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What	  is	  E-‐pu/ng?	  
  Converged	  world	  of	  consumer	  electronics	  and	  supercompu$ng	  

	   	  …	  democra/zing	  “supercompu/ng	  in	  small	  spaces”	  	  
	   	  …	  via	  “trickle-‐up”	  technology	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

+ 
… with apologies to Calvin & Hobbes 
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What	  is	  “Trickle-‐Up”	  Technology?	  

  What	  is	  “trickle-‐down”	  technology?	  
  Technology	  that	  ini/ally	  is	  so	  expensive	  that	  only	  a	  small	  segment	  

of	  the	  popula/on	  can	  afford	  it,	  but	  

	   	  …	  it	  will	  trickle-‐down	  the	  technology	  chain	  and	  	  
	   	   	  …	  become	  inexpensive	  enough	  for	  the	  general	  public	  to	  afford	  

  “If	  we	  can	  build	  terascale	  [petascale/exascale]	  supercomputers,	  
we	  will	  be	  able	  to	  build	  smaller	  and	  more	  commodity	  systems	  
that	  use	  the	  same	  basic	  technologies	  for	  the	  general	  public.”	  

  “Trickle-‐up”	  technology	  
  …	  will	  start	  with	  smaller	  and	  more	  commodity	  technology	  and	  

“trickle	  up”	  into	  larger	  compu/ng	  systems	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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ON	  THE	  ROAD	  TO	  E-‐PUTING?	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

2001	  

2020	  
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Electrical	  Power	  Costs	  $$$	  

  In	  2001,	  the	  annual	  cost	  to	  provision	  a	  server	  
…	  in	  a	  data	  center	  

	   	  …	  with	  adequate	  power/energy	  	  
	  exceeded	  the	  cost	  of	  
	  the	  server	  itself.	  

  In	  2008,	  	  
	   	  the	  annual	  “Energy”	  cost	  for	  	  
	   	  an	  energy-‐efficient	  1U	  server	  	  
	   	  …	  in	  a	  data	  center	  	  
	   	  surpassed	  its	  purchase	  cost.	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  	  

Source: Christian Belady 
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Source:	  	  The	  New	  York	  Times,	  June	  14,	  2006	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Too	  Much	  Power	  

	  …	  affects	  efficiency,	  reliability,	  and	  availability.	  

  Anecdotal	  Evidence	  from	  a	  “Machine	  Room”	  in	  2001	  –	  2002	  	  
  Winter:	  	  “Machine	  Room”	  Temperature	  of	  70-‐75°	  F	  

–  Failure	  approximately	  once	  per	  week.	  

  Summer:	  	  “Machine	  Room”	  Temperature	  of	  85-‐90°	  F	  

–  Failure	  approximately	  twice	  per	  week.	  

  Arrenhius’	  Equa/on	  (applied	  to	  microelectronics)	  
  For	  every	  10°	  C	  (18°	  F)	  increase	  in	  temperature,	  	  
	   	  	   	  …	  the	  failure	  rate	  of	  a	  system	  doubles.*	  

	  	  	  *	  W.	  Feng,	  M.	  Warren,	  and	  E.	  Weigle,	  “The	  Bladed	  Beowulf:	  A	  Cost-‐Effec/ve	  Alterna/ve	  to	  
Tradi/onal	  Beowulfs,”	  IEEE	  Cluster,	  Sept.	  2002.	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  	  	  
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Too	  Much	  Power?	  

Systems	   CPUs	   Reliability	  &	  Availability	  

ASCI	  Q	   8,192	   MTBF:	  6.5	  hrs.	  114	  unplanned	  outages/month.	  
–  HW	  outage	  sources:	  	  storage,	  CPU,	  memory.	  	  	  

ASCI	  White	   8,192	   MTBF:	  5	  hrs.	  (2001)	  and	  40	  hrs.	  (2003).	  
–  HW	  outage	  sources:	  	  storage,	  CPU,	  3rd-‐party	  HW.	  

