)) - 2.0f*x_n(i,j,k))!
  + beta_i(i+1,j,k)*(valid(i+1,j,k)*(x_n(i,j,k) + x_n(i+1,j,k)) - 2.0f*x_n(i,j,k))!
  + beta_j(i,j+1,k)*(valid(i,j+1,k)*(x_n(i,j,k) + x_n(i,j+1,k)) - 2.0f*x_n(i,j,k))!
  + beta_k(i,j,k+1)*(valid(i,j,k+1)*(x_n(i,j,k) + x_n(i,j,k+1)) - 2.0f*x_n(i,j,k)));!
lambda(i,j,k) = 1.0f / (a*alpha(i,j,k) - b*h2inv*(!
    beta_i(i,j,k)  *(valid(i-1,j,k) - 2.0f)!
  + beta_j(i,j,k)  *(valid(i,j-1,k) - 2.0f)!
  + beta_k(i,j,k)  *(valid(i,j,k-1) - 2.0f)!
  + beta_i(i+1,j,k)*(valid(i+1,j,k) - 2.0f)!
  + beta_j(i,j+1,k)*(valid(i,j+1,k) - 2.0f)!
  + beta_k(i,j,k+1)*(valid(i,j,k+1) - 2.0f)));!
chebyshev(i,j,k) = x_n(i,j,k) + c1*(x_n(i,j,k)-x_nm1(i,j,k))+ !
                   c2*lambda(i,j,k)*(rhs(i,j,k)-Ax_n(i,j,k));!
!
!
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D-‐TEC	  DSL	  (Rosebud,	  Rose)	  technologies	  to	  Code	  Generate	  for	  Stencils	  

Scien8fic	  Achievement	  
•  Exploiting Maple DSL to generate high order stencil codes 

using Cartesian and curvilinear coordinates. 
•  Automatic mode analysis for stencil computation. 

Scientific Achievement 
•  Mode analysis reveals essential details about temporal stability  

for 4th order 3D discretization of electromagnetics (shown 
above) 

•  Maple-generated code achieves ~94% of computation 
efficiency compared to a hand-tuned optimized solid 
mechanics code (2D 2nd order stencil). 

•  Novel use of associative reordering to significantly enhance 
performance of high-order stencil computations 

Significance	  and	  Impact	  
•  Stencil code can be generated directly from mathematical  
     equations expressed in Maple language. 
•  Mode analysis is automatically generated with stencil codes from 

Maple DSL.  
•  Providing complex stencil code variants (higher order or different 

coordinate) for researches in performance tuning and compiler 
optimization. 

✓
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for (i=k; i<N-k; i++)
for (j=k; j<N-k; j++) {
OUT[i][j] = 0;
// Compact representation shown below.
// Loops (ii,jj) are fully unrolled for
// each value of k generated in Fig. 1(b)
for (ii=-k; ii<=k; ii++)
for (jj=-k; jj<=k; jj++)

OUT[i][j] +=
IN[i+ii][j+jj]*W[ii][jj]; }

(a) 2D stencil prototype (b) Performance of the base implementations (c) Hardware counted loads and stores

Figure 1: Implementation and performance of the base codes

for (i=k; i<N-k; i++)
for (j=0; j<2*k; j++)
OUT[i][j+k] = 0; STMT(-k, -k+j)

for (j=2*k; j<N-2*k; j++)
OUT[i][j+k] = 0; STMT(-k, k)

for (j=N-2*k; j<N; j++)
STMT(j-N+k+1, k)

where STMT(lb,ub) =
for (ii=-k; ii<=k; ii++)
for (jj=lb; jj<=ub; jj++)
OUT[i][j-jj] += IN[i+ii][j]*W[ii][jj]

(a) Reordered 2D stencil prototype
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(b) Comparison of base and optimized imple-
mentations

(c) Comparison between implementations of
the hardware counted loads and stores

Figure 2: Implementation and performance of the base and optimized codes

2. Motivating Example
We use the example in Fig. 1 to illustrate the fundamental

issues addressed in this paper. The code in Fig. 1(a) is a generic
convolution stencil that sweeps over a 2D array OUT, where at each
point (i, j), a weighted sum of a n⇥n (n = 2⇥k+1) neighborhood
around (i, j) in array IN is computed by using an array of weights
W .

