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A bit of background...



What does an “Engine” team do?



Runtime systems

e.g.
* Rendering

* Animation and gestures
* Streaming

* Cinematics

* VFX

* Post-FX

* Navigation

* Localization

* ..Mmany, many more!



Development tools

e.g.
* Level creation

* Lighting

* Material editing

* VFX creation

* Animation/state machine editing
* Visual scripting

* Scene painting

* Cinematics creation

* ..Mmany, many more!



What’s important to us?
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What’s important to us?

* Hard deadlines

 Soft realtime performance requirements (Soft=33ms)
e Usability

* Performance

* Maintenance

* Debugability



What l[anguages do we use...?
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*C

* C++
* Asm
* Perl

* Javascript
 CH
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What l[anguages do we use...?

e C

o C++ < ~70%

* Asm

* Perl

* Javascript

* CH

* Pixel shaders, vertex shaders, geometry shaders, compute shaders, ...



We don’t make games for Mars but...



How are games like the Mars rovers?
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How are games like the Mars rovers?

* Exceptions

* Templates

*|ostream

* Multiple inheritance
* Operator overloading
*RTTI



How are games like the Mars rovers?

*No STL



How are games like the Mars rovers?
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How are games like the Mars rovers?

*No STL
* Custom allocators (lots)
* Custom debugging tools



s data-oriented even a thing...?



Data-Oriented Design Principles

The purpose of all programs,
and all parts of those
programs, is to transform
data from one form to
another.



Data-Oriented Design Principles

If you don’t understand the
data you don’t understand
the problem.



Data-Oriented Design Principles

Conversely, understand the
problem by understanding
the data.



Data-Oriented Design Principles

Different problems require
different solutions.



Data-Oriented Design Principles

If you have different data,
vou have a different
problem.



Data-Oriented Design Principles

If you don’t understand the
cost of solving the problem,
vou don’t understand the
problem.



Data-Oriented Design Principles

If you don’t understand the
hardware, you can’t reason
about the cost of solving the
problem.



Data-Oriented Design Principles

Everything is a data
problem. Including usability,
maintenance, debug-ability,
etc. Everything.



Data-Oriented Design Principles

Solving problems you
probably don’t have creates
more problems you
definitely do.



Data-Oriented Design Principles

Latency and throughput are
only the same in sequential
systems.



Data-Oriented Design Principles

Latency and throughput are
only the same in sequential
systems.



Data-Oriented Design Principles

Rule of thumb: Where there
IS one, there are many. Try
looking on the time axis.



Data-Oriented Design Principles

Rule of thumb: The more
context you have, the better
vou can make the solution.
Don’t throw away data you
need.



Data-Oriented Design Principles

Rule of thumb: NUMA
extends to I/O and pre-built
data all the way back
through time to original
source creation.



Data-Oriented Design Principles

Software does not run in a
magic fairy aether powered
by the fevered dreams of CS
PhDs.



s data-oriented even a thing...?

...certainly not new ideas.

...more of a reminder of first principles.



..but it is a response to the culture of
C++



..but it is a response to the culture of
C++

...and The Three Big Lies it has engendered






















































i.e. Programmer’s job is NOT to write code;
Programmer’s job is to solve (data transformation) problems

























A simple example...






























Solve for the most common case first,
Not the most generic.



“Can’t the compiler do it?”



A little review...



By Agner Fog. Technical University of Denmark.
Copyright © 1996 - 2014. Last updated 2014-02-19.

(AMD Piledriver)

SQRTSS/PS 13-15
VSQRTPS 14-15
SQRTSD/PD  24-26
VSQRTPD 24-26

http://www.agner.org/optimize/instruction_tables.pdf



By Agner Fog. Technical University of Denmark.
Copyright © 1996 - 2014. Last updated 2014-02-19.
(AMD Piledriver)

FSIN 60-146
FCOS ~154

FSINCOS 36-141
FPTAN 36-204

FPATAN 60-352

http://www.agner.org/optimize/instruction_tables.pdf



Tony Albrecht — Technical Consultant

Developer Services
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Memory Caching

200+ CYCLES

20+

CYCLES
<

MAIN RAM

L2 (Ele)

(small)

L1 D$

L11$
i | I

CYCLES

http://www.gameenginebook.com/SINFO.pdf




The Battle of North Bridge

L1
L2

RAM

Andreas Fredriksson

@deplinenoise rFoLLows You
Sr Engine Programmer at Insomniac Games. Asm and C. SIMD. Cigars.

