
Garb a g e  Collection 



Mem or y Ma na gem e n t �
So Fa r 

● S o m e  i t e m s  are p r e a lloca te d  a n d  p e r s i s t  
th r oug h ou t  t h e  p r og r a m:  
● What are they?  

 
So m e a r e  a lloca t ed  on  t h e  r u n t ime  s t a ck: ● 

● What are they?  
● So m e a r e  a lloca t ed  in  th e  h e a p : 

● What are they? 
● H ow  d o w e m a n a g e  h e a p -alloca t ed  m e m o ry? 



Manual Mem or y 
Ma na gem ent 

•  O p tion  O n e: H a v e  p r o g ra m m er  h an dle 
heap a lloca tion  a n d  dea l l oca t i on

 
•  What languages do this?

    Advan ta ge s?
   Disadvantages?

What is a memory leak?



Automatic  M e m or y 
M a n a ge m e n t 

Id e a :  
    R u n t i m e  e nvir onm e n t a u tom a t ic a lly r e c la im s  m e m or y. 
 
What  is  the  garbage? 
 
Ad van ta g e s? 
 
 
 
Disa dvan t a g e s? 



Can you Identi fy  Garbage? 

●  Wh a t  is  g a rb a g e  a t  t h e  ind ica te d  p oin ts? 

int main() { 
Object x, y; 
x = new Object(); 
y = new Object(); 
/* Point A */ 

	  
x.doSomething(); 
y.doSomething(); 
/* Point B */ 

	  
y = new Object(); 
/* Point C */ 

} 



Approxim a ting  Ga r b age 

In  g e n e r a l, u n d e c id a ble  w h e th e r  a n  obje c t is g a r b a ge .  

N e e d  to  r e ly on  a  con s e r vative a p p r oxim a t ion . 

An obje c t  is  re a c h a b le  if it  c a n  s t ill b e  r e f e r e n c e d  
b y t h e  p ro g ra m . 

 
 
G a r b a g e  C o l l e c t o r  -  D e te c t  a n d  r e c la im  u n r e a ch a b le  ob je c ts . 



GC Assumptions 
●  Assu m e th a t , a t  r u n t im e , w e ca n  find  all 

e xistin g  r e fer e n c e s  in  th e  p r og r a m . 
● Ca n n o t fa b r ica te  a  r e fe r e n c e  to  a n  e xistin g  ob je c t  

 
 Ca n n o t ca s t  p oin t e r s  to  inte g e r s  o r  vice -ve r sa . ● 

●  Exam p le s: Java , Py thon , JavaSc r ip t , PH P, e t c . 
N on -examples: C, C+ +  ●  



GC Types

      In c re m e n ta l-   r u n  concu r r e n t ly w ith  p r ogr a m  
      St o p -th e -w o rld  -   pau se  p r ogr a m  e xe cu t ion  to look fo r 
ga rbag e

    W hich  is  (ge n e r a lly) m o re  p r e cise ?
    W hich  wou ld  you  u se  in  a  n u cle a r  r e a c tor  con t r ol sys te m ?

In c re m e n ta l vs s top -th e -w or ld : 

Com p a ct ing  vs N on -com p a c tin g : 

 c o m p a c tin g  - m ove s  ob je c t s  a r oun d  in  m e m o ry. 
 n o n -c o m p a c tin g  - le ave s  a ll ob je c t s  w h e r e  th e y or ig in a te d . 
 
W hich  (g e n e r a lly) sp e n d s  m o re  t im e  g a rb a g e  colle c tin g ? 
W hich  (g e n e r a lly) le a d s  t o  fas t e r  p rogr am  e xe c u t ion? 



Major Approaches to GC
1.  Reference Counting

2.  Mark and Sweep

3.  Stop and Copy

4.  Generational 



Refer e n ce  Counting  
Te ch n i qu e 

*  S tor e  in  e a c h  ob je c t  a  re fe r e n c e  c o u n t  (re fc o u n t ) 
t r a ckin g  h ow  m a n y r e fe r e n c e s  e xis t  t o  th e  ob je c t . 
 

