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Data Center Growth

� Explosive growth in b oth siz e a nd  nu m b ers
� S eriou s im plic a tions on

– R o b u s t n e s s  o f  o p e r a t i o n
• H e t e r o g e n e i t y  o f  h a r d w a r e / s o f t w a r e ,  w o r k l o a d s ,  …
• P o t e n t i a l  l a c k  o f s c a l a b i l i t y  o f  e x i s t i n g  r e s o u r c e  m a n a g e m e n t  s o l u t i o n s
• F l a s h c r o w d s

– C o s t  o f o p e r a t i o n
• A d m i n i s t r a t i v e  c o s t s
• P o w e r  c o n s u m p t i o n
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Growi ng  P ower Cons u m p ti on
i n Data Centers

� S ignif ic a nt energy  c onsu m ption a nd  growing!
– U p  t o  1 . 2 %  o f o v e r a l l  p o w e r  c o n s u m p t i o n  w i t h i n t h e  U S
– G r o w i n g  @  8 -1 8 %  e v e r y  y e a r

� G rowing nu m b er of  servers m a in c u lprit
– I n c r e a s e -p e r -u n i t  l e s s  s i g n i f i c a n t  c o n t r i b u t o r

� L ot of  interest in d a m pening this growth 

� Key technique: C o ns o l id a tio n
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Cons ol i d ati on i n Data Centers  

� G o a l : O pera ting/ provisioning f ewest possib le ha rd wa re 
resou rc es while m eeting servic e-level a greem ents
– O u r  f o c u s :  S e r v e r s

� M u ltiple spa tia l sc a les
– P a c k i n g  m u l t i p l e  a p p l i c a t i o n s  o n  a  s e r v e r
– R e d u c i n g  t h e  n u m b e r  o f  d a t a  c e n t e r s  o p e r a t e d  b y  a  c o m p a n y

� K ey  ingred ients of existing c onsolid a tion solu tions
– W o r k l o a d  c h a r a c t e r i z a t i o n  a n d  p r e d i c t i o n

• R e s o u r c e  r e q u i r e m e n t  i n f e r e n c e
– D y n a m i c  r e s o u r c e  p r o v i s i o n i n g

• E f f i c i e n t  s t a t i s t i c a l  m u l t i p l e x i n g
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P ower Cons u m p ti on i n 
Cons ol i d ated  Data Centers  

� H o w  d o e s  c o n s o l i d a t i o n  a f f e c t  p o w e r  c o n s u m p t i o n ?
– H o w  d o e s  t h e  p o w e r  c o n s u m e d  b y  c o n s o l i d a t e d  a g g r e g a t e s  r e l a t e  t o t h o s e  o f  
i n d i v i d u a l s ?
• S p a t i a l

– S e r v e r s ,  r a c k s ,  r o o m ,  …
• T e m p o r a l

– L o n g -t e r m  a v e r a g e s :  e n e r g y  c o n s u m e d ,  t h e r m a l p r o f i l e s
– S h o r t -t e r m  s u r g e s :   f u s e s ,  c i r c u i t  b r e a k e r s

– C a n  w e  e f f e c t i v e l y  p r e d i c t  t h e s e  p h e n o m e n a ?
• H o w s h o u l d  w e  c h a r a c t e r i z e  p o w e r  c o n s u m p t i o n  o f  i n d i v i d u a l s ?

– S u c h  t h a t  w e  c a n  m e a n i n g f u l l y  i n f e r  b e h a v i o r  u p o n  c o n s o l i d a t i o n

� B e n e f i t s / u t i l i t y  o f  s u c h  c h a r a c t e r i z a t i o n  a n d  p r e d i c t i o n
– E n a b l e  c o n s o l i d a t i o n  t h a t  a d h e r e s  t o  “p o w e r  b u d g e t s ”
– A d a p t p l a c e m e n t  t o  c h a n g e s  i n  w o r k l o a d s  t o  o b t a i n  d e s i r e d  
p e r f o r m a n c e / p o w e r  b e h a v i o r

– D e t e r m i n e  o p t i m a l  “p o w e r  s t a t e s ” ( i f  a n y )  e x p o s e d  b y  h a r d w a r e
• E . g . ,  C P U  D V F S s t a t e s
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A v erag e and  S u s tai ned
P ower Cons u m p ti on

� T w o  q u a n t i t i e s  o f  i n t e r e s t
– A v e r a g e  p o w e r  c o n s u m p t i o n
– S u s t a i n e d  p o w e r  c o n s u m p t i o n

� A v e r a g e  a n d  s u s t a i n e d  p o w e r  
“b u d g e t s ” o r  “c a p s ” o f  i n t e r e s t  
a t  v a r i o u s  s p a t i a l  l e v e l s

� O u r  f o c u s :  s i n g l e  s e r v e r  
c o n s o l i d a t i n g  m u l t i p l e  
a p p l i c a t i o n s  
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Outline

� Mo t i v at i o n
� Power Profiles
� Po w e r Pre d i ct i o n
� Pre l i m i n ary  E v al u at i o n

