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Project	
  Goal	
  

§  Prototype	
  implementa<on	
  of	
  so7ware	
  stack	
  (OpenX)	
  to	
  
support	
  the	
  ParalleX	
  Execu<on	
  Model	
  
§  HPX	
  run<me	
  system	
  based	
  on	
  the	
  ParalleX	
  execu<on	
  model	
  that	
  

supports	
  dynamic	
  resource	
  management	
  and	
  task	
  scheduling	
  
§  LXK	
  lightweight	
  opera<ng	
  system	
  based	
  on	
  the	
  KiVen	
  OS	
  that	
  exposes	
  

cri<cal	
  resources	
  to	
  HPX	
  run<me	
  system	
  
§  Run<me	
  Interface	
  to	
  OS	
  (RIOS)	
  defini<on	
  and	
  descrip<on	
  of	
  the	
  

interac<on	
  between	
  HPX	
  and	
  LXK	
  
§  Support	
  for	
  legacy	
  MPI	
  and	
  OpenMP	
  codes	
  with	
  OpenX	
  



XPRESS	
  Programming	
  Environment	
  Components	
  



XPRESS	
  System	
  Architecture	
  (OpenX)	
  
§  ParalleX	
  –	
  execu<on	
  model	
  

§  Indiana	
  University	
  
§  Cross-­‐cuZng	
  execu<on	
  model	
  of	
  system	
  codesign	
  

§  LXK	
  –	
  Lightweight	
  eXtreme-­‐scale	
  Kernel	
  (KiVen)	
  
§  Sandia	
  Na<onal	
  Laboratories	
  
§  Fourth-­‐genera<on	
  scalable	
  compute	
  node	
  opera<ng	
  system	
  

§  HPX	
  run<me	
  system	
  so7ware	
  
§  Louisiana	
  State	
  University,	
  Indiana	
  University	
  
§  Supports	
  introspec<on	
  for	
  guided	
  compu<ng	
  through	
  dynamic	
  adap<vity	
  

§  APEX,	
  RCR	
  –	
  applica<on	
  introspec<on	
  
§  University	
  of	
  Oregon,	
  RENCI	
  
§  A	
  deriva<ve	
  of	
  Tau	
  instrumenta<on	
  and	
  monitoring	
  so7ware	
  system	
  
§  Integra<on	
  of	
  low-­‐level	
  system	
  data	
  acquisi<on	
  

§  RIOS	
  –	
  Run<me	
  Interface	
  to	
  the	
  OS	
  
§  	
  Interface	
  between	
  the	
  opera<ng	
  system	
  and	
  the	
  run<me	
  system	
  

§  Conven<onal	
  Programming	
  Interfaces	
  for	
  legacy	
  interfaces	
  and	
  applica<ons	
  
§  University	
  of	
  Houston,	
  SUNY	
  Stony	
  Brook	
  
§  MPI,	
  OpenMP	
  



Key	
  Differen<ators	
  of	
  Our	
  Approach	
  

§  Guided	
  by	
  the	
  ParalleX	
  holis<c	
  execu<on	
  model	
  
§  Provides	
  a	
  revolu<onary	
  programing	
  environment	
  for	
  suppor<ng	
  

irregular,	
  and	
  <me-­‐varying	
  applica<ons	
  
§  Provides	
  a	
  framework	
  for	
  exploring	
  key	
  resource	
  management	
  

challenges	
  
§  Dynamic,	
  adap<ve	
  run<me	
  system	
  design	
  
§  Integra<on	
  of	
  performance	
  instrumenta<on	
  and	
  control	
  
§  Opera<ng	
  system	
  design	
  

§  Spans	
  the	
  en<re	
  so7ware	
  stack	
  
§  Support	
  for	
  legacy	
  programming	
  models	
  and	
  applica<ons	
  



§  Lightweight	
  complexes	
  (threads)	
  
§  Par<ally	
  ordered	
  opera<ons	
  
§  Guaranteed	
  local	
  register	
  sets	
  

§  Message-­‐driven	
  computa<on	
  
§  Move	
  work	
  to	
  data	
  
§  Keeps	
  work	
  local,	
  stops	
  blocking	
  

§  Constraint-­‐based	
  synchroniza<on	
  
§  Declara<ve	
  criteria	
  for	
  work	
  
§  Event	
  driven	
  
§  Eliminates	
  global	
  barriers	
  

§  Data-­‐directed	
  execu<on	
  
§  Merger	
  of	
  flow	
  control	
  and	
  data	
  

structure	
  

§  Shared	
  name	
  space	
  
§  Global	
  address	
  space	
  
§  Simplifies	
  random	
  gathers	
  

Concept	
  Formula<on	
  -­‐	
  ParalleX	
  Execu<on	
  Model	
  



Technical	
  Strategies	
  
§  Execu<on	
  model	
  for	
  cross-­‐cuZng	
  system	
  co-­‐design	
  

§  Unified	
  model	
  of	
  variable	
  parallelism	
  seman<cs	
  for	
  scalability	
  

§  Lightweight	
  kernel	
  for	
  scalable	
  efficient	
  resource	
  management	
  
§  Exploita<on	
  of	
  run<me	
  informa<on	
  and	
  control	
  

§  Run<me	
  system	
  so7ware	
  

§  Introspec<on	
  
§  Hardware	
  and	
  OS	
  status	
  monitoring	
  
§  Applica<on	
  run<me	
  status	
  and	
  progress	
  towards	
  goal	
  (VMG)	
  
§  Applica<on	
  informed	
  policies	
  

§  Dynamic	
  adap<ve	
  computa<on	
  for	
  load	
  balancing	
  
§  Ac<ve	
  Global	
  Address	
  Space	
  
§  Low-­‐level	
  network	
  transport	
  layer	
  for	
  efficient	
  remote	
  task	
  crea<on	
  
