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Outline 

§  OS	
  innovaTons	
  
–  Many	
  core	
  
–  Bare	
  metal	
  applicaTon	
  execuTon	
  
–  Support	
  for	
  large	
  memory	
  
–  ConsideraTons	
  for	
  legacy	
  

§  Task	
  oriented	
  programming	
  models	
  
–  Reliable	
  data	
  substrate	
  
–  AlternaTve	
  models	
  

§  Graph	
  applicaTon	
  framework	
  
–  Asynchronous,	
  massively	
  concurrent	
  
–  Transparent	
  access	
  to	
  memory	
  hierarchy	
  encompassing	
  DRAM/NVRAM	
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NxM OS for multi-core 
§  Build	
  an	
  operaTng	
  system	
  specifically	
  for	
  new	
  

heterogeneous	
  manycore	
  CPUs	
  in	
  future	
  exascale	
  
systems	
  

§  Cores	
  now	
  have	
  roles	
  
§  Standard	
  Timesharing	
  Cores	
  (TC):	
  a	
  common	
  core	
  running	
  

kernel	
  and	
  user	
  code	
  in	
  a	
  Tme	
  sharing	
  fashion	
  

§  Dedicated	
  applicaTon	
  cores	
  (AC):	
  a	
  core	
  running	
  user	
  
code	
  without	
  any	
  interrupts	
  (even	
  without	
  clock	
  
interrupts)	
  	
  

§  	
  Kernel	
  cores	
  (KC):	
  a	
  core	
  that	
  only	
  runs	
  kernel	
  code	
  on	
  
demand	
  

§  Cores	
  communicate	
  by	
  sending	
  acTve	
  messages	
  that	
  
include	
  a	
  funcTon	
  to	
  be	
  executed	
  and	
  its	
  arguments	
  

§  Programs	
  transparently	
  	
  change	
  roles	
  by	
  switching	
  cores	
  

§  Two	
  page	
  sizes:	
  2MB	
  and	
  1GB	
  
§  64GB	
  –	
  63	
  1GB	
  pages	
  and	
  512	
  2MB	
  pages	
  instead	
  of	
  16M	
  

4K	
  pages	
  

§  Emulates	
  many	
  Linux	
  system	
  calls	
  
§  App	
  can	
  use	
  both	
  NxM	
  and	
  Linux	
  system	
  calls	
  

§  Demonstrated	
  miniFE	
  performance	
  equal	
  to	
  naTve	
  
Linux	
  

§  Demonstrated	
  iSCSI	
  user	
  level	
  driver	
  

Global	
  CollaboraTon:	
  Bell	
  Labs,	
  Sandia	
  CA,	
  Rey	
  Juan	
  Carlos	
  U.,	
  Google	
  	
  
Website:	
  h:p://nxm.coreboot.org/NxM 	
  	
  
Source	
  code:	
  h:p://nxm.coreboot.org/Get_NxM	
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Figure 2:  Results for an experiment comparing a 
SMP scheduler using memory from all ACPI's 
domains (smp), a SMP scheduler with all memory in 
ACPI's proximity domain zero (smpcol0), and  the 
previous AMP scheduler (amp).

Figure 1:  Results for an experiment comparing an 
AMP scheduler that selects cores according to the 
ACPI's proximity domain (amp) vs. an AMP 
scheduler that looks first for cores from a different 
ACPI's domain (ampbadcol).

Figure 3:  Results for an experiment comparing the 
previous AMP scheduler (amp) vs. an AMP 
scheduler with all the memory in ACPI's proximity 
domain zero (ampcol0).

Benchmark: Build the NIX kernel (compile and link around 100 C and assembler source files in parallel) using a RAM disk. The figures show 
the time of 50 executions of the benchmark for different numbers of operational cores. 

Machine: 32-core AMD K10 magny cours, 64 GB RAM.

��� is a novel OS designed for current manycore machines, which includes mechanisms to assign different roles to heterogeneous cores.

