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What | will be covering

* A quick look at Object Oriented (OO)
programming

* A common example
* Optimisation of that example
e Summary
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Object Oriented (OO) Programming

 Whatis OO programming?
— aprogramming paradigm that uses "objects" — data structures
consisting of datafields and methods together with their interactions — to

design applications and computer programs.
(Wikipedia)

* Includes features such as
— Data abstraction
— Encapsulation
—  Polymorphism
— Inheritance
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What’s OOP for?

* OO programming allows you to think about
problems in terms of objects and their
Interactions.

« Each object is (ideally) self contained

— Contains its own code and data.
— Defines an interface to its code and data.

» Each object can be perceived as a ‘black box’.
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Objects

* |f objects are self contained then they can be
— Reused.
— Maintained without side effects.

— Used without understanding internal
Implementation/representation.

* This is good, yes?
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« Well, yes

« And no.

* First some history.
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A Brief History of C++

C++ development started
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A Brief History of C++

Named “C++”

1979 1983 2009

B — = +40 A
' X

— e ———NEE X DX

O -

; —_ cod M0 o Ao
— 3 =_———= Slide 8 xo" PP X A m%
nD

PlayStation.3



SCEEXS 6

Research &
Development

A Brief History of C++

First Commercial release

1979 1985 2009
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A Brief History of C++

Release of v2.0

1979 1989 2009
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A Brief History of C++

Added

« multiple inheritance,

» abstract classes,

 static member functions,
» const member functions
* protected members.

Release ¢

1979 1989 2009
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A Brief History of C++

Standardised

1979 1998 2009
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A Brief History of C++

Updated

1979

M
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A Brief History of C++
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C++0x

1979
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« Many more features have
been added to C++

« CPUs have become much
faster.

« Transition to multiple cores
 Memory has become faster.
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Home Computer

Many Peripherals. Coming soon!

Over1000 software tapes, books,disks
on display. Come in and brouse.
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CPU performance
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CPU/Memory performance
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What has changed since 19797

* One of the biggest changes Is that memory
access speeds are far slower (relatively)

— 1980: RAM latency ~ 1 cycle
— 2009: RAM latency ~ 400+ cycles

 What can you do in 400 cycles?
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What has this to do with OO?

* OO classes encapsulate code and data.

* S0, an Instantiated object will generally
contain all data associated with It.
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My Claim

* With modern HW (particularly consoles),
excessive encapsulation is BAD.

» Data flow should be fundamental to your
design (Data Oriented Design)
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Consider a simple OO Scene Tree

 Base Object class

— Contains general data
 Node

— Container class
* Modifier

— Updates transforms
 Drawable/Cube

— Renders objects

L —J3 Slide 21
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Object

« Each object

PlayStation.3

Maintains bounding sphere for culling
Has transform (local and world)

Dirty flag (optimisation)
Pointer to Parent e

m_BoundingSphere;
m_wor 1dBoundingSphere;
char®* m_Name;

bool m_Dirty;
¥ m_Parent;

Slide 22
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“har®* m_Name;
1 m_pirty;

PlayStation.3
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Objects

Each square is
Class Definition | 4 bytes Memory Layout

Matrix4

m_Transform;
m_wor 1dTransform;
m_BoundingSphere;

m_wor 1dBoundingSphere;

* m_Parent;

Slide 23
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Nodes

n Node Is an object, plus
as a container of other objects

— +

PlayStation.3

as a visibility flag.

: public

bool m_Isvi

<
sible;

eeeeeeee

*> m_Objects;
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Class Definition

<

o1 m_Isvisible;

*> m_Objects;
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Nodes
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Memory Layout
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Consider the following code...

» Update the world transform and world
space bounding sphere for each object.

const & : :Getwor 1dBoundingSphere(const & parentTransform)
i

m_wor 1dTransform = parentTransform*m_Transform;

or e < *>: =
itr!= m_Objects.end();

itr = m_Objects.beqgin();
++itr)
m_wor 1dBoundingSphere. Expandey ((*itr)->Getwor l1dBoundingSphere(m_wor 1dTransform));

eturn m_wor 1dBoundingSphere;
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Consider the following code...

* Leaf nodes (objects) return transformed
bounding spheres

& Getwor 1dBoundingSphere(const & parentTransform)

{r‘ Lual - Ulio L

if(m_Dirty)
m_wor 1dBoundingSphere = m_BoundingsSphere. Transform(parentTransform);
“eturn m_wor ldBoundingSphere;
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Consider the following code...

y A [ | L] a

* Leaf Nod(yhats wongwin s 1N transformed
bounding ©°e?

ual const & Getwor 1dBoundingsSphere(const & parentTransform)

if(m_pirty)

m_wor 1dBoundingSphere = m_BoundingsSphere. Transform(parentTransform);
‘n m_wor 1dBoundingSphere;
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Consider the following code...

y A [ | L] a \ a a [ o

« Leaf nodr “5rmed
bOU ndin N misprediction which costs 23 or 24

& parentTransform)

if(m_pirty)

m_wor 1dBoundingSphere = m_BoundingsSphere. Transform(parentTransform);
return m_wor ldBoundingSphere;

2 I:’J_ 3 Slide 29




Consider the following code...

 Leaf nodes (objects) return transformed

bou ndin Calculation of the world bounding sphere
takes only 12 cycles.

irtual const & Getwor 1dBoundingsphere(( & parentTransform)

¥

if(m_pirty)
m_wor 1dBoundingSphere = m_BoundingsSphere. Transform(parentTransform);
return m_wor ldBoundingSphere;
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Consider the following code...

