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Garbage Collection In General
• t w o  p h a s e s

– g a r b a g e  d e t e c t i o n
– g a r b a g e  r e c l a m a t i o n

• s e v e r a l  m e t h o d s  f o r  e a c h  p h a s e
– a  t e c h ni q u e  fo r  r e c l a m a t i o n d e p e nd s  o n t h e  o ne  u s e d  fo r  d e t e c t i o n
– p h a s e s  m a y  a l s o  i nt e r l e a v e

• r o o t s
– v a r i a b l e s  w h e r e  t o  s t a r t  d e t e c t i o n fr o m

• static and gl o b al  f iel ds
• l o cal s and argu ments o n stack s
• C P U  registers

• r e a c h a b i l i t y
– a n o b j e c t  i s  r e a c h a b l e  ( l i v i ng ) i ff i t  i s  r e a c h a b l e  fr o m  a ny  o f t h e  r o o t s  v i a  ( s t r o ng ) r e fe r e nc e s
– a n u nr e a c h a b l e  o b j e c t  i s  a  g a r b a g e
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B as ic A lgorith m s
• r e f e r e n c e  c o u n t i n g
• m a r k -s w e e p  c o l l e c t i o n
• m a r k -c o m p a c t  c o l l e c t i o n
• c o p y i n g  c o l l e c t i o n
• i m p l i c i t  n o n -c o p y i n g  c o l l e c t i o n
• …
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M ark -S w eep  Collection
• d e t e c t i o n  – m a r k i n g

– D F S  s t a r t i n g  f r o m  t h e  r o o t  s e t
– m a r k s  e a c h  v i s i t e d  o b j e c t

• a  b i t  o f t h e  o b j e c t  i s  a l t e r e d  o r  s o m e  d a t a  s t r u c t u r e  i s  fi l l e d
• r e c l a m a t i o n  – s w e e p i n g

– h e a p  i s  t r a v e r s e d  a n d  a l l  g a r b a g e  l i n k e d  t o  a  f r e e  l i s t
• p r o s

– n o  o p e r a t i o n s  d u r i n g  c o m p u t a t i o n s
• c o n s

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

• i nc l u d i ng  b o t h  l i v e  a nd  g a r b a g e  o b j e c t s
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M ark -Com p act Collection
• d e t e c t i o n  – m a r k i n g
• r e c l a m a t i o n  – c o m p a c t i n g

– l i v i n g  o b j e c t s  a r e  m o v e d  t o  b e  c o n t i g u o u s
– l i n e a r  s c a n  o v e r  t h e  h e a p
– s e v e r a l  p h a s e s

• d e t e r m i na t i o n o f ne w  p o s i t i o ns  o f t h e  l i v i ng  o b j e c t s
• o b j e c t s  c o p y i ng
• r e fe r e nc e s  u p d a t e

• p r o s
– v e r y  f a s t  a l l o c a t i o n  

• i nc r e m e nt i ng  a  p o i nt e r  +  c o m p a r i s o n t o  a  s i z e  o f t h e  h e a p
– r e m e d y  f r a g m e n t a t i o n  a n d  l o c a l i t y  o f  r e f e r e n c e
– o v e r h e a d  p r o p o r t i o n a l  t o  l i v i n g  d a t a  s i z e

• c o n s
– s e v e r a l  w a l k s  o v e r  l i v i n g  o b j e c t s
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Cop y ing Collection
• s c a v e n g i n g  

– i n t e g r a t e s  g a r b a g e  d e t e c t i o n  w i t h  r e c l a m a t i o n

• C h e n e y ’s  a l g o r i t h m  f o r  s c a v e n g i n g
– o b j e c t s  v i s i t e d  b y  B F S  c o p i e d  t o  s e p a r a t e  a r e a

• a  q u e u e  fo r  B F S  i s  m a d e  o f fi e l d s  o f c o p i e d  o b j e c t s
– r e f e r e n c e s  a r e  u p d a t e d  w h e n  v i s i t i n g  n e x t  o b j e c t s
– f o r w a r d i n g  p o i n t e r

• c o p i e d  o b j e c t s  a r e  m a r k e d  w i t h  p o i nt e r  t o  t h e  ne w  p o s i t i o n
• i f a n o b j e c t  i s  v i s i t e d  fo r  t h e  ne x t  t i m e  no  c o p y i ng  i s  d o ne

• s e m i s p a c e c o l l e c t o r s
– h e a p  c o n s i s t s  o f  t w o  c o n t i g u o u s  a r e a s
– o n e  f o r  a l l o c a t i o n s  t h e  o t h e r  f o r  t h e  c o l l e c t i o n
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Cop y ing Collection ( cont. )
• p r o s