NIX includes a NUMA-aware memory allocator suited for new 64-bit x86 processors. The inherent flexibility for specializing cores of NIX 
makes it particularly suitable for the future heterogeneous multi-core chips. The core roles available in NIX are: 

� Time- sharing Core (TC): a common core running kernel and user code in a time sharing fashion.

� Application Core (AC): a core running user code without any interrupt (even without clock interrupts)

� Kernel Core (KC): a core that only runs kernel code on demand. The cores communicate by sending active messages that include a 
function to be executed, together with its arguments.

Work in progress:

� Role assignment to cores: adding new core roles (e.g. XC), evaluation of core roles for different computing environments, automatic core 
provisioning and role assignment.

� Scheduling: quantitative evaluation of different scheduling policies (SMP, AMP, ACPI's proximity domain aware schedulers, etc.) for 
manycore machines.

� Zero-copy: design of a simple zero-copy I/O framework to avoid unnecessary data copies within data paths.

Core

User

Kernel

TC

Kernel

AC

User

KC

Kernel

Traditional scheme NIX scheme

User

Early results

Website: http://lsub.org/ls/nix.html        Source code: http://code.google.com/p/nix-os/

This material is based upon work supported in part by the Department of Energy under Award Number DE-FC02-10ER25997/DE-SC0005158, by the Comunidad de Madrid (grant S2009/TIC-1692), and the Spanish Government (grant TIN2010-17344).
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Kittyhawk BG/P infrastructure 
Enables	
  dynamic	
  heterogeneous	
  
compuTng	
  on	
  BlueGene	
  Systems	
  
•  ApplicaTons	
  can	
  be	
  composed	
  of	
  arbitrary	
  

mixes	
  of	
  compute	
  nodes	
  running	
  diverse	
  
soeware	
  stacks	
  

•  Allow	
  compute	
  nodes	
  to	
  run	
  applicaTon	
  
specific	
  system	
  soeware	
  down	
  to	
  the	
  
granularity	
  of	
  individual	
  nodes.	
  

•  ApplicaTon	
  can	
  run	
  in	
  a	
  customized	
  
environment	
  with	
  specific	
  OS,	
  OS	
  rev.,	
  
libraries	
  

•  Nodes	
  can	
  be	
  dynamically	
  allocated	
  and	
  
de-­‐allocated	
  

•  Modified	
  kernels	
  make	
  it	
  possible	
  to	
  
simulate	
  node	
  level	
  faults	
  

•  Convenient environment for exploring 
alternative system software and 
configurations 

Jonathan	
  Appavoo,	
  BU	
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Boston	
  University	
  
Website:	
  h:p://ki:yhawk.bu.edu/ki:yhawk/Ki:yhawk.html 	
  	
  
Source	
  code:	
  h:p://git.anl-­‐external.org/ki:yhawk/	
  



Scalable and Elastic System Software for FOX 
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…	
  

…	
  
EbbOS-bare
Ebb-DHT

EbbOS-bare
Ebb-DHT

EbbOS-bare
Ebb-DHT

Linux
glibc

EbbLibFOX
mcphoton

Linux
glibc

EbbLibFOX
mcphoton

Linux
glibc

EbbLibFOX
mcphoton

AlternaTve	
  ImplementaTon	
  of	
  FOX	
  Key-­‐Value	
  App	
  

ElasTc	
  Building	
  Block	
  DHT	
  (Ebb-­‐DHT)	
  

