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Project	  Goals	  
§  Deliver	  prototype	  OS/R	  environment	  for	  R&D	  in	  extreme-‐

scale	  scien/fic	  compu/ng	  
§  Focus	  on	  applica/on	  composi/on	  as	  a	  fundamental	  driver	  

§  Develop	  necessary	  OS/R	  interfaces	  and	  system	  services	  required	  to	  
support	  resource	  isola/on	  and	  sharing	  

§  Support	  complex	  simula/on	  and	  analysis	  workflows	  

§  Provide	  	  a	  lightweight	  OS/R	  environment	  with	  flexibility	  to	  
build	  custom	  run/mes	  
§  Compose	  applica/ons	  from	  a	  collec/on	  of	  enclaves	  

§  Leverage	  KiXen	  lightweight	  kernel	  and	  Palacios	  lightweight	  
virtual	  machine	  monitor	  
§  Enable	  high-‐risk	  high-‐impact	  research	  in	  virtualiza/on,	  energy/power,	  

scheduling,	  and	  resilience	  



Systems	  Are	  Converging	  to	  Reduce	  Data	  Movement	  

§  External	  parallel	  file	  system	  is	  being	  subsumed	  
§  Near-‐term	  capability	  systems	  using	  NVRAM-‐based	  burst	  buffer	  
§  Future	  extreme-‐scale	  systems	  will	  con/nue	  to	  exploit	  persistent	  

memory	  technologies	  

§  In-‐situ	  and	  in-‐transit	  approaches	  for	  visualiza/on	  and	  analysis	  
§  Can’t	  afford	  to	  move	  data	  to	  separate	  systems	  for	  processing	  
§  GPUs	  and	  many-‐core	  processors	  are	  ideal	  for	  visualiza/on	  and	  some	  

analysis	  func/ons	  

§  Less	  differen/a/on	  between	  advanced	  technology	  and	  
commodity	  technology	  systems	  
§  On-‐chip	  integra/on	  of	  processing,	  
	  	  	  	  	  memory,	  and	  network	  
§  Summit/Sierra	  using	  InfiniBand	  

Exascale 
System 

Capability 
System 

Analytics 
Cluster 

Parallel File 
System Visualization 

Cluster 

Capacity 
Cluster 



Applica/ons	  and	  Usage	  Models	  are	  Diverging	  	  
§  Applica/on	  composi/on	  becoming	  more	  important	  

§  Ensemble	  calcula/ons	  for	  uncertainty	  quan/fica/on	  
§  Mul/-‐{material,	  physics,	  scale}	  simula/ons	  
§  In-‐situ	  analysis	  and	  graph	  analy/cs	  
§  Performance	  and	  correctness	  analysis	  tools	  

§  Applica/ons	  may	  be	  composed	  of	  mul/ple	  programming	  models	  
§  More	  complex	  workflows	  are	  driving	  need	  for	  advanced	  OS	  services	  and	  

capability	  
§  “Workflow”	  overtaken	  “Co-‐Design”	  as	  most	  popular	  DOE	  buzzword	  J	  

§  Desire	  to	  support	  “Big	  Data”	  applica/ons	  
§  Significant	  soeware	  stack	  comes	  along	  with	  this	  

§  Support	  for	  more	  interac/ve	  workloads	  
§  Requirements	  are	  independent	  of	  programming	  model	  and	  hardware	  
	  



ENCLAVE	  COMPOSITION	  



Composi/on	  in	  Hobbes	  

Component A Component B

Component C

Enclave 1

Enclave 2

Logical Structure
(logical enclaves)

Physical Structure
(physical enclaves)

Global OS 
Mapping



Composi/on	  in	  Argo	  

Component AB

Subomponent A Subomponent B

Sub-enclave 1

Sub-enclave 2

Logical Structure
(logical enclaves)

Physical Structure
(physical enclaves)

Hierarchical
Mapping

Component C

Enclave 12

Enclave 3



Enabling	  Mul/-‐OS/R	  Stack	  Applica/on	  Composi/on	  

§  	  	  

In-situ Simulation + Analytics composition in 
single Linux OS vs. Multiple Enclaves 

•  Problem 
•  HPC applications evolving to more compositional approach, overall application is a 

composition of coupled simulation, analysis, and tool components 
•  Each component may have different OS/R requirements, no “one-size-fits-all” OS/R stack 

•  Solution 
•  Partition node-level resources into “enclaves”, run different OS/R instance in each enclave 

Pisces Co-kernel Architecture: http://www.prognosticlab.org/pisces/  
•  Provide tools for creating and managing enclaves, launching applications into enclaves 

Leviathan Node Manager: http://www.prognosticlab.org/leviathan/ 
•  Provide mechanisms for cross-enclave application composition and synchronization 