Google	  
(projected	  from	  
2003	  to	  2008)	  

~450,000	   ~550	  reboots/day;	  2-‐3%	  machines	  replaced/yr.	  
– 	  HW	  outage	  sources:	  	  storage,	  memory.	  

Availability:	  ~100%.	  

Source:	  Daniel	  A.	  Reed	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  	  	  
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Supercompu]ng	  in	  Small	  Spaces	  (SSS)	  
Efficiency,	  Reliability,	  and	  Availability	  via	  Green	  HPC	  
(Started	  in	  2001	  at	  Los	  Alamos	  Nat’l	  Lab.	  	  Now	  at	  Virginia	  Tech.)	  

  Goal	  
Improve	  efficiency,	  reliability,	  and	  availability	  (ERA)	  in	  supercompuEng.	  	  

  Analogy	  
	   	  TradiEonal	  Supercomputer	  vs.	  SupercompuEng	  in	  Small	  Spaces	  

  Formula	  One	  Race	  Car:	  	  Wins	  raw	  performance	  but	  is	  energy-‐inefficient	  
and	  unreliable,	  thus	  requiring	  frequent	  “pit	  stops”	  and	  maintenance.	  	  
Low	  throughput	  

	   	  over	  the	  long	  haul.	  

  Nissan	  370Z:	  	  Loses	  raw	  performance	  but	  is	  more	  	  
	   	  energy-‐efficient	  and	  reliable.	  	  High	  throughput	  	  
	   	  (i.e.,	  miles	  driven	  	  answers/month).	  	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

…	  with	  respect	  to	  space,	  power,	  and	  performance	  
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  A	  240-‐Node	  Cluster	  in	  Five	  Sq.	  Ft.	  
  Each	  Node	  

  1-‐GHz	  Transmeta	  TM5800	  CPU	  w/	  High-‐Performance	  Code-‐
Morphing	  SoMware	  running	  Linux	  2.4.x	  
  CPU	  Power	  Consump/on?	  	  Only	  6	  wa_s!	  

  640-‐MB	  RAM,	  20-‐GB	  hard	  disk,	  100-‐Mb/s	  Ethernet	  

  Total	  
  240	  Gflops	  peak	  (Linpack:	  	  101	  Gflops	  in	  March	  2002.)	  
  Power	  Consump$on:	  	  Only	  3.2	  kW	  (diskless)	  

  Reliability	  &	  Availability	  
  No	  unscheduled	  down$me	  in	  its	  24-‐month	  life$me	  

  Environment:	  	  A	  dusty	  85°-‐90°	  F	  warehouse	  

Green	  Des]ny	  Supercomputer	  
(circa	  December	  2001	  –	  February	  2002)	  

Equivalent	  Linpack	  to	  a	  	  
256-‐CPU	  SGI	  Origin	  2000	  

(On	  TOP500	  List	  at	  the	  /me)	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

Featured	  in	  The	  New	  York	  Times,	  BBC	  News,	  and	  CNN.	  	  
Now	  in	  the	  Computer	  History	  Museum.	  



synergy.cs.vt.edu	  © 2002, Michael S. Warren. 
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Green Destiny:  Low-Power Supercomputer 

Green Destiny “Replica”:  Traditional Supercomputer 

Only Difference? The Processors 

Source: J. Gans, Mar. 2007 
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A	  Perspec/ve	  from	  2001	  –	  2006:	  
Supercompu/ng	  in	  Small	  Spaces	  
  The	  Way	  of	  the	  Future?	  

	   	  	  …	  or	  Not?	  

  “In	  high-‐performance	  compu/ng,	  no	  one	  cares	  about	  power	  &	  
cooling,	  and	  no	  one	  ever	  will	  …”	  

  “Moore’s	  Law	  for	  Power	  will	  s/mulate	  the	  economy	  by	  crea/ng	  a	  
new	  market	  in	  cooling	  technologies.”	  