System	
  Soeware	
  
designed	
  to	
  support	
  
ElasTc	
  High	
  
Performance	
  Soeware	
  

Explore	
  how	
  to	
  support	
  scale	
  and	
  
and	
  elasTcity	
  in	
  system	
  soeware	
  
•  Assumes	
  dynamic	
  heterogeneous	
  

environment	
  where	
  nodes	
  can	
  come	
  and	
  go	
  
•  Soeware	
  can	
  be	
  composed	
  of	
  mix	
  of	
  

commodity	
  and	
  custom	
  code	
  
•  Support	
  the	
  development	
  of	
  new	
  libraries	
  of	
  

“ElasTc	
  building	
  block”	
  soeware	
  that	
  
encapsulates	
  funcTon	
  such	
  as	
  hash	
  tables	
  
that	
  are	
  customized	
  for	
  specific	
  applicaTon	
  
access	
  pa:erns	
  and	
  underlying	
  hardware	
  
communicaTon	
  faciliTes	
  

•  Facilitate	
  incremental	
  development	
  by	
  
providing	
  both	
  “bare-­‐metal”	
  execuTon	
  and	
  
tradiTonal	
  OS	
  integraTon	
  

•  Target	
  is	
  a	
  focused	
  trial	
  of	
  the	
  ideas	
  in	
  the	
  
context	
  of	
  an	
  alternaTve	
  implementaTon	
  of	
  
a	
  FOX	
  project	
  key-­‐value	
  store	
  applicaTon.	
  

Jonathan	
  Appavoo,	
  BU	
  



Task-oriented programming libraries 
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Libraries	
  support	
  	
  
•  Lightweight	
  tasks	
  
•  Asynchronous	
  task	
  model	
  

•  Data	
  dependence	
  among	
  tasks	
  
•  One-­‐sided	
  communicaTon	
  
•  Varying	
  duraTon	
  computaTonal	
  

tasks:	
  load	
  balance	
  challenge	
  
•  Underlying	
  reliable	
  data	
  store	
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Reliable data store 
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  Exascale	
  PI	
  MeeTng:	
  FOX	
  

•  Approach	
  1	
  (conservaTve):	
  local	
  persistent	
  memory	
  
for	
  checkpoints	
  

•  Approach	
  2:	
  Global	
  Arrays	
  +	
  MPI:	
  task	
  model	
  within	
  
a	
  major	
  iteraTon	
  step	
  of	
  the	
  simulaTon	
  
•  Peer	
  to	
  peer,	
  load	
  balance	
  with	
  work	
  stealing	
  

•  Approach	
  3:	
  Reliable	
  key/value	
  store	
  to	
  hold	
  task	
  
queues	
  and	
  possibly	
  data	
  
•  Hierarchical	
  –	
  client/server	
  

•  Approach	
  4:	
  fault	
  tolerant	
  tuple	
  space	
  
	
  



Approach 1: Checkpoint in NVRAM 
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  Exascale	
  PI	
  MeeTng:	
  FOX	
  

•  A	
  slight	
  twist	
  to	
  checkpoinTng	
  
•  Maintain	
  a	
  persistent	
  heap	
  in	
  local	
  NVRAM	
  

•  Mmap	
  a	
  file	
  to	
  back	
  the	
  heap	
  
•  Mark	
  global	
  checkpoint	
  data	
  in	
  source	
  program	
  with	
  a:ribute	
  PERM	
  
•  Allocate	
  dynamic	
  checkpoint	
  data	
  with	
  perm	
  allocator	
  

•  Allocates	
  in	
  the	
  persistent	
  heap	
  
•  Perm	
  library	
  msyncs	
  file	
  to	
  do	
  a	
  checkpoint	
  
•  To	
  restore	
  a	
  checkpoint,	
  mmap	
  file	
  back	
  in	
  at	
  previous	
  virtual	
  address	
  

•  Integrated	
  into	
  a	
  couple	
  of	
  codes	
  
•  LULESH,	
  ParaDys,	
  LAMPPS	
  

	
  
	
  struct	
  Domain	
  *domain	
  =	
  pinit	
  ?	
  (pdom	
  =	
  PERM_NEW(Domain))	
  :	
  pdom	
  ;	
  
…	
  
	
  if	
  (pinit)	
  domain-­‐>e	
  =	
  PERM_NEW(Real_t[domElems])	
  ;	
  	
  	
  /*	
  energy	
  */	
  
	
  if	
  (pinit)	
  domain-­‐>p	
  =	
  PERM_NEW(Real_t[domElems])	
  ;	
  	