XEMEM Shared Memory: http://www.prognosticlab.org/xemem/ 

•  Recent results 
•  Demonstrated Multi-OS/R approach provides excellent 

performance isolation; better than native performance possible 
•  Demonstrated drop in compatibility with both commodity and  

Cray Linux environments 
•  Impact 

•  Application components with differing OS/R requirements can  
be composed together efficiently within a compute node,  
minimizing off-node data movement 

•  Compatible with unmodified vendor provided OS/R environments, simplifies deployment 



Mul/physics	  Simula/on	  Composi/on	  Demo	  



NODE	  VIRTUALIZATION	  LAYER	  



Node	  Virtualiza/on	  Layer	  Architecture	  



NVL	  Provides	  Excellent	  Inter-‐Enclave	  Isola/on	  	  
Native Linux, Single Linux Image 

Kitten Enclave with Same Competing Workload 

§  Co-‐kernel	  Architecture	  
nearly	  eliminates	  OS-‐
induced	  interference	  

§  When	  using	  single	  Linux	  
OS	  (top),	  compe/ng	  
workload	  induces	  noise	  
on	  other	  processes,	  
even	  when	  they	  are	  
pinned	  to	  disjoint	  cores	  
and	  memory	  

§  Isola/ng	  processes	  in	  a	  
separate	  KiXen	  enclave	  
(boXom)	  eliminates	  this	  
interference	  



Excellent	  Isola/on	  of	  NVL/Co-‐Kernel	  Arch	  Leads	  to	  Increased	  
Performance	  and	  Reduced	  Run-‐to-‐run	  Variability	  

Comparison of Mini-app/Benchmark Performance With and Without a 
Competing Background Workload (Kernel Compile) 



Hobbes	  NVL	  Networking	  Support	  

§  Problem	  
§  Single	  network	  interface	  per	  compute	  node	  
§  Must	  be	  shared	  by	  mul/ple	  virtual	  machines	  /	  enclaves	  
§  HPC	  NICs	  usually	  not	  designed	  to	  be	  easily	  virtualized	  

§  Approach	  
§  Rely	  on	  vendor-‐supplied	  driver	  stack	  running	  in	  host	  (boot)	  OS/R	  
§  Rely	  on	  HPC	  NICs	  to	  use	  OS	  bypass	  for	  fast-‐path	  opera/ons	  
§  Use	  libhobbes.a	  infrastructure	  to	  proxy	  network	  setup	  commands	  

§  Proxy	  network-‐related	  system	  using	  XEMEM	  command	  queues	  
§  Map	  KiXen	  memory	  to	  Host	  Linux	  using	  XEMEM	  1-‐to-‐1	  mappings	  

§  Issues	  
§  Some	  user-‐kernel	  interfaces	  rely	  heavily	  on	  IOCTL’s,	  must	  know	  seman/cs	  
§  Some	  NICs	  require	  system	  calls	  in	  fast	  path,	  hurts	  proxied	  performance	  



Enclave 1 Enclave 0 

libhobbes.a 

Hobbes	  NVL	  Proxy	  Architecture	  

Compute Node Linux 
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Hobbes	  NVL	  Cray	  XE6	  Virtualiza/on	  	  
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§  Gemini	  network	  >	  6	  years	  old,	  not	  fully	  OS-‐bypass	  
§  Nonetheless,	  mo/vated	  to	  support	  since	  that	  is	  the	  HW	  available	  
§  Also	  useful	  plakorm	  for	  developing	  NVL	  proxy	  architecture	  

§  Results	  mostly	  as	  expected	  
§  High	  overhead	  for	  non-‐OS	  bypass	  network	  opera/ons	  (~30	  us	  per	  call)	  
§  LiXle	  overhead	  for	  OS-‐bypass	  network	  opera/ons,	  likely	  due	  to	  NUMA	  issues	  

PingPong Results 



Hobbes	  XASM:	  
Cross-‐Enclave	  Asynchronous	  Shared	  Memory	  

Linux

Producer Consumer

Kitten

physical 
memory  

pool

Cow 
Region

Pinned 
SnapshotXemem

§  Mechanism	  for	  composi/on	  
§  Producer	  exports	  a	  memory	  snapshot	  
§  Consumer	  aXaches	  to	  the	  snapshot	  
§  Copy-‐on-‐Write	  used	  to	  allow	  both	  to	  

con/nue	  asynchronously	  

§  Works	  across	  enclave	  boundaries	  
§  Linux	  to	  Linux	  
§  Linux	  to	  KiXen	  
§  KiXen	  to	  KiXen	  
§  Na/ve—Na/ve,	  Na/ve—VM,	  VM—VM	  