– P ower C a pping
� Co n cl u d i n g  Re m ark s
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C h a r a c ter iz ing  P o w er  
C o ns um p tio n

� D esira b le f ea tu res
– E a s y / e f f i c i e n t t o  r e a l i z e
– A m e n a b l e  t o  m e a n i n g f u l  
s t a t i s t i c a l  a g g r e g a t i o n

� O f f l ine p r o f il ing
– R u n  a p p l i c a t i o n  i n
i s o l a t i o n  a n d s u b j e c t  i t  
t o  r e a l i s t i c  w o r k l o a d

– P D F o f  p o w e r  c o n s u m e d
d u r i n g  i n t e r v a l s  o f
c h o s e n  l e n g t h
• Power profile
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Of f line P r o f iling  S etup

� Si g n a m e t r i c s  SM 2 0 4 0
– M e a s u r e m e n t  r a t e s :  0 . 2 / s e c  - 1 0 0 0 / s e c
– M e a s u r e m e n t  r a n g e  ( A C ) :  2 . 5 A
– I n t e r f a c e :  P C I
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C h a r a c ter iz ing  P o w er  
C o ns um p tio n

� O t he r n o t e w o rt hy  p o i n t s
– X en-b a sed  virtu a liz ed  hosting

• E a c h  a p p l i c a t i o n  h o s t e d  w i t h i n  a  X e n  d o m a i n
– A lso m ea su re resou rc e u sa ge a nd  provision enou gh 
resou rc es when c onsolid a ting
• A p p r o p r i a t e  r e s o u r c e  m a n a g e r s  w i t h i n  t h e  X e n  V M M

– D ell P owerEd ge server ( D V F S -c a pa b le C P U )
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P o w er P r o f iles  o f  R ea l 
A p p lic a tio ns

� A p p l i c a t i o n s
– SP E C j b b
– St r e a m i n g
– SP E C I n t

• B z i p ,  M C F
– T P C -W

� t  =  I  =  2  m s e c
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Outline

� Mo t i v at i o n
� Po w e r Pro f i l e s
� Power Pred ic t ion
� Pre l i m i n ary  E v al u at i o n

– P ower C a pping
� Co n cl u d i n g  Re m ark s
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A v er a g e P o w er  U p o n
C o ns o lid a tio n

� C onsolid a tion of  C P U  sa tu ra ting a pplic a tions
– A v e r a g e  o f  i n d i v i d u a l  p o w e r  c o n s u m p t i o n s
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A v er a g e P o w er  U p o n
C o ns o lid a tio n

� C onsolid a tion of  C P U -sa tu ra ting a nd  non C P U -sa tu ra ting
– M o r e  c o m p l e x :  So m e  k i n d  o f  a d d i t i v e  e f f e c t
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A v er a g e P o w er :
W h a t’s  G o ing  On?

� C P U + C P U :
– S o l e  s i g n i f i c a n t  c o n s u m e r  o f  p o w e r  i s  b e i n g  t i m e -s h a r e d

� C P U + non-C P U :
– C P U b e i n g  t i m e -s h a r e d

• T h o u g h  n o t  e q u a l l y ,  s i n c e  n o n -C P U  a p p s  b l o c k
– C P U  a n d  I / O  d e v i c e s  b e i n g  u s e d  s i m u l t a n e o u s l y

� I ns ig ht # 1 : S epa ra te ou t power d u e to resou rc es ( su c h 
a s C P U  a nd  I / O )

� I ns ig ht # 2 : A lso c onsid er the u tiliz a tion of  releva nt 
resou rc es

� B ottom -u p a pproa c h:  S ta rt sim ple a nd  a d d  c om plexity
inc rem enta lly
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A  S im p le P r ed ic to r  f o r
A v er a g e P o w er

� P i d l e :  Po w e r w he n  n o  ap p l i cat i o n / V M ru n n i n g
– N o t e  d i f f e r e n c e  f r o m  l e a k a g e  p o w e r

� P b u s y / c p u an d  P i / o f o r an  ap p l i cat i o n
– C P U  P o w e r  w h e n  a p p l i c a t i o n  r u n n i n g
– I / O  p o w e r  d u e  t o t h e  a p p l i c a t i o n
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I m p r o v ed  E s tim a te o f
A c tiv e P o w er

� C a ptu ring non-id le power portion f or T P C -W ,  6 0  c lients
– C P U  u t i l i z a t i o n  w a s  4 0 %
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A v er a g e P o w er  P r ed ic tio n:
S o m e R es ults

� Pre d i ct i o n  accu racy  o f  2%  !
– D i s c l a i m e r :  P r e t t y  s m a l l  d e g r e e s  o f  c o n s o l i d a t i o n
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S us ta ined  P o w er  P r ed ic tio n
� Goal: P r e d i c t  t h e  p r o b a b i l i t y t h a t  a t  l e a s t  S  u n i t s  o f  p o w e r  

w o u l d  b e  c o n s u m e d  f o r  L  c on s e c u t i v e s e c o n d s
� W h a t ’s  d i f f i c u l t ?