  “Green	  Des/ny	  is	  so	  low	  power	  	  
	  that	  it	  runs	  just	  as	  fast	  	  
	  when	  it	  is	  unplugged.”	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Orion	  DT-‐12	  

  Footprint	  
  3	  sq.	  r.	   	  (24”	  x	  18”)	  

  1	  cu.	  r.	   	  (24"	  x	  4"	  x	  18“)	  

  Power	  Consump/on	  
  170	  wats	  at	  load	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  	  

(Circa	  2004)	  

Power	  Efficient	  

Performance/Core	  

Price	  

Proprietary	  Hardware	  
(Limited	  Trickle-‐Down)	  
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SiCortex	  SC	  648	  and	  SC	  5832	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  	  

Sources:	  	  SiCortex,	  Google,	  and	  BigNCompu/ng	  	  	  

(Circa	  2006)	  

CPU	  Power:	  	  0.6	  W	  

SiCortex	  SC	  648	  (648	  Gflops	  peak)	  
  2	  kW	  for	  648-‐CPU	  system	  

SiCortex	  SC	  5832	  (5.8	  Tflops	  peak)	  
  18	  kW	  for	  5832-‐CPU	  system	  

Power	  Efficient	  

Performance/Core	  

Price	  

Proprietary	  Hardware	  
(Limited	  Trickle-‐Down)	  
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Chip 
(2 processors) 

Compute Card 
(2 chips, 2x1x1) 

Node Card 
(32 chips, 4x4x2) 

16 Compute Cards 

System 
(64 cabinets, 64x32x32) 

Cabinet 
(32 Node boards, 8x8x16) 

2.8/5.6 GF/s 
4 MB 

5.6/11.2 GF/s 
0.5 GB DDR 

90/180 GF/s 
8 GB DDR 

2.9/5.7 TF/s 
256 GB DDR 

© 2004 IBM Corporation 

IBM	  Blue	  Gene/L	  
Debuts	  in	  TOP500	  List,	  November	  2004	  

Each	  processor	  consumes	  15	  wa_s.	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  	  

(Circa	  2004)	  

Power	  Efficient	  

Performance/Core	  

Price	  

Proprietary	  Hardware	  
(Limited	  Trickle-‐Down)	  
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Outline	  

  Mo/va/on	  

  “Supercompu/ng	  in	  Small	  Spaces”	  Project	  
  The	  Future	  of	  Energy-‐Efficient	  Compu/ng?	  

  Energy-‐Efficient	  E-‐pu/ng	  
  Convergence	  of	  consumer	  electronics	  and	  supercompu/ng	  

  “Trickle-‐up”	  technology	  
  Mul/-‐dimensional	  op/miza/on	  

  Conclusion	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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The	  Future	  of	  Energy-‐Efficient	  Compu/ng?	  

  Is	  the	  need	  to	  be	  green	  enough?	  	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

Source:	  Alan	  Gara,	  “Blue	  Gene:	  The	  Next	  Genera/on	  Supercomputer,”	  2007.	  
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The	  Future	  of	  Energy-‐Efficient	  Compu/ng?	  

  Are	  the	  efforts	  below	  enough?	  	  

	   	  No.	  	  
	   	   	  …	  not	  economically	  sustainable	  	  

	   	   	  …	  the	  trickle-‐down	  effect	  is	  limited	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

Power	  Efficient	  

Performance/Core	  

Price	  

Proprietary	  Hardware	  
(Limited	  Trickle-‐Down)	  

Power	  Efficient	  

Performance/Core	  

Price	  

Proprietary	  Hardware	  
(Limited	  Trickle-‐Down)	  

Power	  Efficient	  

Performance/Core	  

Price	  

Proprietary	  Hardware	  
(Limited	  Trickle-‐Down)	  

Orion	  Mul/systems	   SiCortex	   IBM	  BlueGene	  
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Char/ng	  a	  New	  Course:	  	  	  

Energy-‐Efficient	  E-‐puEng	  Everywhere	  

  Features	  
  Convergence	  of	  consumer	  electronics	  and	  supercompu$ng	  	  

  “Trickle-‐up”	  technology	  
  Mul/-‐dimensional	  op/miza/on	  

  Performance	  	  Sequen/al	  &	  Parallel	  

  Power	  
  Proprietariness	  	  Commodi/za/on	  

  Portability	  
  Processor	  Heterogeneity	  
  Price	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