§  Interoperability	
  and	
  incremental	
  extensions	
  of	
  common	
  interfaces	
  
§  Applica<on	
  proper<es	
  emphasizing	
  irregular	
  &	
  <me-­‐varying	
  



Programma<c	
  Strategy	
  
§  Experimental	
  so7ware	
  system	
  
§  Full	
  systems	
  stack	
  
§  Applica<ons	
  driven	
  studies	
  
§  Quan<ta<ve	
  evalua<on	
  of	
  efficiency	
  and	
  scalability	
  
§  Implica<ons	
  for	
  hardware	
  architecture	
  
§  Interoperability	
  with	
  exis<ng	
  prac<ces,	
  systems,	
  and	
  libraries	
  
§  Innova<on	
  where	
  required,	
  incrementalism	
  where	
  sufficient	
  
§  Prepara<on	
  for	
  produc<on	
  deployment	
  
§  Leverages	
  prior	
  and	
  ongoing	
  results	
  from	
  other	
  sponsored	
  research	
  

providing	
  synthesis	
  and	
  value	
  added	
  
§  Engagement	
  of	
  breadth	
  of	
  exper<se	
  from	
  labs	
  and	
  academia	
  

§  Avoid	
  myopic	
  paths	
  limited	
  by	
  narrow	
  perspec<ves	
  
§  Exploit	
  breadth	
  of	
  experiences	
  across	
  sub-­‐disciplines	
  



PARALLEX	
  EXECUTION	
  MODEL	
  



§  Problem	
  
§  Exascale	
  execu<on	
  models	
  are	
  large	
  specifica<ons	
  defining	
  the	
  delicate	
  interrela<ons	
  of	
  

their	
  component	
  layers	
  and	
  governing	
  their	
  interoperability.	
  Defining	
  execu<on	
  models	
  
is	
  error	
  prone,	
  may	
  leave	
  undetected	
  inconsistencies	
  and	
  may	
  be	
  incomplete.	
  
Furthermore,	
  execu<on	
  models	
  are	
  hard	
  to	
  communicate	
  effec<vely	
  to	
  programmers,	
  
and	
  researchers.	
  

§  How	
  do	
  I	
  know	
  whether	
  my	
  execu<on	
  model	
  is	
  well	
  designed?	
  

§  Solu<on	
  

§  Formal	
  seman<cs	
  allows	
  for:	
  
§  A	
  precise	
  descrip<on	
  of	
  the	
  execu<on	
  model	
  
§  Detec<ng	
  design	
  mistakes	
  early	
  and	
  ensuring	
  the	
  completeness	
  of	
  the	
  
specified	
  behavior	
  

§  Communica<ng	
  the	
  model	
  effec<vely	
  
§  Opening	
  the	
  possibility	
  of	
  proving	
  programs	
  correct	
  

Formal	
  Seman<cs	
  for	
  ParalleX	
  



§  Recent	
  Results	
  
§  Opera<onal	
  seman<cs	
  for	
  a	
  core	
  fragment	
  of	
  ParalleX	
  
§  Proposal	
  type	
  system	
  for	
  ruling	
  out	
  data-­‐races	
  
§  Executable	
  prototype	
  implementa<on	
  of	
  formal	
  seman<cs	
  
Excerpt	
  from	
  the	
  opera<onal	
  seman<cs	
  

	
  

Formal	
  Seman<cs	
  for	
  ParalleX	
  

•  Impact	
  
The	
  shi7	
  to	
  eXascale	
  compu<ng	
  promises	
  a	
  high	
  impact	
  on	
  science	
  and	
  industry.	
  Formal	
  	
  
Seman<cs	
  will	
  place	
  eXascale	
  compu<ng	
  on	
  a	
  firm	
  founda<on,	
  enabling	
  a	
  more	
  rapid	
  and	
  
confident	
  shi7	
  to	
  eXascale	
  built	
  upon	
  a	
  reliable	
  and	
  robust	
  infrastructure.	
  



HPX-­‐5	
  



Development	
  and	
  Extension	
  -­‐	
  HPX-­‐5	
  

Application 

HPX 

 OS 

Supercomputer 

ParalleX EM 

HPX++ 

Libraries 

HPX-­‐5	
  is	
  an	
  approxima<on	
  of	
  the	
  ParalleX	
  
execu<on	
  model	
  



§  Problem	
  
§  Support	
  a	
  <ght	
  coupling	
  of	
  the	
  run<me	
  

system	
  with	
  the	
  underlying	
  network	
  fabric	
  
that	
  scales	
  and	
  remains	
  performant	
  in	
  
eXascale	
  environments	
  

§  Solu<on	
  
§  Photon	
  abstracts	
  RDMA	
  libraries	
  across	
  

systems	
  and	
  integrates	
  with	
  HPX-­‐5	
  to	
  
support	
  1-­‐sided	
  asynchronous	
  networking	
  
with	
  a	
  put-­‐with-­‐comple<on	
  (PWC)	
  model	
  

§  Network	
  comple<on	
  events	
  drive	
  interrupt-­‐
style	
  ac<ons	
  within	
  HPX-­‐5	
  to	
  reduce	
  
overhead	
  and	
  latency	
  

§  Impact	
  
§  Photon	
  in	
  HPX-­‐5	
  demonstrates	
  improved	
  

performance	
  for	
  applica<on	
  with	
  a	
  modular	
  
design	
  to	
  support	
  future	
  genera<on	
  
networks	
  

Integrated	
  Communica<on	
  Library	
  



Integrated	
  Communica<on	
  Library	
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HPCG	
  using	
  HPX-­‐5	
  –	
  Various	
  Approaches	
  and	
  Plots	
  
Parcels	
  approach	
  

RDMA	
  memget	
  approach	
  

RDMA	
  memput	
  approach	
  



Ac<ve	
  Global	
  Address	
  Space	
  (AGAS)	
  