*  Cr e a te a  r e fe r e n c e  to  a n  ob je c t :  in c re m e n t s   r e fcou n t . 
* Re m ove a  r e fe r e n ce  to  a n  ob je c t :  d e cr e m e n ts   r e fcou n t . 
 
* Wh e n  ob je c t  refcount==0,  u n r e a c h a b le  &  r e c la im e d . 

● 

Mig h t  d e cr e a s e  o the r  ob je c t s '  refcou n t s  a n d  t r ig g e r  m o re  
r e c la m a t ions . 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; 

} 
int main() { 

LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; 

} 
int main() { 

LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 0 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 0 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 

mid 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 

mid 

0 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 

mid 

0 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 

mid 

1 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 

mid 

1 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 

mid 

1 tail 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 

mid 

1 tail 

0 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 1 

mid 

1 tail 

0 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

1 tail 

1 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

tail 

1 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 

2 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

tail 

2 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 

2 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

tail 

2 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 

2 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

tail 

2 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 

2 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

tail 

1 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 

2 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

1 tail 

0 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

1 tail 

0 
Re c la im e d!  

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

1 tail 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

1 tail 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

1 tail 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

1 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

1 tail 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 

0 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; 

int main() { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 0 

mid 

1 tail 

Re c la im e d!  
LinkedList head = new LinkedList; 
LinkedList mid = new LinkedList; 
LinkedList tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

1 tail 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

0 tail 

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList { 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

0 tail 
Re c la im e d!  

} LinkedList next; 

int main() 
{ LinkedLi
st 

head = new LinkedList; 

LinkedList 
LinkedList 

mid = new LinkedList; 
tail = new LinkedList; 



R efere nce  Counting  in 
Action 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 

mid = tail = null; 

head.next.next = null; 

head = null; 
} 

head 

mid 

tail 



Reference Counting: �
One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; 

} 
int main() { 

LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

	  
head = null; 
mid = null; 
tail = null; 

} 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

1 

2 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

1 

2 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

2 

2 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

2 

2 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

1 

2 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

1 

2 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

1 

2 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

1 

1 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

1 

1 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

2 

1 

1 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

1 

1 

1 



One  Ma jor Pr oble m 

class LinkedList 
{ LinkedList 
next; } 

int main() { 
LinkedList 
LinkedList 
LinkedList 

head = new LinkedList; 
mid = new LinkedList; 
tail = new LinkedList; 

head.next = mid; 
mid.next = tail; 
tail.next = head; 

head = null; 
mid = null; 
tail = null; 

} 

head 

mid 

tail 

1 

1 

1 



Does not Reclaim 
Refer e n ce  Cycle s 

•  A re fe re n c e  c yc le  is  a  se t  of ob je cts  t ha t  
cyclica lly r e fe r  to  one  a no the r. 

•  Beca u se  a ll t he  ob je cts  a r e  r efe re n ce d , a ll 
ha ve  n onze ro r e fcou n ts  a n d  a r e  n eve r  
r e c la imed .

•  Is sue : Re fcoun t  t r a cks n u m be r  of r e fe r e n ces , 
no t  nu m be r  of rea ch ab le  r e fe r e n ces.  

•  Ma jo r p r ob lem s in  la n gua ge s/system s tha t  
u se  r e fe r e n ce  coun t ing :

● 

● 

● 

● 

● e .g . Pe r l, F i refox 2 .  



Ana lysis of Refer e n ce  
Counting 

•  Sim p le  to im p le m e n t .
•  Can  be  im p le m e n te d  a s  a  lib r a ry on  top  of 

e xp lic it  m e m or y m a n a g e m e n t . 

●  Adva n ta g e s  

●  Disadva n ta g e s  
●  Fa ils  t o  r e cla im  a ll u n r e a c h a b le  ob je c ts.   