§  Built	  on	  top	  of	  Hobbes	  infrastructure	  

ROSS’16: A Cross-Enclave Composition Mechanism for Exascale System Software  



SCHEDULING	  



Scheduling	  Research	  

§  Focus:	  Resource	  alloca/on	  
for	  HPC	  applica/on	  
composi/on	  

§  General	  Approach	  
§  Analyzing,	  quan/fying,	  and	  

controlling	  applica/on/analy/cs	  
composi/on	  interac/ons	  

§  Quan/fying	  ability	  of	  modern	  OS	  
techniques	  to	  mi/gate	  nega/ve	  
interac/ons	  

§  Examining	  composi/on	  resource	  
alloca/on	  issues	  in	  modern	  
accelerator-‐based	  architectures	  

§  Par/cipa/ng	  Ins/tu/ons	  
§  UNM	  (Bridges)	  
§  ORNL	  (Jones)	  
§  GT	  (Schwan,	  Gavrilovska)	  
§  Sandia	  (Ferreira,	  Widener)	  

§  Recent	  Highlights	  
§  Mul/ple	  SC	  submissions	  on	  

research	  results	  
§  Demonstra/on	  of	  coopera/ve	  

CPU/GPU	  scheduling	  
§  Evalua/on	  of	  Titan	  /me	  

synchroniza/on	  
§  Probabilis/c	  modeling,	  empirical	  

simula/on	  of	  applica/on/
analy/cs	  interac/ons	  

§  Mul/ple	  students	  gradua/ng	  



Simula/on	  and	  Modeling	  	  
Applica/on/Analy/cs	  Interac/on	  
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•  Extreme value-based 
model can accurately 
predict impact of analytics 
interference on HPC 
application 

Mondragon et al. CCGrid 2016. 
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•  Unsynchronized analytics 
tasks can significantly 
impact simulation 
performance 

Mondragon et al. In submission. 



Synchroniza/on-‐Based	  Mi/ga/on	  

§  Current	  NTP	  clocks	  on	  
Titan	  provide	  only	  
rough	  basis	  for	  
synchronizing	  
distributed	  ac/ons	  

•  Loose synchronization 
provided by MPI 
collective algorithms 
can mitigate analytics 
interference  

Jones et al. In preparation. Levy et al. In submission. 



Scheduling	  Analy/cs	  for	  Modern	  Hardware	  and	  
Run/mes	  

§  Landrush:	  Coordinated	  scheduling	  and	  alloca/on	  of	  CPU	  and	  
GPU	  Resources	  
§  Co-‐schedule	  analy/cs	  and	  simula/on	  on	  GPUs	  
§  Reduces	  performance	  impact	  of	  analy/cs	  by	  80%	  
§  Goswami	  et	  al.	  CCGrid	  2016,	  IPDRM	  2016.	  

§  Coordinated	  OS-‐Run/me	  Scheduling	  
§  Integra/on	  of	  OCR	  with	  Hobbes	  Node	  OS	  
§  Progress-‐based	  scheduling	  based	  on	  run/me-‐based	  task	  queues	  and	  

phases	  
§  Experimental	  evalua/ons	  with	  Cholesky,	  CoMD,	  FFT,	  Smith-‐

WaXerman,	  etc.	  
§  “HINTS:	  a	  progress-‐based	  scheduler	  for	  co-‐located	  run/mes	  in	  HPC”,	  

In	  prepara/on.	  



GLOBAL	  INFORMATION	  BUS	  



Global	  Informa/on	  Bus	  

§  Defini/on	  of	  use	  cases	  
§  Drae	  document	  in	  prepara/on	  
§  System	  boot,	  job	  launch,	  job	  monitoring,	  response	  to	  job	  termina/on,	  

system	  shutdown	  
§  Useful	  for	  determining	  needed	  GIB	  publish/subscribe	  channels,	  which	  

data	  stored	  in	  GIB	  data	  store	  

§  Con/nued	  work	  on	  proof	  of	  concept	  implementa/on	  
§  In	  support	  of	  API,	  use	  case	  defini/on	  and	  refinement	  
§  BEACON	  (old	  version)	  for	  publish/subscribe	  
§  Riak	  for	  distributed	  data	  store	  
§  Integra/on	  with	  Hobbes	  Leviathan	  intra-‐node	  management	  and	  

control	  service	  



GIB	  Use	  Case:	  System	  Boot	  

§  Proposed	  boot	  sequence	  for	  
establishing	  GIB	  data	  store,	  
system	  health	  monitoring	  
publish/subscribe	  channel,	  
and	  resource	  management	  
availability	  channel	  

§  Poten/al	  op/miza/ons	  if	  
large	  per-‐node	  NVRAM	  is	  
available	  

§  See	  poster	  for	  more	  detail	  

Proposed boot procedure highlighting GIB-related activities 



GIB	  Use	  Case:	  Job	  Management	  

§  GIB	  involved	  in:	  
§  Job	  launch	  
§  Job	  monitoring	  
§  Response	  to	  job	  comple/on	  

