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* Objects Layouts
* Fixed, Indexable Pointer, Indexable Byte ....

* Object’s Header
* Format, number of slots, identity hash...



This presentation is about
how objects are stored in memory

Motivations?

e Understand implementation design decisions
e Modify the implementation
* Garbage Collection algorithms
* Custom images bootstrapping
* Memory optimizations

* Develop custom debugging tools

* Implement ad-hoc inspectors



Example: Let’s create a Person object

Object subclass: #Person
instanceVariableNames: 'age name friends'
classVariableNames: '
package: '_UnpackagedPackage'

a Person




Example: Let’s create a Person object

Objellct subclassl.: #Person | x - 0O Playground B 2
instanceVariableNames: 'age name friends'
classVariableNames: "' Page > B H -

. 1 1
package: '_UnpackagedPackage person := Person new

age: 33;

friends: {Person new. Person new};
name: 'Caro';

yourself.

a Person




In 64 bits *
1 word = 8 bytes = 64 bits

The memory: ]

[1]ofof1fs]ofs]ofofs]afs]ofs]ofofs]a[s]ofofa]a]ofafoofs]a]a]ofafoofs]a]afofofs]afofs]ofofafs]afofs]ofofafs]a]ofofa[s]ofs]a]0]1]

*In 32 bits
1 word = 4 bytes = 32 bits



address
(aligned to 8 bytes)

The memory: e

[1]ofof1fs]ofs]ofofs]afs]ofs]ofofs]a[s]ofofa]a]ofafoofs]a]a]ofafoofs]a]afofofs]afofs]ofofafs]afofs]ofofafs]a]ofofa[s]ofs]a]0]1]




a Person object in memory

o Oz " x = 0O Inspec B ? -
Page > = = | | aPerson 53
person:= Person new Raw Meta
Variable | value
c self a Person
€ age nil

c' name nil

c! friends nil

"a Person"
celf




a Person object in memory

x — 0O b 7 © x = 0O Inspec b ? -
Page > = = a Person 2
person:= Person new Raw Meta

Variable H Value

c) self a Person

» (E age nil

» (L) pame nil

» (C) friends nil

"a Person"

self

person

——

I \17

header* slots

*In 32 bits

header size is 64 bits = 2 words
10



a Person object in memory

x - 0O R 1 x = O Inspect b ? -
Page > = ~= a Person B
person:= Person new S Meta
Variable H Value
c self a Person
C age nil

C/ name nil
c friends nil

"a Person"
self

1]

name
friends

11




a Person object in memory: Fixed Layout

-0 B 7 1 x = 0O Inspec D 7 -
Page | JE ~= | | aPerson B
Raw Meta

person:= Person new

Variable Value
c self a Person
C age nil
' name nil
¢ friends nil

"a Person"

iy

name|

friends

What is a Layout?

It is the structure of an object in memory



a Person object in memory: Fixed Layout

x - 0O D z 1 x = 0O Inspec %!
Page > = = | | aPerson
person:= Person new | Meta
Variable H Value
c self a Person
C age nil

C/ name nil
c friends nil

"a Person"
self

address =24 =2r11000

-

nil

1]

name
friends

13




a Person object in memory: Fixed Layout

x — 0O b 2 1 % = 0O Inspec b 7
Page > = ~= | | aPerson
person:= Person new S Meta
Variable || Value
c self a Person
» (C age nil

» () name nil
» (£ friends nil

"a Person"
self

address =24 =2r11000

T~

-

h) \

\

nil

]

name

friends

14




a Person object in memory: Fixed Layout

x — 0O D 7 1 x = 0O Inspect ]
Page > = ~= | | aPerson
person:= Person new M Meta
Variable H Value
c self a Person
C age nil
C/ name nil
c friends nil
"a Person"
self

address =24 =2r11000

[0]oToToJoTo o o o oo oo o oo oo o oo oo o oo oo o oo oo o oo oo o oo oo o oo oo o oo oo o o o o o o] 2] x [iliGHEl

nil age ‘
name

friends

_I:E

15



a Person object in memory: Fixed Layout

Each slot is an instance variable

Objects created sending the message new

Number of slots is constant and defined by the class

Each slot is initialized with a valid value: in this case with ‘nil’