Ca n  b e  slow  if a  la rg e  co lle c tion  is  in it ia te d . 
N ot ic e a b ly slows  d own  ass ig n m e n t s.  

●  

●  



M a rk -a nd-Sweep  



Ma r k-a nd-Sweep �
Technique 

•  Give n  know le d g e  of w h a t 's  im m e d ia te ly a cce ss ib le , 
fin d  e ve r yth in g  r e ach a b le  in  t h e  p r og r am . 
•  R o o t  S e t  - se t  of m e m or y loca t ion s  in  th e  

p r og r a m  th a t  a r e  kn ow n  i m m e d i a t e l y  t o b e  
r e a c h a b le . 

● 

● 

● An y ob je c t s  r e a c h a b le  from  t h e  r oot  s e t  a r e  r e a c h a b le . 
An y ob je c t s  n ot  r e a c h a b le  from  t h e  r oot  s e t  a r e  n ot  
r e a c h a b le . 

 
-> Gr a p h  s e a r ch  s ta r t in g  a t  t h e  r oot  s e t  

● 



M a r k-an d-Swee p : Th e  
Algor ith m 

● M a rk in g  p h a s e : F ind  r e a c h a b le  obje c ts.  

● Ad d  t h e  r oot  s e t  t o  a  w or k lis t .  
Wh ile  t h e  w or k lis t  is n ' t  e m p ty : ● 

– 

– 

Re m ove  a n  ob je c t  from  th e  work list.  
If n o t m a r ke d , m ar k   a n d  a d d  to  t he  wor klist  a ll ob je c t s  
r e a ch a b le  from  tha t  ob je c t.  

● S w e e p i n g  p h a s e : Re claim  f ree  m em ory. 
● For  e a ch  a lloca t e d  ob je c t:  

– 

– 

If t ha t  ob je c t  isn ' t  m a r ke d , r e c la im  its  m e m or y. 
If t he  ob je c t  is  m ar ke d , u nm a rk  it (so on  th e  n e xt  m a r k-
a n d - swe e p  ite r a tion  we  h a ve  to  m ar k it  a g a in). 



Marking  Phase 
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Marking  Phase 



At End of Marking Phase



Sweep Phase: Sweep Entire Heap



Ma r k-a nd-Swee p  
P r o b l e m s 

S w ee p  p h a s e  visits  all ob je c t s  t o  fr e e  t h e m  or  
c lea r  m arks .  

Amou n t  of sp a c e  for worklist cou ld  p ot e n t ially  
b e  a s  la rg e  a s  all of m e m or y. 
 
Ca n 't  p r e alloca te  t h is  s p a c e . 



Implementation 
Details

•  M ark e d : Th is  ob je c t is  know n  to b e  r e a ch a b le.  
•  En q u e u e d : Th is  ob je c t is  in  th e  w or klis t . 
•  U n k n o w n : Th is  ob je c t h a s  n ot  ye t  b e en  se e n . 
•  D e a l lo c a te d : Th is  ob jec t  h a s  a lr e a d y b e e n  fr e e d . 

● Du rin g  a  m a rk -a n d -swe e p  colle c t ion , e ve ry a lloca t e d  
block m us t  b e  in  e xa c tly one  of fou r  s ta t e s : 

Aug m e n t  e ve ry a lloca te d  b lock w ith  tw o b it s  t o 
e n co d e  w h ich  of t h e s e  fo u r  s ta t e s  t h e  o b je c t  is  in . 
 

M a in t a in  d o u b ly-lin k e d  lis t s  of a ll t h e  o b je c t s  in  e a ch  
of t h e s e  s ta t e s .  