Hardware-‐Sorware	  	  
Co-‐Design	  
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E-‐pu/ng	  is	  a	  …	  
  Converged	  world	  of	  consumer	  electronics	  and	  supercompu$ng	  

	   	  …	  democra/zing	  “supercompu/ng	  in	  small	  spaces”	  	  
	   	  …	  via	  “trickle-‐up”	  technology	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

+ 
… with apologies to Calvin & Hobbes 
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What	  is	  “Trickle-‐Up”	  Technology?	  

  What	  is	  “trickle-‐down”	  technology?	  
  Technology	  that	  ini/ally	  is	  so	  expensive	  that	  only	  a	  small	  segment	  

of	  the	  popula/on	  can	  afford	  it,	  but	  

	   	  …	  it	  will	  trickle-‐down	  the	  technology	  chain	  and	  	  
	   	   	  …	  become	  inexpensive	  enough	  for	  the	  general	  public	  to	  afford	  

  “If	  we	  can	  build	  terascale	  [petascale/exascale]	  supercomputers,	  
we	  will	  be	  able	  to	  build	  smaller	  and	  more	  commodity	  systems	  
that	  use	  the	  same	  basic	  technologies	  for	  the	  general	  public.”	  

  “Trickle-‐up”	  technology	  
  …	  will	  start	  with	  smaller	  and	  more	  commodity	  technology	  and	  

“trickle	  up”	  into	  larger	  compu/ng	  systems	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Mul/-‐Dimensional	  Op/miza/on	  

	  Example:	  	  Sequen/al	  Performance	  and	  Power	  
Linear	  Programming	  for	  an	  Energy-‐Op/mal	  DVFS	  Schedule	  
(DVFS	  =	  Dynamic	  Voltage	  &	  Frequency	  Scaling)	  

  Defini/ons	  
  A	  DVFS	  system	  exports	  n	  	  {	  (fi,	  Pi	  )	  }	  seyngs.	  

  Ti	  :	  	  total	  execu/on	  /me	  of	  a	  program	  running	  at	  seyng	  i	  

  Given	  a	  program	  with	  deadline	  D,	  find	  a	  DVFS	  schedule	  (t1*,	  …,	  tn*)	  such	  that	  	  
  If	  the	  program	  is	  executed	  for	  ti	  seconds	  at	  seyng	  i,	  the	  total	  energy	  usage	  E	  is	  minimized,	  

the	  deadline	  D	  is	  met,	  and	  the	  required	  work	  is	  completed	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

Embrace the power wall 
… select the right setting 
… at the right time  
for the workload at hand 

Hardware-‐Sorware	  	  
Co-‐Design	  
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β -	  Adapta/on	  with	  Sequen/al	  Codes	  (SPEC	  CPU)	  

relative time / relative energy  
with respect to total execution time and system energy usage 

SMALLER numbers are BETTER. 

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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β - Adapta/on	  with	  Sequen/al	  Codes	  (SPECjbb)	  

Power 
Management 

Watts % Power 
Reduction 

None 264 0% 
Cpuspeed 257 3% 
Ondemand 253 4% 
β 196 25% 

Power 
Management 

bops/watt 

None 100.00% 
Cpuspeed 102.56% 
Ondemand 104.37% 
β 123.70% 

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Preliminary	  Results	  in	  the	  Commercial	  Sector: 
β -	  Adapta/on	  with	  Embedded	  Mobile	  Device	  

  Workload	  
  Interac/ve	  (internal)	  

  Performance	  
  <	  2%	  slowdown	  

  Power	  
  50%	  reduc/on	  

  Performance/Power	  
  2x	  improvement	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Need	  for	  Hardware-‐Sorware	  Co-‐Design	  (a	  la	  β )	  

  S	  

Source: Virginia Tech 

©	  W.	  Feng,	  September	  2010	  
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Char/ng	  a	  New	  Course:	  	  	  