Stencil computations are generally considered to be memory-
bandwidth bound since their arithmetic intensity is usually not
sufficiently high relative to the machine balance parameter, i.e.,
the ratio of peak main memory bandwidth to peak computational
performance [41]. However, the arithmetic intensity of a stencil is
directly related to its order k.

A 3⇥ 3 2D stencil involves nine multiplications and eight ad-
ditions at each data point OUT[i][ j] assuming all weight coeffi-
cients are distinct, i.e., 17 floating-point operations. Each data ele-
ment IN[i][ j] is used in computing nine neighboring points of OUT
(excluding the boundary). Thus if full reuse of data elements is
achieved in the last level cache, i.e., the cache capacity is greater
than approximately 2⇥ k⇥N words, the total bandwidth require-
ment per floating-point computation would correspond to an aver-
age of one word loaded from memory and one word stored to mem-
ory per 17 floating-point operations, i.e., 16 bytes of data transfer
across the memory bus per 17 operations, giving a bytes/flop re-
quirement of slightly below 1. The machine balance parameter for
most multicore systems today is much lower, e.g., around 20 GB/s
bandwidth and upwards of 100 GFLOPs peak performance giving
a bytes/flop ration of under 0.25.

Next let us consider a higher order stencil. Higher order sten-
cils arise when higher order differences are used to discretize high
order derivatives in PDE solvers (for example, the Overture sys-
tem from LLNL). For a convolution with a 5⇥5 stencil, the arith-
metic intensity increases, giving a machine balance requirement of
16/50, probably still memory-bandwidth bound for multi-core op-
eration on current systems. But a 7⇥7 stencil’s bandwidth require-
ment will be roughly half of that for the 5⇥ 5 stencil. So we can
expect that as the order of the stencil increases, the computation

becomes less and less memory-bandwidth bound. We might there-
fore expect that achieved performance of the stencil code should
monotonically increase with the order of the stencil. However the
measured performance shown in Fig. 1(b) shows a different trend.
While performance does indeed increase from a 3⇥3 (k = 1) sten-
cil to a 5⇥ 5 (k = 2) stencil, there is a drop in performance as we
further increase the order of the stencil. Performance was tested on
an Intel i7-4770k processor using code compiled with ICC -O3, us-
ing N = 12000. For each value of k, a distinct C code is generated
and compiled. This C code is obtained by fully unrolling the ii and
jj loops so as to have the standard form with all neighbor points
accumulated in a single statement. The same approach is used to
generate Fig. 2(b) from the template in Fig. 2(a).

The problem is that while the burden on the memory subsystem
alleviates for higher order stencils, register pressure worsens. For
a 3 ⇥ 3 stencil, as explained in greater detail later in the paper,
six registers are needed to achieve reuse in the direction of stencil
movement (the j loop direction) and a three-way reuse can be
achieved. For a 5 ⇥ 5 stencil, there is an opportunity to achieve
a 5-way register reuse, but the register pressure now rises to 20.
Greater reuse is achieved at the cost of some register spilling and
the overall performance improves. Measured hardware counter data
in Fig. 1(c) indeed shows that the total number of load instructions
executed per float-op decreases when we go from k = 1 (3 ⇥ 3
stencil) to k = 2 (5⇥5 stencil).

A 7 ⇥ 7 stencil offers the potential for 7-way register reuse,
but the register pressure is over 42. The net result is that the code
generated by the Intel ICC compiler for this case is less effective
in exploiting register reuse, as shown by the hardware counter
measurements in Fig. 1(c). Performance continues to drop as we
further increase the stencil order, while even greater arithmetic
intensity implies performance should be improving.

