
!"#$%&'#()*+,*-.'/#"0(+"*

1+2.)*

!  3)".4#5*4%4+&)*.66+5.7+"*

!  !"#$%&'%()*)%+*,-.*-,$+%/)0%&120%3$%41&51%)*%,-1%6/$%

!  7$$(%*&%)22&.)*$%+8).$%&1%*9$%9$)8%
!  7$$(%*&%($:)22&.)*$%;',$$<%-1-+$(%/$/&,0%+&%"*%.)1%3$%,$:)22&.)*$(%

!  8496%4%"(.7+"**

!  =/82"."*%',$$%2"+*+%

!  >?82"."*%',$$%2"+*+%@%+-3A$.*%&'%1$?*%8,&B,)//"1B%)++"B1/$1*%

!  !$B,$B)*$(%',$$%2"+*+%
!  :.&;.0%*5+66%57+"*

!  <+44+"*4%4+&)=&%6.(%2*;>0'*#"*<*9&+0&.4'*

<?@ABC*=*D>(>4"*EFCF* C*

!"#$%&'#()*+,*-.'/#"0(+"*

G&+5%''*H%4+&)*84.0%*

I%&"%6*$#&(>.6*4%4+&)*

&>"=74%*/%.9*J$#.*mallocK*

9&+0&.4*(%L(*JMtextK*

#"#7.6#N%2*2.(.*JMdataK*

>"#"#7.6#N%2*2.(.*JMbssK*

'(.5I*

F*

%esp 

4%4+&)*9&+(%5(%2*

,&+4*>'%&*5+2%*

(/%*ObrkP*9(&*

D66+5.(+&'*&%Q>%'(*

.22#7+".6*/%.9*4%4+&)*

,&+4*(/%*I%&"%6*>'#"0*(/%**

sbrk()*,>"57+"R*

error = sbrk(amt_more) 

<?@ABC*=*D>(>4"*EFCF* E*



!"#$%&'#()*+,*-.'/#"0(+"*

3)".4#5*H%4+&)*D66+5.7+"*

!  H%4+&)*.66+5.(+&S*

!  CD%9),(5),$%)1(%4$,1$2%)22&.)*$%8)B$+%

!  E882".)6&1%&3A$.*+%),$%*08".)220%+/)22$,%

!  E22&.)*&,%/)1)B$+%&3A$.*+%5"*9"1%8)B$+%%

!  @L96#5#(*$'M*8496#5#(*H%4+&)*D66+5.(+&*

!  !"#$%&%'(%%)882".)6&1%)22&.)*$+%)1(%',$$+%+8).$%%
!  =1%FG%%malloc()*)1(%free()%

!  )*#$%&%'(%)882".)6&1%)22&.)*$+H%3-*%(&$+%1&*%',$$%+8).$%
!  =1%I)J)H%DKH%K"+8G%%B),3)B$%.&22$.6&1%

!  D66+5.7+"*

!  E%/$/&,0%)22&.)*&,%(&2$+%&-*%/$/&,0%32&.4+%*&%)882".)6&1%

!  E%L32&.4M%"+%)%.&16B-&-+%,)1B$%&'%30*$+%&'%*9$%)88,&8,")*$%+"#$%

D996#5.7+"*

3)".4#5*H%4+&)*D66+5.(+&*

T%.9*H%4+&)*

<?@ABC*=*D>(>4"*EFCF* A*

!"#$%&'#()*+,*-.'/#"0(+"*

H.66+5*G.5I.0%*

!  #include <stdlib.h> 

!  void *malloc(size_t size) 
!  !-..$++'-2G%

!  N$*-,1+%)%8&"1*$,%*&%)%/$/&,0%32&.4%&'%)*%2$)+*%size%30*$+%
;*08".)220<%)2"B1$(%*&%O:30*$%3&-1(),0%

!  ='%size == 0H%,$*-,1+%7PKK%
!  P1+-..$++'-2G%,$*-,1+%7PKK%;Q<%)1(%+$*+%$,,1&%;)%B2&3)2%J),")32$<%

!  void free(void *p) 
!  N$*-,1+%*9$%32&.4%8&"1*$(%)*%30%p%*&%*9$%8&&2%&'%)J)"2)32$%/$/&,0%

!  p%/-+*%.&/$%',&/%)%8,$J"&-+%.)22%*&%malloc &,%realloc 

!  void *realloc(void *p, size_t size)  
!  F9)1B$+%+"#$%&'%32&.4%p%)1(%,$*-,1+%8&"1*$,%*&%1$5%32&.4%
!  F&1*$1*+%&'%1$5%32&.4%-1.9)1B$(%-8%*&%/"1%&'%&2(%)1(%1$5%+"#$%

!  R2(%32&.4%9)+%3$$1%freeS(%%;2&B".)220H%"'%1$5%TU%&2(<%
<?@ABC*=*D>(>4"*EFCF* U*



!"#$%&'#()*+,*-.'/#"0(+"*

H.66+5*@L.496%*
void foo(int n, int m) { 
  int i, *p; 

  /* allocate a block of n ints */ 
  p = (int *)malloc(n * sizeof(int)); 
  if (p == NULL) { 
    perror("malloc"); 
    exit(0); 
  } 
  for (i=0; i<n; i++) p[i] = i; 

  /* add m bytes to end of p block */ 
  if ((p = (int *)realloc(p, (n+m) * sizeof(int))) == NULL) { 
    perror("realloc"); 
    exit(0); 
  } 
  for (i=n; i < n+m; i++) p[i] = i; 

  /* print new array */   
  for (i=0; i<n+m; i++) 
    printf("%d\n", p[i]); 

  free(p); /* return p to available memory pool */ 
} 

<?@ABC*=*D>(>4"*EFCF* B*

!"#$%&'#()*+,*-.'/#"0(+"*

D''>497+"'*H.2%*#"*1/#'*V%5(>&%*

!  H%4+&)*#'*W+&2*.22&%''%2*J%.5/*W+&2*5."*/+62*.*9+#"(%&K*

D66+5.(%2*;6+5I*

JU*W+&2'K*

X&%%*;6+5I*

JA*W+&2'K* X&%%*W+&2*

D66+5.(%2*W+&2*

<?@ABC*=*D>(>4"*EFCF* Y*



!"#$%&'#()*+,*-.'/#"0(+"*

D66+5.7+"*@L.496%*

p1 = malloc(4) 

p2 = malloc(5) 

p3 = malloc(6) 

free(p2) 

p4 = malloc(2) 

<?@ABC*=*D>(>4"*EFCF* Z*

!"#$%&'#()*+,*-.'/#"0(+"*

<+"'(&.#"('*

!  D996#5.7+"'*

!  F)1%"++-$%),3"*,),0%+$V-$1.$%&'%/)22&.;<%)1(%',$$;<%,$V-$+*+%

!  ',$$;<%,$V-$+*+%/-+*%3$%*&%)%/)22&.;<W(%32&.4%

!  D66+5.(+&'*

!  F)1W*%.&1*,&2%1-/3$,%&,%+"#$%&'%)22&.)*$(%32&.4+%

!  D-+*%,$+8&1(%"//$(")*$20%*&%/)22&.;<%,$V-$+*+%

!  !"#XH%.)1W*%,$&,($,%&,%3-Y$,%,$V-$+*+%

!  D-+*%)22&.)*$%32&.4+%',&/%',$$%/$/&,0%

!  !"#XH%.)1%&120%82).$%)22&.)*$(%32&.4+%"1%',$$%/$/&,0%

!  D-+*%)2"B1%32&.4+%+&%*9$0%+)6+'0%)22%)2"B1/$1*%,$V-",$/$1*+%

!  O%30*$%)2"B1/$1*%'&,%Z7P%/)22&.%;libc%/)22&.<%&1%K"1-?%3&?$+%

!  F)1%/)1"8-2)*$%)1(%/&("'0%&120%',$$%/$/&,0%

!  F)1W*%/&J$%*9$%)22&.)*$(%32&.4+%&1.$%*9$0%),$%/)22&.;<W(%

!  !"#XH%.&/8).6&1%"+%1&*%)22&5$(%
<?@ABC*=*D>(>4"*EFCF* [*



!"#$%&'#()*+,*-.'/#"0(+"*

G%&,+&4."5%*:+.6R*1/&+>0/9>(*

!  :#$%"*'+4%*'%Q>%"5%*+,*malloc*."2*free*&%Q>%'('R*
!  %$%&'$(&'"""&'$)&'"""'&'$*+('

