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CSE251: System Programming
19. Dynamic Memory Allocation (3)

Seongil Wi

Department of Computer Science and Engineering



.
Overview of the Today’s Topics

Q. How to allocate in free block?
— Splitting

Q. How to free?
— Coalescing

Let’s study each one,

including its motivation and how it works!



, . 1 I%]I?T:r;: V‘:’::grd = 8 bytes
Lelt S Thlnk abOUt Malloc* | [1: Allocated word

malloc(8)

L W
48/




, . 1 I%]I?T:rree: V‘:’g:(cj)rd = 8 bytes
Let S Thlnk abOUt Malloc | [1: Allocated word

P L Ltk T ’,——-~~~ RN
,,/ \\ \\\\\\\ ,¢ \\ ,/ \\
Unused .~ N LT TN ol . / Unused
7 s~ £ W s L W’ 7
//32/ 48/ 32/ 16/
)

Placement policy will select one Eiieks
of the free block for allocation g

N
- ~
-
’/
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malloc(8)




Let's Think about Malloc |

square = 1 word = 8 bytes
[ ]: Free word
[]: Allocated word

Unused .-~ \\x \\\\\\\\\\\ L \\x /" Unused
y P4 PRd " ’ L
///32/ 48/ 32/ 16/
/7
Placement policy will select one Eiieks
; First fit!
of the free block for allocation ey
Unused -~ A -~ ) \‘ /" Uhused
malloc(8) 16/ 7




Splitting



1 square = 1 word = 8 bytes
o . . o []: Free word
Allocating in a Free Block: Splitting |D

» Since allocated space might be smaller than free space, we
might want to split the block

Unused 7 .

malloc(8) 74327 48/ 320 16/ %




1 square = 1 word = 8 bytes
o . . o []: Free word
Allocating in a Free Block: Splitting |D

» Since allocated space might be smaller than free space, we
might want to split the block

Unused N e TN // \\ / Unused
7 7 < = g X 7
malloc(8) 8% 48/ 32/ 16/ 7

4

|




1 square = 1 word = 8 bytes
[ ]: Free word

Allocating in a Free BIOCk:* Splitting (J: Alocated word

» Since allocated space might be smaller than free space, we
might want to split the block

Unused /5 /N o7 TN -~ " Unused
% 7 A\ \ P x %7
malloc(8) 8% 16/0 48/1 32/0 16/ 7

1. Set the header of J 2. Set the header of the

the allocated block remaining free block



1 square = 1 word = 8 bytes
o . . o []: Free word
Allocating in a Free Block: Splitting |D

void split block(ptr *block, int payload size){
int block size = get _size(block);

if ((block size - payload size) >= min_block size) {
write header(block, payload size, true);
ptr *block next = find next(block);
write header(block next, block size - payload size, false);

¥
}



1 square = 1 word = 8 bytes
o . . o []: Free word
Allocating in a Free Block: Splitting |D

-

split_block(p; 32) 64 |16

void split block(ptr *block, int payload size){
int block size = get _size(block);

if ((block size - payload size) >= min_block size) {
write header(block, payload size, true);
ptr *block next = find next(block);
write header(block next, block size - payload size, false);

¥



1 square = 1 word = 8 bytes
o . . o []: Free word
Allocating in a Free Block:* Splitting |D

int block size

split _block(p, 32)

get size(block);

Vi

-

116




1 square = 1 word = 8 bytes
o . . o []: Free word
Allocating in a Free Block: Splitting |D

-

split_block(p, 32,4):::> 64 |16

vy Ll

block®size - payload size) >= min_block size) {
write header(block, payload size, true);
ptr *block next = find next(block);
write header(block next, block size - payload size, false);

¥




1 square = 1 word = 8 bytes
o . . o []: Free word
Allocating in a Free Block: Splitting |D

-

Remaining free JBY<C s e 64 |16
block’s size (32) L>

- o

block size - payload_Size) >= min_block_size) {
write header(block, payload size, true);
ptr *block next = find next(block);
write header(block next, block size - payload size, false);