 Leaf nodes (objects) return transformed

bounding Se using a dirty flag here is actually
slower than not using one (in the case

where it is false)

virtual const & parentTransform)
1
if(m_pirty)

m_wor 1dBoundingSphere = m_BoundingsSphere. Transform(parentTransform);

return m_wor ldBoundingSphere;

3
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Lets illustrate cache usage

Main Memory Each cache line is W
I 0 A ) 128 bytes

L2 Cache

s
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Cache usage

Main Memory L2 Cache

|
parentTransform is already W

In the cache (somewhere)

L /I3 = Slide 33
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Cache usage

Assume this is a 128byte
Main Memor

boundary (start of cacheline) L2 Cache
nxa W, )

L /I3 = Slide 34
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Cache usage

Main Memory L2 Cache

Matrix4

Matrix4

[ Load m_Transform into cache
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Cache usage

Main Memory L2 Cache

Matrix4

m_wor ldTransform = parentTransform*m_Transform;

m_WorldTransform is stored via
cache (write-back)

L I3
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Cache usage

Main Memory L2 Cache

Matrix4

w7

Matrix4

< X itr = m_Objects.begin();

itr!= m_Objects.end();
++itr)

m_wor TdBoundingSphere. Expand A ing NeXt |t |OadS m_ObjECtS

—— ——
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Cache usage

Main Memory L2 Cache

Wil V7 7777

Matrix4

Then a pointer is pulled from
somewhere else (Memory
managed by std::vector)

Object* Object* Object* Object*
Object* Object* Object® Object*

i < R s itr = m_Objects. beg
itr!= m_Objects.end();
++itr)

m_wor TdBoundingSphere. Exp:

e —————E

L 3 | ' T
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Cache usage

Main Memory
Wl 177777777,

Matrix4

L2 Cache

w7 A

Matrix4

radius |
Dk

i < > itr = m_Objects. 1in();
itr!l= m_Objects. e
++itr)

m_wor 1dBoundingSphere.

. — e E——— o9 .40 A
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Cache usage

[func ptr |funcptr Ifuncptr |funcptr |

Main Memory
Wl 177777777,

L2 Cache

w7 A

Matrix4

Matrix4 Matrix4

func ptr |funcptr |funcptr |funcptr

radius |
Dk

& < o itr = m_Objects.begin();
itrl= m_Objects. e
++itr)

m_wor 1dBoundingSphere.
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Cache usage

[func ptr |funcptr Ifuncptr |funcptr |

Main Memory
vl V7227,

Matrix4

L2 Cache

OxCODE OxCODE OxCODE OxCODE Mtin, Mctin
OxCODE OxCODE OxCODE O0xCODE
OxCODE OXCODE OxCODE OxCODE
OXxCODE OxCODE OxCODE O0xCODE
OXCODE OXCODE OxCODE OxCODE

~ ~ ~ OxCODE OxCODE OxCODE O0xCODE
0xCODE 0xCODE 0xCODE 0xCODE OxCODE OxCODE OxCODE OxCODE
O0xCODE OxCODE O0xCODE O0xCODE 0XCODE OxCODE  OXCODE
OXCODE OXCODE OXCODE OxCODE fchar* | DiCOOE] EEHECDES [GHEODE! FOH0E
0xCODE OxCODE O0xCODE
O0xCODE OxCODE OxCODE O0xCODE
OxCODE OxCODE OxCODE OxCODE
OxCODE OxCODE OxCODE OxCODE

func ptr |funcptr |funcptr |funcptr

Dbject*
Object*

Object*
Object*

Object*
Object*

Object*
Object*

A < > itr = m_Objects.begin();
itrl= m_Objects. e
++itr)

m_wor ldBoundingSphere.E

e ———— e

: : Ee—— ' e % 0
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Cache usage

bl V7777 Aﬂ-...-\’

Matrix4 [func ptr |funcptr Ifuncptr |func ptr |

Main Memory
vl V7227,

Matrix4

L2 Cache

Matrix4 Matrix4

Matrix4
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE
0xCODE
0xCODE

func ptr |funcptr |funcptr |funcptr

0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE

vectors | [ |
[chars |

radius |
W 0xCODE

New code checks dirty flag the
sets world bounding sphere

[

or 1dBoundingSphere = m_BoundingSphere. Tr
m_wor TdBoundingSphere;

Dbject*
Object*

Object*
Object*

Object*
Object*

Object*
Object*

O0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE
OxCODE

0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0XCODE

0xCODE
0xCODE
0xCODE
0xCODE
0XCODE
0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE

& parentTransform)

(parentTransform);

Slide 42
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Cache usage

[func ptr |funcptr Ifuncptr |func ptr |

Main Memory
vl V7227,

Matrix4

L2 Cache

O0xCODE OxCODE OxCODE OxCODE Mtin, Mctin

O0xCODE OxCODE O0xCODE 0xCODE
0xCODE 0xCODE 0xCODE 0xCODE
0xCODE 0xCODE 0xCODE
0xCODE 0xCODE 0xCODE
0xCODE 0xCODE 0xCODE

func ptr |funcptr |funcptr |funcptr

OxCODE OxCODE OxCODE OxCODE
OxCODE OxCODE OxCODE OxCODE

Node’s World Bounding Sphere = o e

0xCODE 0XCODE  OXCODE

OxCODE OxCODE OxCODE OxCODE

:
is then Expanded
OxCODE OxCODE OxCODE OxCODE

Dbject*
Object*

Object*
Object*

Object*
Object*

Object*
Object*

i < R itr = m_Objects.begin();
itr!= m_Objects.end();
++itr)
m_wor TdBoundingSphere. Expandey ((*itr)->GetwWor | dE IingSphere(m_worldTransform));
_ B — . 3 + 0 Aﬁ(
—— e G XADx X o
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Cache usage