!  :+.6'R*4.L#4#N%*(/&+>0/9>(*."2*9%.I*4%4+&)*>76#N.7+"*

!  [9$+$%B&)2+%),$%&\$1%.&1]".61B%

!  1/&+>0/9>(R*

!  7-/3$,%&'%.&/82$*$(%,$V-$+*+%8$,%-1"*%6/$%

!  >?)/82$G%

!  ^HQQQ%%malloc()%.)22+%)1(%^HQQQ%free()*.)22+%"1%_Q%+$.&1(+%%
!  [9,&-B98-*%"+%_HQQQ%&8$,)6&1+`+$.&1(%

!  +,-.',./,.malloc().01/.free().%1.23456.780'9:.'8;.#<,=$;*6.

<?@ABC*=*D>(>4"*EFCF* \*

!"#$%&'#()*+,*-.'/#"0(+"*

G%&,+&4."5%*:+.6R*G%.I*H%4+&)*!76#N.7+"*

!  :#$%"*'+4%*'%Q>%"5%*+,*malloc*."2*free*&%Q>%'('R*
!  %$%&'$(&'"""&'$)&'"""'&'$*+('

!  >;?(.@AA<;A0';.#0B$,0/.CD**
!  %malloc(p)%,$+-2*+%"1%)%32&.4%5"*9%)%#0B$,0/%&'%p%30*$+%
!  E\$,%,$V-$+*%$)'9)+%.&/82$*$(H%*9$%0AA<;A0';.#0B$,0/.,)''"+%*9$%+-/%&'%

.-,,$1*20%)22&.)*$(%8)02&)(+%

!  )22%malloc()W(%+*-Y%/"1-+%)22%free()W(%+*-Y%

!  >;?(.EF<<;1'.8;0#.:%G;.H.+D.

!  E++-/$%-)%"+%/&1&*&1".)220%1&1($.,$)+"1B%

!  E22&.)*&,%.)1%"1.,$)+$%+"#$%&'%9$)8%-+"1B%sbrk() 

!  >;?(.C;0D.*;*,<B.FI$%G0I,1.0J;<.D.<;KF;:':..
!  .)'/'0'123!4)',!'5''6''-)'

<?@ABC*=*D>(>4"*EFCF* CF*



!"#$%&'#()*+,*-.'/#"0(+"*

X&.04%"(.7+"*

!  G++&*4%4+&)*>76#N.7+"*5.>'%2*;)*?<0A*;1'0I,1*
!  %1';<10$%',)B/$1*)6&1%

!  ;"';<10$%',)B/$1*)6&1%

<?@ABC*=*D>(>4"*EFCF* CC*

!"#$%&'#()*+,*-.'/#"0(+"*

8"(%&".6*X&.04%"(.7+"*

!  X+&*.*0#$%"*;6+5I]*%1';<10$.?<0A*;1'0I,1.+55>&'*#,*9.)6+.2*#'*
'4.66%&*(/."*;6+5I*'#N%*

!  <.>'%2*;)**

!  &J$,9$)(%&'%/)"1*)"1"1B%9$)8%()*)%+*,-.*-,$+%

!  8)(("1B%'&,%)2"B1/$1*%8-,8&+$+%

!  $?82"."*%8&2".0%($."+"&1+%%
;$XBXH%*&%,$*-,1%)%3"B%32&.4%*&%+)6+'0%)%+/)22%,$V-$+*<%

!  3%9%"2'*+"6)*+"*(/%*9.^%&"*+,*#<;L%,F:*&%Q>%'('*

!  *9-+H%$)+0%*&%/$)+-,$%

9.)6+.2*
8"(%&".6**

,&.04%"(.7+"*

;6+5I*

8"(%&".6**

,&.04%"(.7+"*

<?@ABC*=*D>(>4"*EFCF* CE*



!"#$%&'#()*+,*-.'/#"0(+"*

@L(%&".6*X&.04%"(.7+"*

!  _55>&'*W/%"*(/%&%*#'*%"+>0/*.00&%0.(%*/%.9*4%4+&)]*;>(*"+*

'#"06%*,&%%*;6+5I*#'*6.&0%*%"+>0/*

!  3%9%"2'*+"*(/%*9.^%&"*+,*,>(>&%*&%Q>%'('*

!  [9-+H%("a.-2*%*&%/$)+-,$%

p1 = malloc(4) 

p2 = malloc(5) 

p3 = malloc(6) 

free(p2) 

p4 = malloc(6) 2,#:M.3-80'.-,F$/.80##;1.1,-65.

<?@ABC*=*D>(>4"*EFCF* CA*

!"#$%&'#()*+,*-.'/#"0(+"*

8496%4%"(.7+"*8''>%'*

!  T+W*(+*I"+W*/+W*4>5/*4%4+&)*#'*;%#"0*free()`2*W/%"*
#(*#'*0#$%"*+"6)*.*9+#"(%&*J."2*"+*6%"0(/KS*

!  T+W*(+*I%%9*(&.5I*+,*(/%*,&%%*;6+5I'S*

!  -/.(*(+*2+*W#(/*%L(&.*'9.5%*W/%"*.66+5.7"0*.*;6+5I*(/.(*#'*

'4.66%&*(/."*(/%*,&%%*;6+5I*#(*#'*96.5%2*#"S*

!  T+W*(+*9#5I*.*;6+5I*(+*>'%*,+&*.66+5.7+"a4.")*4#0/(*b(S*

!  T+W*(+*&%#"'%&(*.*,&%%2*;6+5I*#"(+*(/%*/%.9S*

<?@ABC*=*D>(>4"*EFCF* CU*



!"#$%&'#()*+,*-.'/#"0(+"*

c"+W#"0*T+W*H>5/*(+*X&%%*

!  ?(."2.&2*4%(/+2*

!  b$$8%*9$%2$1B*9%&'%)%32&.4%"1%*9$%5&,(%8,$.$("1B%*9$%32&.4X%
!  [9"+%5&,(%"+%&\$1%.)22$(%*9$%8;0/;<.N;$/*&,'8;0/;<.