¥




1 square = 1 word = 8 bytes
[]: Free word
[]: Allocated word

Allocating in a Free Block:"eSpIitting

split block(p, 32) 32 | 16

Allocated

write header(block, payload size, true);




1 square = 1 word = 8 bytes
o . . o []: Free word
Allocating in a Free Block:* Splitting |D

ptr *block next

split _block(p, 32)

find_next(block);

32

16




1 square = 1 word = 8 bytes
o . . o []: Free word
Allocating in a Free Block:* Splitting |D

split_block(p, 32) 32 32 16

ptr *block néxt = find_next(block);
write_header(block next,|block size - payload_size, false);

ofrm

Remaining free

block’s size



Allocating in a Free Block: Splitting |

square = 1 word = 8 bytes
[ ]: Free word
[]: Allocated word

split_block(p, 32) 32

32

|16

void split block(ptr *block, int payload size){
int block size = get _size(block);

if ((block size - payload size) >= min_block size) {

¥

write header(block, payload size, true);
ptr *block next = find next(block);

write header(block next, block size - payload size, false);




, . 13?.':36: V‘:’::grd = 8 bytes
Lelt S Thlnk abOUt Free * | []: Allocated word

\
Unused / N S 4 A \ g nused

’ NS a7 i 7 27?
%16/ 48/ 16/ | 16/ 16/ %

free(p)



, . 13?7:22: V‘:’g:grd = 8 bytes
Let S Thlnk abOUt Free * | []: Allocated word

Unused / N o g \ \ nused

7 ) Pt > wa
% 16/ 48/ 16/

Unused / \ . No 4 N\ v+ Unused

4 ‘ -’ ‘ / ’
free(p) /)16l 48/ 16/0f |16/ 16/ é/
]

Any problems? ned o Y- =
A110Cdadled A

o |




1 square = 1 word = 8 bytes
P . | []: Free word |
Le.t S Thl nk abOUt Free * []: Allocated word

,/’ X N =TT . ,/’ ‘\\ , Rel “\\ Rel s\\
Unused / N\ L Y ,/' AN 7 N/ Uhused
n ) g y W; <7 * 7
%16/ 48/ 16/ 16/ 16/ %
A 2
p
27N =TT TTTES VAN /‘\\ "\\
/ N LT TS ~ / \ /7 \ / \
Unused / N\ el >~ S N/ N/ Unused
7 = N W; <7 ¢ 7 %
16/ 48/ 16/ 16/ 16/
free(p) % 7

Any problems? &?

‘ There is enough contiguous free space,
malloc(32) but the allocator won’t be able to find it

Lead to “false fragmentation” ®




1 square = 1 word = 8 bytes
P . | []: Free word |
Let S Thl n k a bOUt Free * []: Allocated word

Unused / N T T / N\ /' 5 / Unused
7 ‘7|' K7 <7 \ %
16/0 48/1 16/1 16/0 16/1
% 6/ 8/ 6/ 6/ 6/ %
P

Unused /' N\ o \\\ / N\ / NS Uniused

7 - X7 <7 \ P
free(p) |/|16i0 48/1‘ 16/0]  [16/0]  [16/1 %/
]

Any problems? &?

ough contiguous free space,
cator won’t be able to find it

Lead to “false fragmentation” ®




Coalescing



1 square = 1 word = 8 bytes
. o o . [ ]: Free word
Joining with Adjacent Blocks: Coalescmg| 0: Alocated word

¥

« Join (coalesce) with next/previous blocks, if they are free




1 square = 1 word = 8 bytes
. o o . [ ]: Free word
Joining with Adjacent Blocl;es: Coalescmg| 0 Alocated wore

« Join (coalesce) with next/previous blocks, if they are free

// \\ e - T s ~ P "/ \\ ; ,/ \\ // \\
Unused / T S [ \ g i used
% 7 ) P Y WA <7 * 7
16/ 48] 16/0!\\ 16/ 16/
Z %




1 square = 1 word = 8 bytes
[ ]: Free word

Joining with Adjacent Bloclg‘es: Coalescing| D Aot ver

« Join (coalesce) with next/previous blocks, if they are free

Logically gone
(even though the
value itself still remain)

P et S p """""" N
V4 A Nt Ll 7 U R R < U4 \
- ~ s’ V4
- ~ ’
A ~
PR

/

N~ ./ Unused
el 7A

2. Modify the size to 1. Clear the
coalesce with next block J allocated flag

Resolve “false fragmentation” ©




Problems of the Current *goalescing ;

» Coalescing with the next block is easy
* But, how about coalescing with the previous block?