§  Problem	
  

§  Dynamically	
  varying	
  load	
  in	
  the	
  execu<on	
  of	
  
adap<ve	
  applica<ons	
  leads	
  to	
  uneven	
  system	
  
u<liza<on	
  and	
  consequently	
  limits	
  scaling	
  of	
  
such	
  applica<ons	
  

§  Ac<ve	
  migra<on	
  of	
  data	
  at	
  run<me	
  in	
  the	
  
global	
  address	
  space	
  is	
  challenging	
  

§  Solu<on	
  
§  The	
  ac<ve	
  global	
  address	
  space	
  (AGAS)	
  allows	
  

on-­‐the-­‐fly	
  reloca<on	
  of	
  global	
  data	
  between	
  
different	
  physical	
  locali<es	
  

§  Inflight	
  parcels	
  targeted	
  to	
  moving	
  blocks	
  are	
  
forwarded	
  appropriately	
  

§  Op<mal	
  global	
  data	
  redistribu<on	
  is	
  
determined	
  through	
  communica<on	
  graph	
  
par<<oning	
  

Task DAG 
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§  Problem	
  
§  N-­‐body	
  like	
  problems	
  appear	
  

in	
  many	
  scien<fic	
  applica<ons.	
  
The	
  naïve	
  solu<on	
  has	
  O(N2)	
  
complexity,	
  whereas	
  the	
  Fast	
  
Mul<pole	
  Method(FMM)	
  
reduces	
  this	
  to	
  O(N)	
  
complexity	
  up	
  to	
  any	
  
prescribed	
  accuracy	
  
requirement	
  

§  Impact	
  
§  AGAS	
  in	
  HPX-­‐5	
  enables	
  

asynchronous	
  load	
  balancing	
  
in	
  FMM	
  through	
  ac<ve	
  
migra<on	
  of	
  nodes	
  in	
  the	
  
global	
  spa<al	
  decomposi<on	
  
tree	
  

Ac<ve	
  Global	
  Address	
  Space	
  (AGAS)	
  

adaptive if one stops partitioning a box when it contains
fewer than a prescribed number of particles. The partition
process naturally results in a tree structure and boxes without
children are called leaf boxes. Strictly speaking, this tree is
a fusion of two spatial partitions in one spatial hierarchy:
one partitions the source ensemble and the other partitions
the target ensemble. Target points are locations where the
force field or potential needs to be computed. Depending
on the applications, the source and target ensembles may be
identical, partially overlapping, or completely disjoint in the
spatial domain. As a result, the source and target trees can be
identical, partially overlapping, or completely different. The
FMM algorithm introduces extra edges to the trees that offer
direct path between boxes on the source and target trees.
Specifically, a box B

s

on the source tree is connected with
a box B

t

on the target tree if: (1) B
s

and B
t

are of the same
refinement level and the spatial volume enclosed by the two
boxes are disjoint, referred to as non-adjacent; and (2) the
parent boxes of B

s

and B
t

are adjacent. When such an edge
exists between B

s

and B
t

, box B
s

is also said to be in the
interaction list region of box B

t

.
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Fig. 1. An example of two-dimensional GFMM results from a four-level
uniform partition. Nodes corresponding to the root level and the first partition
level are not drawn. In the figure, a blue (red) shaded node represents a cluster
of source (target) points while a blue (red) dot represents the multipole (local)
expansion of the corresponding source (target) node. There are two inter-
scale traversals in GFMM. One traversal occurs on the source tree, using
the source-to-multipole (S2M ) operator at the leaf node and multipole-to-
multipole (M2M ) operator at the non-leaf node to generate all the multipole
expansions. The other traversal occurs on the target tree, using the local-to-
local (L2L) operator to pass down local expansions from ancestor nodes to
their descendants and the local-to-target (L2T ) operator to evaluate the local
expansions at the leaf target nodes. GFMM also contains level-wise intra-
scale traversals. For each target node, the multipole expansions of the source
nodes in its interaction list region are translated into local expansions. The
gray shaded region on the target tree depicts the interaction list region for two
different target nodes.

The DAG for the FMM execution, denoted by GFMM,
have three major components: the source tree, the target tree,
and level-wise bipartite graphs connecting the trees. Figure 1
shows an example of GFMM in two dimensions resulting from
a four-level uniform partition. To avoid confusion, we will use
box(es) to refer to the spatial cluster of particles and node(s)
to refer to the vertices in GFMM. When the source and target
ensembles are identical, there are two nodes in GFMM—one on
the source tree and the other on the target tree—corresponding
to the same box. Data movement in GFMM is from the
source tree (blue, shown on the left) to the target tree (red,
shown on the right), involving both inter-scale tree traversal
and intra-scale traversal. On the source tree, the inter-scale
traversal generates the multipole expansion for all the nodes.
The multipole expansion for each node is a truncated series that
approximates the far-field influence of the particles contained

in the node up to a prescribed accuracy requirement. At a
leaf node, the multipole expansion is generated from particle
information using the source-to-multipole (S2M ) operator.
At a non-leaf node, the multipole expansion is generated by
shifting the multipole expansions of the child nodes, using the
multipole-to-multipole (M2M ) operator. On the target tree,
the operations are associated with local expansion, resulting
from shifting the center of the multipole expansions. On the
target tree, the inter-scale traversal passes the local expansions
from the ancestors to their descendants using the local-to-
local (L2L) operator and evaluates the local expansions at leaf
nodes using the local-to-target (L2T ) operator. During intra-
scale traversal, the multipole expansions of the nodes on the
source tree for a given target node’s interaction list region are
converted into local expansions using the multipole-to-local
(M2L) operator. Conventionally, the traversals are executed
level by level in two passes, starting with an upward pass on
the source tree, followed by a downward pass on the target
tree. Intra-scale operations are usually carried out during the
downward pass.