!  N$V-",$+%)1%$?*,)%5&,(%'&,%$J$,0%)22&.)*$(%32&.4%

free(p0) 

p0 = malloc(4) 

p0 

;6+5I*'#N%* 2.(.*

B*

<?@ABC*=*D>(>4"*EFCF* CB*

!"#$%&'#()*+,*-.'/#"0(+"*

c%%9#"0*1&.5I*+,*X&%%*d6+5I'*

!  H%(/+2*CR*)*#$%&%'.$%:'.>'#"0*6%"0(/a6#"I'*.66*;6+5I'*

!  H%(/+2*ER*!"#$%&%'.$%:'*.4+"0*(/%*,&%%*;6+5I'*>'#"0*9+#"(%&'*

!  H%(/+2*AR*O;A<;A0';/.?<;;.$%:'.
!  c"Y$,$1*%',$$%2"+*+%'&,%("Y$,$1*%+"#$%.2)++$+%

!  H%(/+2*UR*P$,&D:.:,<';/.=B.:%G;.
!  F)1%-+$%)%3)2)1.$(%3"1),0%*,$$%;$XBX%,$(:32).4%*,$$<%5"*9%8&"1*$,+%

5"*9"1%$).9%',$$%32&.4H%)1(%*9$%2$1B*9%-+$(%)+%)%4$0%

5 U* E*Y*

5 U* E*Y*

<?@ABC*=*D>(>4"*EFCF* CY*



!"#$%&'#()*+,*-.'/#"0(+"*

8496#5#(*V#'(*

!  X+&*%.5/*;6+5I*W%*"%%2R*6%"0(/]*#'=.66+5.(%2S*

!  F&-2(%+*&,$%*9"+%"1'&,/)6&1%"1%*5&%5&,(+G%5)+*$'-2T%

!  ?(."2.&2*(&#5I*

!  ='%32&.4+%),$%)2"B1$(H%+&/$%2&5:&,($,%)((,$++%3"*+%),$%)25)0+%Q%

!  =1+*$)(%&'%+*&,"1B%)1%)25)0+:Q%3"*H%-+$%"*%)+%)%)22&.)*$(`',$$%])B%
!  d9$1%,$)("1B%+"#$%5&,(H%/-+*%/)+4%&-*%*9"+%3"*%

'#N%*

C*W+&2*

Q,<*0'.,?.

0$$,&0';/.01/.
?<;;.=$,&D:.

9.)6+.2*

.*e*CR*.66+5.(%2*;6+5I***

.*e*FR*,&%%*;6+5I*

'#N%R*;6+5I*'#N%*

9.)6+.2R*.996#5.7+"*2.(.*

J.66+5.(%2*;6+5I'*+"6)K*

.*

+97+".6*

9.22#"0*

<?@ABC*=*D>(>4"*EFCF* CZ*

!"#$%&'#()*+,*-.'/#"0(+"*

@L.496%*

!  [=;)(%*.6#0"4%"(*

!  D)0%,$V-",$%"1"6)2%-1-+$(%5&,(%

!  F)-+$+%+&/$%"1*$,1)2%',)B/$1*)6&1%

!  _"%*W+&2*JFfCK*(+*4.&I*%"2*+,*6#'(*

!  T%&%R*;6+5I*'#N%*#"*W+&2'*,+&*'#496#5#()*

2/0 4/1 8/0 4/1 0/1 

X&%%*W+&2*

D66+5.(%2*W+&2*

D66+5.(%2*W+&2*

>">'%2*

O'0<'.,?.8;0#.

R.=B';:.H.S.-,</.0$%A1*;1'.

!$V-$1.$%&'%32&.4+%"1%9$)8G%e`QH%f`_H%O`QH%f`_%

<?@ABC*=*D>(>4"*EFCF* C[*



!"#$%&'#()*+,*-.'/#"0(+"*

8496#5#(*V#'(R*X#"2#"0*.*X&%%*d6+5I*
!  Q%<:'.N'(.

!  !$),.9%2"+*%',&/%3$B"11"1BH%.9&&+$%N<:'%',$$%32&.4%*9)*%g*+G%3E,:'65.

!  F)1%*)4$%2"1$),%6/$%"1%*&*)2%1-/3$,%&'%32&.4+%;)22&.)*$(%)1(%',$$<%

!  =1%8,).6.$%"*%.)1%.)-+$%L+82"1*$,+M%)*%3$B"11"1B%&'%2"+*%
!  T;"'.N'(.

!  K"4$%g,+*:g*H%3-*%+$),.9%2"+*%+*),61B%59$,$%8,$J"&-+%+$),.9%g1"+9$(%
!  !9&-2(%&\$1%3$%')+*$,%*9)1%g,+*:g*G%)J&"(+%,$:+.)11"1B%-19$28'-2%32&.4+%
!  !&/$%,$+$),.9%+-BB$+*+%*9)*%',)B/$1*)6&1%"+%5&,+$%

!  P;:'.N'(.

!  !$),.9%*9$%2"+*H%.9&&+$%*9$%=;:'%',$$%32&.4G%g*+H%5"*9%'$5$+*%30*$+%2$\%&J$,%
!  b$$8+%',)B/$1*+%+/)22h-+-)220%9$28+%',)B/$1*)6&1%

!  d"22%*08".)220%,-1%+2&5$,%*9)1%g,+*:g*%

p = start;  
while ((p < end) &&     \\ not passed end 
       ((*p & 1) ||     \\ already allocated 
       (*p <= len)))    \\ too small  
  p = p + (*p & -2);    \\ goto next block (word addressed) 

<?@ABC*=*D>(>4"*EFCF* C\*

!"#$%&'#()*+,*-.'/#"0(+"*

8496#5#(*V#'(R*D66+5.7"0*#"*X&%%*d6+5I*

!  D66+5.7"0*#"*.*,&%%*;6+5IR*:#$%U1A.

!  !"1.$%)22&.)*$(%+8).$%/"B9*%3$%+/)22$,%*9)1%',$$%+8).$H%5$%/"B9*%5)1*%

*&%+82"*%*9$%32&.4%

void addblock(ptr p, int len) { 
  int newsize = ((len + 1) >> 1) << 1;  // round up to even 
  int oldsize = *p & -2;                // mask out low bit 
  *p = newsize | 1;                     // set new length 
  if (newsize < oldsize) 
    *(p+newsize) = oldsize - newsize;   // set length in remaining 
}                                       //   part of block 

U* U* E*Y*

U* E*U*

9*

E*U*

addblock(p, 4) 

<?@ABC*=*D>(>4"*EFCF* EF*



!"#$%&'#()*+,*-.'/#"0(+"*

8496#5#(*V#'(R*D66+5.7"0*#"*X&%%*d6+5I*

!  D66+5.7"0*#"*.*,&%%*;6+5IR*:#$%U1A.

!  !"1.$%)22&.)*$(%+8).$%/"B9*%3$%+/)22$,%*9)1%',$$%+8).$H%5$%/"B9*%5)1*%

*&%+82"*%*9$%32&.4%

void addblock(ptr p, int len) { 
  int newsize = ((len + 1) >> 1) << 1;  // round up to even 
  int oldsize = *p & -2;                // mask out low bit 
  *p = newsize | 1;                     // set new length 
  if (newsize < oldsize) 
    *(p+newsize) = oldsize - newsize;   // set length in remaining 
}                                       //   part of block 

U* U* E*Y*

U* E*U*

9*

E*U*

addblock(p, 4) 

<?@ABC*=*D>(>4"*EFCF* EC*

!"#$%&'#()*+,*-.'/#"0(+"*

8496#5#(*V#'(R*X&%%#"0*.*d6+5I*

!  ?#496%'(*#496%4%"(.7+"R*

!  7$$(%&120%.2$),%*9$%L)22&.)*$(M%])B%
  void free_block(ptr p) { *p = *p & -2 } 

!  i-*%.)1%2$)(%*&%L')2+$%',)B/$1*)6&1M%%

V8;<;.%:.;1,FA8.?<;;.:#0&;W.=F'.'8;.0$$,&0',<.-,19'.=;.0=$;.',.N1/.%'.