In this paper, we develop a solution to this problem of increased
register pressure for higher order stencils, by exploiting the free-
dom to reorder the associative/commutative operations for the sten-
cil computations. The weighted contributions from the neighboring
points can be accumulated in any order. But just changing the order
of operations among the set of accumulations to a single element of

K. Stock, M. Kong, L.N. Pouchet, T. 
Grosser, F. Rastello, J. Ramanujam, and 
P. Sadayappan, “A Framework for 
Enhancing Data Reuse via 
Associative Reordering“  (PLDI 2014)!
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Automa8c	  op8miza8on	  to	  exascale	  run8me	  and	  hardware	  

12!

•  Problem 
–  Exascale	  hardware	  will	  be	  much	  more	  complex	  to	  program	  than	  just	  mulIcore	  or	  

GPU,	  MPI	  or	  OpenMP	  –	  new	  controls	  reflecIng	  power	  constraints	  

•  Solution 
–  AutomaIcally	  parallelize	  and	  opImize	  code	  for	  exascale	  hardware	  
–  AutomaIc	  generaIon	  of	  DMA	  and	  scratchpad	  controls	  
–  Build	  on	  R-‐Stream	  parallelizing	  compiler	  

–  Recent results 
–  Auto	  generaIon	  to	  range	  of	  exascale	  runImes	  
–  Trade	  locality	  and	  parallelism	  simultaneously	  
–  Virtual	  scratchpad	  to	  achieve	  results	  on	  convenIonal	  hw	  
–  Validated	  scaling	  properIes	  of	  	  runImes	  
–  Demonstrated	  runIme	  agnosIc	  layer	  for	  deep	  hierarchy	  

•  Impact 
–  AutomaIc	  parallelism	  increases	  producIvity,	  	  
	  	  	  	  	  	  performance,	  portability	  and	  limits	  soqware	  life	  cycle	  costs	  
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Communica8on	  Avoidance	  in	  DEGAS	  

•  Problem	  
–  Communication dominates time and energy 
–  This will be worse in the Exascale era 

•  Solu8on:	  Dynamic	  Exascale	  Global	  Address	  
Space	  (DEGAS)	  

–  Optimize latency by overlapping with 
computation and other communication 

–  Use faster one-sided communication 
–  Use new Communication-Avoiding Algorithms 

(provably optimal  communication) 
–  AutomaIc	  compiler	  opImizaIons	  

–  Impact	  
–  Dense linear algebra study shows 2X 

speedups from both overlap and avoidance 
–  New “HBL” theory generalizes optimality to 

arbitrary loops with array expressions 
–  First step in automating communication-

optimal compiler transformations 

New	  Communica8on	  Op8mal	  “1.5D”	  N-‐Body	  
Algorithm:	  Replicate	  and	  Reduce	  

Speedup of New 1.5D Algorithm over Old 

3.7x	  

1.7x	  

1.8x	  

2.0x	  

6K	  
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[GGSZTY] “Communication Avoiding and Overlapping for Numerical Linear Algebra,” SC12. !
[DGKSY] "A Communication-Optimal N-Body Algorithm for Direct Interactions,” IPDPS 2013. !
[CDKSY] “Communication Lower Bounds and Optimal Algorithms for Programs That Reference Arrays — 
Part 1”, UCB TR 2013!
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DEGAS	  Leads	  to	  More	  Scalable	  Meraculous	  Applica8on	  for	  
Genomics	  Grand	  Challenge	  

Reduced assembly time!
Human: from 44 hours to 20 
secs!
Wheat: from “doesn’t run” to 32 
secs!