Energy-‐Efficient	  E-‐puEng	  Everywhere	  

  Features	  
  Convergence	  of	  consumer	  electronics	  and	  supercompu$ng	  	  

  “Trickle-‐up”	  technology	  
  Mul/-‐dimensional	  op/miza/on	  

  Performance	  	  Sequen/al	  &	  Parallel	  

  Power	  
  Proprietariness	  	  Commodi/za/on	  

  Portability	  
  Processor	  Heterogeneity	  
  Price	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  

Hardware-‐Sorware	  	  
Co-‐Design	  
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ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Towards	  Energy-‐Efficient	  E-‐pu/ng	  in	  HPC	  
  What	  would	  the	  power	  consump/on	  be	  of	  the	  greenest	  

supercomputer	  extrapolated	  to	  an	  exascale	  machine?	  	  
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Source:	  	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Char/ng	  a	  New	  Course:	  	  	  

Energy-‐Efficient	  E-‐puEng	  Everywhere	  

  For	  a	  given	  task,	  select	  the	  right	  core	  (i.e.,	  “tool”)	  at	  the	  right	  
seyngs	  (e.g.,	  degree	  of	  parallelism,	  voltage	  &	  frequency)	  at	  
the	  right	  /me.	  
  Each	  core	  could	  be	  designed	  for	  high	  performance	  and	  energy	  

efficiency	  for	  each	  of	  the	  different	  computa/onal	  idioms,	  e.g.,	  
Berkeley	  dwarfs.	  	  (Example:	  	  “The	  Rise	  of	  10x10	  Op/miza/on,”	  A.	  Chien.)	  

  Hints	  of	  the	  above	  with	  CPU+GPU	  systems	  
  General-‐purpose	  cores	  	  CPU	  

  Data-‐parallel/task-‐parallel	  cores	  	  GPU	  
  Reduced	  overhead	  
  Explicitly	  hidden	  memory	  latency	  

  Simplified	  control	  

  Problem:	  Data	  movement	  between	  CPU	  &	  GPU	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Simpler	  CPU	  Cores	  &	  GPU	  Cores	  

  Simpler	  cores	  enable	  use	  of	  slower	  clock	  rates,	  resul/ng	  in	  
cubic	  drop	  in	  power	  due	  to	  V2	  *	  f	  

	   	  	  

  Simpler	  cores	  use	  less	  area	  and	  produce	  lower	  leakage	  
power	  

  Simpler	  cores	  place	  more	  burden	  on	  the	  programmer	  
  Need	  beter	  languages	  and	  tools	  to	  express	  massive	  parallelism.	  
  Need	  beter	  system	  sorware	  and	  run-‐/me	  systems	  to	  manage	  

massive	  parallelism.	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Machines	  and	  Workload	  

  Two	  2.0-‐GHz	  Intel	  Xeon	  E5405	  quad-‐core	  CPUs	  w/	  4GB	  RAM	  
  NVIDIA	  GTX	  280	  GPU	  	  

  One	  1.6-‐GHz	  Intel	  Atom	  230	  dual-‐core	  CPU,	  3GB	  RAM,	  and	  
NVIDIA	  MCP79	  chipset	  w/	  an	  integrated	  ION	  graphics	  chip	  
with	  256MB	  of	  graphics	  memory	  and	  2	  mul/processors	  (16	  
stream	  cores)	  at	  compute	  capability	  1.1	  and	  a	  clock	  rate	  of	  
1.1	  GHz.	  	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Performance:	  
Integrated	  “Low-‐Power	  CPU	  +	  GPU”	  MCP	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Power:	  
Integrated	  “Low-‐Power	  CPU	  +	  GPU”	  MCP	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Energy	  Efficiency:	  
Integrated	  “Low-‐Power	  CPU	  +	  GPU”	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Kiviat	  Diagram:	  	  	  
Performance,	  Power,	  and	  Energy	  Efficiency	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Early	  Results:	  	  	  
Energy-‐Efficient	  E-‐pu/ng	  on	  Fused	  CPU+GPU	  Laptop	  	  
  Fused	  Mul/ply-‐Add	  (FMA)	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Re-‐visi/ng	  Amdahl’s	  Law	  