Slots contain Oop (ordinary object pointer)
 references (address of another object)

 values (immediates)

nhame
friends

1]



Setting the age

x - O Pla o 2
Page P 2 0 -=

person:= Person new
age: 33;
yourself

x — 0O Inspec D ? -
aPerson :
Raw Meta
Variable || Value
c self a Person
Z age 33
£ name nil
c friends nil
"a Person"
self

18



Setting the age

x — O Pla O 1 x = 0O Inspec D ? -
Page > = -= || aPerson 2
person:= Person new Raw | Meta
age: 33; Variable || value
yourself £ self a Person
» I age 33
» £/ name nil
» £ friends nil
"a Person"
self

[ |
age |
name

friends

19




Setting the age

x — O Pla

Page

person:= Person new

age: 33;

yourself

AP

"a Person"
self

x = O Inspec B ? -
a Person 4
Raw Meta

Variable || Value

£ self a Person

» I age 33

» (£ name nil

» (2 friends nil

B

age

namel

friends

20




Setting the age: Immediate layout

1 word = 8 bytes = 64 bits
—

33
1 bit

[o]oJoJoJoJofofofofofofofo[o[ofo[ofofofofoJoJoJoJoJoJoJoJoJoJoJoJolofofofofofofofo[ofo[o[o[o[ofofofo]ofooJoJo[1]oloo o] [ofofq]

Tag saved in the 3 least significant bits:

* 001 -> Smallinteger Immediates are 3

ot
e 010 -> Character memory optimization

100 -> SmallFloat64 (only in 64 bits)



Setting the friends

x - 0 Playground b -

Page > =+ -=

ana := Person new. x - 0O & -
bob := Person new.

friends := Array new:2 an Array [2 items] ... 2

Itel... Raw Meta
Index H Item

1 nil

2 nil

23



Setting the friends

x — 0O Playground

MJ bt
Page P B i -=
ana := Person new. x - 0O G 7 v
bob := Person new.
friends := Array new:2 an Array [2 items] ... 2

Itel... Raw Meta
Index |]nem

1 nil

2 nil

p—
—

ana

24



Setting the friends

x — 0O Playground

Page

ana := Person new.
bob := Person new.

friends := Array new:2

M/ i
| N E -=
an Array [2 items] ... 2

Itel... Raw Meta
Index |]nem

1 nil

2 nil

p—

ana



Setting the friends: Indexable Pointer layout

Playground
Page
ana := Person new.
beb := Person new.
friends := Array new:2

1
m 4

h'\ =

x — [

an Array [2 items] ... 2
Iter... Raw Meta

Index [tem

1 nil
2 nil

Variable number of slots
* Defined dynamically at the moment of
allocation
Object created by sending the message new:
Objects can’t grow or shrink!

Size of slots is 1 word

|

p—

J\

ana

friends



Setting the friends: Indexable Pointer layout

- 0O Playground D -

Page b = =

Variable number of slots

ana := Person new.
bob := Person new.
friends := Array new:2.

x = 0O O 7~

* Defined dynamically at the moment of

an Array [2 items] ... 52

fr"lends at:1 put: bob. iter. Raw | Meta allocation
friends at:2 put: ana

Index || Iltem

1 a Person d

Object created by sending the message new:

2 a Person

Objects can’t grow or shrink!

Size of slots is 1 word

—
-+

\ J\ J\ J
| |

ana bob friends

27



Setting the friends: Indexable Pointer layout

x — 0O Playground Dz -
Page x =@ InspectoronaPersc * Variable number of slots
ana := Person new. a Person
bob := Person new. Raw  Meta * Defined dynamically at the moment of
friends := Array new:2. TEEETE H‘u'alue
friends at:1 put: bob. c self a Person allocation
friends at:2 put: ana. S age 13
e © name  nil * Object created by sending the message new:
ampe: 23 i} friends an Array [2 items
ge: 33; . .
friends: friends; S — * Objects can’t grow or shrink!
yourself self

Size of slots is 1 word

— o
+ NN - EEIEN

\_//
\ )\ J\ ) J
! ! ! |
ana bob friends person ”