  	
  /*	
  pressure	
  */	
  
…	
  
/*	
  Persistent	
  memory	
  iniTalizaTon	
  */	
  
	
  	
  	
  perm(&pdom,	
  sizeof(pdom));	
  
	
  	
  	
  mopen(mpath,	
  "w+",	
  MMAP_SIZE);	
  
	
  	
  	
  free(mpath);	
  
	
  	
  	
  PermRestart(&pinit);	
  
	
  

Daniel	
  Wong,	
  USC	
  
Sco:	
  Lloyd	
  &	
  Maya	
  Gokhale,	
  LLNL	
  



Approach 2: Task-based Model with Global Arrays 
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Dynamic	
  load	
  balancing	
  can	
  smooth	
  out	
  
variaTons	
  
•  Irregular	
  computaTon	
  
•  Faults	
  
•  System	
  noise	
  
•  Energy	
  constraints	
  

Distributed	
  algorithm	
  
•  RetenTon	
  based	
  work	
  stealing	
  

•  Stolen	
  tasks	
  are	
  retained	
  in	
  next	
  
iteraTon	
  

•  Profile-­‐based	
  load	
  balancing	
  
•  Scales	
  well	
  with	
  these	
  opTmizaTons	
  

Sriram	
  Krishnamoorthy,	
  PNNL	
  
Saday	
  Sadayappan,	
  OSU	
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Approach 2: Fault tolerance 
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We	
  have	
  developed	
  fault	
  tolerance	
  
mechanisms	
  for	
  task	
  parallel	
  
computaTons	
  employing	
  work	
  
stealing,	
  without	
  requiring	
  
frequent	
  synchronizaTons,	
  
collecTve	
  roll	
  back,	
  or	
  message	
  
logging.	
  The	
  compleTon	
  of	
  data	
  
operaTons	
  is	
  tracked	
  using	
  
markers	
  to	
  maintain	
  a	
  consistent	
  
data	
  store.	
  	
  

This	
  informaTon	
  is	
  used	
  to	
  accurately	
  classify	
  tasks	
  as:	
  (A)	
  executed	
  by	
  a	
  live	
  process	
  
with	
  no	
  data	
  loss;	
  (B)	
  executed	
  by	
  a	
  live	
  process	
  with	
  data	
  loss;	
  (C)	
  executed	
  by	
  a	
  
failed	
  process;	
  (D)	
  enqueued	
  on	
  a	
  live	
  process;	
  or	
  (E)	
  enqueued	
  on	
  a	
  failed	
  process.	
  
This	
  classificaTon	
  is	
  used	
  to	
  determine	
  the	
  tasks	
  to	
  be	
  re-­‐executed.	
  We	
  
demonstrated	
  that	
  the	
  overheads	
  (space	
  and	
  Tme)	
  of	
  the	
  fault	
  tolerance	
  
mechanism	
  are	
  low,	
  the	
  cost	
  incurred	
  due	
  to	
  failures	
  are	
  small,	
  and	
  the	
  overheads	
  
decrease	
  with	
  per-­‐process	
  work	
  at	
  scale.	
   Sriram	
  Krishnamoorthy,	
  PNNL	
  

Saday	
  Sadayappan,	
  OSU	
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Approach 2: Tracing work stealing schedulers 

We	
  have	
  developed	
  algorithms	
  to	
  trace	
  async-­‐finish	
  programs	
  scheduled	
  using	
  work-­‐first	
  
(WF)	
  and	
  help-­‐first	
  (HF)	
  work	
  stealing	
  schedulers;	
  The	
  algorithms	
  exploit	
  the	
  stealing	
  
relaTonship	
  to	
  derive	
  compact	
  traces,	
  shown	
  above	
  for	
  AllQueens(AQ),	
  SCF,	
  TCE,	
  and	
  
pgraph	
  (PG)	
  benchmarks	
  on	
  OLCF	
  Titan;	
  these	
  algorithms	
  were	
  then	
  used	
  to	
  enable	
  
retenTve	
  work	
  stealing	
  for	
  recursive	
  parallel	
  programs	
  and	
  opTmize	
  data	
  race	
  detecTon	
  for	
  
async-­‐finish	
  programs.	
  	