Matrix4

func ptr |funcptr Ifuncptr |funcptr |

Main Memory L2 Cache
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ol 7 7 7
r|><4 e Mt Mol V7 7777 A 7777777
OxCODE OxCODE OxCODE OxCODE Moy Matioet

O0XCODE OXCODE OXxCODE OXCODE funcptr [funcptr [funcptr [funcptr

OXCODE OXCODE OxCODE OXCODE
Mak OXCODE OXCODE OXCODE OxCODE
OXxCODE OXCODE OXCODE OXCODE
OXCODE OXCODE OXxCODE OXCODE

0xCODE
0xCODE
ol 0 77 OXCODE OXCODE OXCODE OXCODE I NN VTR oxcooc
Vectors | @ @F [VREn O0XCODE OXCODE OXCODE OXCODE fchar_| fchar" ] V] ococe
char* o

0xCODE

Fl oxcopE

——) 0XCODE

0xCODE
0xCODE

0xCODE
0xCODE
0XCODE

0xCODE
0xCODE
0xCODE
0xCODE
0XCODE
0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE

Matiixa WiV

Matrix4
upje upject* Object* Object*
Object* Object* Object* Object*

Vectors | [ lradius |
[char® | Wik,
for( % < s itr = m_Objects.
itr!= m_Objects.end();
++itr)

Q;

Then the next Object is
processed

r /I3 s S

PlayStation.3

m_wor 1dBoundingSphere.

lradius |
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Cache usage

Matrix4

func ptr |funcptr Ifuncptr |funcptr |

Main Memory L2 Cache
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ol 7 7 7
r|><4 e Mt Mol V7 7777 A 7777777
OxCODE OxCODE OxCODE OxCODE Moy Matioet

O0XCODE OXCODE OXxCODE OXCODE funcptr [funcptr [funcptr [funcptr

OXCODE OXCODE OxCODE OXCODE
Mak OXCODE OXCODE OXCODE OxCODE
OXxCODE OXCODE OXCODE OXCODE
OXCODE OXCODE OXxCODE OXCODE

0xCODE
0xCODE
ol 0 77 OXCODE OXCODE OXCODE OXCODE I NN VTR oxcooc
Vectors | @ @F [VREn O0XCODE OXCODE OXCODE OXCODE fchar_| fchar" ] V] ococe
char* o

0xCODE

Fl oxcopE

——) 0XCODE

0xCODE
0xCODE

0xCODE
0xCODE
0XCODE

0xCODE
0xCODE
0xCODE
0xCODE
0XCODE
0xCODE
0xCODE
0xCODE

0xCODE
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE
0xCODE

Matiixa WiV

Matrix4
upje upject* Object* Object*
Object* Object* Object* Object*

Vectors | [ lradius |
[char® | Wik,
for( % < s itr = m_Objects.
itr!= m_Objects.end();
++itr)

Q;

First object costs at least 7
cache misses

r /I3 s S

PlayStation.3

m_wor 1dBoundingSphere.

lradius |
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Cache usage

bl V7777

Matrix4

func ptr |funcptr Ifuncptr |funcptr |

Main Memory

Matrix4

L2 Cache

OxCODE OxCODE OxCODE OxCODE Mtin, Mctin

O0XCODE OXCODE OXxCODE OXCODE e IR e et
OXCODE OXCODE OxCODE OXCODE
Mak OXCODE OXCODE OXCODE OxCODE
OXxCODE OXCODE OXCODE OXCODE
OXCODE OXCODE OXxCODE OXCODE

OxCODE OxCODE OxCODE O0xCODE
OxCODE OxCODE OxCODE OxCODE
ol 0007 7007777 OxCODE OXCODE OxCODE OxCODE m-__mo DE 0xCODE  0XCODE

XCOI
EEE P ol vatrixa 0XxCODE OXCODE OXCODE OXCODE fchar* | YUl oxcooe oxcove oxcove oxcone
char® 0xCODE OXCODE OxCODE

OxCODE OxCODE OxCODE OxCODE

‘-- OxCODE OxCODE OxCODE OxCODE

TT——] OxCODE OxCODE OxCODE OxCODE

Matiixa WiV

Matrixd

upje Upject* Object® Object*
Object* Object* Object* Object*

— Subsequent objects cost at least
O e 2 cache misses each —

itr!= m_Objects.end();
++itr)

m_wor TdBoundingSphere. Expandey ((¥*itr)->Get

L P =
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The Test
« 11,111 nodes/objects in a
tree 5 levels deep

* Every node being
transformed

« Hierarchical culling of tree
* Render method is empty

P e A o o ,7
L I3 Slide 47 =l e
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Performance

Node Update

R Slide 48

M ObjectOriented

7.07 This is the time
taken just to
traverse the tree!

Transform & Update Culling Pass
Bounding Spheres

Node Render
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Syscalls

Performance Counters

PC Samples 4
B 32% [321] Node::GetWorldBounding Sphe
[ 18% [182] Node::SetVisibilityRecursivelylt:
B 15% [153] Node::Update()

B 14% [142] Node::Render(Vectomath::Aos
B 11% [106] Modffier:: Update()

B 4% [40] Object::GetWorldBounding Sphere
B 3% [34] Object::Set Dirty(bool)

B 1% [6] Frustum::DetailedCull Bounding Spt
B <1% [3] Node::Cull{unsigned char)

B <1% [2] Cube::Update()

B <1% [1] Object::SetVisibiltyRecursively(bo
B <1% [1] Renderer::SetRenderTarget()

PlayStation.3

Why Is it so slow?
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Look at GetWorldBoundingSphere()