Dreams of Common Lisp. Slide guitar. Vim. Git. Build Systems. All opinions
are my own, etc

San Fernando, CA - deplinenoise.wordpress.com




|2 cache misses/frame

(Most significant component)



Not even including shared memory modes...

Heap-cacheable

Heap-write-combined No No No
Physical-uncached ? No No
GPU-write-combined Yes No No
GPU-write-combined-read-only Yes No No
GPU-cacheable Yes Yes Yes
GPU-cacheable-noncoherent-RO Yes Yes No
Command-write-combined No No No

Command-cacheable No Yes Yes



Andreas Fredriksson

http://deplinenoise.wordpress.com/2013/12/28/optimizable-code/

@deplinenoise rFoLLows You

Sr Engine Programmer at Insomniac Games. Asm and C. SIMD. Cigars.
Dreams of Common Lisp. Slide guitar. Vim. Git. Build Systems. All opinions
are my own, etc

class GameObject | San Fernando, CA - deplinenoise.wordpress.com

float m Pos[2];
float m Velocityl[2];
char m Name[32];
Model* m Model;

// ... other members

float m Foo;

void UpdateFoo(float f)

float mag = sgrtf(
m Velocity[0] * m Velocity[O0] +
m Velocity[1l] * m Velocityl[1]):

m Foo += mag * £;



M1BGameObhject?UpdateFooEf :

BBH#A:

# P_ZN1BGameObject?UpdateFooEf

.cfi_startproc

pushg

vihx

.cfi_def cfa off=zet 16
$16, »prsp

subg

.cFi_def cfa offzet 32

.cfi_off=set xyrhx. —-16

movss
mo v
movss
movss
mulss
mulss
addss
callg
mulss
addss
movss
addg

Popg
ret

.51ZE

wxmmB, 12Cxprspr # 4-byte Spill
»rdi, xrbx

B xrhx?, #*xmml

12C:rhx> . »xmmd

wxmml, *xmml

wxmmd,. *xmmd

wxmml, >xmmB

agprtf

12Cxprspr,. “xmmd ## 4-byte Folded Reload
184 C<rbx>,. ¥xmmd

wxmmB, 184Cxrbhx)

516, #psp

wrhx

_ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf

-.cfi_endproc




M1BGameObhject?UpdateFooEf :

BBH#A:

# P_ZN1BGameObject?UpdateFooEf

.cfi_startproc

pushg

vihx

.cfi_def cfa off=zet 16
$16, »prsp

subg

.cFi_def cfa offzet 32

.cfi_off=set xyrhx. —-16

movss
mowv g
movss
movss
mulss
mulss
addss
callg
mulss
addss
movss
addg

Popg
ret

.51ZE

wxmmB, 12Cxprspr # 4-byte Spill
#»rdi, »rhx

B8 Cxrhx), #*xmml

12C:rhx> . »xmmd

“xmml . Xxmml

wxmmd,. *xmmd

wxmml, >xmmB

agprtf

12Cxprspr,. “xmmd ## 4-byte Folded Reload
184 C<rbx>,. ¥xmmd

wxmmB, 184Cxrbhx)

516, #psp

wrhx

_ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf

-.cfi_endproc




M1BGameObhject?UpdateFooEf :

BBH#A:

# P_ZN1BGameObject?UpdateFooEf

.cfi_startproc

pushg

vihx

.cfi_def cfa off=zet 16
$16, »prsp

subg

.cFi_def cfa offzet 32

.cfi_off=set xyrhx. —-16

movss
mo v
movss
movss
mulss
mulss
addss
callg
mulss
addss
movss
addg

Popg
ret

.51ZE

wxmmB, 12Cxprspr # 4-byte Spill
»rdi, xrbx

B xrhx?, #*xmml

12C:rhx>» . »xmmd

wxmml, *xmml

wxmmd,. *xmmd

wyxmml, *xmmB

sgqrtf

12Cxprspr,. “xmmd ## 4-byte Folded Reload
184 C<rbx>,. ¥xmmd

wxmmB, 184Cxrbhx)

516, #psp

wrhx

_ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf

-.cfi_endproc




M1BGameObhject?UpdateFooEf :

BBH#A:

# P_ZN1BGameObject?UpdateFooEf

.cfi_startproc

pushg

vihx

.cfi_def cfa off=zet 16
$16, »prsp

subg

.cFi_def cfa offzet 32

.cfi_off=set xyrhx. —-16

movss
mo v
movss
movss
mulss
mulss
addec
callg
muiss
addss
movss
addg

Popg
ret

.51ZE

wxmmB, 12Cxprspr # 4-byte Spill
»rdi, xrbx

B xrhx?, #*xmml

12C:rhx> . »xmmd

wxmml, *xmml

wxmmd,. *xmmd

waemmd e semmid

agprtf

LLVAPSPS . AXmmy # 4—pyte Folded Reload
184 C<rbx>,. ¥xmmd

wxmmB, 184Cxrbhx)

516, #psp

wrhx

_ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf

-.cfi_endproc




M1BGameObhject?UpdateFooEf :

BBH#A:

# P_ZN1BGameObject?UpdateFooEf

.cfi_startproc

pushg

vihx

.cfi_def cfa off=zet 16
$16, »prsp

subg

.cFi_def cfa offzet 32

.cfi_off=set xyrhx. —-16

movss
mo v
movss
movss
mulss

mulss
addss

e g

mulss
addss

movss
addg

Popg
ret

.51ZE

wxmmB, 12Cxprspr # 4-byte Spill
»rdi, xrbx

B xrhx?, #*xmml

12C:rhx> . »xmmd

wxmml, *xmml

wxmmd,. *xmmd

“xmml . »xmmB@

—_ g -

12Cxprspr,. “xmmd ## 4-bute Folded Reload
183 Arhxy, AxmmiH

“xmmB, 184Cirhx>

516, #psp

“rhx

_ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf

-.cfi_endproc




M1BGameObhject?UpdateFooEf :

BBH#A:

# P_ZN1BGameObject?UpdateFooEf

.cfi_startproc

pushg

vihx

.cfi_def cfa off=zet 16
$16, »prsp

subg

.cFi_def cfa offzet 32

.cfi_off=set xyrhx. —-16

movss
mo v
movss
movss
mulss
mulss
addss
callg

mu ==

addss
movss
addg

Popg
ret

.51ZE

wxmmB, 12Cxprspr # 4-byte Spill
»rdi, xrbx

B xrhx?, #*xmml

12C:rhx> . »xmmd

wxmml, *xmml

wxmmd,. *xmmd

wxmml, >xmmB

agprtf

12 xwand _ wxmmid #t 4—hyte Folded Reload
184 C<rbx>,. ¥xmmd

wxmmB, 184Cxrbhx)

216, »r=p

wrhx

_ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf

-.cfi_endproc




ZN1H8Game0Object?UpdateFooEf = # P_ZN1BGameObject?UpdateFooEf
.cfi_startproc

BEH#A:
pushg b

.cfi _def_cfa_offset 16
subg $16, »prsp

.cFi_def cfa offzet 32

.cfi off=et xrbx. —-16
movss wxmmB, 12Cxprspr
mo g »rdi, *rbx

movss B xrhx?, #*xmml
movss 12C:rhx> . »xmmd
mulss wxmml, *xmml
mulss wxmmd,. *xmmd
addss wxmml, >xmmB
callg agprtf

mulss 12Cxprspr,. “xmmd ## 4-byte Folded Reload
addss 184 C<rbx>,. ¥xmmd
movss wxmmB, 184Cxrbhx)
addg 516, #psp

popog “rhx

ret

-.size _ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf
-.cfi_endproc




ZN1H8Game0Object?UpdateFooEf = # P_ZN1BGameObject?UpdateFooEf
.cfi_startproc

BEH#A:
pushg b

.cfi _def_cfa_offset 16
subg $16, »prsp

.cFi_def cfa offzet 32

.cfi off=et xrbx. —-16
movss wxmmB, 12Cxprspr
mo g »rdi, *rbx

movss B xrhx?, #*xmml
movss 12C:rhx> . »xmmd
mulss wxmml, *xmml
mulss wxmmd,. *xmmd
addss wxmml, >xmmB
callg agprtf

mulss 12Cxprspr,. “xmmd ## 4-byte Folded Reload
addss 184 C<rbx>,. ¥xmmd
movss wxmmB, 184Cxrbhx)
addg 516, #psp

popog “rhx

ret

-.size _ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf
-.cfi_endproc




M1BGameObhject?UpdateFooEf : # P_ZN1BGameObject?UpdateFooEf
.cfi_startproc

BEH#A:
pushg b

.cfi_def cfa off=zet 16
subg $16, »prsp

.cFi_def cfa offzet 32

.cfi off=et xrbx. —-16
movss wxmmB, 12Cxprspr
mo g »rdi, *rbx
movss B xrhx?, #*xmml
movss 12C:rhx> . »xmmd
mulss wxmml, *xmml