More Efficient: �
Ba ke r 's  Algorithm 

●  M ove  en t i r e  Root  s e t  t o  t h e  e n q u e u e d  lis t . 
●  Wh ile  e n q u e u e d  lis t  is  n ot  em p ty: 

●  M ove fir s t  ob je c t  from  e n q u e u e d  lis t  t o  m ark e d  lis t . 
●  For  e a c h  u n k n o w n  ob je c t  r e fer e n c e d , a d d  it  t o  t h e  

e n q u e u e d  lis t . 
●  At  th is  p oin t , e v e ryth in g  r e a ch a b le  is  in  m ark e d  a n d  

e v e ryth in g  u n re a c h a b le  is  in  u n k n o w n . 
●  Con ca t e n a t e   u n k n o w n  a n d  d e a l lo c a t e d  lis t s  

●  De alloca t e s  a ll g a r b a g e  in  O(1). 
●  M ove  e very th in g  from  m ark e d  lis t  t o  u n k n o w n  lis t . 

●  C a n  b e  d on e  in  O(1). 
●  Ind ica t e s  ob je c ts  a g a in  m us t  b e  p roven  r e a c h a b le  on  n e xt  

sc a n . 



One La s t De ta il
•  If we ' re  a lre ad y ou t  of m e m or y, h ow d o we  b u ild  

th ese  lin ked  lis ts?
•  Id e a : S in ce  every  ob je c t  can  on ly b e  in  on e  lin ked  

lis t , em bed  th e  n ext  an d  p re viou s  p oin te rs  in to e ach  

● 

● 

a lloca t e d  b lock. 
State 

Next 

Previous 

Vtable * 

Object 
Fields 

State 

Next 

Previous 

Vtable * 

Object 
Fields 

State 

Next 

Previous 

Vtable * 

Object 
Fields 



Ana lysis of Ma r k-a nd-
Swe e p 

●  Advan t a g e s  
● P r e cis e ly fin d s  e xa c t ly t h e  r e a c h a b le  ob je c ts .  

U sin g  Ba ke r 's  a lg or it h m , r u n s  in  t im e  
p r op or t ion a l t o  t h e  n u m b e r  of r e a c h a b le  ob jec t s . 

● 

●  Disa d va n ta g e s  
● S t op -th e -wor ld  m ay in t r od u ce  h u g e  p a u se  t im e s.  

Lin ke d  lis t  / s t a t e  in for m a t ion  in  e a ch  a lloca t e d  b lock  
u se s  lot s  of m e m or y p e r  ob jec t . ● 



Stop -and-Copy 



Imp r oving  
Pe r form a nce 

● The r e  a r e  m a n y w ays  to  im p ro ve  a  p ro g r a m 's  
p e rfor m a n ce , som e  of w h ich  ca n  b e  im p ro ve d  b y a  g ood  
ga r b a g e  colle c tor :  
In cre a s i n g  l o c a l i ty . ● 

● M em o r y ca ch e s  ofte n  d e sign e d  to  h old  a d jace n t  m em o r y 
loca t ion s.  
P lac in g  ob jec t s  con s e cu t ive ly in  m em o r y ca n  impr ove  
p e r for m a n ce  b y r e d u c ing  ca ch e  misses.  

● 

● In cre a s i n g  a l lo c a t io n  s p e e d . 
● M a n y la n g u a g e s  (Java , H a ske ll, Pyth on , e t c .) a lloca t e  ob jec t s  

fre q u e n t ly. 
S p e e d ing  u p  ob je c t  a lloca t ion  ca n  s p e e d  u p  p r og r a m  
e xe cu t ion . 

● 



Incre a sing  Locality
●  Ide a : D u r i n g  g a r b a g e  collec tion , m ove  all 

ob je c ts  in  m e m or y so th e y a r e  a d ja c e n t  to  on e  
a n oth e r. 
● -> c o m p a c t io n . 

●  Id e a lly, m ove  ob je c t s  th a t  r e fe r e n c e  on e  
a n oth e r  in to a d ja c e n t  m e m or y loc a t ion s . 
Ga rb a g e  collec tor  m u s t  u p d a te  a ll p oin te r s  in a ll 
ob je c t s  to  r e fe r  to  th e  n e w  ob je c t loc a t ion s . 