7 01000500_main_e:\MyProjects
Syscalls

¥ Performance Counters

7 PC Samples H
B 89% [320] Node::GetWorldBoundingSphe
B 11% [40] Object::GetWordBoundingSphe

B <1% [1] Node::Update() [ —T1 | (-

TV In{(ll‘“-
T St Frame: 52 - Logical Thread View
rsor: 10.450ms

Range: Start = 6.750ms, Stop = 14.925ms, Duration = 8.175ms

(PR R R ) =) e R el ]

=]
e =
e = cod 4 a~x x 0 A Q)
= — ——— : X055 -0‘0 3( A 8 s
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2998 49
2212 32
42 1
2179 46
9085 174
123 3
1

314 b
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59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

if{Im_Dirty)

Samples can be a little
misleading at the source
code level

return m_WorldBoundingSphere:

77 1f it was dirty,

i1f (m_Parent)

m_WorldTransform = parentTransform*m_Transform:

else

m_UWorldTransform=m_Transform:

/7 was dirty, so we need to recalculate the bounds of the children

mn_WorldBoundingSphere=BoundingSphere():. // zero it

for(=std: :vector<Object*>: :const_iterator itr = m_Object=.begin():
itr!l= m_Object=s.end():

++1itr)

SCEEXS

Research &

Development

ingSphereé Node: :GetWorldBoundingSphere{const Matrixdé parentTransform)

then we need to update the bounding volumes and transforms

m_UWorldBoundingSphere . ExpandBy( (*itr)->GetWorldBoundingSphere{m_UWorldTransform)):

m_Dirty=false;

return m_WorldBoundingSphere:

————

Slide 51
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o o u ) [ std 0, Ux100(rl) FIPE
372 9 57 const BoundingSphere 8 - 8 stfd £31,0=xES(xr1)
= — §8 { g - 0 addi r3,r3, 0=B0
. ; 2 0 std r28, 0=C0(rl)
2998 49 59 if(Im_Dirty) 12 2 7 std r29,0=Ca(rl) PIPE
- - 60 return m_Uorl g 1 ¥0. 0xD4(z27)
o 61 23 1 0001273C FBCLOODO std 3‘.3_@-P.I:ID_U.(?}_Z_________________________RI_E.E _______________________
- - 62 /7 if it was dirt 48 Ve gt B0 VO i Dot D Do B frpe e
2212 2 if (m_Parent) — Fa or7 0=00012984
= lwz =0, []I-'DB(rZ?)
2 00 cmpwi cr?, 20, 0x0 01 {0001274C) REG
- 1 beq cr7, 0x000129F4 01 (00012750) REG
- 110 addi rll,r27,0=x10
- E v9,0,r4
- r7,0=10
— - r9,rll, 32 FPIPE
2179 for{std: :vector<O = rd, 0=20
K8 = itr!= m_Objec - =0, 0=30 PIPE
72 e —_ - rl0,rd4,632
= B ++itr) 19 - v12.0,r11
- - 73 { - 3 - v, v0, w0
9085 174 74 m_WorldBoundi Z = vll,r9, r?
i - 75 } 3 - r28, r27,0=x50
. _ . - - v5,r9,r8
123 3 76 m_Dirty=false; 18 - ; 13,20 50
18 1 77 return m_WorldBou E = ] clrldi r9,r28,32 01 (00012780) REG
314 6 78 } 1344 19 vspltw vl,v5,0
ZN X - - vspltw vg8,v5,1 FIFE
1 v=plty v2 vl2 0
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- - Ju ) R zll, D=1l
372 9 57 const BoundingSphere& | 8 - 31, 0xE
- = 58 { - - r3, r3,
2998 49 59 if (Im_Dirty) S 3
- - B0 return m_Uorl g 1
- 61 23 1
- - 62 /7 if it was dirty[2989 48 e
2212 32 63 i1f (m_Parent) - e
- - b4 n_WorldTranst z Z 8 luz ;Ef@ﬂﬁ?,?ﬂé%?m
- - BS else 32 2 cnpwi cr?, 20, 0x0 01 {0001274C) REG
O = = m_WorldTransf 32 - 0 bggv c»ii,n:;gng%gm 01 (00012750) REG
- - 67 /7 was dirty, so - Al il Lot UR
2 1 gg n_WorldBoundingS i B IRt
- = 1 - r9,ril, 32 PIFE
2179 46 70 for(std: :vector<O T = rg, 0=20
- -7 itrl= m_Object| 23 = o030 BIER
X — . I e ol I
= S ;g +Hitr) 19 - v1Z2, 0,711
= e 3 - v0,v0, w0
9085 174 74 m_WorldBoundi Z 2 v;é,rg;}r; -
= - 75 ¥ - ri8,r27, 0=
123 3 76 m_Dirty=false: i , Ve rIrE
18 1 77 return m_WorldBou E = ] clrldi r9,r28,32 01 (00012780) REG
6 1344 19 vapltw wl,w5,0
3 - = 1t 8.v5,1 FIFE
3 1 Senliy v 9120

L2 I3 — Siide 53
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SCEEXS $

COMEUTER

- = au | FEeUIOION std 0, D=i00(rL) PIPE
372 9 57 const BoundingSphere& | 8 - D ¢ Stig £31, 0xES (21)
= - 58 { = = 0 addi r3,r3, 0=
. . 8 - std r28,0=C0{rl
2938 49 59 if(!m_Dirty) 12 2 3 std T35 DaCB(r1) PIPE
- - gg return m_Uorl 23 i 1bz rgﬁnﬁnurz?)
- - 62 /7 if it was dirty|2989 48
2212 32 63 if (m_Parent) A - o
- - b4 n_WorldTransf : 2 1wz
= - BS else 32 2 Cmpwi
- - 66 n_WorldTransf i - 0 beq
- - 87 /7 was dirty, so é - L 8day
42 1 &8 m_WorldBoundingS g £
- - B9 1 =
2179 46 70 for(=std: :vector<Q T =
- -1 itrl= m_Objeci| %3 =
- - 72 ++itr) 19—
- - 73 _ 3 -
9085 174 74 m_WorldBoundi 2 %
=2 78 3 3 -
123 3 76 m_Dirty=false:; 18 - :
1 return m_WorldBou = = 1 clrldi 01 (00012780) REG
6 1344 19 vspltw
= 3 1

p ~I3
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Some rough calculations