U* E*U* E*

free(p) p 

U* U* E*

U*

U* E*

malloc(5) 2,#:M.

<?@ABC*=*D>(>4"*EFCF* EE*



!"#$%&'#()*+,*-.'/#"0(+"*

8496#5#(*V#'(R*<+.6%'5#"0*

!  g+#"*3&,0$;:&;5.W#(/*"%L(f9&%$#+>'*;6+5I']*#,*(/%)*.&%*,&%%*

!  F&)2$+."1B%5"*9%1$?*%32&.4%

!  i-*%9&5%(&%5$%.&)2$+.$%5"*9%78#9!:;<%32&.4j%

void free_block(ptr p) { 
    *p = *p & -2;          // clear allocated flag 
    next = p + *p;         // find next block 
    if ((*next & 1) == 0) 
      *p = *p + *next;     // add to this block if 
}                          //    not allocated 

U* E*U* E*

free(p) p 

U* U* E*

U*

Y* E*

$,A%&0$$B.

A,1;.

<?@ABC*=*D>(>4"*EFCF* EA*

!"#$%&'#()*+,*-.'/#"0(+"*

8496#5#(*V#'(R*d#2#&%57+".6*<+.6%'5#"0**

!  P,F1/0<B.'0A:*kb1-*9lmn%
!  N$82".)*$%+"#$`)22&.)*$(%5&,(%)*%L3&o&/M%;$1(<%&'%',$$%32&.4+%

!  E22&5+%-+%*&%*,)J$,+$%*9$%L2"+*M%3).45),(+H%3-*%,$V-",$+%$?*,)%+8).$%
!  =/8&,*)1*%)1(%B$1$,)2%*$.91"V-$T%

'#N%*

Q,<*0'.,?.

0$$,&0';/.01/.
?<;;.=$,&D:.

9.)6+.2*."2*

9.22#"0*

.*e*CR*.66+5.(%2*;6+5I***

.*e*FR*,&%%*;6+5I*

'#N%R*(+(.6*;6+5I*'#N%*

9.)6+.2R*.996#5.7+"*2.(.*

J.66+5.(%2*;6+5I'*+"6)K*

.*

'#N%* .*d+>"2.&)*(.0*

J,++(%&K*

U* U* U* U* Y* U*Y* U*

T%.2%&*

<?@ABC*=*D>(>4"*EFCF* EU*



!"#$%&'#()*+,*-.'/#"0(+"*

<+"'(."(*1#4%*<+.6%'5#"0*

.66+5.(%2*

.66+5.(%2*

.66+5.(%2*

,&%%*

,&%%*

.66+5.(%2*

,&%%*

,&%%*

;6+5I*;%#"0*

,&%%2*

E0:;.4. E0:;.S. E0:;.X. E0:;.Y.

<?@ABC*=*D>(>4"*EFCF* EB*

!"#$%&'#()*+,*-.'/#"0(+"*

<+"'(."(*1#4%*<+.6%'5#"0*

4C* C*

4C* C*

"* C*

"* C*

4E* C*

4E* C*

4C* C*

4C* C*

"* F*

"* F*

4E* C*

4E* C*

<?@ABC*=*D>(>4"*EFCF* EY*

4C* C*

4C* C*

"h4E* F*

"h4E* F*

4C* C*

4C* C*

"* C*

"* C*

4E* F*

4E* F*

4C* F*

4C* F*

"* C*

"* C*

4E* C*

4E* C*

"h4C* F*

"h4C* F*

4E* C*

4E* C*

4C* F*

4C* F*

"* C*

"* C*

4E* F*

4E* F*

"h4Ch4E* F*

"h4Ch4E* F*



!"#$%&'#()*+,*-.'/#"0(+"*

8496#5#(*V#'('R*?>44.&)*

!  8496%4%"(.7+"R*$%&)*'#496%*

!  D66+5.(%*5+'(R**
!  2"1$),%6/$%5&,+*%.)+$%

!  X&%%*5+'(R**
!  .&1+*)1*%6/$%5&,+*%.)+$%

!  $J$1%5"*9%.&)2$+."1B%
!  H%4+&)*>'.0%R**

!  5"22%($8$1(%&1%82).$/$1*%8&2".0%

!  p",+*:g*H%1$?*:g*%&,%3$+*:g*%

!  i+(*>'%2*#"*9&.575%*,+&*malloc()/free()*;%5.>'%*+,*
6#"%.&=74%*.66+5.7+"*
!  -+$(%"1%/)10%+8$.")2%8-,8&+$%)882".)6&1+%

!  1/%*5+"5%9('*+,*'96#j"0*."2*;+>"2.&)*(.0*5+.6%'5#"0*.&%*
0%"%&.6*(+*0$$*.66+5.(+&'*

<?@ABC*=*D>(>4"*EFCF* EZ*

!"#$%&'#()*+,*-.'/#"0(+"*

c%%9#"0*1&.5I*+,*X&%%*d6+5I'*

!  H%(/+2*CR*)*#$%&%'.?<;;.$%:'.>'#"0*6%"0(/a6#"I'*.66*;6+5I'*

!  H%(/+2*ER*!"#$%&%'.?<;;.$%:'*.4+"0*(/%*,&%%*;6+5I'*>'#"0*9+#"(%&'*

!  H%(/+2*AR*O;A<;A0';/.?<;;.$%:'.
!  c"Y$,$1*%',$$%2"+*+%'&,%("Y$,$1*%+"#$%.2)++$+%

!  H%(/+2*UR*P$,&D:.:,<';/.=B.:%G;.
!  F)1%-+$%)%3)2)1.$(%*,$$%;$XBX%N$(:i2).4%*,$$<%5"*9%8&"1*$,+%5"*9"1%$).9%

',$$%32&.4H%)1(%*9$%2$1B*9%-+$(%)+%)%4$0%

5 U* E*Y*

5 U* E*Y*

<?@ABC*=*D>(>4"*EFCF* E[*



!"#$%&'#()*+,*-.'/#"0(+"*

@L96#5#(*X&%%*V#'('*

!  H.#"(.#"*6#'(J'K*+,*?<;;*;6+5I']*"+(*0$$*;6+5I'*

!  [9$%L1$?*M%',$$%32&.4%.&-2(%3$%)1059$,$%
!  !&%5$%1$$(%*&%+*&,$%'&,5),(`3).4%8&"1*$,+H%1&*%A-+*%+"#$+%

!  !622%1$$(%3&-1(),0%*)B+%'&,%.&)2$+."1B%
!  K-.4"20%5$%*,).4%&120%',$$%32&.4+H%+&%5$%.)1%-+$%8)02&)(%),$)%

'#N%*

9.)6+.2*."2*

9.22#"0*

.*

'#N%* .*

'#N%* .*

'#N%* .*

"%L(*

9&%$*

D66+5.(%2*J.'*;%,+&%K* X&%%*

<?@ABC*=*D>(>4"*EFCF* E\*

!"#$%&'#()*+,*-.'/#"0(+"*

@L96#5#(*X&%%*V#'('*

!  V+0#5.66)*J2+>;6)=6#"I%2*6#'('KR*

!  G/)'#5.66)R*;6+5I'*5."*;%*#"*.")*+&2%&*

D* d* <*

U* U* U* U* Y*Y* U*U* U* U*

X+&W.&2*J"%L(K*6#"I'*

d.5I*J9&%$K*6#"I'*

D* d*

<*

<?@ABC*=*D>(>4"*EFCF* AF*



!"#$%&'#()*+,*-.'/#"0(+"*

D66+5.7"0*X&+4*@L96#5#(*X&%%*V#'('*

P;?,<;.