. 1 I%]I?T:rzz V‘:’::grd = 8 bytes
Problems of the Current *Coalescmg |D

» Coalescing with the next block is easy
» But, how about coalescing with the previous block?

ad i ~~\‘\ l”” ~~\\\ -~ o ~\\\ z/" N\\\
Unused ..*° AN -~ N N L Boused
U4 \ V4 Y U4
7 7 {7 L W £y 7
32/ 32/ 32/ | 32/
%, Z
’,’¢ \\\\ ”’¢— N\\\ ”,¢ }\\
Unused ,.*° N L N 2l ; Uaused

7 ’ \‘ /" L Wl B W 7
free(p) | Js2 32/ 32/ % 32/ A




. 1 I%]I?T:rzz V‘:’::grd = 8 bytes
Problems of the Current *Coalescmg |D

» Coalescing with the next block is easy
» But, how about coalescing with the previous block?

”¢ - ~~\\\ ”¢” ~~\\\ ,’¢” ~\\\ /”" N\\\
Unused .~ N\ 2 . Baused
7 7 L Wi L Wl L W
32/ 32/ 32/ | 32/ %
7 Z
’,’¢ \\\\ ”’¢— N\\\ ”,¢ \\
Unused 7 N L AN 2t }

= Uaused
32/ z %

/ ’ L W L Wl
free(p) /%32/ 32/ 32/ %




1 square = 1 word = 8 bytes
. [ ]: Free word
Problems of the Current *goalescmg |D |

» Coalescing with the next block is easy
* But, how about coalescing with the previous block?

From p, we cannot see the size of

the previous block

— Thus, we cannot find where the '

previous block starts or check

whether it is free
1. Clear the

allocated flag

Unused

free(p) %32/3,

Our goal: coalescing with the previous block



] 1 I%]I?T:rzz V‘:’::grd = 8 bytes
How to Resolve This Pro!glem? |D

SN ~ S
Unused -~ \‘ L N \‘ e Maused
"1 " ‘ 7 s

7 Naof 3] 32/ 32
T | ZA




1 square = 1 word = 8 bytes
[ ]: Free word

ldea: Bidirectional Coales;‘fing [ Alocated word

Boundary tags: replicate size/allocated word at “botftom” (end)
of blocks

Allows us to traverse the “list”
backwards, but




Idea: Bidirectional Coalescing B Ahotos word

Boundary tags: replicate size/allocated word at “botftom” (end)

of blocks
P
/”” N\\\ /"” N\\\ ,,/” \\\ ,,¢” N\\\
Unused -~ N Lo N N Boused
" | ! '/ _‘_/” ‘ e
WZ = | Je2nisan| | [0 32/1(32/ 321
,‘/ ‘_\ : ’ 5\ R ‘\ ,‘/ 7
Size |a

~~-_" ~~-_"

Payload and
padding

Size ‘a\



Coalescing with the Preval‘eous Block | O:awessteawors

/l’ \\ ,¢’ \\\ ,,/ \\\ ,,’ .
Unused .7 N, A N, Ny Uoused
7 a <« . £\ i
free(p) 32/ 32/132/ 32/0[32/1] 32/1|32/ 32/
- —* < % 2 %
\\\ ’,, \\\ z'l \\\ ,’, \\\ ,/
\\ ”, \\~ ”’, \\\ /”, \\\ ,;ll