Branch Mispredictions: 50,421 @ 23 cycles each ~=0.36ms
of i . i S At i
200
HW Thread 1 - Total = 18615, Peak = 151
0 ____________________ } Tlmimly bbb R - PRARS SRR SARS SN 'y u """"""""""""""""" B < T T
10000 5
PPU TWO PPC INSTRUCTIONS COMPLETEC e
HW Thread 0 - Total = 2107120, Peak = 650( Range: Start = 6.775ms, Stop = 14.900ms, Duration = 8.125ms
______________________________ PPU BRANCH INSTRUCTION COMPLETED: dX = 482 (Total = 173973)
ofilf a . PPU BRANCH INSTRUCTION COMPLETED: dX = 0 (Total = 12272)
6000 PPU BRANCH MISPREDICTION: dX = 76 (Total = 47690)

PPU BRANCH MISPREDICTION: dX = 0 (Total = 2731)
PPU TWO PPC INSTRUCTIONS COMPLETED: dX = 1612 (Total = 1150460)

HW Thread 1 - Total = 627523, Peak = 5158 PPU TWO PPC INSTRUCTIONS COMPLETED: dX = 0 (Total = 87381)
0 L2 MISS: dX = 113 (Total = 36345)
600 i
L2 MISS
HW Thread 0 - Total = 132062, Peak = 459
D o halade ' aheda . s L S e M_- --------------------------------- o
PC Sample
X 467 [355] <idle>

B 45% [346] Node::GetWordBounding Sphere (Ve
® Col0] oo

— ——— R ARV
L /I3 : : Slide 55 e
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Some rough calculations

Branch Mispredictions: 50,421 @ 23 cycles each ~=0.36ms
L2 Cache misses: 36,345 @ 400 cycles each ~= 4.54ms

HW Thread 1 - Total = 18615, Peak = 151

0 _________________________ ‘_A'___ S ; = """""""LL“ """"""""""""""""""""" :" _______
10000
:45-P
PPU TWO PPC INSTRUCTIONS COMPLETEL e L aees Coxtn
HW Thread 0 - Total = 2107120, Peak = 650( Range: Start = 6.775ms, Stop = 14.900ms, Duration = 8.125ms
______________________________ PPU BRANCH INSTRUCTION COMPLETED: dX = 482 (Total = 173573)
0 a8 . ! PPU BRANCH INSTRUCTION COMPLETED: dX = 0 (Total = 12274)
6000 PPU BRANCH MISPREDICTION: dX = 76 (Total = 47650)
PPU BRANCH MISPREDICTION: dX = 0 (Total = 2731)
PPU TWO PPC INSTRUCTIONS COMPLETED: dX = 1612 (Total = 1150460)
HW Thread 1 - Total = 627523, Peak = 5158 PPU TWO PPC INSTRUCTIONS COMPLETED: dX = 0 (Total = 87381)
0 L2 MISS: dX = 113(Total 36345)
600 -
L2 MISS
HW Thread 0 - Total = 132062, Peak = 459
D e A i . L — _| ---------- M_ _________________________________ o
PC Sample
<idle>
@ [346] Node::GetWordBounding Sphere (Ve

.CTCT!EI

2 I3 e side 56 P
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 From Tuner, ~ 3 L2 cache misses per
object

— These cache misses are mostly sequential
(more than 1 fetch from main memory can
happen at once)

— Code/cache miss/code/cache miss/code...

— a
— ey cod 40 a8 %)
—J 3 Slide 57 Famea S e
PlayStation.3



eeeeeeeee

Slow memory is the problem here

« How can we fix it?

* And still keep the same functionality and
Interface?

= = - = ced 40 = =
r /I3 Slide 58 o0 M X e
PlayStation.3
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The first step
« Use homogenous, sequential sets of data

*m_Transform;
*m_wor ldTransform; vibl ;
*m_BoundingSphere; , P
*m_wor TdBoundingSphere; Bsphere® char*
char* m_Name;

y ] m_D'i rty; VEC'tOI'
* m_Parent;

< *> m_Objects;

bool m_Isvisible;

. = e - =
— —— e — == = o) .
_— — ced B0 4 29% .
2 ~J3 S 55 50 2 e %
PlayStation.3 ~
a
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Homogeneous Sequential Data

vibl 3 i e 4
Bsphere*[char®
vector

World transforms Local Transforms World Bounding Spheres Local Bounding Spheres

Vector3
Vector3
Vector3
Vector3
Vector3
Vector3
Vector3
Vector3

—
———E—

L /I3 — Slide 60
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Generating Contiguous Data

« Use custom allocators
— Minimal impact on existing code

 Allocate contiguous
— Nodes
— Matrices
— Bounding spheres

— 3 Slide 61

A o
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Performance -
e

/19.6ms ->12.9ms \

M ObjectOriented M Contiguous

7.07

35% faster just by
moving things around in

memory!
/

3.74 \

Node Update Transform & Update Culling Pass Node Render
Bounding Spheres

r P33

PlayStation.3
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What next?

Process data in order

Use implicit structure for hierarchy
— Minimise to and fro from nodes.

Group logic to optimally use what is already In
cache.

Remove regularly called virtuals.