  

Sriram	
  Krishnamoorthy,	
  PNNL	
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Approach 3: task queues in key-value store 
§  Adapted	
  reliable,	
  distributed	
  key-­‐value	
  

developed	
  in	
  commercial	
  sector	
  to	
  HPC	
  to	
  hold	
  
distributed	
  work	
  queues	
  

§  Current	
  version	
  uses	
  Memcached	
  from	
  
Couchbase	
  or	
  Kyoto	
  Tycoon	
  
–  No	
  MPI!	
  
–  Fault	
  handling	
  server	
  

§  Developed	
  prototype	
  applicaTon	
  programming	
  
interface	
  (API)	
  called	
  libfox	
  
–  Represent	
  work	
  in	
  key-­‐value	
  store	
  paradigm	
  
–  Broadcast	
  parameter	
  set	
  to	
  workers	
  
–  Distribute	
  tasks	
  to	
  workers	
  	
  
–  Collect	
  results	
  from	
  distributed	
  data	
  store	
  

§  Task	
  queue	
  performance	
  on	
  2K	
  cores	
  
–  Queue	
  set:	
  626	
  usec	
  
–  Queue	
  get:	
  450	
  usec	
  

§  Demonstrated	
  on	
  LLNL	
  Hyperion	
  cluster	
  
–  (2K	
  cores)	
  	
  
–  task	
  parallel	
  benchmark	
  
–  Linear	
  scaling	
  tails	
  off	
  due	
  to	
  global	
  operaTons	
   12	
  

Sco:	
  Lloyd,	
  LLNL	
  

§  Key/value	
  store	
  is	
  being	
  implemented	
  on	
  
BG/P	
  to	
  support	
  global	
  ID	
  name	
  space	
  for	
  
ElasTc	
  building	
  blocks	
  by	
  BU	
  



Algorithm for System Provided Strongly-Consistent 
Namespace 

13	
  

Primary	
  

Replicas	
  

Listeners	
  

Reorganizes	
  
in	
  response	
  
to	
  failures	
  

•  Updates	
  of	
  data	
  is	
  ordered	
  by	
  the	
  Primary	
  
•  Replicas	
  ensure	
  failure	
  of	
  Primary	
  can	
  be	
  tolerated	
  
•  FuncToning	
  Listeners	
  are	
  guaranteed	
  to	
  observe	
  data	
  updates	
  in	
  order	
  
•  All	
  reads	
  are	
  local	
  –	
  High	
  Performance	
  	
  
•  Writes	
  go	
  through	
  the	
  Primary	
  and	
  have	
  logarithmic	
  latency	
  
•  Structure	
  is	
  a	
  self-­‐organizing	
  overlay	
  that	
  can	
  be	
  efficiently	
  mapped	
  to	
  hardware	
  topologies	
  
•  Listener	
  failure	
  does	
  not	
  delay	
  global	
  progress	
  

Scalable	
  Primary	
  Order	
  Broadcast	
  



I.  Influenced	
  by	
  Linda,	
  Concurrent	
  CollecTons	
  (CnC),	
  Charm++,	
  DaGuE.	
  
II.  Resilience	
  by	
  ensuring	
  tuple	
  space	
  put/get	
  acTons	
  are	
  fault-­‐tolerant	
  transacTons.	
  
III.  Tuple	
  transacTons	
  must	
  be	
  ‘’staged’’	
  or	
  ‘’mirrored’’	
  to	
  some	
  temporary	
  area	
  in	
  

case	
  of	
  failure	
  
IV.  All	
  funcTonality	
  is	
  built	
  on	
  top	
  of	
  tuple	
  space	
  transacTons.	
  	
  Resilience	
  strategy	
  can	
  

maintain	
  narrow	
  focus	
  on	
  (relaTvely)	
  simple	
  abstracTon	
  of	
  tuple	
  space.	
  