●  



Incr e a sing  Alloca tion 
Sp ee d 

•  Typ ica lly im p le m e n ta t ion s  of malloc a n d  free 
u se 
•  fre e  l i s t s , lin ke d  lis t s  of fr e e  m e m ory b locks . 
•  Alloc a t in g  a n  ob je c t r e q u ir e s  fo llow in g  
th e se  p oin te r s  u n t il a  su ita b le  ob jec t is  
fou n d .

U s u a lly fa s t , b u t  a t  le a s t  1 0  – 2 0  a s s e m bly 
in s t r u c t ion s . 

Con t r a s t  w it h  s t a ck  a lloc a t ion  – ju s t  on e  a s s e m b ly 
in s t r u c t ion ! 
C a n  w e  s om e h ow  g e t  t h e  p e r for m a n c e  sp e e d  of 
t h e  s t ack  for  d yn am ic  a lloc a t ion ? 

●  

●  



Th e  S top-a n d-Copy Colle c to r  

All of m e m ory 



The  S top-a nd-Copy 
Collector 
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Out  o f  sp ace !  



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root Set 



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root Set 



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root Set 



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root Set 



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root Set 



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root  S e t  



The  S top-a nd-Copy 
Collector 

Root  S e t  

Fre e  
S p a c e  



The  S top-a nd-Copy 
Collector 

Root  S e t  

Fre e  
S p a c e  



The  S top-a nd-Copy 
Collector 

Root  S e t  

Fre e  
S p a c e  



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root Set 



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root Set 



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root Set 



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root Set 



The  S top-a nd-Copy 
Collector 

Fre e  
S p a c e  

Root  S e t  



The  S top-a nd-Copy 
Collector 

Root  S e t  

Fre e  
S p a c e  



The  S top-a nd-Copy 
Collector 

Root  S e t  

Fre e  
S p a c e  



The  S top-a nd-Copy 
Collector 

Root  S e t  

Fre e  
S p a c e  
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Stop-a nd-Copy in  
Deta il

Pa r tit ion  m e m ory  in to  tw o r e g ion s :  o ld  s p a c e  a n d  n e w  s p a c e . 
Ke e p  t r a ck  of t h e  n e x t fr e e  a d d r e s s  in  t h e  n e w  s p a ce .  

To a lloca te  n  bytes  of m e m ory: 

● If n  b ytes  sp a ce  e xist  a t  th e  fr e e  sp a ce  p ointe r, u se  th ose  
b ytes  a n d  a d van ce  the  p ointe r. 
Othe r wise , d o a  c o p y s te p . ● 

● To e xec u t e  a  c o p y s te p:  
● Fo r e a ch  ob je ct  in  th e  r oot  se t: 

– 

– 

Cop y th a t  ob je c t t o  t h e  s ta r t  of t h e  old  sp a ce .  
Re cu r sive ly copy  a ll obje c ts  r e a ch a ble  from  th a t  ob je c t . 

● Ad ju s t  t he  p ointe r s  in  t he  old  sp a ce  a n d  r oot  se t  to p oin t  to 
n e w loca tio n s . 
Exch a n g e  t h e  r o le s  of t h e  o ld  a n d  n e w  s p a ce s . ● 



Imple m enting  Stop  a nd  
Copy 

•  On ly t r icky p a r t  a b ou t  s top -a n d -cop y is  a d ju s t in g   
p oin te r s  in  th e  cop ie d  ob je c ts  cor r e c t ly.
•  Id e a : Have  e a c h  ob je c t  con ta in  a  e x tr a  sp a ce  for  a  
•  forw a rd i n g  p o in te r . 
•  To c lon e  a n  ob je c t :

● 

● 

● 

● F i r s t , d o  a  com p le te  b itw ise  cop y of t h e  ob ject . 
– All p oin te r s  s t ill p oin t  to  th e ir  or ig in a l loc a tion s . 