The FMM implemented in this paper has one special
feature called merge-and-shift technique [17]. The technique is
developed to reduce the number of M2L operations performed
on nodes of the same parent since there exists a significant
overlap of their individual interaction list regions. Particularly,
if there are M1 nodes sharing M2 nodes in their interaction
list regions, instead of doing M1 ⇥ M2 translations, one
can first merge the M2 multipole expansions into one and
then shift it to M1 nodes using only M1 + M2 translations.
Figure 2 shows a simple demonstration of this technique.
By applying this technique, the average number of M2L
translations performed on each node can be reduced from
189 to 40. The mathematical foundation for this technique
is the use of exponential expansion, multipole-to-exponential
(M2E) operator, exponential-to-exponential (E2E) operator,
and exponential-to-local (E2L) operator. This means, the
M2L translation is done in three steps. The multipole expan-
sions of the source nodes are first translated into exponential
expansions. Afterwards, merging and shifting the expansions
involves component-wise manipulation only. Finally, the ex-
ponential expansion formed at each target node is translated
back to the local expansion.

· · · ···· ····
Fig. 2. Illustration of the merge-and-shift technique employed in the FMM
tested in this paper. Each of the four shared nodes on the right side needs to
convert the multipole expansions of the seven shaded nodes on the left side
into local expansions. Instead of doing 7 ⇥ 4 translations, the 7 multipole
expansions can be merged into 1 and then shifted to the four nodes on the
right, using 7+4 translations. In three dimensions, this technique could reduce
the average number of M2L operations performed for each target node from
189 to 40.

III. RELATED WORK

Parallel FMM implementations often apply the so-called
“MPI + X” approach. That is, the entire problem is partitioned
and distributed over a cluster of compute nodes and MPI is

adaptive if one stops partitioning a box when it contains
fewer than a prescribed number of particles. The partition
process naturally results in a tree structure and boxes without
children are called leaf boxes. Strictly speaking, this tree is
a fusion of two spatial partitions in one spatial hierarchy:
one partitions the source ensemble and the other partitions
the target ensemble. Target points are locations where the
force field or potential needs to be computed. Depending
on the applications, the source and target ensembles may be
identical, partially overlapping, or completely disjoint in the
spatial domain. As a result, the source and target trees can be
identical, partially overlapping, or completely different. The
FMM algorithm introduces extra edges to the trees that offer
direct path between boxes on the source and target trees.
Specifically, a box B

s

on the source tree is connected with
a box B

t

on the target tree if: (1) B
s

and B
t

are of the same
refinement level and the spatial volume enclosed by the two
boxes are disjoint, referred to as non-adjacent; and (2) the
parent boxes of B

s

and B
t

are adjacent. When such an edge
exists between B

s

and B
t

, box B
s

is also said to be in the
interaction list region of box B

t
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Fig. 1. An example of two-dimensional GFMM results from a four-level
uniform partition. Nodes corresponding to the root level and the first partition
level are not drawn. In the figure, a blue (red) shaded node represents a cluster
of source (target) points while a blue (red) dot represents the multipole (local)
expansion of the corresponding source (target) node. There are two inter-
scale traversals in GFMM. One traversal occurs on the source tree, using
the source-to-multipole (S2M ) operator at the leaf node and multipole-to-
multipole (M2M ) operator at the non-leaf node to generate all the multipole
expansions. The other traversal occurs on the target tree, using the local-to-
local (L2L) operator to pass down local expansions from ancestor nodes to
their descendants and the local-to-target (L2T ) operator to evaluate the local
expansions at the leaf target nodes. GFMM also contains level-wise intra-
scale traversals. For each target node, the multipole expansions of the source
nodes in its interaction list region are translated into local expansions. The
gray shaded region on the target tree depicts the interaction list region for two
different target nodes.

The DAG for the FMM execution, denoted by GFMM,
have three major components: the source tree, the target tree,
and level-wise bipartite graphs connecting the trees. Figure 1
shows an example of GFMM in two dimensions resulting from
a four-level uniform partition. To avoid confusion, we will use
box(es) to refer to the spatial cluster of particles and node(s)
to refer to the vertices in GFMM. When the source and target
ensembles are identical, there are two nodes in GFMM—one on
the source tree and the other on the target tree—corresponding
to the same box. Data movement in GFMM is from the
source tree (blue, shown on the left) to the target tree (red,
shown on the right), involving both inter-scale tree traversal
and intra-scale traversal. On the source tree, the inter-scale
traversal generates the multipole expansion for all the nodes.
The multipole expansion for each node is a truncated series that
approximates the far-field influence of the particles contained

in the node up to a prescribed accuracy requirement. At a
leaf node, the multipole expansion is generated from particle
information using the source-to-multipole (S2M ) operator.
At a non-leaf node, the multipole expansion is generated by
shifting the multipole expansions of the child nodes, using the
multipole-to-multipole (M2M ) operator. On the target tree,
the operations are associated with local expansion, resulting
from shifting the center of the multipole expansions. On the
target tree, the inter-scale traversal passes the local expansions
from the ancestors to their descendants using the local-to-
local (L2L) operator and evaluates the local expansions at leaf
nodes using the local-to-target (L2T ) operator. During intra-
scale traversal, the multipole expansions of the nodes on the
source tree for a given target node’s interaction list region are
converted into local expansions using the multipole-to-local
(M2L) operator. Conventionally, the traversals are executed
level by level in two passes, starting with an upward pass on
the source tree, followed by a downward pass on the target
tree. Intra-scale operations are usually carried out during the
downward pass.