1 square = 1 word = 8 bytes
[]: Free word

CoaIESCing With the Prev;ous BIOCk [1: Allocated word

1. Check the previous block’s
footer *(p-2) to see if it is free

’’’’’
’f

Boused

32/1 %
2 o




1 square = 1 word = 8 bytes
[]: Free word

CoaIESCing With the Prev;ous BIOCk [1: Allocated word

1. Check the previous block’s 2. Calculate the size of the
footer *(p-2) to see if it is free coalesced block (=64)

—————
/’

%

\d -
————————————



1 square = 1 word = 8 bytes
[ ]: Free word

coaIESCing With the Prev;ous BIOCk [1: Allocated word

1. Check the previous block’s 2. Calculate the size of the
footer *(p-2) to see if it is free coalesced block (=64)

%

3. Write the coalesced block’s
header



1 square = 1 word = 8 bytes
[ ]: Free word

coaIESCing With the Prev;ous BIOCk [1: Allocated word

1. Check the previous block’s 2. Calculate the size of the
footer *(p-2) to see if it is free coalesced block (=64)

%

3. Write the coalesced block’s 4. \Write the coalesced
header block’s footer



Coalescing with the Preval‘eous Block | O:awessteawors

—————————
IIIII

Unused -~ N T TN “~ g Housed
free(p) 7% 32/ 32/ "T | [sanfsar| | l 1327 32/ %
N oL ‘“\ = ‘\ ,;’ A

- -
———————————

Coalescing can be done in constant time without
traversing the entire list, which would take linear time!

Let’s omit the code, as it can be easily
derived from the algorithm described above



Coalescing Case Study

Case 1 Case 2 Case 3 Case 4
Allocated Allocated Free Free
Allocated|block Allocated Allocated Allocated Allocated

being freed

Allocated Free Allocated Free




Coalescing Case #1

Previous
block

Block
being freed

Next
block

m 1
m1 1
N 1
n 1
m2 1
m2 1

m1 1

m1 1

n 0

n 0

m2 1

m2 1
Allocated Allocated

Free




-
Coalescing Case #2

m1 1 m1 1
Previous
block
m1 1 m1 1
n 1 n+ m2 0
Block >
being freed
n 1
m2 0
Next
block
m2 0 n + m?2 0

Allocated Allocated Free




Coalescing Case #3

m1 0 n+ m1 0
Previous
block
m1 0
N 1
Block I
being frggd
n 1 n+ mi 0
m2 1 m2 1
Next
block
m2 1 m2 1

Allocated Allocated Free




-
Coalescing Case #4

m1 0 n+m1+m2| 0
Previous
block
m1 0
n 1
Block >
being freed
n 1
m?2 0
Next
block
m?2 0 n+m1+m2| 0