Approach 4: Tuple spaces … in progress 

1)  Hybrid	
  of	
  Linda/CnC.	
  Tasks	
  can	
  be	
  requested	
  as	
  
wildcard	
  tuple	
  Task(0,int?,int?)	
  with	
  actuals	
  
(specific	
  value)	
  and	
  formals	
  (any	
  value)	
  

2)  Formals	
  give	
  flexibility.	
  Workers	
  don’t	
  have	
  to	
  run	
  
specific	
  task	
  (decoupled	
  in	
  space	
  and	
  Tme)	
  

3)  Actuals	
  can	
  give	
  hints	
  to	
  runTme	
  about	
  locality	
  
(which	
  node	
  should	
  probably	
  run	
  a	
  task)	
  

4)  ARBITRARY	
  event	
  handlers/listeners	
  can	
  be	
  
a:ached	
  to	
  tuple	
  puts/gets	
  

What’s different from other tuple space methods? 

{A,0,0}	
  

{C,0,2}	
  

{B,0,1}	
  

Data	
  space	
  

Jeremy	
  Wilke,	
  Sandia	
  CA	
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§  High	
  visibility	
  data	
  intensive	
  supercompuTng	
  applicaTon	
  class	
  
§  Traverse	
  scale	
  free	
  graph	
  with	
  trillions	
  of	
  edges	
  

–  Social	
  network,	
  web	
  

§  Developed	
  parallel,	
  latency	
  tolerant	
  asynchronous	
  traversal	
  framework	
  
§  Scalable:	
  single	
  server	
  with	
  NVRAM	
  to	
  data	
  intensive	
  cluster	
  to	
  BG/P	
  
§  Uses	
  visitor	
  abstracTon	
  

–  Visitor	
  is	
  an	
  applicaTon-­‐specific	
  kernel	
  that	
  the	
  framework	
  applies	
  to	
  each	
  graph	
  
vertex	
  

–  Visit	
  results	
  in	
  traversal	
  of	
  graph	
  edges	
  to	
  queue	
  work	
  on	
  target	
  verTces	
  
–  Visitor	
  is	
  queued	
  to	
  the	
  vertex	
  using	
  priority	
  queue	
  

§  Demonstrated	
  with	
  
–  Breadth	
  first	
  search	
  
–  Single	
  source	
  shortest	
  path	
  
–  (Strongly)	
  Connected	
  components	
  
–  Triangle	
  counTng	
  
–  K-­‐th	
  core	
  

§  MulTple	
  Graph500	
  submissions	
  
§  Code	
  is	
  being	
  open	
  sourced	
  

Roger	
  Pearce,	
  LLNL	
  &	
  TAMU	
  
Maya	
  Gokhale,	
  LLNL	
  
Nancy	
  Amato,	
  TAMU	
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Fig. 3: Illustration of 2D communicator routing of 16 ranks.
As an example, when Rank 11 sends to Rank 5, the message
is first aggregated and routed through Rank 9. Delegate tree
operations are also embedded onto this synthetic topology.
Rank 9 is the delegate parent for ranks [8�11] whose delegate
controller resides on ranks [4 � 7]. Broadcasts operations are
also embedded on this topology, by first broadcasting along
the rows then along the columns.

VI. IMPLEMENTATION DETAILS

A. Routed point-to-point communication

In our previous work, we applied communication routing
and aggregation through a synthetic network to reduce dense
communication requirements [8]. For dense communication
patterns, where every process needs to send messages to all p
other processes, we route the messages through a topology that
partitions the communication. Figure 3 illustrates a 2D routing
topology that reduces the number of communicating channels
a process requires to O(

⇥
p). This reduction in the number of

communicating pairs comes at the expense of message latency
because messages require two hops to reach their destination.
In addition to reducing the number of communicating pairs, 2D
routing increases the amount of message aggregation possible
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Weak scaling of Async BFS on BG/P Intrepid

Distributed Delegates
Edge List Partitioning [8]

Graph500 June’12 [6]

Fig. 4: Weak scaling of delegate partitioned BFS on BG/P
Intrepid. Compared to Intrepid BFS performance from the
Graph500 list. Delegate Partitioning is 15% faster than best
results published for Intrepid on the Graph500 list. There are
218 vertices per core, with the largest scale graph having 235

vertices.

by O(
⇥
p).