Compiler can solve about 1-10% of the problem space.
I.e. the vast majority of problems are things the compiler can’t reason about

-size _FH18Game0Object?UpdateFooEf . .Ltmp5b—_ZH1B8GameObject?UpdateFooEf
-.cfi_endproc




Compiler cannot solve the most
significant problems.




Today’s subject:
The 90% of problem space we
need to solve that the compiler
cannot.

(And how we can help it with the 10% that it can.)



Simple, obvious things to look for
+ Back of the envelope calculations
= Substantial wins



|2 cache misses/frame

(Don’t waste them!)



M1BGameObhject?UpdateFooEf :

BBH#A:

# P_ZN1BGameObject?UpdateFooEf

.cfi_startproc

pushg

vihx

.cfi_def cfa off=zet 16
$16, »prsp

subg

.cFi_def cfa offzet 32

.cfi_off=set xyrhx. —-16

movss
mowv g
movss
movss
mulss
mulss
addss
callg
mulss
addss
movss
addg

Popg
ret

.51ZE

wxmmB, 12Cxprspr # 4-byte Spill
#»rdi, »rhx

B8 Cxrhx), #*xmml

12C:rhx> . »xmmd

“xmml . Xxmml

wxmmd,. *xmmd

wxmml, >xmmB

agprtf

12Cxprspr,. “xmmd ## 4-byte Folded Reload
184 C<rbx>,. ¥xmmd

wxmmB, 184Cxrbhx)

516, #psp

wrhx

_ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf

-.cfi_endproc




M1BGameObhject?UpdateFooEf :

BBH#A:

# P_ZN1BGameObject?UpdateFooEf

.cfi_startproc

pushg

vihx

.cfi_def cfa off=zet 16
$16, »prsp

subg

.cFi_def cfa offzet 32

.cfi_off=set xyrhx. —-16

movss
mo v
movss
movss
mulss
mulss
addss
callg
mulss
addss
movss
addg

Popg
ret

.51ZE

wxmmB, 12Cxprspr # 4-byte Spill
»rdi, xrbx

B xrhx?, #*xmml

12C:rhx> . »xmmd

wxmml, *xmml

wxmmd,. *xmmd

wxmml, >xmmB

agprtf

12 2psny . »xmmB # 4-bute Folded Reload
184 C<rbx>,. ¥xmmd

wyxmmB, 184Cxrbhx)

216, *p=sp

wrhx

_ZM1HAGame0Obhject?UpdateFooEf . .Ltmpb—_ZN1BGameOhject?UpdateFooEf

-.cfi_endproc




M1BGameObhject?UpdateFooEf : # P_ZN1BGameObject?UpdateFooEf
.cfi_startproc

BEH#A:
pushg b

.cfi_def cfa off=zet 16
subg $16, »prsp

.cFi_def cfa offzet 32

.cfi off=et xrbx. —-16
movss wxmmB, 12Cxprspr
mo g »rdi, *rbx

movss B xrhx?, #*xmml
movss 12C:rhx> . »xmmd
mulss wxmml, *xmml
mulss wxmmd,. *xmmd
addss wxmml, >xmmB
callg agprtf

mulss 12Cxprspr,. “xmmd ## 4-byte Folded Reload
addss 184 C<rbx>,. ¥xmmd
movss wxmmB, 184Cxrbhx)
addg 516, #psp

popog “rhx

ret

-size _FH18Game0Object?UpdateFooEf . .Ltmp5b—_ZH1B8GameObject?UpdateFooEf
-.cfi_endproc




M1BGameObhject?UpdateFooEf :

BBH#A:

# P_ZN1BGameObject?UpdateFooEf

.cfi_startproc

pushg

vihx

.cfi_def cfa off=zet 16
$16, »prsp

subg

.cFi_def cfa offzet 32

.cfi_off=set xyrhx. —-16

movss
mo v
movss
movss
mulss
mulss
addss
callg
mulss
addss
movss
addg

Popg
ret

.51ZE

wxmmB, 12Cxprspr
»rdi, xrbx

B xrhx?, #*xmml
12C:rhx> . »xmmd
wxmml, *xmml
wxmmd,. *xmmd
wxmml, >xmmB
agprtf

12Cxprspr,. “xmmd ## 4-byte Folded Reload
184 C<rbx>,. ¥xmmd
wxmmB, 184Cxrbhx)
516, #psp

wrhx

_ZH18Game0bhject? WEf
-.cfi_endproc




Fstruct FooUpdateIn {
float m Velocity[2]
float m_Foo;

s

Fstruct FooUpdateOut {
flocat m_Foo;

s

Fwvoid UpdateFoos(const FooUpdateIn* in, size t count,

1

for (size t i = @3

out[i].m Foo =

u
X

i < count; +Hi) {

float mag = sqrif(
in[i].m Velocity[@] * in[i].m Velocity[@] +
in[i].m Velocity[1l] * in[i].m Velocity[1]);

in[i].m Foo + mag * T;

FooUpdateQut* out, float T)



Elstruct Foollpdateln { 12 bytes x count(5) = 72
float m Velocity[2];

float m_Foo;

s

Fstruct FooUpdateOut {
flocat m_Foo;

s

Fwvoid UpdateFoos(const FoocUpdateIn* in, size t count, FooUpdateOQut* ocut, float )
1
for (size t i = @; 1 < count; +1i) {
float mag = sqrif(
in[i].m Velocity[@] * in[i].m Velocity[@] +
in[i].m Velocity[1l] * in[i].m Velocity[1]);
out[i].m Foo = in[i].m Foo + mag * f;




Elstruct Foollpdateln { 12 bytes x count(5) = 72
float m Velocity[2];

float m_Foo;

I
Fstruct FoolpdateOut { 4 bytes x count(5) = 20
flocat m_Foo;
I

Fwvoid UpdateFoos(const FoocUpdateIn* in, size t count, FooUpdateOQut* ocut, float )
1
for (size t i = @; 1 < count; +1i) {
float mag = sqrif(
in[i].m Velocity[@] * in[i].m Velocity[@] +
in[i].m Velocity[1l] * in[i].m Velocity[1]);
out[i].m Foo = in[i].m Foo + mag * f;




Elstruct Foollpdateln { 12 bytes x count(32) =384 =64 x 6
float m Velocity[2];

float m_Foo;

I
Hstruct FoolUpdateQut { 4 bytes x count(32) =128 =64 x 2
flocat m_Foo;
I

Fwvoid UpdateFoos(const FoocUpdateIn* in, size t count, FooUpdateOQut* ocut, float )
1
for (size t i = @; 1 < count; +1i) {
float mag = sqrif(
in[i].m Velocity[@] * in[i].m Velocity[@] +
in[i].m Velocity[1l] * in[i].m Velocity[1]);
out[i].m Foo = in[i].m Foo + mag * f;




Elstruct Foollpdateln { 12 bytes x count(32) =384 =64 x 6
float m Velocity[2];

float m_Foo;

s

Fstruct FooUpdateOut {
flocat m_Foo;

s

4 bytes x count(32) =128 =64 x 2

Fwvoid UpdateFoos(const FoocUpdateIn* in, size t count, FooUpdateOQut* ocut, float )
1
for (size t i = @; 1 < count; +1i) {
float mag = sqrif(
in[i].m Velocity[@] * in[i].m Velocity[@] + (6/32) = ~5.33 loop/cache line
in[i].m Velocity[1l] * in[i].m Velocity[1]);
out[i].m Foo = in[i].m Foo + mag * f;




Elstruct Foollpdateln { 12 bytes x count(32) =384 =64 x 6
float m Velocity[2];

float m_Foo;

s

Fstruct FooUpdateOut {
flocat m_Foo;

s

4 bytes x count(32) =128 =64 x 2

Fwvoid UpdateFoos(const FoocUpdateIn* in, size t count, FooUpdateOQut* ocut, float )
1
for (size t i = @; 1 < count; +1i) {
float mag = sqrif(
in[i].m Velocity[@] * in[i].m Velocity[@] + _
in[i].m Velocity[1] * in[i].m Velocity[1]); (6/32) = ~5.33 loop/cache line
out[i].m_Foo = in[i].m_Foo + mag * T Sgrt + math = ~40 x 5.33 = 213.33 cycles/cache line