@J;<.

= malloc(…) 

3-%'8.:#$%U1A5.

.&1.$8*-)2%B,)89".%

<?@ABC*=*D>(>4"*EFCF* AC*

!"#$%&'#()*+,*-.'/#"0(+"*

X&%%#"0*-#(/*@L96#5#(*X&%%*V#'('*

!  )1:;<I,1.#,$%&BR*-/%&%*#"*(/%*,&%%*6#'(*2+*)+>*9>(*.*"%W6)*
,&%%2*;6+5IS*

!  K=pR%;2)+*:"1:g,+*:&-*<%8&2".0%
!  =1+$,*%',$$(%32&.4%)*%*9$%3$B"11"1B%&'%*9$%',$$%2"+*%

!  C<,(%+"/82$%)1(%.&1+*)1*%6/$%

!  E,1(%+*-("$+%+-BB$+*%',)B/$1*)6&1%"+%5&,+$%*9)1%)((,$++%&,($,$(%

!  E((,$++:&,($,$(%8&2".0%
!  =1+$,*%',$$(%32&.4+%+&%*9)*%',$$%2"+*%32&.4+%),$%)25)0+%"1%)((,$++%
&,($,G%%

%%%%%%%%%%2==8078#95'4'2==80>;885'4'2==80*#3?5'

!  %E,1(%,$V-",$+%+$),.9%

!  %C<,(%+*-("$+%+-BB$+*%',)B/$1*)6&1%"+%2&5$,%*9)1%K=pR%

<?@ABC*=*D>(>4"*EFCF* AE*



!"#$%&'#()*+,*-.'/#"0(+"*

X&%%#"0*-#(/*.*V8X_*G+6#5)*J<.'%*CK*

!  8"'%&(*(/%*,&%%2*;6+5I*.(*(/%*&++(*+,*(/%*6#'(*

free( ) 

k++(*

k++(*

P;?,<;.

@J;<.

.&1.$8*-)2%B,)89".%

<?@ABC*=*D>(>4"*EFCF* AA*

!"#$%&'#()*+,*-.'/#"0(+"*

X&%%#"0*-#(/*.*V8X_*G+6#5)*J<.'%*EK*

!  ?96#5%*+>(*9&%2%5%''+&*;6+5I]*5+.6%'5%*;+(/*4%4+&)*;6+5I']*
."2*#"'%&(*(/%*"%W*;6+5I*.(*(/%*&++(*+,*(/%*6#'(*

free( ) 

k++(*

k++(*

P;?,<;.

@J;<.

.&1.$8*-)2%B,)89".%

<?@ABC*=*D>(>4"*EFCF* AU*



!"#$%&'#()*+,*-.'/#"0(+"*

X&%%#"0*-#(/*.*V8X_*G+6#5)*J<.'%*AK*

!  ?96#5%*+>(*'>55%''+&*;6+5I]*5+.6%'5%*;+(/*4%4+&)*;6+5I'*."2*
#"'%&(*(/%*"%W*;6+5I*.(*(/%*&++(*+,*(/%*6#'(*

free( ) 

k++(*

k++(*

P;?,<;.

@J;<.

.&1.$8*-)2%B,)89".%

<?@ABC*=*D>(>4"*EFCF* AB*

!"#$%&'#()*+,*-.'/#"0(+"*

X&%%#"0*-#(/*.*V8X_*G+6#5)*J<.'%*UK*

!  ?96#5%*+>(*9&%2%5%''+&*."2*'>55%''+&*;6+5I']*5+.6%'5%*.66*A*
4%4+&)*;6+5I'*."2*#"'%&(*(/%*"%W*;6+5I*.(*(/%*&++(*+,*(/%*6#'(*

free( ) 

k++(*

k++(*

P;?,<;.

@J;<.

.&1.$8*-)2%B,)89".%

<?@ABC*=*D>(>4"*EFCF* AY*



!"#$%&'#()*+,*-.'/#"0(+"*

@L96#5#(*V#'(*?>44.&)*

!  <+49.&#'+"*(+*#496#5#(*6#'(R*

!  E22&.)*$%"+%2"1$),%6/$%"1%1-/3$,%&'%?<;;%32&.4+%"1+*$)(%&'%0$$%32&.4+%

!  ZF&8.?0:';<.59$1%/&+*%&'%*9$%/$/&,0%"+%'-22%%

!  !2"B9*20%/&,$%.&/82".)*$(%)22&.)*$%)1(%',$$%+"1.$%1$$(+%*&%+82".$%32&.4+%

"1%)1(%&-*%&'%*9$%2"+*%

!  !&/$%$?*,)%+8).$%'&,%*9$%2"14+%;e%$?*,)%%5&,(+%1$$($(%'&,%$).9%32&.4<%

!  c&$+%*9"+%"1.,$)+$%"1*$,1)2%',)B/$1*)6&1j%

!  H+'(*5+44+"*>'%*+,*6#"I%2*6#'('*#'*#"*5+"l>"57+"*W#(/*
'%0&%0.(%2*,&%%*6#'('*

!  b$$8%/-2682$%2"14$(%2"+*+%&'%("Y$,$1*%+"#$%.2)++$+H%&,%8&++"320%'&,%

("Y$,$1*%*08$+%&'%&3A$.*+%

<?@ABC*=*D>(>4"*EFCF* AZ*

!"#$%&'#()*+,*-.'/#"0(+"*

c%%9#"0*1&.5I*+,*X&%%*d6+5I'*

!  H%(/+2*CR*)*#$%&%'.$%:'.>'#"0*6%"0(/a6#"I'*.66*;6+5I'*

!  H%(/+2*ER*!"#$%&%'.$%:'*.4+"0*(/%*,&%%*;6+5I'*>'#"0*9+#"(%&'*

!  H%(/+2*AR*O;A<;A0';/.?<;;.$%:'.
!  c"Y$,$1*%',$$%2"+*+%'&,%("Y$,$1*%+"#$%.2)++$+%

!  H%(/+2*UR*P$,&D:.:,<';/.=B.:%G;.
!  F)1%-+$%)%3)2)1.$(%*,$$%;$XBX%N$(:i2).4%*,$$<%5"*9%8&"1*$,+%5"*9"1%$).9%

',$$%32&.4H%)1(%*9$%2$1B*9%-+$(%)+%)%4$0%

5 U* E*Y*

5 U* E*Y*

<?@ABC*=*D>(>4"*EFCF* A[*



!"#$%&'#()*+,*-.'/#"0(+"*

?%0&%0.(%2*V#'(*J?%06#'(K*D66+5.(+&'*

!  @.5/*:%G;.&$0::*+,*;6+5I'*/.'*#('*+W"*,&%%*6#'(*

!  _m%"*/.$%*'%9.&.(%*56.''%'*,+&*%.5/*'4.66*'#N%*

!  X+&*6.&0%&*'#N%'R*_"%*56.''*,+&*%.5/*(W+=9+W%&*'#N%*

C=E*

A*

U*

B=[*

\=#",*

<?@ABC*=*D>(>4"*EFCF* A\*

!"#$%&'#()*+,*-.'/#"0(+"*

?%06#'(*D66+5.(+&*

!  :#$%"*."*.&&.)*+,*,&%%*6#'(']*%.5/*+"%*,+&*'+4%*'#N%*56.''*

!  1+*.66+5.(%*.*;6+5I*+,*'#N%*1R*
!  !$),.9%)88,&8,")*$%',$$%2"+*%'&,%32&.4%&'%+"#$%1'@'*'
!  ='%)1%)88,&8,")*$%32&.4%"+%'&-1(G%