< L 0N
. 4 SO AN
Xooo" .U‘O %( A I

° o

—J 3 Slide 63 : YR
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We start with HlerarChy

a parent Node

Node

pr - J_B Slide 64 ==
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Hierarchy

Node

Which has children
nodes

Node

Slide 65
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Hierarchy

Node Node

And they have a
parent

e[',. Pp‘—s{“_as Slide 66
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Hierarchy

%/////////-—— Node |

Node

N

Node

Node

Node

L

PlayStation.3

SN

Node

Node Node Node Node

|

children

And they have }

Slide 67
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Node

Node

Node

Node

L

PlayStation.3

Hierarchy

N

Node

SCEEY &\

Research &
Development 7

Node

Node

Node

Node

Node

|

And they all have

parents

Slide 68
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Hierarchy

Node Node

'

Node || Node |¢ Node |{ Node || Node [l Node g Node |( Node | Node Node

A lot of this
iInformation can be

L I3 ’ inferred xn
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L

Hierarchy
Node
Use a set of arrays,
one per hierarchy
Node || Node level
Node || Node || Node || Node || Node || Node || Node || Node
rSIiide770

PlayStation.3

SONY
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Hierarchy
Node Parent has 2
2 children
p
Node || Node Children have 4
" \ children
' N\
Node || Node || Node || Node || Node || Node || Node || Node
—J 3 =TT ORISR :QT ===
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Hierarchy
Node Ensure nodes and their
5 data are contiguous in
' memory
Node || Node

o TR

Node || Node || Node || Node || Node || Node || Node || Node

- - = - —— — a - '—
- = = = E .0 ’d = (0] XA x =4 -,
L I3 Slide 72 S S e
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« Make the processing global rather than
local

— Pull the updates out of the objects.
« No more virtuals

— Easier to understand too — all code in one
place.

= = - = ced 40 = =
r /I3 Slide 73 o0 M X e
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Need to change some things...

« OO version

— Update transform top down and expand WBS
bottom up

Loy
5

L ese—— A ,;’"Ev.# = o e
—r3 Siide 74 S e
PlayStation.3 o
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Update

transform Node —__\\\\\\\\\\N

Node Node

Node Node Node Node Node Node Node Node

D I:’J_ B Slide 75
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compuTER

Node ———-\\\\\\\\V

Node

Node

— = =—————p0
— .
e —— o *x
= o xﬁ‘ me
)

——— = =
= EEEEmm———— o d 4 x X o %
r 3 Slide 76 R e ST
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Node Node

Node Node Node Node Node Node Node Node

Update transform and
world bounding sphere |

—J\— Slide 77
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Node Node

Node Node Node Node Node Node Node Node

Update transform and
world bounding sphere |

—J\— Slide 79
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Node Node

Node Node Node Node Node Node Node Node

Update transform and

world bounding sphere | :
2 = Slide 81
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* Hierarchical bounding spheres pass info up
« Transforms cascade down

» Data use and code is ‘striped-'.
— Processing is alternating

— — a
= ' : 7 ‘o !d e *a P
L —J 3 Slide 83 Famea S e
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Conversion to linear

* To do this with a ‘flat’ hierarchy, break it
INto 2 passes

— Update the transforms and bounding
spheres(from top down)

— Expand bounding spheres (bottom up)

— — a
— —— cod 450 a, 8 %2
L J 3 Slide 84 *_,.oi PP X A m%
PlayStation.3



Transform and BS updates

Node

, fFor each node at each level (top down) A

| {

multiply world transform by parent’s

Node || Node transform wbs by world transform

4 N Y
Node || Node || Node || Node || Node || Node || Node || Node

Slirde 85

SCEE
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Update bounding sphere hierarchies

Node

, fFor each node at each level (bottom up) A

| {

add wbs to parent’s

Node || Node cull wbs against frustum

4 N /
Node || Node || Node || Node || Node || Node || Node || Node

siide 86 PR e et
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Update Transform and Bounding Sphere

How many children nodes
to process

for (int j=0; j<size; j++)

int innerSize = parent->m_Objects.size();
*parentTransform = parent->m_wor ldTransform;

j+=innersize;

for (int k=0;k<innersize; k++, wmat++, mat++, bs++, wbs++)

*wmat = (®*parentTransform)*(*mat);
*wbs = bs->Transform(wmat);
h

parent++;

—J 3 — Slide 87
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Update Transform and Bounding Sphere

PlayStation.3

for(int j=0; j<size; j++)

int innerSize = parent->m_Objects.size();
*parentTransform = parent->m_wor ldTransform;

j+=innersize;
for(int k=0;k<innersize; k++, wmat++, mat++, bs++, wbs++)

*wmat = (®*parentTransform)*(*mat);
*wbs = bs->Transform(wmat);

TR For each child, update
transform and bounding
sphere

————— = A
VVVVV o d A% X o A .
: J%0 A% -
Slide 88 She— WX c!A & o
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Update Transform and Bounding Sphere

SCEEXS 6

S Rt e Note the contiguous arrays 1
const int innerSize = parent->m_Objects.sizéd
*parentTransform = parent->m_wor 1d7g -

j+=innersize;
for(int k=0;k<innersize; k++, wmat++, mat++, bs++, wbs++)

*wmat = (®*parentTransform)*(*mat);
*wbs = bs->Transform(wmat);

¥

parent++;

L /I3 : = ;Iide 89

PlayStation.3




SCEEXS 6

Research &
Development "

So, what’s happening in the cache?