The FMM implemented in this paper has one special
feature called merge-and-shift technique [17]. The technique is
developed to reduce the number of M2L operations performed
on nodes of the same parent since there exists a significant
overlap of their individual interaction list regions. Particularly,
if there are M1 nodes sharing M2 nodes in their interaction
list regions, instead of doing M1 ⇥ M2 translations, one
can first merge the M2 multipole expansions into one and
then shift it to M1 nodes using only M1 + M2 translations.
Figure 2 shows a simple demonstration of this technique.
By applying this technique, the average number of M2L
translations performed on each node can be reduced from
189 to 40. The mathematical foundation for this technique
is the use of exponential expansion, multipole-to-exponential
(M2E) operator, exponential-to-exponential (E2E) operator,
and exponential-to-local (E2L) operator. This means, the
M2L translation is done in three steps. The multipole expan-
sions of the source nodes are first translated into exponential
expansions. Afterwards, merging and shifting the expansions
involves component-wise manipulation only. Finally, the ex-
ponential expansion formed at each target node is translated
back to the local expansion.

· · · ···· ····
Fig. 2. Illustration of the merge-and-shift technique employed in the FMM
tested in this paper. Each of the four shared nodes on the right side needs to
convert the multipole expansions of the seven shaded nodes on the left side
into local expansions. Instead of doing 7 ⇥ 4 translations, the 7 multipole
expansions can be merged into 1 and then shifted to the four nodes on the
right, using 7+4 translations. In three dimensions, this technique could reduce
the average number of M2L operations performed for each target node from
189 to 40.

III. RELATED WORK

Parallel FMM implementations often apply the so-called
“MPI + X” approach. That is, the entire problem is partitioned
and distributed over a cluster of compute nodes and MPI is
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§  Problem	
  
§  Demonstra<on	
  of	
  exascale	
  performance	
  is	
  not	
  possible	
  on	
  current	
  hardware	
  

§  Solu<on	
  
§  Demonstrate	
  Scalability	
  on	
  NERSC	
  Edison	
  (concurrency),	
  while	
  showing	
  highly-­‐threaded	
  

improvements	
  on	
  testbed	
  systems	
  such	
  as	
  NERSC	
  Babbage	
  and	
  local	
  clusters	
  

§  Impact	
  
§  Tes<ng	
  shows	
  HPX	
  will	
  provide	
  DOE	
  codes	
  with	
  a	
  path	
  forward	
  

Demonstra<on	
  of	
  Scalability	
  and	
  Performance	
  	
  

HPX-5 weak-scaling LULESH on 256 core 
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§  Problem	
  
§  Dynamic,	
  irregular,	
  non-­‐uniform	
  applica<ons	
  are	
  scaling	
  constrained	
  using	
  conven<onal	
  

paralleliza<on	
  techniques	
  
§  Applied	
  to	
  hydrodynamics:	
  

	
  arXiv:1512.00386	
  
§  Solu<on	
  

§  Asynchronous	
  Mul<-­‐Tasking	
  (AMT)	
  

	
  
	
  	
  	
  

	
  

Demonstra<ons	
  of	
  Scalability	
  and	
  Performance:	
  Wavelets	
  



§  Asynchronous	
  Mul<-­‐Tasking	
  (AMT)	
  

§  	
  Exploring	
  AGAS	
  
	
  	
  	
  

	
  

Demonstra<ons	
  of	
  Scalability	
  and	
  Performance:	
  Wavelets	
  



§  Problem:	
  	
  	
  
§  High	
  Performance	
  Linpack	
  performance	
  doesn’t	
  represent	
  most	
  applica<ons	
  
§  HPCG	
  (High	
  Performance	
  Conjugate	
  Gradient)	
  benchmark	
  only	
  achieves	
  a	
  small	
  frac<on	
  

Linpack	
  performance	
  

§  Solu<on:	
  	
  	
  
§  Asynchronous	
  mul<-­‐tasking	
  run<me	
  systems	
  easily	
  enable	
  one-­‐sided	
  linear	
  algebra	
  

opera<ons 	
   	
   	
   	
   	
  	
  
§  Recent	
  results:	
  	
  

§  The	
  below	
  plot	
  shows	
  performance	
  of	
  SpMV	
  (Sparse	
  Matrix	
  Vector	
  mul<plica<on).	
  

	
  

HPCG	
  using	
  HPX-­‐5	
  



§  Problem	
  
§  Dynamic,	
  irregular,	
  data-­‐dependent	
  graph	
  analy<cs	
  applica<ons	
  generate	
  large	
  numbers	
  

of	
  small	
  (in	
  order	
  of	
  bytes)	
  messages	
  and	
  extremely	
  (vertex-­‐level)	
  fine-­‐grained	
  parallelism	
  

Graph	
  Analy<cs	
  in	
  HPX-­‐5	
  

•  Solu<on	
  
–  HPX-­‐5	
  consistently	
  improves	
  

(between	
  versions)	
  the	
  
performance	
  of	
  fine-­‐grained	
  
parallelism	
  encountered	
  in	
  graph	
  
applica<ons	
  

•  Recent	
  results	
  
–  Inves<ga<on	
  of	
  applica<on	
  driven	
  

scheduling	
  to	
  tailor	
  the	
  run<me	
  to	
  
applica<on	
  needs	
  and	
  of	
  coalescing	
  
of	
  parcels	
  to	
  decrease	
  
communica<on	
  overheads	
  

•  Impact	
  
–  Many	
  emerging	
  applica<ons	
  rely	
  on	
  

fine-­‐grained	
  data-­‐driven	
  parallelism	
  

Performance of Delta-Stepping algorithm for  Single-Source Shortest 
Paths (SSSP) executed on Graph500 benchmark inputs with and 
without coalescing 
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§  Problem 
§  Mul<disciplinary	
  predic<ve	
  science	
  

§  Solution 
§  Predic<ve	
  Science	
  Academic	
  Alliance	
  Program	
  (PSAAP	
  II)	
  