!  !82"*%32&.4%)1(%82).$%',)B/$1*%&1%)88,&8,")*$%2"+*%;&86&1)2<%

!  ='%1&%32&.4%"+%'&-1(H%*,0%1$?*%2),B$,%.2)++%
!  N$8$)*%-162%32&.4%"+%'&-1(%

!  8,*"+*;6+5I*#'*,+>"2R*
!  N$V-$+*%)(("6&1)2%9$)8%/$/&,0%',&/%R!%;-+"1B%sbrk()<%
!  E22&.)*$%32&.4%&'%*%30*$+%',&/%*9"+%1$5%/$/&,0%

!  q2).$%,$/)"1($,%)+%)%+"1B2$%',$$%32&.4%"1%2),B$+*%+"#$%.2)++%

<?@ABC*=*D>(>4"*EFCF* UF*



!"#$%&'#()*+,*-.'/#"0(+"*

?%06#'(*D66+5.(+&*J5+"(MK*

!  1+*,&%%*.*;6+5IR*

!  F&)2$+.$%)1(%82).$%&1%)88,&8,")*$%2"+*%;&86&1)2<%

!  D2$."(.0%'*+,*'%06#'(*.66+5.(+&'*

!  r"B9$,%*9,&-B98-*%
!  %2&B%6/$%'&,%8&5$,:&':*5&%+"#$%.2)++$+%

!  i$o$,%/$/&,0%-62"#)6&1%

!  p",+*:g*%+$),.9%&'%+$B,$B)*$(%',$$%2"+*%)88,&?"/)*$+%)%3$+*:g*%+$),.9%

&'%$16,$%9$)8X%

!  >?*,$/$%.)+$G%Z"J"1B%$).9%32&.4%"*+%&51%+"#$%.2)++%"+%$V-"J)2$1*%*&%

3$+*:g*X%

<?@ABC*=*D>(>4"*EFCF* UC*

!"#$%&'#()*+,*-.'/#"0(+"*

?>44.&)*+,*c%)*D66+5.(+&*G+6#5#%'*
!  G6.5%4%"(*9+6#5)R*

!  p",+*:g*H%1$?*:g*H%3$+*:g*H%$*.X%
!  [,)($+%&Y%2&5$,%*9,&-B98-*%'&,%2$++%',)B/$1*)6&1 %%

!  )1';<;:I1A.,=:;<L0I,1R*+$B,$B)*$(%',$$%2"+*+%)88,&?"/)*$%)%3$+*%g*%
82).$/$1*%8&2".0%5"*9&-*%9)J"1B%*&%+$),.9%$16,$%',$$%2"+*%

!  ?96#j"0*9+6#5)R*
!  d9$1%(&%5$%B&%)9$)(%)1(%+82"*%',$$%32&.4+j%

!  r&5%/-.9%"1*$,1)2%',)B/$1*)6&1%),$%5$%5"22"1B%*&%*&2$,)*$j%

!  <+.6%'5#"0*9+6#5)R*
!  )**;/%0';.&,0$;:&%1A(..&)2$+.$%$).9%6/$%free()*"+%.)22$(%%
!  >;?;<<;/.&,0$;:&%1A(.*,0%*&%"/8,&J$%8$,'&,/)1.$%&'%free()*30%

($'$,,"1B%.&)2$+."1B%-162%1$$($(X%>?)/82$+G%

!  F&)2$+.$%)+%0&-%+.)1%*9$%',$$%2"+*%'&,%malloc()*
!  F&)2$+.$%59$1%*9$%)/&-1*%&'%$?*$,1)2%',)B/$1*)6&1%,$).9$+%

+&/$%*9,$+9&2(%

<?@ABC*=*D>(>4"*EFCF* UE*



!"#$%&'#()*+,*-.'/#"0(+"*

8496#5#(*H%4+&)*H.".0%4%"(R*
:.&;.0%*<+66%57+"*

!  [0<=0A;.&,$$;&I,1(..>(+4.75*&%56.4.7+"*+,*/%.9=.66+5.(%2*
'(+&.0%a.996#5.7+"*"%$%&*/.'*(+*,&%%*

!  <+44+"*#"*,>"57+".6*6."0>.0%']*'5&#97"0*6."0>.0%']*."2*
4+2%&"*+;l%5(*+&#%"(%2*6."0>.0%'R*

!  K"+8H%DKH%I)J)H%q$,2H%D)*9$/)6.)%

!  n.&#."('*JO5+"'%&$.7$%P*0.&;.0%*5+66%5(+&'K*%L#'(*,+&*<*."2*<hh*

!  r&5$J$,H%.)11&*%1$.$++),"20%.&22$.*%)22%B),3)B$%

void foo() { 
   int *p = malloc(128); 
   return; /* p block is now garbage */ 
} 

<?@ABC*=*D>(>4"*EFCF* UA*

!"#$%&'#()*+,*-.'/#"0(+"*

:.&;.0%*<+66%57+"*

!  T+W*2+%'*(/%*4%4+&)*4.".0%&*I"+W*W/%"*4%4+&)*5."*;%*
,&%%2S*
!  =1%B$1$,)2H%5$%.)11&*%41&5%59)*%"+%B&"1B%*&%3$%-+$(%"1%*9$%'-*-,$%+"1.$%"*%

($8$1(+%&1%.&1("6&1)2+%

!  i-*H%5$%.)1%*$22%*9)*%.$,*)"1%32&.4+%.)11&*%3$%-+$(%"'%*9$,$%),$%1&%
8&"1*$,+%*&%*9$/%

!  H>'(*4.I%*5%&(.#"*.''>497+"'*.;+>(*9+#"(%&'*
!  D$/&,0%/)1)B$,%.)1%("+61B-"+9%8&"1*$,+%',&/%1&1:8&"1*$,+%

!  E22%8&"1*$,+%8&"1*%*&%*9$%+*),*%&'%)%32&.4%"1%*9$%9$)8%
!  F)11&*%9"($%8&"1*$,+%%

;$XBXH%30%.)+61B%;>:#8>!*A<%*9$/%*&%)1%intH%)1(%*9$1%3).4%)B)"1<%

<?@ABC*=*D>(>4"*EFCF* UU*



!"#$%&'#()*+,*-.'/#"0(+"*

<6.''#5.6*:<*D60+&#(/4'*

!  H.&I=."2='W%%9*5+66%57+"*JH5<.&(/)]*C\YFK*

!  c&$+%1&*%/&J$%32&.4+%;-12$++%0&-%)2+&%L.&/8).*M<%

!  k%,%&%"5%*5+>"7"0*J<+66#"']*C\YFK*

!  c&$+%1&*%/&J$%32&.4+%;1&*%("+.-++$(<%

!  <+9)#"0*5+66%57+"*JH#"'I)]*C\YAK*

!  D&J$+%32&.4+%;1&*%("+.-++$(<%

!  :%"%&.7+".6*<+66%5(+&'*JV#%;%&4."*."2*T%W#^]*C\[AK*

!  F&22$.6&1%3)+$(%&1%2"'$6/$+%

!  D&+*%)22&.)6&1+%3$.&/$%B),3)B$%J$,0%+&&1%

!  !&%'&.-+%,$.2)/)6&1%5&,4%&1%#&1$+%&'%/$/&,0%,$.$1*20%)22&.)*$(%

!  X+&*4+&%*#",+&4.7+"R**
g+"%'*."2*V#"]*O[0<=0A;.E,$$;&I,1(.@$A,<%'8*:.?,<.@F',*0I&.
>B10*%&.Z;*,<BP]*g+/"*-#6%)*o*?+"']*C\\YM*

<?@ABC*=*D>(>4"*EFCF* UB*

!"#$%&'#()*+,*-.'/#"0(+"*

H%4+&)*.'*.*:&.9/*

!  -%*$#%W*4%4+&)*.'*.*2#&%5(%2*0&.9/*

!  >).9%32&.4%"+%)%1&($%"1%*9$%B,)89%%
!  >).9%8&"1*$,%"+%)1%$(B$%"1%*9$%B,)89%
!  K&.)6&1+%1&*%"1%*9$%9$)8%*9)*%.&1*)"1%8&"1*$,+%"1*&%*9$%9$)8%),$%.)22$(%

<,,'%%1&($+%%;$XBX%,$B"+*$,+H%2&.)6&1+%&1%*9$%+*).4H%B2&3)2%J),")32$+<%

\,,'.1,/;:.