Allocated Allocated Free




Header and Footer

L TN
Unused ,’, \\ ,;”‘--N\
V ,’ \\ 7 SN -
/ , X ,,, . ,/’ N\\ -
32/ - N ,,¢’ N 7T T N
A 32/1|32/ 5 Pt \
\N A 20132 o Unused
| | | 32/ 32/1132 /
. ”’ . // \ /
~~~~~~ ~ ,/’ N ,4’ | 2 32/
So ,’ \\ /, * ‘, /
~~~~ . ,, \\ Vd A
~Q Pl N g
~~~~~~~~~



Header and Footer . g

Unused block: dummy
footer before first header

« Marked as allocated
* Prevents accidental coalescing
when freeing first block




Header and Footer . ;

Unused block: dummy ’
footer before first header

« Marked as allocated
* Prevents accidental gbalescing
when freeing first block




Header and Footer . g

Unused block: dummy b Unused block: dummy
footer before first header header after last footer
« Marked as allocated « Marked as allocated
* Prevents accidental gbalescing * Prevents accidental coalescing

when freeing first block when freeing final block



Header and Footer . g

Unused block: dummy b
footer before first header

Unused block: dummy
header after last footer

 Marked as allocated 8S allocated
* Prevents accidental gbalescing * Prevents asgcidental coalescing
when freeing first block when freeing final block




.
Disadvantages of Boundgry Tags

‘_—-~ - — -———
- - ~ - ~

- ~ > ~ - ~ - ~

U ’ S A N ™
nused - ~ ~ “ ~ N ~ Wused
. - P " . use
AN

W e \‘ /’l \\i /’I ) e W
/8l 1 32/ 32/0 1 32/ 32/1 | 32/ ” %
2 32/1 | 32/ 32 Z
%\ ,/' !\ ,/' !\ Z / /8i




Disadvantages of Boundiry Tags ;

-—— - -—— -——
“ -~~ ”— ~~\ ”— ~~~~~~~
ffffffffff
’’’’’’
s 4 ’

Unused ,,/ . e \\ /// \\ ,,/' Drused
2/8/, % 32/ 32/ 32/ 32/1§ 32/ 32/ / %

Internal fragmentation

?- How we address this problem?
® |

s —

(|



Observation: Which Blocks al‘éleed the Footer T%?

- -—— -—— -
PP il ’—‘ ~ ¢—‘ ~a - ~

~

Unuse d ,,,,,’ \\\\\ ,,,,¢’ \\\\\ ,,,,/’ \\\\\ ,,,,¢/ UQEJ Sed
2, . | il Gl %
%M% 32/0 32/0 § 32/1 32/1§ 32/1 32/1§ 32/0 32/0 /1/

Allocated blocks do Free blocks always
not need footer tags need the footer tag

Why not remove this one to

mitigate internal fragmentation? ©



Solution: No Boundary Tag;:or Allocated Blocks

-y -—— -—— -y
- ~ ’—— ~ ’—— ~a - ~

LS
~
’ p S R N IR ~ ’ >
7’ \ Ud ~ 7’ ~ 4 Uﬂ
Unused 7 N L " L . L \ysed

V//// ,I’ \‘ e \i 5 \l P4 - ” /
%I, % 32/ 32/0 | 32/ 32/ 32/ 32/ % 8%
/ N ,/ !\ '/' //// %




Any Problems? ;

U nuse d ,,,,,’ \\\‘\ ,,,,/’ \\\\\ ,,,,¢’ \\\\\ ,,,, 7 Uny Sed
V //// PRd - ‘ ,/' 7 ,I, A /
%M% 32/0 32/0 | 32/1 32/1 ..- 32/0 32/0 ¢8i1%

- -
~~~~~~~~~~~~

When freeing this block, we cannot
reliably tell whether the previous
block is free



Any Problems? ;

U nuse d ,,,’,’ \\\\\ ,,,,/’ \\\\\ ,,,,/’ \\\\\ ,,,, 7 bﬂy Sed
V //// PRd - ‘ ,/' 7 ,I, o ‘ /
/&1% 32/0 32/0 | 32/1 32/1 ..- 32/0 32/0 ¢8i1%
W - ) bl

-
——————

When freeing this block, we cannot
reliably tell whether the previous
block is free

If the previous block is allocated, it
has no footer. Therefore, the word
before the current block may just
be payload data, and its lowest bit
may accidentally be 0




Any Problems? g

—————
IIIII
’

-
- ~

~
/’

,,,,,,,,,,
¢¢¢¢¢¢¢
-, PR

Unused o . L’ .
V//// ,I’ ‘ PR
%1% 32/0 32/0 | 32/1
7/ v ,

-,
~ -
.......

When freeing this block, we cannot
reliably tell whether the previous
block is free

If the previous block is allocated, it
has no footer. Therefore, the word
before the current block may just

be payload data, and its lowest bit
may accidentally be 0 Thus, we have no way to know whether we

~ Should coalesce with the previous block.
® | How can we solve this problem?