»  3 Multidisciplinary Simulation Centers 
»  3 Single Discipline Centers 

Enhancement	
  and	
  Explora<on	
  (external)	
  -­‐	
  Reac<ve	
  Material	
  
Simula<ons	
  



Human	
  Brain	
  Simula<on	
  (BlueBrain	
  Project	
  @	
  EPFL)	
  
§  Dynamically	
  adap<ve	
  so7ware	
  to	
  allow	
  simula<on	
  at	
  

different	
  scales:	
  	
  
§  Point	
  neuron	
  level	
  simula<on	
  (thousands/millions	
  of	
  neurons	
  per	
  node)	
  
§  Compartmental	
  level	
  simula<on	
  (few	
  neurons	
  per	
  node)	
  
§  Biomolecular	
  level	
  simula<on	
  (one	
  neuron	
  across	
  several	
  nodes)	
  

§  Mul<rate	
  and	
  variable	
  <me-­‐step	
  solvers	
  (based	
  on	
  each	
  different	
  
mechanism)	
  reflect	
  beVer	
  the	
  neuronal	
  networks	
  behavior,	
  
contrarily	
  to	
  fixed	
  <me-­‐step	
  solvers	
  
§  This	
  requires	
  a	
  totally	
  asynchronous	
  programming	
  paradigm	
  as	
  provided	
  

by	
  HPX	
  	
  

§  Hide	
  communica<on	
  and	
  threading	
  complexity	
  	
  
§  Developer	
  only	
  focus	
  on	
  wri<ng	
  the	
  logic;	
  HPX	
  handles	
  paralleliza<on	
  	
  

§  Transparent	
  load	
  balancing	
  	
  
§  Task	
  stealing	
  queue	
  allows	
  balancing	
  of	
  work	
  across	
  threads	
  
§  Global	
  Address	
  Space	
  allows	
  memory	
  to	
  move	
  to	
  different	
  locali<es	
  to	
  

balance	
  work	
  across	
  nodes	
  

§  Removal	
  of	
  collec<ve	
  communica<on	
  and	
  computa<on	
  calls:	
  	
  
§  Simula<on	
  should	
  be	
  a	
  free	
  system	
  where	
  computa<on	
  of	
  objects	
  is	
  

independent	
  
§  Suitable	
  for	
  simula<on	
  of	
  objects	
  with	
  unpredictable	
  execu<on	
  <mes	
  



HPX-­‐5	
  and	
  Brain	
  Simula<on	
  date nodes cores neurons input path iterations git commit

2015/11/06 1 16 537 ../morphologies-L5-537/ 50 35780↵29ba8952943550e405cd492592c8f76c3
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serial - whole neurons

omp static - whole neurons

omp dynamic - whole neurons

hpx5 par for - whole neurons

hpx5 for+lco - whole neurons

posix - whole neurons

hpx5 par for - branched

hpx5 for+lco - branched

1,935.83

190.25

120.01

113.1

95.67

105.4

106.88

90.54

Total execution time (miliseconds)

total time per neuron time speed up

serial - whole neurons 1935.83 ms 3.6049 ms 1.0x

omp static - whole neurons 190.25 ms 0.3543 ms 10.2x

omp dynamic - whole neurons 120.01 ms 0.2235 ms 16.1x

hpx5 par for - whole neurons 113.10 ms 0.2106 ms 17.1x

hpx5 for+lco - whole neurons 95.67 ms 0.1782 ms 20.2x

posix - whole neurons 105.40 ms 0.1963 ms 18.4x

hpx5 par for - branched 106.88 ms 0.1990 ms 18.1x

hpx5 for+lco - branched 90.54 ms 0.1686 ms 21.4x

Hardware specs: IBM machine with 40 nodes; Intel(R) Xeon(R) CPU E5-2670 0 @ 2.60GHz; 1 thread per core, 8 cores per socket, 2 sockets, 2 NUMA nodes; L2 Cache 20480 KB;
128 GB RAM; Launch command: mpirun -np 1 --mca btl ^openib --map-by node ./a.out $input-data --hpx-dbg-mprotectstacks --hpx-stacksize=100000

From in vivo to in silico neuroscience

( source: Christof Koch and Idan Segev, 
Methods in Neuronal Modeling: From Ions to Networks )

From characterized neuron to 

compartmental model
From compartmental model to neural circuits

A Hodgkin-Huxley simulation of 3.1M neurons.
( represented as points for simplicity )

mouse brain: 80M neurons; human brain: 100B neurons

Blue Brain Project @ EPFL

From in vivo to in silico neuroscience

( source: Christof Koch and Idan Segev, 
Methods in Neuronal Modeling: From Ions to Networks )

From characterized neuron to 

compartmental model
From compartmental model to neural circuits

A Hodgkin-Huxley simulation of 3.1M neurons.
( represented as points for simplicity )

mouse brain: 80M neurons; human brain: 100B neurons

Blue Brain Project @ EPFL

HPX-­‐5	
  enables	
  unique	
  branched	
  modality	
  for	
  plas<city	
  
that	
  is	
  compe<<ve	
  for	
  use	
  in	
  the	
  core	
  neuron	
  benchmark. 