Scaling to hundreds of thousands of cores requires addi-
tional reductions in communication channels. Our experiments
on BG/P use a 3D routing topology, that is very similar to the
2D illustrated in Figure 3, and is designed to mirror the BG/P
3D torus interconnect topology.

In this work, we embed the delegate tree into the synthetic
routing topology. As illustrated in Figure 3, Rank 9 is assigned
the delegate parent operations for a delegate on Rank 11 with
controller on Rank 5. Similarly, when a controller on Rank
5 broadcasts to its delegates, the messages are first broadcasts
across the rows then the columns in the 2D example. The value
of htree is 2 when using 2D partitioning; with 3D it is 3.

Algorithm 4 Page-Rank Initiator (single iteration)
1: input: graph ⇤ input graph G(V,E)
2: input: vis queue ⇤ Visitor queue
3: input: damp ⇤ Page-Rank damping factor (e.g., 0.85)
4: input: init rank ⇤ initial rank for every vertex
5: output: out rank ⌅ output rank for every vertex

6: for all v ⇧ vertices(graph) parallel do
7: graph[v].sum = 0
8: vis ⇤ pr visitor(v, init rank[v])
9: vis queue.push(vis)

10: end for

11: vis queue.do traversal()
� Traversal complete, delegate visitors’ merged

12: for all v ⇧ vertices(graph) parallel do
13: vertex sum = graph[v].sum
14: V = num vertices(graph)
15: out rank[v] = (1� damp)/V + (damp ⇥ vertex sum)
16: end for
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Figure 5. Weak scaling of Asynchronous BFS on BG/P Intrepid with all
edge weights equal to 1. Compared to Intrepid BFS performance from the
Graph500 list. There are 218 vertices per core, with the largest scale graph
having 235.
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Figure 6. Weak Scaling of kth-core on BG/P using RMAT graphs. Time
shown to compute cores 4, 16 and 64. There are 218 vertices and 222

undirected edges per core; at 4096 cores, the graph has 230 vertices and
234 edges.

experiment forms the basis for the NVRAM vs. DRAM
experiments we performed on Hyperion-DIT.

2) K-Core Decomposition: We show weak scaling of k-
core decomposition on BG/P up to 4096 cores using RMAT
graphs in Figure 6. The time to compute the cores 4, 16 and
64 are shown for each graph size. Our techniques enable
near linear weak scaling for computing k-core.

3) Triangle Counting: We show weak scaling of triangle
counting on BG/P up to 4096 cores using Small World graphs
in Figure 7. We show the time to count the triangles on
small world graphs with rewire probabilities 0%, 10%, 20%,
and 30%. The small world generator creates vertices with a
uniform vertex degree (in this case 32). As will be discussed
in Section VII-D, the performance of triangle counting is
dependent on the maximum vertex degree of the graph. For
this weak scaling study, we use small world graphs to isolate
the effects of hub growth that would occur with PA or RMAT
graphs.

C. Scalability of Distributed External Memory BFS

We demonstrate the distributed external memory scalability
of our BFS algorithm on the Hyperion-DIT cluster at
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Figure 7. Weak scaling of triangle counting on BG/P using Small World
graphs. Performance shown at with different small world rewire probabilities.
There are 218 vertices and 222 undirected edges per core; at 4096 cores,
the graph has 230 vertices and 234 edges.
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Figure 8. Weak scaling of distributed external memory BFS on Hyperion-
DIT. Each compute node has 8-cores, 24GB DRAM, and is using 169GB
NAND Flash to store graph data. There are 17B edges per compute node;
the largest scale graph has over one-trillion edges and 236 vertices.