Setting the name

x — 0O Playground %) -
Page x — 0O Inspector on a Person %]
ana := Person new. a Person
bob := Person new. Raw Meta
fr‘iends := Array new:2. Variable ||Value
:r'!entchS a‘i.; put. bob. & self 2 Person
riends at:2 put: ana. > I age 23

_ » (L) name
person:= Person new

age: 33; = {1} friends
friends: friends; "3 Person”
yourself self

nil

an Array [2 items] (a Person a Person)

A - Ep

——/

\ J
|

person

29



Setting the name

x - 0O Playground x — O Inspector G 2~

Page

Trienas at:<s put: ana. aByteStnng(Caro] 24

String Items Raw Meta

JC,

person:= Person new |Variable HValue

age: 33; T self 'Caro’
friends: friends; » ¥ 1 67
yourself. > T 3 97
name := 'Caro' -l e
» I 4 111

30



Setting the name: Indexable Byte layout

Playground . - . .
— O Inspector h ? -
P P ByteString (8-bit)
age w—ra— : 5
. a ByteString ("Caro’) 4 .
Trienas at:Z put: ana. = -
String Items Raw Meta 1 SIOt 8 blts
person:= Person new Variable Value
age: 33; i self 'Caro' 1 word = 8 bytes = 64 bits
friends: friends; T o1 67 I
yourself. 5

‘ 2 97 lIHII::::: 8

I 3 114 .
name := 'Caro' bits

S 4 111 \‘ﬁ

L} Icarolli
self]

Car ol i n a
67 | 97 |114]|111]108]105]|110| 97

Car o# N * %
67 | 97 |114]111 ‘

person name paddmg



Setting the name: Indexable Byte layout

ByteString (8-bit)
e Variable number of slots 1 slot = 8-bits

* Slots do not contain Oop, they contain raw bytes 1 word = 8 bytes = 64 bits

 Defined dynamically at the moment of allocation —
+ :
* Created by sending the message new: \ \is
* Objects can’t grow or shrink! . H
 Size of slots depends on the object’s layout Car ol ina
“ 67 | 97 |114|111|108|105]|110| 97
» 8-bit (eg: ByteArray)
. Car o# "~ * %
* 16bit I R - [ [ \
e 32-bit (eg: FloatArray, IntegerArray) Y :

padding
* 64-bit



x - 0O Playground D 2 -
L]
Finally! > B m =
L]
ana := Person new. x — 0 Inspector on a Person (%))
o bob := Person new. SETETT
A Person in memo ry friends := Array new: 2. | gy,
friends at:1 put: bob. :
friends at:2 put: ana. Variable HValue
c self a Person
person := Person new » T name 'Caro’
. . . ~ age: 33; » I age 33
Object subclass: #Person friends: friends; v {1} friends an Array [2 items] (a Person a Person)
. . . . ,
instanceVariableNames: 'age name friends yourself. [} self an Array [2 items] (a Person a Person)
classVariableNames: '' . ‘ » @1 a Person
name := 'Caro'. > ® 2 a Person
person name: name.
person "a Person"
s.el‘ri
\ ]\ J\ )\ )\ J
| | | | |
ana bob friends person name 33



Special layout: Indexable with Instance Variables layout

Examples:

* (Context
e CompiledMethod
 MethodDictionary



x = O Inspector on a MethodDictionary [3 items] (#age:->Person>>#age: #friends:->Person>>#friends: #name: D 2?2~

a MethodDictionary [3 items] (#age:->I... B e an Array [32 items] (Person>>#friends:. Q a CompiledMethod (Person=>#frir... x B e

g e Indexable with Instance Variables layout

Variable H Value ‘ Variable H Value [ Variable H Value
{1} self a MethodDictionary [3 iter {} self an Array [32 items] (Perso1 {1 self Person>>#friends:

» 11 #friends: » {}1 Person>>#friends: » ¥ bc25 64

» © 2 nil » © 2 nil » I bc26 202

» © 3 nil » © 3 nil » I bc27 88

» © 4 nil » © 4 nil » I bc2s 29

» @5 nil » ©5 nil » 3 bc29 7 . : :

Example: MethoaDictionary

» © 7 nil » © 7 nil » I bc3l 253

» © 8 nil » © 8 nil

> (= 9 nll > ' 9 nll LRI « o . LRI

» 1 10 #age: » {110 Person>>#age:

» © 11 nil » © 11 nil

» © 12 nil » © 12 nil

» © 13 nil » © 13 nil

» © 14 nil » © 14 nil

» © 15 nil » © 15 nil

» © 16 nil » © 16 nil

» © 17 nil » © 17 nil

» © 18 nil » © 18 nil

» © 19 nil » © 19 nil

» © 20 nil » © 20 nil

» © 21 nil » @2 nil "Person>>#friends:"

» © 22 nil » © 22 nil self

» © 23 nil » © 23 nil

» © 24 nil » © 24 nil

» © 25 nil » © 25 nil

» © 26 nil » © 26 nil

» 127 #name: » {127 Person>>#name:

» © 28 nil » © 28 nil

» © 29 nil » © 29 nil

» © 30 nil » © 30 nil

» © 31 nil » © 31 nil

» © 32 nil » © 32 nil

» I fally 3

» {1 array an Array [32 items] (Perso

"y - "{Person>>#friends:. nil. =

MethodDictionary(#age:->Pers nil. nil. nil. nil. nil.

on>>#age: nil. nil. Person>>#age:.

#friends:->Person>>#friends: nil. nil. nil. nil. nil.

#name:->Person>>#name: )" nil. nil. nil. nil. nil.

--1& v nil nil nil nil nil v 35



x = O Inspector on a MethodDictionary [3 items] (#age:->Person>>#age: #friends:->Person>>#friends: #name: D

a MethodDictionary [3 items] (#age:->I... B e an Array [32 items] (Person>>#friends:... B Q a CompiledMethod (Person=>#frir... x B

p

-

Q

Iltems Keys Raw Meta Items Raw Meta Raw So... By.. AST Ir He.. Me..

Variable H Value ‘ Variable H Value [ Variable H Value
{1} self a MethodDictionary [3 iter {} self an Array [32 items] (Persol {1 self Person>>#friends:

» 11 #friends: » {}1 Person>>#friends: » ¥ bc25 64

» © 2 nil > 2 nil » I bc26 202

» © 3 nil = 3 nil » ¥ bc27 88

» © 4 nil - 4 nil » I bc28 29

» © 5 nil > 5 nil » I bc29 7

» © 6 nil S 6 nil I bc30 165

» © 7 nil > T nil » I bc3l 253

» © 8 nil > 8 nil

» © 9 nil > 9 nil

» 1 10 #age: » {110 Person>>#age:

» © 11 nil > 1 nil

» © 12 nil > 12 nil

» © 13 nil 5 13 nil

» © 14 nil e 14 nil

» © 15 nil > 15 nil

» © 16 nil B 16 nil

» © 17 nil S 17 nil

» © 18 nil S 18 nil

» © 19 nil > 19 nil

» © 20 nil S 20 nil

» © 21 nil > 21 nil "Person>>#friends:"

» © 22 nil > 2 nil self

» © 23 nil > 23 nil

» © 24 nil 3 24 nil

» © 25 nil > 25 nil

» © 26 nil S 26 nil

» 127 #name: » {1} 27 Person>>#name:

» © 28 nil S 28 nil

» © 29 nil > 29 nil

» © 30 nil 3 30 nil

» © 31 nil 3 31 nil

» © 32 nil > 32 nil

» I fally 3

» {1 array an Array [32 items] (Perso

"y - "{Person>>#friends:. nil. -

MethodDictionary(#age:->Pers

on> >:tage:

#friends:->Person>>#friends:
#name:->Person>>#name: )"

.

nil.
nil.
nil.
nil.

nil

nil.
nil.
nil.
nil.

nil

nil. nil. nil.
Person>>#age:.
nil. nil. nil.
nil. nil. nil.