– o v e r h e a d  p r o p o r t i o n a l  t o  l i v i n g  d a t a  s i z e  ( o n e  w a l k  o n l y )
– f a s t  a l l o c a t i o n
– t h e  m o r e  m e m o r y  i s  a v a i l a b l e  t h e  f a s t e r  t h e  p r o g r a m  i s

• c o n s
– n e e d s  a  l o t  o f  a d d i t i o n a l  m e m o r y

• t w o  t i m e s  l a r g e r  t h e n c a n b e  u s e d  fo r  a l l o c a t i o n
• fo r  t h e  c a s e  t h e r e  i s  no  g a r b a g e  a t  t h e  t i m e  o f t h e  c o l l e c t i o n
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Improvements
• g e n e r a t i o n a l  c o l l e c t i o n
• l a r g e  o b j e c t s  h e a p
• i n c r e m e n t a l  g a r b a g e  d e t e c t i o n
• …
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G enera ti ona l  C ol l ec ti on
• e x p e r i e n c e

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

• p r i n c i p l e s
– s e g r e g a t i o n  o f  o b j e c t s  i n t o  s e v e r a l  a r e a s  b y  a g e
– y o u n g e r  g e n e r a t i o n s  c o l l e c t e d  m o r e  f r e q u e n t l y

• m a r k -c o m p a c t  o r  c o p y i ng  c o l l e c t i o n c a n b e  u s e d  h e r e
– s u r v i v a l s  c o p i e d  t o  e l d e r  g e n e r a t i o n  

• w h e r e  m a r k -s w e e p  c o l l e c t i o n c a n b e  u s e d
– n e w  o b j e c t s  a l l o c a t e d  f r o m  t h e  y o u n g e s t  g e n e r a t i o n

• i m p r o v e s  e f f i c i e n c y  a n d  l o c a l i t y
– o nl y  r e fe r e nc e s  t o  t h e  g e ne r a t i o ns  b e i ng  c o l l e c t e d  a r e  fo l l o w e d
– o nl y  g e ne r a t i o ns  b e i ng  c o l l e c t e d  a r e  s c a nne d  fo r  l i v i ng  o b j e c t s



Advanced C #  and . N E T  p r o g r am m i ng

Interg enera ti ona l  R ef erenc es
• p r o b l e m

– t r a c k i ng  o f r e fe r e nc e s  fr o m  o l d e r  t o  y o u ng e r  g e ne r a t i o ns
– c o l l e c t o r  d o e s n’t  i ns p e c t  a l l  o b j e c t s  i n e l d e r  g e ne r a t i o ns

• w r i t e  b a r r i e r
– e a c h  o p .  s t o r i ng  a  r e fe r e nc e  fo l l o w e d  b y  a d d i t i o na l  i ns t r u c t i o ns
– m a r k s  p a r t s  o f t h e  h e a p  w h i c h  s h o u l d  b e  s c a nne d  d u r i ng  c o l l e c t i o n 
fo r  i nt e r g e ne r a t i o na l  r e fe r e nc e s

– s e v e r a l  t e c h ni q u e s  ( e . g .  c a r d  m a r k i ng )
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C a rd  M a rk i ng
• c a r d  t a b l e

– h e a p  d i v i d e d  i nt o  c a r d s  ( e . g .  1 2 8  b y t e s  w i d e )
– a  b i t m a p  o f t h e  h e a p  ( o ne  b i t  p e r  c a r d )
– a  b i t  i s  s e t  i f t h e  c a r d  c o nt a i ns  r e fe r e nc e  t o  y o u ng e r  g e ne r a t i o n
– m a r k e d  c a r d s  a r e  s e a r c h e d  fo r  i nt e r g e ne r a t i o na l  r e fe r e nc e s

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

• b r i c k  t a b l e  
– h e a p  d i v i d e d  i nt o  b r i c k s  ( e . g .  2 K  w i d e )
– fo r  e a c h  b r i c k  t h e  t a b l e  c o nt a i ns  a  r e l a t i v e  p o s i t i o n o f a ny  o b j e c t  
l o c a t e d  i n t h e  b r i c k

– i f t h e r e  i s  no  o b j e c t  i n t h e  b r i c k  i t  c o nt a i ns  a  b r i c k  i nd e x  w h e r e  i t  i s  
– u s e d  fo r  s e a r c h i ng  fo r  a r b i t r a r y  o b j e c t  w i t h i n t h e  s p e c i fi e d  r a ng e
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L a rg e O b j ec ts H ea p
• o b j e c t s  l a r g e r  t h a n  s o m e  t h r e s h o l d  a r e  a l l o c a t e d  h e r e
• n o  c o p y i n g
• m a r k -s w e e p  c o l l e c t i o n  i s  u s e d  f o r  t h i s  h e a p
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. N E T  F ram ew ork
• g e n e r a t i o n s