(graceful	  or	  otherwise)	  

§  Assump/ons	  made	  about	  
job’s	  use	  of	  separate	  
enclaves	  and	  Leviathan’s	  
ability	  to	  detect	  and	  no/fy	  
scheduler	  daemon	  on	  job	  
enclave	  termina/on/failure	  

§  See	  poster	  for	  more	  detail	  
Proposed Job launch/health monitor/termination detection 
highlighting GIB-related activities 



ENERGY	  



Mo/va/on	  

§  Energy	  efficiency	  is	  a	  first	  order	  design	  concern	  	  
Hardware	  <-‐>	  System	  Soeware	  	  <-‐>	  Applica/ons	  

	  

§  Long	  history	  in	  HPC	  using	  DVFS	  to	  reduce	  energy	  usage	  
without	  performance	  loss	  BUT	  …	  
§  All	  techniques	  are	  quanNtaNve	  (predict	  performance)	  

§  Recent	  applicaNons	  are	  dynamic,	  unpredictable	  
§  Changes	  in	  programming	  models	  
§  Changes	  in	  	  hardware	  

29	  



Our	  Qualita/ve	  Approach	  

Variability	  is	  caused	  by	  contended	  resources	  
	   Has recognizable signature  

Dispersion + Skewness 
Signature is constant across 
iterations 

Can’t predict per rank magnitude,  
but can predict distribution of timings across ranks 



Predic/ng	  DVFS	  Poten/al	  
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DVFS	  Control	  Algorithm	  

32	  

§  Programming	  model/language	  independent	  
§  Context	  sensi/ve	  
§  Online	  and	  offline/trace	  

§  ParNNon	  execuNon	  into	  regions	  (barriers)	  

§  Learn	  by	  choosing	  one	  target	  GLOBAL	  frequency,	  then	  
vote	  

§  Region	  clustering	  to	  hide	  DVFS	  control	  latency	  
§  Candidates	  +	  short	  +	  bridge	  

	  



Some	  NWChem	  Results	  
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Edison 



DEBUGGING	  



Enhanced	  Debugger	  for	  HPX-‐5	  Run/me	  System	  
§  Goal	  

Create	  new	  GDB	  commands	  that	  enable	  developers	  to	  dynamically	  inspect	  and	  
modify	  HPX-‐5	  constructs.	  

§  ObjecNves	  
§  Access	  and	  Modify	  data	  in	  GAS.	  

§  hpx	  print	  <hpx_address>	  

§  Display	  and	  Track	  currently	  exis/ng	  Parcels.	  
§  info	  parcels	  

§  Inves/gate	  the	  status	  of	  LCOs.	  
§  info	  lco	  <hpx_address>	  

§  Status	  

GAS Finished þ 
Parcel
s 

Finished þ 

LCOs In 
Progress 

☐ 



Debugging	  Support	  in	  Hobbes	  
§  Low-‐level	  debugging	  components	  

§  Support	  of	  ptrace	  system	  call	  in	  KiXen	  
§  Intra-‐enclave	  debugger	  proxy	  
§  Conven/onal	  external	  debugger	  under	  user	  control	  

	  

§  Compiler	  techniques	  
§  Source-‐to-‐source	  transforma/on	  
§  Based	  on	  the	  idea	  of	  Bertrand	  Meyer’s	  design	  by	  contract	  (precondi/ons,	  

postcondi/ons,	  and	  invariants)	  and	  specialized	  error	  handlers	  
§  Uses	  #pragma	  debug	  direc/ves	  in	  C/C++	  (or	  specially	  formaXed	  comments	  in	  Fortran)	  

to	  inject	  the	  user-‐defined	  condi/ons	  
	  

§  Status	   Linux ptrace integration with LWK In Progress ☐ 

Process control using external gdb To do ☐ 

#pragma debug construct syntax Finished þ 

GCC S2S translation plugin In Progress ☐ 



DEMOS	  



Visualizing	  the	  OS	  



Opportuni/es	  for	  a	  New	  OS	  



Hobbes	  Demos	  

§  Hobbes	  Support	  for	  Crea/ng	  and	  Managing	  Enclaves	  
§  Demonstra/on	  of	  a	  Mul/physics	  Simula/on	  Composi/on	  

Based	  on	  Hobbes	  Enclave	  and	  Data	  Transfer	  Toolkit	  
§  Parallel	  Programming	  Debugging	  in	  Run/me	  System	  

Environments	  
§  KiXen	  on	  KNL	  Running	  LULESH	  on	  HPX-‐5	  



hXp://xstack.sandia.gov/hobbes	  