+;0#.1,/;:.

i+(=&%.5/.;6%*

J0.&;.0%K*

&%.5/.;6%*

D*"+2%*J;6+5IK*#'*<;0&80=$;**#,*(/%&%*#'*.*9.(/*,&+4*.")*&++(*(+*(/.(*"+2%*

i+"=&%.5/.;6%*"+2%'*.&%*A0<=0A;.J5.""+(*;%*"%%2%2*;)*(/%*.996#5.7+"K*
<?@ABC*=*D>(>4"*EFCF* UY*



!"#$%&'#()*+,*-.'/#"0(+"*

H.&I*."2*?W%%9*<+66%57"0*

!  <."*;>#62*+"*(+9*+,*4.66+5f,&%%*9.5I.0%*

!  E22&.)*$%-+"1B%/)22&.%-162%0&-%L,-1%&-*%&'%+8).$M%

!  -/%"*+>(*+,*'9.5%R*

!  P+$%$?*,)%*0<D.=%'*"1%*9$%9$)(%&'%$).9%32&.4%

!  Z0<D(%!*),*%)*%,&&*+%)1(%+$*%/),4%3"*%&1%$).9%,$).9)32$%32&.4%

!  O-;;#(%!.)1%)22%32&.4+%)1(%',$$%32&.4+%*9)*%),$%1&*%/),4$(%

P;?,<;.*0<D.

&++(*

@J;<.*0<D.

@J;<.:-;;#. ,&%%*

H.&I*;#(*'%(*

,&%%*

<?@ABC*=*D>(>4"*EFCF* UZ*

!"#$%&'#()*+,*-.'/#"0(+"*

D''>497+"'*X+&*.*?#496%*8496%4%"(.7+"*

!  D996#5.7+"*

!  new(n)R**,$*-,1+%8&"1*$,%*&%1$5%32&.4%5"*9%)22%2&.)6&1+%.2$),$(%
!  read(b,i):*,$)(%2&.)6&1%i%&'%32&.4%b%"1*&%,$B"+*$,%
!  write(b,i,v): 5,"*$%v%"1*&%2&.)6&1%i%&'%32&.4%b 

!  @.5/*;6+5I*W#66*/.$%*.*/%.2%&*W+&2*

!  E((,$++$(%)+%b[-1]H%'&,%)%32&.4%b 

!  8"'(&>57+"'*>'%2*;)*(/%*:.&;.0%*<+66%5(+&*

!  is_ptr(p):%($*$,/"1$+%59$*9$,%p%"+%)%8&"1*$,%
!  length(bKR**,$*-,1+%*9$%2$1B*9%&'%32&.4%bH%1&*%"1.2-("1B%*9$%9$)($,%
!  get_roots()R**,$*-,1+%)22%*9$%,&&*+%

<?@ABC*=*D>(>4"*EFCF* U[*



!"#$%&'#()*+,*-.'/#"0(+"*

H.&I*."2*?W%%9*J5+"(MK*

ptr mark(ptr p) { 
   if (!is_ptr(p)) return;        // do nothing if not pointer 
   if (markBitSet(p)) return;     // check if already marked 
   setMarkBit(p);                 // set the mark bit 
   for (i=0; i < length(p); i++)  // recursively call mark on 
     mark(p[i]);       //   all words in the block 
   return; 
}       

H.&I*>'#"0*2%9(/=b&'(*(&.$%&'.6*+,*(/%*4%4+&)*0&.9/**

?W%%9*>'#"0*6%"0(/'*(+*b"2*"%L(*;6+5I*

ptr sweep(ptr p, ptr end) { 
   while (p < end) { 
      if markBitSet(p) 
         clearMarkBit(); 
      else if (allocateBitSet(p))  
         free(p); 
      p += length(p); 
}      

<?@ABC*=*D>(>4"*EFCF* U\*

!"#$%&'#()*+,*-.'/#"0(+"*

<+"'%&$.7$%*H.&I*o*?W%%9*#"*<*

!  D*O5+"'%&$.7$%*0.&;.0%*5+66%5(+&P*,+&*<*9&+0&.4'*

!  is_ptr()*($*$,/"1$+%"'%)%5&,(%"+%)%8&"1*$,%30%.9$.4"1B%"'%"*%8&"1*+%*&%

)1%)22&.)*$(%32&.4%&'%/$/&,0%

!  i-*H%"1%F%8&"1*$,+%.)1%8&"1*%*&%*9$%/"((2$%&'%)%32&.4%

!  ?+*/+W*(+*b"2*(/%*;%0#""#"0*+,*(/%*;6+5IS*

!  F)1%-+$%)%3)2)1.$(%3"1),0%*,$$%*&%4$$8%*,).4%&'%)22%)22&.)*$(%32&.4+%%
;4$0%"+%+*),*:&':32&.4<%

!  i)2)1.$(:*,$$%8&"1*$,+%.)1%3$%+*&,$(%"1%9$)($,%;-+$%*5&%)(("6&1)2%
5&,(+<%

/%.2%&*

9(&*

/%.2* 2.(.*

6%m* &#0/(*

'#N%*

V%mR%+/)22$,%)((,$++$+%

k#0/(R%2),B$,%)((,$++$+%

<?@ABC*=*D>(>4"*EFCF* BF*



!"#$%&'#()*+,*-.'/#"0(+"*

H%4+&)=k%6.(%2*G%&#6'*."2*G#p.66'*

!  3%&%,%&%"5#"0*;.2*9+#"(%&'*

!  k%.2#"0*>"#"#7.6#N%2*4%4+&)*

!  _$%&W&#7"0*4%4+&)*

!  k%,%&%"5#"0*"+"%L#'(%"(*$.&#.;6%'*

!  X&%%#"0*;6+5I'*4>6796%*74%'*

!  k%,%&%"5#"0*,&%%2*;6+5I'*

!  X.#6#"0*(+*,&%%*;6+5I'*

<?@ABC*=*D>(>4"*EFCF* BC*

!"#$%&'#()*+,*-.'/#"0(+"*

3%&%,%&%"5#"0*d.2*G+#"(%&'*

!  1/%*56.''#5*scanf*;>0*

int val; 

... 

scanf(“%d”, val); 