Optimization Idea: Addit;i‘eonal Field ;

-y - ———
- -~ ’—‘ ~ - ~a

U nuse d ,,,’,’ \\\‘\ ,,,,/’ \\\\\ ,,,,/’ \\\\\ ,,,, 7 bﬂy Sed
y//// ,,/ ‘ ,,/ \l ,,/ \l ,,/ N ‘ /
/8/,1%32/1/0 32/1/0132/0/1 32/1/7 32/1/0] 32/1/ 8%
/Mv . /\ » - W

N /', N ,r
\\ 7 \\ JRe
\\ /, \\ ,/
\\ ;’, \\ ’,’
~ - ~ -
~~-_—” ~~-_—”

" Additional field for coalescing:
whether the previous block is
. allocated (1) or free (0) )




Optimization Idea:

——————————————————————
\\\\\\\\\\\\\\
’ 0 d ’

Unused ,,/' . e \\ e \\\ ,,/' qused
V //// P4 - ‘ ,/' % \l ,I’ A /
%I, %32/ / 32/1/0132/0/ 32/1/ 32/1/ %8/. %
/M, s » - W

' ' d
~ - ~ -
______________

for coalescing:
whether the previous block is
allocated (1) or free (0)

We want to express multiple meanings

(block size, :
in a single word. How it can be possible?




Recap: Standard Track |

———————
~~~~~~~~
o ,/
~

-
-
-
-
-
”
-

square = 1 word = 8 bytes
[ ]: Free word
[]: Allocated word

X
16/

Payload

Optional
padding

« Remember that a block is aligned
to a 16 byte-boundary

 Possible block size:

- 16 bytes = 910000 ()
- 32 bytes = 100000 (2)
- 48 bytes = 110000 (2)

Observation: 4 low-

order bits are always 0




1 square = 1 word = 8 bytes
[]: Free word
Recap: Standard Track . |D |

~~~~~

Let’s use this field!

 1: Previous block is allocated igned
* 0: Previous block is free

* Possible block si
- 16 bytes = 910000 (2
- 32 bytes = 100000 (2
- 48 bytes = 110000 (2)

Payload

Idea: use this bit as ‘flag’
* 1: Allocated block
* 0: Free block

Observation: 4 low-

Optional
padding

order bits are always 0




-
Optimization Idea:

* Whether the previous block is allocated (1) or free (0)

Size Size
: Previous block is allocated
: Previous block is free
Payload and Unallocated
padding
Size

Allocated block Free block



Coalescing (No Boundary Tag for Allocated Blocks) Case“#1

m m
Previous
block
N N
Block >
being freed
N
m2 m2
Next
block

Allocated Allocated Free




Coalescing (No Boundary Tag for Allocated Blocks) Case*#2

m m
Previous
block
n n+ m2
Block >
being freed
m2
Next
block
m2 n+ m2

Allocated Allocated Free




Coalescing (No Boundary Tag for Allocated Blocks) Case*#3

m n+m1
Previous
block
m
N
Block >
being freed
n+m1
m2 m2
Next
block

Allocated Allocated Free




Coalescing (No Boundary Tag for Allocated Blocks) Case“#4

m n+m1l1+m2
Previous
block
m
N
Block >
being freed
m2
Next
block
m2 n+ml1+m2

Allocated Allocated Free




Coalescing Policy .

 When should coalescing be performed? There are two
coalescing policies:

- Immediate coalescing: coalesce each time free is called

— Deferred coalescing: try to improve performance of free by deferring
coalescing until needed

* For example, when external fragmentation exceeds a certain
threshold




-
(Summary) Key Allocator Policies

* Placement policy:
— First-fit, next-fit, best-fit, etc.
— Trades off lower throughput for less fragmentation

 Splitting policy:
—When do we go ahead and split free blocks?
— How much internal fragmentation are we willing to tolerate?

» Coalescing policy:
- Immediate coalescing: coalesce each time free is called

— Deferred coalescing: try to improve performance of free by deferring
coalescing until needed



I
(Summary) Implicit Lists

* Implementation: very simple

 Allocate cost: linear time worst case

* Free cost: constant time worst case
— even with coalescing

* Memory overhead
— will depend on placement policy
— First-fit, next-fit or best-fit

* Not used in practice for malloc/free because of linear-time
allocation

* However, the concepts of splitting and boundary tag coalescing
are general to all allocators



Question?
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