Parent

Children’s node
data not needed

Unified L2 Cache

glcfzla[zlalz| =

gxaaxaag g

EEE[E[E[z]z]z] 3
slRlcRERRR| =

Childrens’ Data

L 3

————— = ,D (<]
+4 é&xﬁ}ﬁ“ 5:
= x D @. . ',w
wE J %0 RA xAA( OQA;; S
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Load parent and its transform

Parent N
Unified L2 Cache

[Bsphere=[char®

vector

L innerSize = parent->m_Objects.size();

*parentTransform = parent->m_wor ldTransform;

Parent Data

i
g
H

HEHANREA
B

EEE[E[E[z]z]z] 3
slRlcRERRR| =

Childrens’ Data

———

L /I3 = Slide 91
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Load child transform and set world transform

Parent

SCEEXS 6

Unified L2 Cache

Bsphere*
vector [ |

r(int k=0;k<innersize;k++, wmat++, mat++, bs++, wbs++)

*wmat = (®*parentTransform)*(*mat);
*wbs = bs-> (wmat);

Parent Data

g
g
2

2I21213(2/813]2

HEHANREA

EEE[E[E[z]z]z] 3
slRlcRERRR| =

Childrens’ Data

———

L /I3 = Slide 92
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Load child BS and set WBS

Parent

Matr|x4‘ Matrixa* Unlfled L2 CaChe
phere*
r(int k=0;k<innersize;k++, wmat++, mat++, bs++, wbs++) B oo T
vector Vector3
*wmat = (*parentTransform)*(*mat); e
*whs = bs->Ti (wmat); T
Vector3
[Vector3
Parent Data
: )
Childrens’ Data
.

L /I3 = Slide 793
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_oad child BS and set WBS

Pard Next child is calculated with
no extra cache misses !

Unified L2 Cache

=0; k<inner

( parentTransform)*(*mat);
(wmat);

Parent Data

gxxzxaag g
BEEEEER =

atrix

EEE[E[E[z]z]z] 3
slRlcRERRR| =

Childrens’ Data —

I : = G e e e
L I3 Slide 94 R S
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_oad child BS and set WBS

Pard The next 2 children incur 2
cache misses in total

Unified L2 Cache

=0; k<inner$

= (®*parentTransform)*(*mat);
= bs-> (wmat);

Parent Data

E “““l i
HHAHARHAR
Rlz518la[3(5[=| =

H

zaRIAR[AIR1R| 2
g[z8a[c(32] =

Childrens’ Data

L /I3 Slide 95 AT X aw
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Prefetching
~

Because all data is linear, we
can predict what memory will
SR be needed in ~400 cycles
neamgas and prefetch

*wbs = bs->1

Unified L2 Cache

j Matrix4

xxxxxxxx

fid Bounding Spheres

(r
SEEELEEER ¢

Matrix4

BEREIER|
g

ggiiiiﬂi

Childrens’ Data

e c——— e s = f === %

= cod %0 a4 xX0
L 3 Slide 96 SRR
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 Tuner scans show about 1.7 cache misses
per node.

* But, these misses are much more frequent
— Code/cache miss/cache miss/code
— Less stalling

— — a
= ' : 7 ‘o !d e *a P
L —J 3 Slide 97 Famea S e
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SCEEXS 6

EOMEHIR o

Performance

M ObjectOriented M Contiguous W Flat ‘

7.07

6.01 19.6 ->12.9 -> 4.8ms

Node Update Transform & Update Culling Pass Node Render

Bounding Spheres o

£-% °c

+ 0 Ax@)(o i3

— = - — . R txx“a" X o ?é@
= Slide 98 o a & ‘o
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Prefetching

« Data accesses are now predictable

« Can use prefetch (dcbt) to warm the cache
— Data streams can be tricky
— Many reasons for stream termination

— Easier to just use dcbt blindly
* (look ahead x number of iterations)

————— = + — a7
- - = = E e x 7 . E C , _, -
—J 3 Slide 99 xfo“.: e
PlayStation.3 e
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Prefetching example

* Prefetch a predetermined number of
iterations ahead

 Ignore incorrect prefetches

for(int i=0;i<m_CurrentNumTransforms; i++)

__dcbt(m_transforms[i+20]);

*m_Transforms[i] = (C*m_Transforms[i])*(*m_Transform);

¥

— 3 Slide 100

Rese

arch &
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comPuTER

Performance

M ObjectOriented M Contiguous M Flat M Flat + prefetch .

7.07

19.6 ->12.9->4.8 -> 3.3ms

133 133 133

Node Update Transform & Update Culling Pass Node Render
Bounding Spheres

~ Slide 101
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A Warning on Prefetching

* This example makes very heavy use of the
cache

 This can affect other threads’ use of the
cache

— Multiple threads with heavy cache use may
thrash the cache

— E — = = — a V4
= V : 7 L !d ) XA x 2
L I3 Slide 102 xo'w T X AT g
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7 01000500_main_e:\MyProjects

P
7

Syscalls

Performance Counters

PC Samples 4
B 32% [321] Node::GetWorldBounding Sphe
B 18% [182] Node::SetVisibiltyRecursively(k
B 15% [153] Node::Update()

B 14% [142] Node::Render(Vectomath::Aos
B 11% [106] Modffier:: Update()

B 4% [40] Object::GetWorldBounding Sphere
B 3% [34] Object::Set Dirty{bool)

B 1% [6] Frustum::DetailedCull Bounding Spt
B <1% [3] Node::Cullunsigned char)

B <1% [2] Cube::Update()

B <1% [1] Object::SetVisibiltyRecursively(bo
B <1% [1] Renderer::SetRenderTarget()

mrs =

PlayStation.3

SCEEXS

Research &
Development

SONY

The old scan
~22ms
O | O I
i .I+I—-_I-I
1 e e _——
] g |

S

lide 103
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SCEEXS 6

The new scan

7 PPU Threads e
7 01000500_main_e:\MyProjects
Syscalls

P> Performance Counters

7 PC Samples 4
B 33% [75] Node::Render{Vectommath::Aos:
X 23% [52] cellGemFinish
B 18% [41] Renderer::ExpandBSAndCull{)
B 16% [37] Renderer::Update TransformsAnc
B 10% [22] Modifier::Update()