nil ndl ndl

Indexable with Instance Variables layout

Example: MethodDictionary

]
| |

tally selectors

array

36



x = O Inspector on a MethodDictionary [3 items] (#age:->Person>>#age: #friends:->Person>>#friends: #name: D 2?2~

a MethodDictionary [3 items] (#age:->I... |52 an Array [32 items] (Person>>#friends.... -7 a CompiledMethod (Person>>#frit... x |32 . .
Iltems Keys Raw Meta Items Raw Meta Raw So... By.. AST Ir He.. Me.. I n d exa b | e Wlt h I n Sta n Ce Va rI a b I es |ay0 ut
Variable H Value ‘ Variable H Value Variable ‘ Value
{1 self a MethodDictionary [3 iter {} self an Array [32 items] (Persol L} self Person>>#friends:
11 #friends: {11 Person>>#friends: I bc2s 64
o 2 nil © 2 nil ¥ bc26 202
o3 nil o3 nil I bc27 88
c 4 nil c 4 nil 7 bc2s 29
© s il © s nil 3 bc29 T . : :
T T Example: MethoaDictionary
o7 nil o7 nil I bc3l 253
c 8 nil c 8 nil
o9 nil o9 nil . e | v |
1 10 #age: {110 Person>>#age:
o1un nil on nil
o 12 nil o 12 nil ] I
c 13 nil o 13 nil
21 o &1 o tally selectors
© 15 nil o 15 nil
c© 16 nil c 16 nil
c 17 nil o 17 nil array
c 18 nil c 18 nil
c 19 nil c 19 nil
c 20 nil c© 20 nil
(S | nil (S | nil "Person>>#friends:"
o2 nil o n nil self . .
en i on * Hybrid between Fixed and Indexable layout
c 24 nil c 24 nil
c i c i L . . .
croon SR * A fixed number of slots containing instance
1 27 #name: {27 Person>>#name: H
oz o  u variables
c 29 nil c 29 nil
foo foo * In the example: tally and array
c 32 nil o 32 nil .
Ly 2 * Plus a variable number of slots
{1 array an Array [32 items] (Perso
* In the example: selectors
"y "{Person>>#friends:. nil.
MethodDictionary(#age:->Pers nil. nil. nil. nil. nil.
on>>#age: nil. nil. Person>>#age:.
#friends:->Person>>#friends: nil. nil. nil. nil. nil.
#name:->Person>>#name: )" nil. nil. nil. nil. nil.

. nil nil nil nil nil 37



The Header

1 word

—

= 64 bits = 8 bytes

s[s[s[s]s]s]|s]s

m[x[h][h[h][h][h h]h][h][h][h]h][h]h]h

hlh[h[h]h][h]h]h

glo[rfflf]f[flfli[x[clc]efclc]e

clclclc]c]ce]c]clc]c]c]c]c]c]c]c

s | ( 8 bits ) number of slots

h | (22 bits) identity hash

f | (5 bits) format

C | (22 bits) class index

Sl o3[

(1 bit) immutable
(1 bit) marked

(1 bit) pinned

(1 bit) grey

(1 bit) remembered
unused

Least significant bit



The Header: number of Slots (humber of words)

1 word = 64 bits = 8 bytes
—

s[s[s[s]s]s]|s]s

|

Least significant bit

s | ( 8 bits ) number of slots r

=l 33 -> 3 words

0 <= number of slots < 255

When number of slots is 255, the object is a Big Object



The Header: identity hash

1 word = 64 bits = 8 bytes
—

[h]h]h][h]h h]h][h]h]h][h]h]h]h

h | (22 bits) identity hash

hlh[h[h]h][h]h]h

Least significant bit

* Unique identifier of the object

* Check ProtoObject >> basicldentityHash

40



The Header: format

1 word = 64 bits = 8 bytes
—

|

Least significant bit

dl

f | (5 bits ) format

* Stores the layout of the object
. 0 = 0 sized objects (UndefinedObject True False et al)

. 1 = non-indexable objects with inst vars (Point et al)

. 2 = indexable objects with no inst vars (Array et al)

. 3 = indexable objects with inst vars (MethodContext AdditionalMethodState et al)
. 4 = weak indexable objects with inst vars (WeakArray et al)

. 5 = weak non-indexable objects with inst vars (ephemerons) (Ephemeron)
. 6 = unused

. 7 = immediates (Smalllnteger, Character)

. 8 = unused

. 9 = 64-bit indexable

. 10-11 = 32-bit indexable (Bitmap)