DEGAS X-Stack project!
•  Hardest	  part	  rewriwen	  using	  PGAS	  

language	  +	  asynchronous	  communicaIon	  
+	  adapIve	  	  scheduling	  

•  Scaled	  the	  graph	  algorithm	  to	  15K	  cores	  
on	  NERSC’s	  Edison	  

Meraculous assembler is used in 
production at the Joint Genome 
Institute!
•  Wheat assembly is a “grand 

challenge” !
•  Hardest part is contig generation  

(large in-memory hash table)!
•  Involve irregular data-intensive 

computations!

Paper	  has	  been	  accepted	  at	  SC’14	  
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Exascale	  Execu8on	  Environments	  

•  OS/R	  program	  started	  Aug	  2013:	  
o  Create	  alternaIve	  pla_orm-‐neutral	  OS/R	  prototypes	  

and	  high	  impact/high	  risk	  technologies	  that	  eventually	  
converge	  to	  one,	  vendor	  sustained	  OS/R.	  

ARGOS	  (	  Pete	  Beckman,	  ANL)	  
•  New	  Node	  OS/R	  
•  New	  Lightweight	  RunIme	  	  	  	  	  

(self-‐aware,	  goal-‐based,	  acIve)	  
•  Backplane	  for	  management	  	  
•  Global	  OS/R	  and	  OpImizaIon	  

HOBBES	  (Ron	  Brightwell,	  Sandia)	  
•  Lightweight	  VirtualizaIon	  
•  ApplicaIon	  ComposiIon	  
•  Global	  InformaIon	  Bus	  
•  Energy	  and	  Power	  
•  Resilience	  
•  Programming	  Models	  support	  

X-‐ARC	  (Stephen	  Hofmeyr,	  
LBNL,	  and	  John	  Kubiatowicz,	  
UC	  Berkeley)	  
•  Cross	  nodes	  AdapIve	  

resource	  control	   	  	  
•  Support	  for	  New	  

Programming	  Models	  
•  Advanced	  Memory	  

Management	  
•  Power	  Awareness	  
•  System	  Services	  for	  

Resilience	  
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Future:	  Exascale	  Programming	  and	  	  
Execu8on	  Environments	  

Near	  Future	  (2015-‐2016):	  
§ One	  or	  two	  programming	  environments	  evolve	  from	  current	  programming	  
environments	  and	  technologies	  	  

Future	  under	  ECI	  (2016-‐2023):	  
§ R&D	  for	  programming	  and	  execuIon	  environments:	  much	  beyond	  ES3.	  We	  are	  
considering	  open	  issues	  in	  many	  research	  areas.	  A	  few	  examples	  are:	  
o  New	  programming	  models	  	  
o  Interoperability	  of	  DSLs	  with	  new	  and	  exisIng	  languages	  
o  Self-‐aware,	  introspecIve	  runIme	  systems	  
o  Ultra-‐lightweight	  task	  migraIon	  and	  execuIon.	  
o  Compilers	  and	  runIme	  systems:	  AutomaIon	  in	  	  parallelizaIon,	  opImizaIons,	  

mappings,	  transformaIons,	  refinements	  
o  Dealing	  with	  hierarchical	  memory	  systems,	  processing	  in-‐	  and	  near	  memory,	  

heterogeneous	  processors,	  accelerators,	  etc.	  
o  Dynamic	  power,	  correctness,	  and	  resilience	  opImizaIon	  
o  Interfaces	  to	  the	  applicaIons	  and	  to	  the	  hardware	  
o  Formal	  methods	  for	  verifying	  correctness	  
o  New	  debugging	  tools,	  new	  tools	  to	  manage	  power,	  resilience,	  performance	  
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Exascale	  Compu8ng	  Timeline	  

ECI	  So+ware	  Stack	  	  ES3	  So+ware	  Stack	  

Design	  Forward	   Prototype	  Build	  Phase	  System	  Design	  Phase	  

2012	  	  -‐	  2015	   2016	  -‐	  2018	   2019-‐	  2023	  

P0	   P2	  P1	  

Planned Hardware prototypes!