– g e ne r a t i o n 0  ( a . k . a .  e p h e m e r a l )
• the y o u ngest ( o b j ects are al l o cated here)

– g e ne r a t i o n 1
– g e ne r a t i o n 2

• the rest o f  the heap +  l arge o b j ect heap

• t h r e s h o l d s
– e a c h  g e ne r a t i o n h a s  d e fi ne d  a  m a x i m a l  s i z e  ( d y na m i c a l l y  c h a ng e s )
– a l l  g e ne r a t i o ns  s u r p a s s i ng  t h a t  t h r e s h o l d s  a r e  m a r k e d -c o m p a c t e d
– g a r b a g e  i n e l d e r  c o l l e c t i o ns  i s  i g no r e d
– g a r b a g e  i n l a r g e  o b j e c t  h e a p  i s  a l w a y s  m a r k e d -s w e p t

• w r i t e  b a r r i e r  v i a  c a r d  m a r k i n g
– d e t e c t s  r e fe r e nc e s  fr o m  e l d e r  t o  y o u ng e r  g e ne r a t i o ns

Generations
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R oots :  R egis ters  and  L ocal V ariables
• J I T  c r e a t e s  a  t a b l e  f o r  e a c h  m e t h o d

– m a p s  r a ng e s  o f b y t e  o ffs e t s  i n na t i v e  c o d e  t o  s e t s  o f r o o t s
– t r a d e -o ff b e t w e e n a c c u r a c y  a nd  s i z e  o f t h e  t a b l e

• s t a c k  t r a c e
– G C  e x a m i ne s  a l l  t a b l e s  o f m e t h o d s  o n t h e  s t a c k s

• d e b u g g i n g
– i t  w o u l d  b e  c o nfu s i ng  i f v a r i a b l e s  w e r e  c o l l e c t e d  d u r i ng  d e b u g g i ng
– D e b u g g a b l e A t t r i b u t e u s e d  o n a s s e m b l y  

• J I T  mak es variab l e range as l o ng as is its sco pe
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S p ecial F eatu res
• p i n n e d  o b j e c t s

– o b j e c t s  w h i c h  c a n n o t  b e  m o v e d
– o n  t h e  s t a c k  o n l y

• m a n a g e d  p o i n t e r s  a n d  t y p e d  r e f e r e n c e s
– c a n  p o i n t  i n s i d e  o b j e c t s  ( i n t e r i o r  p o i n t e r s )
– o n  t h e  s t a c k  o n l y
– u p d a t e d  a s  t h e  t a r g e t  o b j e c t s  a r e  m o v i n g

• f i n a l i z a t i o n
• w e a k  r e f e r e n c e s
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F inaliz ation
• C #  d e s t r u c t o r  i s

protected override void Finalize() 

{ 

try { /* code */ } finally { base.Finalize(); } 

}

• e x e c u t e d  b y  a  s i n g l e  f i n a l i z a t i o n  t h r e a d  
– a  s p e c i a l  t h r e a d  o f  t h e  E E  d e v o t e d  t o  c a l l  f i n a l i z e r s

• t h e  f i n a l i z e r  i s  c a l l e d  w h e n
– o b j e c t ’s  g e ne r a t i o n i s  b e i ng  c o l l e c t e d  a nd  o b j e c t  i s  a  g a r b a g e

• b ecau se it is f u l l
• b ecau se G C .C o l l ect( )  has b een cal l ed

– A p p D o m a i n i s  b e i ng  u nl o a d e d
• A ppD o main.I sF inal izingF o rU nl o ad( )  retu rns tru e than

– C L R  i s  b e i ng  s h u t  d o w n
• timeo u t f o r f inal izers
• E nviro nment.H asS hu tdo w nS tarted is tru e than

F inal iz ation
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F inaliz ation B ack grou nd
• fi na l i z a t i o n s e t

– o b j ects having f inal izer
– o b j ects added b y  new o b j instru ctio n b ef o re the co nstru cto r is cal l ed

• f-r e a c h a b l e  q u e u e
– b el o ngs to  the ro o t set
– a q u eu e o f  o b j ects w aiting f o r f inal izatio n ( i.e. ex ecu tio n o f  a f inal izer)
– pro cessed b y  f inal izatio n thread
– po pu l ated du ring co l l ectio n

• a d d e d  o b j e c t s  s u r v i v e s  c o l l e c t i o n  ( p r o m o t e d  t o  e l d e r  g e n e r a t i o n )

• r e s u r r e c t i o n
– impl icit ( b y  G C )

• o b j e c t  i s  m o v e d  f r o m  f i n a l i z a t i o n  l i s t  t o  f -r e a c h a b l e  q u e u e
– ex pl icit ( b y  u ser co de)

• o b j e c t  m a k e s  i t s e l f  r e a c h a b l e  d u r i n g  f i n a l i z a t i o n