. 12-15 = 16-bit indexable

. 16-23 = 8-bit indexable

. 24-31 = compiled methods (CompiledMethod) 41



Class table

Organized in pages

class
*Smalltalkimage*
*Magnitude®
*Association®
*MethodDictionary*
*ProcessorScheduler”
*System®
tag class
1026 *CompiledM
1027 *String*
1028 *Process*
1029 *Integer”
1031 *Number*
1032 :
1033
1035
1036
1041
1042
1043
1044
1046

class

*Smallinteger®
*Smallinteger®

1
1
2

*Character*
*LargeNegativelnteger”
*LargePositivelnteger*
*Float”

*Message”*

*Context™
*BlockClosure*

WO Ww
[ I S R

*Point*




The Header: class index

1 word = 64 bits = 8 bytes
—

[clcfclc]clclclc]c]c]c]clclc]c]c]c]clc]c]c]ec

Least significant bit

c | (22 bits) class index

* Stores the index of the class in the class table (hidden from the image side)

* This is an optimization -> we don’t save class references in objects

* <12 bits> <10 bits>
* 12 bits for storing the page index
* 10 bits for storing the index of the class in the page (1024 entries per page)
* Approx 4 millions of classes maximum

* The identity hash of a Class object is its class index



The Header: GC flags

1word =64 bits = 8 bytes
—

E— ‘II | | |

|

(1 bit) immutable Least significant bit

(1 bit) marked

(1 bit) pinned

(1 bit) grey

(1 bit) remembered

1“03_.

* Reserved for Garbage Collection algorithms

44



Big objects

e Objects with more than 254 slots

Example: Object with 260 instance variables

o

* H: Normal header’s number of slots set as 255 (8 bits set as 1)

e 2 Headers

[afafafafafafafa

» 260: Extra header starting with 8 bits as 1, and saving the Object’s number of slots

fafafafafafafajofsfafsfofsfofofafsfafofofs]afofafofofsfafs]ofs]ofofafsfafofofafafofs]ofofafs]afofafofofs]afs]ofofafs]of1]ofof0]




Objects size

* Every object must have at least one slot
* Minimum size is 16 bytes

* It is hidden from the image side (smalltalk code)
* |n case it becomes into a Forwarder

* Even nil, true and false have one slot!



Objects Layout in Memory

VM presentations

* Layouts:
* Fixed
* Immediate
* Indexable Pointer
* Indexable Byte
* Indexable with Instance Variables

* Object
* Header
* Class Table
* Big Objects
Carolina Hernandez Phillips

RMod Team



More about the padding in: Indexable Byte layout

Example: ByteString => 8 bit indexable opaque layout

1 word

= 64 bits = 8 bytes

8 bits

L

C ar ol i n a
67 | 97 |114]111]108]105]|110}| 97
C ar o # N * %

67

97

114

111

padding

/—:—\

16-23 Object format 8 bits indexable opaque layout

16 ->padding O0-bits
17 ->padding 8-bits
18 -> padding 16-bits
* 19 ->padding 24-bits
20 ->padding 32-bits
* 21 ->padding 40-bits
e 22 ->padding 48-bits
e 23 ->padding 56-bits



More about the padding in: Indexable Byte layout

Example: ByteString => 8 bit indexable opaque layout

1 word

= 64 bits = 8 bytes

L

8 bits

C

a

o)

n

a

67

97

114

111

108

105

110

97

Format =16
(padding = 0 bits)

C

a

r

o)

#

%

67

97

114

111

Format = 20
(padding = 32 bits)

padding

/—:—\

16-23 Object format 8 bits indexable opaque layout

16 -> padding 0-bits
17 -> padding 8-bits
18 -> padding 16-bits
19 -> padding 24-bits
20 -> padding 32-bits
21 -> padding 40-bits
22 -> padding 48-bits
23 -> padding 56-bits



More about the padding in: Indexable Byte layout

9 => 64 bits layout

9 -> padding 0-bits

L

\

Object formats

10-11 => 32 bits layout

10 -> padding 0-bits
11 -> padding 32-bits

12-15 => 16 bits layout

12 -> padding 0-bits
13 -> padding 16-bits
* 14 ->padding 32-bits
* 15 ->padding 48-bits

16-23 => 8 bits layout

* 16 -> padding 0-bits
17 ->padding 8-bits
* 18 -> padding 16-bits
* 19 ->padding 24-bits
* 20 ->padding 32-bits
* 21 ->padding 40-bits
e 22 ->padding 48-bits
e 23 ->padding 56-bits