=0

g,s——tv‘d*’ﬂ/.(‘,? = = + 0 Ax@“ :+ ; " g

— e ———— E « 0 = :

= = = - —— = O A A TX k [+] O: =

PJ B 7 i =———— Slide 104 xo”a +8,0 % = .,Z% o °,

¢p7. ae ; = = -
PlayStation.3 -
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comPuTER

Up close

Frame: 46/48 00000  0.0010 0.0020 0.0030 0.004
ime: 743.657ms {frame=16.740ms) R T T 7| O . |
¥ <SceneTreeDOD ppu self> S
‘7 PPU Threads e
ST = | 7 01000500_main_e:\MyProjects | PR—— ‘
7 Oslm_mah_e:\mﬁojm SYSCB“S i i i iuu’l‘nn‘ R DU I L
. Pofamence Costen__ i Performance Counters
B33% [75] Node::Render(r\'/ectmmath::Ms: 7 PC Samples "E i [NEEN
B35 ] A EmardiShndil] B 42% [73] Node::Render{Vectormath::Aos: fH——+HH
B Xl s Gyt Tl B 27% [46] Renderer::ExpandBSAndCull) AR
— B 19% [33] Renderer::Update Transforms Anc i
B 10% [18] Modifier::Update() A
B 1% [2] Cube::Render{Vectormath::Aos::M: -
-]
it @: T
o x
— e e——— == . - . a % +D A o 0@
——-——————— _ x50’ Shs o O N = xA)( =25
¢|",. PA: 35 —— Slide 105 FE a » nﬂ
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Looking at the code (samples)

- — aay
151 3 450 con=t Node* parent = (Node#*)node->m_Parent;
- - 451 /7 iterate through all the matrices at this level, multiplying them by their parent
8 - 452 for(int j=0;j<size;j++)/ . node++, wmnat++, mat++, wbhs++, bs++)
- — 453 {
- — 454 const int innerSize = parent->m_Objects.size():
25 - 45§ const Matrixd *parentTransform = parent->m_WorldTransform:
- — 456
2 - 457 j+=innerSize;
372 9 458 for{int k=0;k<innerSize k++, wmat++, mat++. bs++, wbs++, node++)
- — 459 {
233 2 4s0 __dcbt{wnat+lookihead)
146 3 461 _ dcbt({mat+lookihead) :
317 5 462 __dcbt (bs+lookihead) ;
117 4 463 __dcbt{wbs+lookihead) ;
- - 464 *ymat = (*parentTransform)*(*mat);
- = 485 7 *ymat = (*¥node->m_Parent—>m_WVorldTransform)*(*mat):
- — 466
32 1 467 *ybs = bs->Transform(wmat);
- — 468 ¥

469 parent++;

===

I =0 Agck:+; a

e = o9 .00 %0 5o A5 -

= = < Xo - a 3( A - o o

—J 3 —— Slide 106 g = D=
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Performance counters

Branch mispredictions: 2,867 (cf. 47,000)
L2 cache misses: 16,064 (cf 36,000)

nce Counters
40000 Range: Start = 0.511ms, Stop = 1.289ms, Duration = 777.782us
PPU TWO PPC INSTRUCTIONS COMPLETEL PPU BRANCH INSTRUCTION COMPLETED: dX = 556 (Total = 15825)
S ol PPU BRANCH INSTRUCTION COMPLETED: dX = 432 (Total = 9922)
H Tamad 0 -Totel = 635034, Pesic=1034 PPU BRANCH MISPREDICTION: dX = 90 (Total = 1730)
. PPU BRANCH MISPREDICTION: dX = 32 (Total = 1184)
i = PPU TWO PPC INSTRUCTIONS COMPLETED: dX = 1936 (Total = 339677)
PPU TWO PPC INSTRUCTIONS COMPLETED: dX = 14098 (Total = 158467)
L2 MISS: dX = 599 (Total = 16478)
HW Thread 1- Total = 1064173, Peak = 2357
I T T——
1000
L2 MISS
HW Thread 0 - Total = 53445, Peak = 627
0 | et | G s L
PC Sample
B 46% [34] Renderer::Update TransformsAndBour HHHHHHH
X 23% [17] <idle> HH HHHHHHHHH f
X 18% [13] <process-01000300> T HHH tt
® 14% [10] <kemel> - - ;

= = = — = ) L) ’< = (&) 4
L /I3 == Slide 107 R S

PlayStation.3




eeeeeeeee

In Summary

» Just reorganising data locations was a win

« Data + code reorganisation= dramatic
Improvement.

» + prefetching equals even more WIN.
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OO iIs not necessarily EVIL

« Be careful not to design yourself into a corner

« Consider data in your design
— Can you decouple data from objects?
— ...code from objects?

* Be aware of what the compiler and HW are
doing
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Its all about the memory

* Optimise for data first, then code.

— Memory access is probably going to be your
biggest bottleneck

« Simplify systems
— KISS
— Easier to optimise, easier to parallelise
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Homogeneity

» Keep code and data homogenous
— Avoid introducing variations
— Don't test for exceptions — sort by them.

* Not everything needs to be an object

— If you must have a pattern, then consider
using Managers

— - — - = — A
= ' : : L !d e XA 2
L —J3 Slide 111 SRR A



eeeeeeeee

Remember

* You are writing a GAME
— You have control over the input data

— Don't be afraid to preformat it — drastically if
need be.

* Design for specifics, not generics
(generally).
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Data Oriented Design Delivers

» Better performance

* Better realisation of code optimisations
« Often simpler code

* More parallelisable code
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Research &
Development

SCEEXS 6

The END
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