Applica<ons	
  using	
  or	
  Trying	
  HPX-­‐5	
  
	
  

Wavelet	
   methods	
   for	
   fluid	
  
research	
   in	
   conjunc<on	
   with	
  
Daniel	
   Livescu	
   (LANL)	
  See	
  also	
  
arXiv:	
  1512.00386	
  

	
  

PICSAR:	
  Laser	
  Driven	
  High-­‐
Energy	
  Density	
  Plasma	
  and	
  
Accelerator	
  Technology	
  



§  Performance	
  plots	
  of	
  Stencil,	
  Synch_p2p	
  	
  –	
  which	
  underlie	
  a	
  
wide	
  range	
  of	
  computa<onal	
  science	
  applica<ons	
  

Intel	
  Parallel	
  Research	
  Kernels	
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Intel	
  Parallel	
  Research	
  Kernels	
  

Performance	
  plot	
  of	
  transpose	
  Intel	
  kernel	
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Early	
  Populariza<on	
  –	
  Technology	
  
Demonstra<ons	
  



Incremental	
  Delivery	
  

§  Ac<ve	
  Development	
  and	
  Regular	
  Release	
  Cycles	
  
§  Open-­‐source	
  Agile	
  development	
  

§  Available	
  at:	
  hVp://gitlab.crest.iu.edu	
  
§  Nightly	
  regressions	
  and	
  performance	
  tes<ng	
  on	
  6+	
  supercomputers	
  

§  Seeking	
  community	
  engagement	
  
§  Run<me	
  development,	
  tools	
  support,	
  more	
  applica<ons	
  

32	
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§  ParalleX	
  formal	
  specifica<on	
  completed	
  and	
  analyzed	
  for	
  correctness	
  and	
  
completeness;	
  available	
  for	
  so7ware	
  compliance	
  

§  Comple<on	
  of	
  ParalleX	
  feature	
  set	
  in	
  HPX-­‐5	
  implementa<on	
  
§  Release	
  of	
  HPX-­‐5	
  run<me	
  and	
  Photon	
  transport	
  layer	
  on	
  OpenHPC	
  consor<um	
  
§  Deploy	
  HPX-­‐5	
  on	
  diversity	
  of	
  platorm	
  types	
  and	
  scales	
  to	
  establish	
  robustness	
  

of	
  deployability,	
  robustness,	
  and	
  scalability	
  
§  Derive	
  measurements	
  of	
  run<me	
  mechanism	
  overheads	
  by	
  means	
  of	
  synthe<c	
  

micro-­‐benchmarks	
  
§  Select	
  and	
  port	
  representa<ve	
  applica<ons	
  for	
  agency	
  mission-­‐cri<cal	
  and	
  end-­‐

science	
  applica<ons	
  to	
  measure	
  and	
  compare	
  with	
  baseline	
  control	
  cases;	
  
analyze	
  sensi<vi<es	
  for	
  projected	
  exascale	
  opera<onal	
  behavior	
  

§  Validate	
  that	
  known	
  and	
  adopted	
  programming	
  interfaces	
  can	
  be	
  fully	
  
supported	
  in	
  principle	
  by	
  HPX-­‐5	
  or	
  determine	
  imposed	
  inadequacies	
  

§  Work	
  with	
  Rice	
  University’s	
  Habanero-­‐C	
  and	
  SNL	
  DARMA	
  to	
  expand	
  u<lity	
  of	
  
test	
  cases.	
  

Evalua<on	
  Plans	
  for	
  So7ware	
  Prototypes	
  



§  Share	
  with	
  industry	
  partners	
  
§  Current:	
  Cray,	
  Intel,	
  Micron	
  
§  Possible:	
  AMD,	
  ARM,	
  HPE	
  

§  Deploy	
  and	
  maintain	
  HPX-­‐5/Photon	
  on	
  OpenHPC.	
  
§  IU	
  is	
  founding	
  member	
  and	
  member	
  of	
  Linux	
  Founda<on	
  

§  Update	
  introspec<ve	
  policies	
  interface	
  for	
  users	
  and	
  compiler	
  
§  Begin	
  tutorials	
  star<ng	
  in	
  2017	
  

§  Tutorial	
  documenta<on	
  currently	
  available	
  
§  Online	
  on-­‐demand	
  video	
  MOOC	
  to	
  be	
  developed	
  and	
  released	
  2016	
  

§  Publish	
  monograph	
  with	
  MIT	
  Press	
  
§  Invited	
  to	
  submit	
  proposal;	
  discussed	
  with	
  publisher	
  editors	
  

§  Extend	
  to	
  commercial	
  so7ware	
  

Technology	
  Transi<on	
  Opportuni<es	
  



§  Dynamic	
  adap<ve	
  compu<ng	
  methods	
  exploi<ng	
  run<me	
  applica<on	
  and	
  system	
  state	
  
informa<on	
  offers	
  opportunity	
  for	
  poten<ally	
  significant	
  improvements	
  in	
  efficiency	
  and	
  
scalability	
  while	
  improving	
  user	
  produc<vity	
  and	
  performance	
  portability	
  

§  Problems	
  and	
  their	
  formula<ons	
  vary	
  in	
  degree	
  of	
  performance	
  gain	
  opportuni<es	
  
through	
  dynamic	
  methods	
  

§  Run<me	
  system	
  so7ware	
  is	
  a	
  near-­‐term	
  strategy	
  to	
  enhance	
  parallel	
  system	
  performance	
  
through	
  overhead	
  reduc<on,	
  minimizing	
  latency	
  effects,	
  avoiding	
  conten<on,	
  and	
  
exploita<on	
  of	
  increased	
  parallelism	
  

§  Algorithms	
  will	
  need	
  to	
  be	
  refactored	
  in	
  some	
  cases	
  to	
  allow	
  much	
  parallelism	
  
§  New	
  interface	
  protocols	
  will	
  be	
  required	
  between	
  compiler	
  and	
  run<me	
  
§  OS	
  and	
  run<me	
  rela<onship	
  can	
  be	
  extended	
  for	
  adap<ve	
  control	
  
§  Opera<onal	
  seman<cs	
  can	
  be	
  used	
  for	
  formal	
  specifica<on	
  of	
  execu<on	
  models	
  to	
  ensure	
  

correctness,	
  completeness,	
  and	
  compliance	
  
§  Event-­‐driven	
  computa<on	
  and	
  synchroniza<on	
  can	
  mi<gate	
  asynchrony	
  