– A p p l i c a t i o n s  t h a t  i n d i v i d u a l l y  d o  n o t  v i o l a t e  a  s u s t a i n e d  b u d g e t c a n d o  s o  
u p o n  c o n s o l i d a t i o n
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S us ta ined  P o w er  P r ed ic tio n

� W h a t ’s  d i f f i c u l t ?
– A p p l i c a t i o n s  t h a t  i n d i v i d u a l l y  d o  n o t  v i o l a t e  a  s u s t a i n e d  b u d g e t c a n d o  s o  

u p o n  c o n s o l i d a t i o n

t i m e

p o w e r

S

L

Violation!
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S us ta ined  P o w er  P r ed ic tio n:  
S o m e R es ults

� H ard e r t o  p re d i ct  t han  av e rag e
– M ore sophistic a ted  sta tistic a l tec hniq u es
– O m itting d eta ils,  plea se f ind  them  in ou r tec hnic a l report
– O verview:

• C o u n t  v a r i o u s  w a y s  i n  w h i c h  m u l t i p l e x i n g  c a n  o c c u r
• E s t i m a t e  t a i l  o f  a g g r e g a t e  u s i n g  t e c h n i q u e s  s u c h  a s  C h e r n o f f  b o u n d s

� E n c ou ra g in g  n ews: O u r p ro f i l e -b as e d  t e chn i q u e s
ap p e ar t o  d o  a g o o d  j o b
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E x a m p le:  P o w er -a w a r e
A p p lic a tio n P a c k ing

� A vera ge b u d get 1 8 0  W
� S u sta ined  b u d get 1 8 5  W ,  1  sec
� Q ues tio ns : W hic h a pps c a n b e c onsolid a ted  a nd  a t wha t 
D V F S  sta te?

S 1
S 2
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E x a m p le:  P o w er -a w a r e
A p p lic a tio n P a c k ing

� Pre d i ct i o n  t e chn i q u e s  al l o w s y s t e m at i c 
an s w e rs  t o  p re v i o u s  q u e s t i o n s
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Outline

� Mo t i v at i o n
� Po w e r Pro f i l e s
� Po w e r Pre d i ct i o n
� Pre l i m i n ary  E v al u at i o n
� C on c lu d in g  R em a rk s



26

K ey  T a k e-a w a y s

� St at i s t i cal  p ower p rofiles al l o w  s i m p l e  y e t  
e f f e ct i v e p re d i ct i o n o f  av e rag e  an d  s u s t ai n e d  
p o w e r co n s u m p t i o n

� L i k e l y  t o  b e  u s e f u l  i n  t he  d e s i g n  an d  o p e rat i o n  
o f  p o w e r-aw are  d at a ce n t e rs
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Ong o ing  W o r k
� R ea c tive c a pping m ec ha nism s a t the server-level to 
c om plem ent pred ic tive pla c em ent
– E . g . ,  d y n a m i c  D V F S  c o n t r o l  [ S i g m e t r i c s  2 0 0 8 ,  t o  a p p e a r ]
– M D P -b a s e d  c o n t r o l

• S a l i e n t  f e a t u r e :  D V F S  s t a t e  s o l e l y  d e c i d e d  b y  q u e u e  l e n g t h

� O nline prof iling a nd  pred ic tion
– L o w -o v e r h e a d  V M M  m e c h a n i s m s  t o  s e p a r a t e  o u t  p e r -V M  p o w e r  
c o n s u m p t i o n

� Extend ing pred ic tion a nd  c a pping to the ra c k -level a nd  
b ey ond
– E m p l o y i n g  R a r i t a n ’s  P D U  m o d e l  D P C R  2 0 -2 0
– U s e  P D U  m e a s u r e m e n t s f o r  o n l i n e  p r o f i l i n g
– P r e d i c t i o n  o f  p o w e r  b e h a v i o r  b a s e d  o n  t h e s e  p r o f i l e s
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T h a nk Y o u!

� A ck no w l ed g em ents
– J eonghwa n C hoi
– S rira m  G ovind a n
– A na nd  S iva su b ra m a nia m

� M o r e inf o r m a tio n:
– http: / / c sl.c se.psu

� Q ues tio ns  o r  co m m ents ?
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A d d itio na l S lid es  F o llo w  …
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V a r ia nc e o f  P o w er  P r o f iles

� H i g h e r  v a r i a n c e  ( l o n g e r  t a i l s )  f o r  n o n  C P U -s a t u r a t i n g  a p p l i c a t i o n s
B z i p 2 S t r e a m i n g
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I m p a c t o f  D V F S  S ta te

� P o w e r / p e r f o r m a n c e  t r a d e -
o f f s  d e p e n d  s i g n i f i c a n t l y  o n  
h o w  C P U -s a t u r a t i n g  t h e  
a p p l i c a t i o n  i s

T P C -W ,  6 0  c l i e n t s
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I m p a c t o f  D V F S  S ta te

� N o n C P U -s a t u r a t i n g  a p p s  a t  
l o w e r  p o w e r  s t a t e s
– C P U  u t i l i z a t i o n  i n c r e a s e s
– P o w e r  p r o f i l e  l e s s  b u r s t y

T P C -W ,  6 0  c l i e n t s