● N e x t, s e t  t h e  fo rw a r d in g  p o in t e r of t h e  orig ina l ob jec t  t o  
p o int  t o  t h e  n ew  ob ject . 

F in a lly, a f te r  c lon in g  e a c h  ob je c t , for  e a ch  p oin t e r : ● 

● Fo llow  th e  p oint e r  t o  t h e  ob je c t  i t  r e fe r e n ce s . 
Re p la ce  t h e  p oint e r  w ith  t h e  p o int e e 's  forw a r d in g  p oint e r. ● 



For wa r ding  Pointers 

Root Set 
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Forwarding Pointers



Ana lysis of Stop-a nd-
Copy 

•  Imp le m e n ta t ion  sim p lic it y (com p a r e d  to m a rk-
a n d - sw e e p ).

•  Fa s t m e m or y a lloca t ion ; u sin g  OS-le ve l t r icks , 
ca n  a lloca te  in  a  sin g le  asse m b ly in s t r u c t ion .

•  Exce lle n t  loca lit y; d e p th -fir s t  or d e r in g  of cop ie d  
ob je c ts  p la c e s  sim ila r  ob je c ts  n e a r  e a ch  oth e r.

●  Adva n ta g e s
: ● 

● 

● 

●  Disa d vanta g e s
: ● R eq u ir e s  h a lf of m e m or y t o  b e  fre e  a t  a ll t im e s.  

Colle c t ion  t im e  p r op or t ion a l t o  n u m b e r  of b yt e s  
u s e d  b y ob je c t s .  

● 



H y b rid  Ap p r o ac h e s  



The  Be st  of All Worlds 
•  Th e  b e s t  g a rb a g e  collecto rs  in  u se  

toda y a re  b a sed  on a  comb inat ion  of 
sm al ler  g a rb a g e  collecto rs .

•  Each  g a rb a g e  collecto r is ta rg e te d  
to r ec laim  sp ec ific typ es  of g a r b a g e .

•  Usu ally h a s  som e  final “fa l lback” 
g a rb a g e  collecto r to h a n dle  
e ve ry thing  e lse .

●  

●  

●  



Objects Die Young 
•  Th e  M o t to  of GC: Ob jec t s  D ie  Yo u n g . 
•  M os t ob jec ts  ha ve  very shor t  life t imes.

●  

O bje c t s  a lloc a t e d  loc a lly in  a  fu n ctio n . 
Te m p or a r y ob je c t s  u s e d  to  con s t r u c t  la r g e r  
ob je c t s . 

●  Optim ize  G C  to  r ec laim young  objec t s  r a pid ly 
while spen ding  less  tim e  on  olde r  objec ts .  



Ge n e r a t ion a l GC
Pa r tit ion  m e m or y in to  s e ver a l “ge n e r a t ion s .” 

Ob je c t s  a lw a ys a lloc a t e d  in  th e  firs t  ge n e r a t ion . 
Wh e n  th e  firs t  g e n e r a t ion  fills u p , g a r b a g e  collec t  it. 

● Ru n s  q u ickly; collec t s  on ly a  s m a ll r e g ion  of m e m or y. 
● M ove ob je c ts  th a t  su r vive  in  t h e  firs t  g e n e r a t ion  

long  e n oug h  in to  t h e  n e x t g e n e r a tion . 
Wh e n  n o sp a ce  ca n  b e  foun d , r u n  a  fu ll (s low e r ) 
g a r b a g e  collec tion  on  a ll of m e m or y. 

● 



Generational GC Technique



Generational GC



Allocating in Eden



Allocating in Eden



Some are short lived, others not



Stop & Copy moves survivors



Some survive enough to be 
tenured



Checkpoint on GC

1. Why	  GC?	  
2. What	  are	  the	  main	  types	  of	  GC	  ?	  
3. For	  each	  main	  GC:	  	  

1. How	  does	  it	  work?	  
2. What	  is	  the	  main	  intui?on	  behind	  it?	  
3. Advantages?	  
4. Disadvantages?	  
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