§  Global	
  Address	
  Space	
  seman<cs	
  yield	
  improved	
  programmability	
  but	
  impose	
  addi<onal	
  

overhead	
  implementa<on	
  challenges	
  
§  Advanced	
  methods	
  of	
  introspec<on	
  and	
  policies	
  require	
  further	
  advances	
  

Lessons	
  Learned	
  



HPX-­‐3	
  



Higher	
  Level	
  APIs	
  for	
  Portable	
  Performance	
  (HPX-­‐3)	
  
•  Problem 

–  Different Architectures often require separate optimization 
and codes 

•  Solution 
–  Offer a higher level C++ programming interface for HPX 

that is well aligned with the modern C++ standard and 
which enables full portability of code and performance 

–  Uniform code for GPUs and main codes 

•  Recent results 
–  Parallel APIs implemented in HPX have been adopted for 

the next C++17 standard 
–  A newly written (local and distributed) HPX matrix 

transposition benchmark outperforms a similar code from 
the Intel Parallel Research Kernels (based on OpenMP 
and MPI) by a large margin (up to 50% faster) 

–  The new benchmark shows excellent performance on 
different architectures (Intel X86, Xeon/Phi, and GPUs) 

•  Impact 
–  Application developers can write new code once using a 

higher level API and efficiently run it on many platforms 



Future	
  Adop<on	
  of	
  Higher	
  Level	
  APIs	
  (HPX-­‐3)	
  

§  Evalua<on	
  Plans	
  
§  Measure	
  User	
  base	
  

§  Current	
  projects	
  (STAR,	
  PXFS,	
  STORM,	
  Parquet)	
  
§  Use	
  in	
  global	
  projects,	
  like	
  H2020,	
  Human-­‐Brain	
  project,	
  CERN	
  

§  Measure	
  impact	
  on	
  open	
  source	
  community	
  
§  Google	
  Summer	
  of	
  Code	
  
§  Boost	
  

§  Measure	
  impact	
  on	
  standardiza<on	
  efforts	
  (C++17)	
  
§  Interac<on	
  with	
  industry	
  (Intel,	
  NVidia,	
  AMD)	
  

§  Technology	
  Transi<on	
  Opportuni<es	
  
§  Provide	
  implementa<on	
  and	
  usage	
  experiences	
  for	
  ongoing	
  and	
  future	
  C++	
  

standardiza<on	
  (labs	
  heavily	
  depend	
  on	
  C++)	
  
§  HPX	
  provide	
  uniform	
  local	
  and	
  remote	
  parallelism	
  APIs	
  (parallel	
  algorithms	
  and	
  data	
  structures,	
  

GPU	
  integra<on)	
  
§  HPX	
  integrates	
  high	
  scalability	
  run<mes	
  with	
  exis<ng	
  C++	
  applica<on	
  infrastructures	
  

§  Work	
  with	
  interna<onal	
  communi<es	
  and	
  companies	
  



Future	
  Adop<on	
  of	
  Higher	
  Level	
  APIs	
  (HPX-­‐3)	
  

§  Lessons	
  learned	
  
§  Task	
  based	
  parallelism	
  can	
  provide	
  a	
  most	
  efficient	
  technological	
  bases	
  for	
  any	
  

kind	
  of	
  higher	
  level	
  parallelism	
  constructs	
  in	
  C++	
  
§  Higher	
  level	
  APIs	
  in	
  C++	
  

§  Simplify	
  wri<ng	
  applica<on	
  code	
  
§  Outperform	
  exis<ng	
  programming	
  models	
  (OpenMP,	
  MPI,	
  CUDA)	
  
§  Ensure	
  portability	
  of	
  code	
  and	
  performance	
  across	
  heterogeneous	
  platorms	
  

§  Run<me	
  adap<vity	
  is	
  key	
  for	
  efficient	
  applica<ons	
  
§  Gives	
  emergent	
  proper<es	
  suppor<ng	
  high	
  scalability	
  



DEMOS	
  



Live	
  demo	
  shows	
  the	
  performance	
  scalability	
  of	
  HPX-­‐5	
  integrated	
  
with	
  the	
  Autonomic	
  Performance	
  Environment	
  for	
  Exascale	
  
(APEX)	
  running	
  LULESH	
  applica<on	
  

Technology	
  Marketplace	
  Demos	
  -­‐	
  Demo	
  1	
  



Using	
  the	
  fast	
  mul<pole	
  method	
  (FMM)	
  applica<on,	
  this	
  visualiza<on	
  shows	
  the	
  
difference	
  between	
  remote	
  communica<on	
  ac<vity	
  before	
  and	
  a7er	
  dynamic	
  
rebalancing	
  effected	
  by	
  the	
  ac<ve	
  global	
  address	
  space	
  (AGAS)	
  in	
  HPX-­‐5.	
  

Demo2	
  -­‐	
  Dynamic	
  Adap<ve	
  Nature	
  of	
  the	
  Run<me	
  



Demo2	
  –	
  LULESH	
  Visualiza<on	
  
This visualization shows the benefit of asynchronous behavior from the over-
decomposition in HPX-5 for LULESH application 



Demo3	
  –	
  Demonstra<on	
  of	
  HPXCL	
  
Demonstrates	
  HPXCL,	
  a	
  scalable	
  OpenCL	
  API	
  for	
  distributed	
  systems,	
  on	
  top	
  of	
  LSU's	
  
HPX-­‐3	
  (a	
  scalable	
  C++	
  run<me	
  system),	
  with	
  distributed	
  Mandelbrot	
  renderer	
  



Demo	
  4	
  –	
  Xstack	
  Integra<on	
  demo	
  
LULESH	
  applica<on	
  running	
  on	
  KNL	
  Pre-­‐release	
  hardware	
  with	
  the	
  en<re	
  integrated	
  
so7ware	
  stack	
  (LXK,	
  APEX,	
  RCR	
  and	
  HPX-­‐5)	
  	
  



hVp://xstack.sandia.gov/xpress	
  


