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	  Capacity	  constraint	  on	  die-‐stacked	  memory	  
	  Heterogeneous	  memory	  organizaBon	  consisBng	  of	  	  

on-‐chip	  and	  off-‐chip	  memory	  
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•  Large	  Cache:	  hardware	  managed	  large	  last-‐level-‐cache	  (L4)	  

•  Heterogeneous	  Memory:	  system-‐visible	  heterogeneous	  
memory	  (our	  focus)	  



Advantages:	  

Quickly	  react	  to	  changing	  access	  paYerns	  
Supports	  legacy	  soZware	  

Challenges:	  

•  Overhead	  of	  tags,	  requiring	  significant	  on-‐chip	  resources	  
•  Extending	  coherency	  protocols	  (design	  challenges	  and	  latency	  

penalty)	  

•  No	  higher-‐level	  informaBon	  



•  Access	  tracking:	  How	  to	  track	  VM	  memory	  acBvity	  in	  
the	  hypervisor?	  

•  Transparent	  Page	  migra=on:	  How	  to	  implement	  
page	  migraBons	  without	  guest	  VM	  involvement?	  



• MoBvaBon	  

• Memory	  management	  mechanisms	  

•  Experimental	  EvaluaBon	  

•  Conclusions	  &	  Future	  Work	  



•  Use	  page-‐table	  access-‐bits	  to	  build	  a-‐bit	  history	  
•  Scan	  page	  tables	  every	  100	  ms,	  maintain	  32-‐bit	  a-‐bit	  history	  





Reverse-‐maps	  for	  remapping	  shared	  pages	  



Mirror	  page	  tables	  for	  transparent	  page-‐remapping	  



AccounBng	  in	  virtual-‐Bme	  instead	  of	  real-‐Bme	  for	  higher	  accuracy	  

3 events: 
• VM switch 
• Process switch 
• Timer tick 



•  Share-‐based	  allocaBon:	  allocaBon	  stacked	  memory	  using	  
administrator-‐defined	  weights	  	  

•  WSS-‐based	  allocaBon:	  use	  dynamically	  determined	  working-‐
set	  sizes	  as	  the	  weights	  for	  allocaBon	  





A	  dual-‐socket	  Westmere	  plaform,	  with	  memory	  throYling	  to	  
emulate	  heterogeneous	  memory	  

Socket 0 
(8 – cores) 

Socket 1 
(8 – cores) 

DRAM 
Throttled 
DRAM 



EmulaBng	  different	  memory	  configuraBons	  



	  Diverse	  WSS	  across	  applicaBons	  with	  Bme-‐changing	  behavior	  
requiring	  dynamic	  management	  



Diverse	  memory	  access	  paYerns	  



Significant	  performance	  impact	  for	  several	  applicaBons	  



	  Benchmark:	  Random	  access	  to	  large	  area	  of	  memory	  (100MB)	  

	  All	  memory	  iniBally	  allocated	  from	  slow	  memory	  
	  Significant	  decrease	  in	  memory	  access	  latency	  with	  page-‐

migraBons	  enabled	  



•   A case for managing heterogeneous memory resources 
in software 

•   Hypervisor-level mechanisms for transparent memory 
management 

Future Work 
•   Various optimization to reduce page-migration costs 
•   Implementation of memory allocation policies 
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