<?@ABC*=*D>(>4"*EFCF* BE*



!"#$%&'#()*+,*-.'/#"0(+"*

k%.2#"0*!"#"#7.6#N%2*H%4+&)*

!  D''>4#"0*(/.(*/%.9*2.(.*#'*#"#7.6#N%2*(+*N%&+*

/* return y = Ax */ 
int *matvec(int **A, int *x) {  
   int *y = malloc( N * sizeof(int) ); 
   int i, j; 

   for (i=0; i<N; i++) 
      for (j=0; j<N; j++) 
         y[i] += A[i][j] * x[j]; 
   return y; 
} 

<?@ABC*=*D>(>4"*EFCF* BA*

!"#$%&'#()*+,*-.'/#"0(+"*

_$%&W&#7"0*H%4+&)*

!  D66+5.7"0*(/%*J9+''#;6)K*W&+"0*'#N%2*+;l%5(*

int **p; 

p = malloc( N * sizeof(int) ); 

for (i=0; i<N; i++) { 
   p[i] = malloc( M * sizeof(int) ); 
} 

<?@ABC*=*D>(>4"*EFCF* BU*



!"#$%&'#()*+,*-.'/#"0(+"*

_$%&W&#7"0*H%4+&)*

!  _q=;)=+"%*%&&+&*

int **p; 

p = malloc( N * sizeof(int *) ); 

for (i=0; i<=N; i++) { 
   p[i] = malloc( M * sizeof(int) ); 
} 

<?@ABC*=*D>(>4"*EFCF* BB*

!"#$%&'#()*+,*-.'/#"0(+"*

_$%&W&#7"0*H%4+&)*

!  i+(*5/%5I#"0*(/%*4.L*'(&#"0*'#N%*

!  d.'#'*,+&*56.''#5*;>q%&*+$%&r+W*.^.5I'*
!  s&-,%2)+*%)++"B1/$1*%

char s[8]; 
int i; 

gets(s);  /* reads “123456789” from stdin */  

<?@ABC*=*D>(>4"*EFCF* BY*



!"#$%&'#()*+,*-.'/#"0(+"*

_$%&W&#7"0*H%4+&)*

!  H#'>"2%&'(."2#"0*9+#"(%&*.&#(/4%75*

int *search(int *p, int val) { 

   while (*p && *p != val) 
      p += sizeof(int); 

   return p; 
} 

<?@ABC*=*D>(>4"*EFCF* BZ*

!"#$%&'#()*+,*-.'/#"0(+"*

k%,%&%"5#"0*i+"%L#'(%"(*n.&#.;6%'*

!  X+&0%j"0*(/.(*6+5.6*$.&#.;6%'*2#'.99%.&*W/%"*.*,>"57+"*
&%(>&"'*

int *foo () { 
   int val; 

   return &val; 
}   

<?@ABC*=*D>(>4"*EFCF* B[*



!"#$%&'#()*+,*-.'/#"0(+"*

X&%%#"0*d6+5I'*H>6796%*1#4%'*

!  i.'()s*

!  -/.(*2+%'*(/%*,&%%*6#'(*6++I*6#I%S*

x = malloc( N * sizeof(int) ); 
        <manipulate x> 
free(x); 

y = malloc( M * sizeof(int) ); 
        <manipulate y> 
free(x); 

<?@ABC*=*D>(>4"*EFCF* B\*

x = malloc( N * sizeof(int) ); 
        <manipulate x> 
free(x); 
free(x); 

!"#$%&'#()*+,*-.'/#"0(+"*

k%,%&%"5#"0*X&%%2*d6+5I'*

!  @$#6s**

x = malloc( N * sizeof(int) ); 
  <manipulate x> 
free(x); 
   ... 
y = malloc( M * sizeof(int) ); 
for (i=0; i<M; i++) 
   y[i] = x[i]++; 

<?@ABC*=*D>(>4"*EFCF* YF*



!"#$%&'#()*+,*-.'/#"0(+"*

X.#6#"0*(+*X&%%*d6+5I'*JH%4+&)*V%.I'K*

!  ?6+W]*'#6%"(]*6+"0=(%&4*I#66%&s**

foo() { 
   int *x = malloc(N*sizeof(int)); 
   ... 
   return; 
} 

<?@ABC*=*D>(>4"*EFCF* YC*

!"#$%&'#()*+,*-.'/#"0(+"*

1++*4>5/*#'*&%.5/.;6%*

!  H.&I*9&+5%2>&%*#'*&%5>&'#$%*

!  d"22%5$%9)J$%$1&-B9%+*).4%+8).$j%

!  -%*.&%*0.&;.0%*5+66%57"0*;%5.>'%*W%*.&%*&>""#"0*+>(*+,*

4%4+&)]*&#0/(S*

<?@ABC*=*D>(>4"*EFCF* YE*



!"#$%&'#()*+,*-.'/#"0(+"*

X.#6#"0*(+*X&%%*d6+5I'*JH%4+&)*V%.I'K*

!  X&%%#"0*+"6)*9.&(*+,*.*2.(.*'(&>5(>&%*

struct list { 
   int val; 
   struct list *next; 
}; 

foo() { 
   struct list *head = malloc( sizeof(struct list) ); 
   head->val = 0; 
   head->next = NULL; 
   <create and manipulate the rest of the list> 
    ... 
   free(head); 
   return; 
} 

<?@ABC*=*D>(>4"*EFCF* YA*

!"#$%&'#()*+,*-.'/#"0(+"*

_$%&W&#7"0*H%4+&)*

!  k%,%&%"5#"0*.*9+#"(%&*#"'(%.2*+,*(/%*+;l%5(*#(*9+#"('*(+*

int *getPacket(int **packets, int *size) { 
   int *packet; 
   packet = packets[0]; 
   packets[0] = packets[*size - 1]; 
   *size--;   // what is happening here? 
   reorderPackets(packets, *size, 0); 
   return(packet); 
} 

<?@ABC*=*D>(>4"*EFCF* YU*



!"#$%&'#()*+,*-.'/#"0(+"*

3%.6#"0*-#(/*H%4+&)*d>0'*
!  <+"$%"7+".6*2%;>00%&*JgdbK*

!  Z&&(%'&,%g1("1B%%3)(%8&"1*$,%($,$'$,$1.$+%
!  r),(%*&%($*$.*%*9$%&*9$,%/$/&,0%3-B+%

!  3%;>00#"0*malloc*J!1+&+"(+*<?k8*mallocK*
!  d,)88$,%),&-1(%.&1J$16&1)2%malloc 
!  c$*$.*+%/$/&,0%3-B+%)*%malloc%)1(%free 3&-1(),"$+%

!  D$/&,0%&J$,5,"*$+%*9)*%.&,,-8*%9$)8%+*,-.*-,$+%

!  !&/$%"1+*)1.$+%&'%',$$"1B%32&.4+%/-2682$%6/$+%

!  D$/&,0%2$)4+%

!  F)11&*%($*$.*%)22%/$/&,0%3-B+%

!  RJ$,5,"*$+%"1*&%*9$%/"((2$%&'%)22&.)*$(%32&.4+%

!  p,$$"1B%32&.4%*5".$%*9)*%9)+%3$$1%,$)22&.)*$(%"1%*9$%"1*$,"/%

!  N$'$,$1."1B%',$$(%32&.4+%

!  n.60&#"2*t*V#">L*(++6*'>#(%*#"56>2#"0*4%4+&)*%&&+&*5/%5I%&*
!  /$/.9$.4G%_Q?:mQ?%$?$.-6&1%+2&5(&51%3-*%.9$.4+%'&,%8&"1*$,%$,,&,+H%

/$/&,0%2$)4+H%3)(%',$$%,$V-$+*+H%/&,$t%

<?@ABC*=*D>(>4"*EFCF* YB*