• r o u t i ne s
– G C .S u ppressF inal izatio n( )

• r e m o v e s  o b j e c t  f r o m  f i n a l i z a t i o n  s e t  ( a c t u a l l y ,  s e t s  a  b i t  i n  s y n c b l o c k )
– G C .R eR egisterF o rF inal izatio n( )

• a d d s  o b j e c t  t o  f i n a l i z a t i o n  s e t  ( m u s t  h a v e  f i n a l i z e r )
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F inaliz ation Gu id eline
• u s e  f o r  c l a s s e s  m a i n t a i n i n g  u n m a n a g e d  r e s o u r c e s
• d o n ’t  u s e  i f  n o t  n e c e s s a r y
• m a k e  f i n a l i z e d  o b j e c t s  a s  s m a l l  a s  p o s s i b l e
• d o n ’t  u s e  r e f e r e n c e  f i e l d s  i n  f i n a l i z e d  o b j e c t s  i f  p o s s i b l e
• d o n ’t  a c c e s s  r e f e r e n c e  f i e l d s  o f  f i n a l i z e d  o b j e c t s  i n  t h e  f i n a l i z e r
• m a k e  f i n a l i z e r  a s  f a s t  a s  p o s s i b l e  
• c h e c k  w h e t h e r  u n m a n a g e d  r e s o u r c e s  h a s  b e e n  a l l o c a t e d

– fi na l i z e r  i s  c a l l e d  e v e n i f c o ns t r u c t o r  t h r o w s  a n e x c e p t i o n
• u s e  a l o n g  w i t h  t h e  d i s p o s e  p a t t e r n



Advanced C #  and . N E T  p r o g r am m i ng

D eterm inis tic Clean-u p
• d i s p o s e  p a t t e r n

– i n t e r f a c e  I D i s p o s a b l e

• c a n  b e  u s e d  a l o n g  w i t h  f i n a l i z a t i o n
– i f  w e  d o n ’t  w a n t  t o  w a i t  u n t i l  f i n a l i z e r  i s  e v e n t u a l l y  c a l l e d
– a  u s e r  m a y  c l e a n  u p  t h e  o b j e c t  e x p l i c i t l y
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D eterm inis tic Clean-u p  E x am p le
// thread-safe wrapper of some unmanaged handle:

public sealed class OSHandle : IDisposable

{

private int disposed;

private IntPtr handle;

public OSHandle(IntPtr h) { handle = h; disposed = 0; }

public void Dispose() {GC.SuppressFinalize(this); CleanUp(true);}

public void Close() { Dispose(); } // redundant (alias)

~OSHandle() { CleanUp(false); }

void CleanUp(bool disposing) 

{

// the object has already been cleaned up:

if (Interlocked.CompareExchange(ref disposed,1,0)==1) return;

// clean-up:

if (disposing) { /* safe to access reference fields here */ } 

}

}
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W eak  R ef erences
• m a n a g e d  r e f e r e n c e s

– s t r o ng  ( d e fa u l t )
– w e a k  ( S y s t e m . W e a k R e fe r e nc e )

• sho rt – nu l l ed af ter garb age detectio n b ef o re f inal izatio n l ist scan
• l o ng – nu l l ed af ter f inal izatio n l ist scan ( track s resu rrectio n)

• t o  a c c e s s  a n  o b j e c t  a  s t r o n g  r e f e r e n c e  i s  n e e d e d
– w e a k  r e fe r e nc e  c a n b e  c o nv e r t e d  t o  a  s t r o ng  o ne

• W eak R ef erence.T arget pro perty

• w e a k  r e f e r e n c e s  r e g i s t e r e d  i n  i n t e r n a l  E E  t a b l e s
– s h o r t  w e a k  r e fe r e nc e s  t a b l e
– l o ng  w e a k  r e fe r e nc e s  t a b l e
– s c a nne d  b e fo r e  ( S ) a nd  a ft e r  ( L ) fi na l i z a t i o n l i s t  s c a n

W eak R ef erenc es
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A d v anced  Is s u es
• s u s p e n d i n g  t h r e a d s  b e f o r e  t h e  c o l l e c t i o n

– t h r e a d  i s  h i j a c k e d  i f  i t  i s  i n  a n  u n m a n a g e d  c o d e

• m u l t i p r o c e s s o r s
– c o n c u r r e n t  c o l l e c t i o n s
– s y n c h r o n i z a t i o n -f r e e  a l l o c a t i o n s
– …
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F u rth er Inf orm ation
• P a u l  R .  W i l s o n :

U n i p r o c e s s o r G a r b a g e  C o l l e c t i o n  T e c h n i q u e s ,  1 9 9 2

• R i c h a r d  J o n e s ,  R a f a e l  L i n s :
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