Lawrence Livermore National Laboratory (LLNL). The
Hyperion-DIT is an 80-node subset of Hyperion that is
equipped with node-local Fusion-io NAND Flash. Each
compute node has 8 cores, 24 GB DRAM, and 600 GB
NVRAM.
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Figure 9. Effects of increasing external memory usage on 64 compute
nodes of Hyperion-DIT. At 236, which is 32x larger data than DRAM-only,
the NVRAM performance is only 39% slower than DRAM graph storage.
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Figure 5. Weak scaling of Asynchronous BFS on BG/P Intrepid with all
edge weights equal to 1. Compared to Intrepid BFS performance from the
Graph500 list. There are 218 vertices per core, with the largest scale graph
having 235.
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experiment forms the basis for the NVRAM vs. DRAM
experiments we performed on Hyperion-DIT.

2) K-Core Decomposition: We show weak scaling of k-
core decomposition on BG/P up to 4096 cores using RMAT
graphs in Figure 6. The time to compute the cores 4, 16 and
64 are shown for each graph size. Our techniques enable
near linear weak scaling for computing k-core.

3) Triangle Counting: We show weak scaling of triangle
counting on BG/P up to 4096 cores using Small World graphs
in Figure 7. We show the time to count the triangles on
small world graphs with rewire probabilities 0%, 10%, 20%,
and 30%. The small world generator creates vertices with a
uniform vertex degree (in this case 32). As will be discussed
in Section VII-D, the performance of triangle counting is
dependent on the maximum vertex degree of the graph. For
this weak scaling study, we use small world graphs to isolate
the effects of hub growth that would occur with PA or RMAT
graphs.

C. Scalability of Distributed External Memory BFS

We demonstrate the distributed external memory scalability
of our BFS algorithm on the Hyperion-DIT cluster at
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Figure 7. Weak scaling of triangle counting on BG/P using Small World
graphs. Performance shown at with different small world rewire probabilities.
There are 218 vertices and 222 undirected edges per core; at 4096 cores,
the graph has 230 vertices and 234 edges.
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Figure 8. Weak scaling of distributed external memory BFS on Hyperion-
DIT. Each compute node has 8-cores, 24GB DRAM, and is using 169GB
NAND Flash to store graph data. There are 17B edges per compute node;
the largest scale graph has over one-trillion edges and 236 vertices.

Lawrence Livermore National Laboratory (LLNL). The
Hyperion-DIT is an 80-node subset of Hyperion that is
equipped with node-local Fusion-io NAND Flash. Each
compute node has 8 cores, 24 GB DRAM, and 600 GB
NVRAM.
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Figure 9. Effects of increasing external memory usage on 64 compute
nodes of Hyperion-DIT. At 236, which is 32x larger data than DRAM-only,
the NVRAM performance is only 39% slower than DRAM graph storage.



•  Fox	
  advanced	
  new	
  concepts	
  in	
  core	
  specialized	
  OS	
  
•  NxM	
  
•  Supported	
  IBM	
  FusedOS	
  
•  Ki:yhawk	
  
•  ElasTc	
  Building	
  Blocks	
  

•  We	
  developed	
  task	
  libraries	
  designed	
  for	
  irregular,	
  dynamic	
  parallelism	
  that	
  would	
  
be	
  resilient	
  in	
  the	
  presence	
  of	
  node	
  failure	
  

•  Global	
  Array	
  based	
  Tascel	
  
•  K/V	
  store	
  based	
  libfox	
  
•  Tuple	
  space	
  library	
  in	
  progress	
  

•  We	
  developed	
  latency	
  tolerant	
  framework	
  for	
  graph	
  traversal	
  
•  Thanks	
  to	
  ALCF	
  INCITE	
  program,	
  NERSC,	
  OLCF,	
  LLNL	
  
•  Code	
  

•  h:p://nxm.coreboot.org/Get_NxM	
  
•  h:p://git.anl-­‐external.org/ki:yhawk	
  
•  h:ps://computaTon.llnl.gov/casc/dcca-­‐pub/dcca/Downloads_files/perm-­‐je-­‐latest.tar.gz	
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