Source:	  	  M.	  Daga,	  A.	  Aji,	  W.	  Feng,	  “On	  the	  Efficacy	  of	  a	  Fused	  CPU+GPU	  Processor	  for	  Parallel	  
Compu/ng,”	  SAAHPC	  ’11,	  July	  2011	  (to	  appear)	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Compute-bound 

  APU reduces data transfer times for 
all problem sizes. 

  The efficacy of the APU increases as 
the problem size increases.  

  The kernel executes fastest on 
discrete AMD 5870 due to more and 
faster GPU cores. The fused Zacate 
APU is next fastest. 
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ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Performance:	  Molecular	  Dynamics	  (N-‐Body)	  
Compute-bound 

  APU reduces data transfer times for 
all problem sizes. 

  The efficacy of the APU increases as 
the problem size increases.  

  The kernel executes fastest on 
discrete AMD 5870 due to more and 
faster GPU cores. The fused AMD 
Zacate APU is next fastest. 

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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I/O-bound 
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  The	  execuEon	  Eme	  profiles	  of	  the	  fused	  
AMD	  APU	  and	  the	  discrete	  AMD	  5870	  
are	  complementary.	  
  Fused	  AMD	  APU	  die	  with	  only	  80	  GPU	  

cores	  significantly	  improves	  data	  
transfer	  Eme.	  

  Discrete	  AMD	  5870	  die	  with	  1600	  
faster	  GPU	  cores	  significantly	  improves	  
kernel	  execuEon	  Eme.	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Performance:	  	  Reduc/on	  (Dense	  Linear	  Algebra)	  	  
I/O-bound 

  The	  execuEon	  Eme	  profiles	  of	  the	  fused	  
AMD	  APU	  and	  the	  discrete	  AMD	  5870	  
are	  complementary.	  
  Fused	  AMD	  APU	  die	  with	  only	  80	  GPU	  

cores	  significantly	  improves	  data	  
transfer	  Eme.	  

  Discrete	  AMD	  5870	  die	  with	  1600	  
faster	  GPU	  cores	  significantly	  improves	  
kernel	  execuEon	  Eme.	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Power	  Consump/on	  of	  Fused	  vs.	  Discrete	  GPU	  

  AMD	  Zacate	  APU	  Machine	  
  Idle:	  	  11	  wats	  
  Load:	  	  17-‐20	  wats	  

  AMD	  Radeon	  HD	  5870	  Machine	  w/	  2-‐GHz	  Intel	  Xeon	  E5405	  
  Idle:	  	  188	  wats	  
  Load:	  	  260	  wats	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Energy	  Efficiency	  of	  Fused	  vs.	  Discrete	  GPU	  

  AMD	  Zacate	  APU	  
  SpMV: 	  ~5x	  (on	  avg)	  

  N-‐body: 	  ~3x	  (on	  avg)	  
  FFT: 	  ~1.5x	  (on	  avg)	  

  Scan: 	  ~8x	  (on	  avg)	  

  Reduce: 	  ~25x	  (on	  avg)	  

	   	  beter	  than	  the	  AMD	  Radeon	  HD	  5870	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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Energy-‐Efficient	  E-‐pu/ng	  Everywhere	  

  Converged	  world	  of	  consumer	  electronics	  and	  compu$ng	  

	   	  …	  democra/zing	  “supercompu/ng	  in	  small	  spaces”	  

	   	  …	  via	  “trickle-‐up”	  technology	  

ACM	  Symp.	  on	  High-‐Performance	  Parallel	  &	  Distributed	  Compu/ng,	  
San	  Jose,	  CA,	  USA,	  June	  2011.	  ©	  W.	  Feng,	  2011.	  
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HokieSpeed, a 500-Tflop GPU-
accelerated supercomputer 
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http://www.green500.org/ 
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