Elstruct Foollpdateln { 12 bytes x count(32) =384 =64 x 6
float m Velocity[2];

float m_Foo;

s

Fstruct FooUpdateOut {
flocat m_Foo;

s

4 bytes x count(32) =128 =64 x 2

Fwvoid UpdateFoos(const FoocUpdateIn* in, size t count, FooUpdateOQut* ocut, float )
1
for (size t i = @; 1 < count; +1i) {
float mag = sqrif(
in[i].m Velocity[@] * in[i].m Velocity[@] + _
in[i].m Velocity[1] * in[i].m Velocity[1]); (6/32) = ~5.33 loop/cache line
out[i].m_Foo = in[i].m_Foo + mag * T Sgrt + math = ~40 x 5.33 = 213.33 cycles/cache line
+ streaming prefetch bonus




Elstruct Foolpdateln { 12 bytes x count(32) = 384 = 64 x 6
fleat m Velocity[2];

float m_Foo;

s

Fstruct FooUpdateOut {
float m_Foo;

s

4 bytes x count(32) =128 =64 x 2

Fwvoid UpdateFoos(const FoocUpdateIn* in, size t count, FooUpdateOQut* ocut, float )
1

for (size t i

float mag = _ . .
in[i].m Ve Using cache line to capacity™ = |
in[i].m_Ve 10x speedup (6/32) = ~5.33 loop/cache line
out[i].m_F Sqrt + math = ~40 x 5.33 = 213.33 cycles/cache line
} + streaming prefetch bonus
1

* Used. Still not necessarily as
efficiently as possible




Fstruct FooUpdateIn { 1
fleat m Velocity[2];
float m_Foo; 3. Can
I

Fstruct FooUpdateOut {

s

1

float m_Foo;

for (size t 1 = @; 1 < count; +1i) {
float mag = sqrif(
in[i].m Velocity[@] * in[i].m Velocity[@] +
in[i].m Velocity[1l] * in[i].m Velocity[1]);
out[i].m Foo = in[i].m Foo + mag * f;

In addition...
. Code is maintainable

2. Code is debugable
REASON about cost of change

Fwvoid UpdateFoos(const FoocUpdateIn* in, size t count, FooUpdateOQut* ocut, float )

(6/32) = ~5.33 loop/cache line

Sqrt + math = ~40 x 5.33 = 213.33 cycles/cache line
+ streaming prefetch bonus



In addition...

Sstruct FooUpdateIn { 1. Code |s.ma|nta|nable
float m_velocity[2]; 2. Code is debugable
float m _Foo; 3. Can REASON about cost of change
Is
Hstruct FoollpdateQut { lgnoring inconvenient facts is not engineering;
float m_Foo; It’s dogma.

s

Fwvoid UpdateFoos(const FoocUpdateIn* in, size t count, FooUpdateOQut* ocut, float )

1
for (size t 1 = @; 1 < count; +1i) {
float mag = sqrif(
in[i].m Velocity[@] * in[i].m Velocity[@] + _
in[i].m Velocity[1] * in[i].m Velocity[1]); (6/32) = ~5.33 loop/cache line
out[i].m_Foo = in[i].m_Foo + mag * T Sgrt + math = ~40 x 5.33 = 213.33 cycles/cache line
+ streaming prefetch bonus




bools in structs...

lass __attrihute__((__packedl_)) Foo

ublic:
uint8_t a#;
uintl6_t h#é;

wand R 4+ ~ -

hool da;

wintd8_t al;
uintle_t bhi;
uint®_t «cil;
bool di;

wuint8_t aZ;
uintle_t hZ;
uint#_t cZ;
bool d2;




bools in structs...

i af;
uintl6_t h#é;

wand R 4+ ~ -

hool da;

wintd8_t al;
uintle_t bhi;
uint®_t «cil;
bool di;

wuint8_t aZ;
uintle_t hZ;
uint#_t cZ;
bool

o0

n_NeedParentUpdate: m_MeedParentlUpdate :
n_NeedChildUpdate ; m_NeedChildUpdate:
m_ParentMotMotified; m_P-EI_I:EHtHutHDt ified:
m_ObjectWorld; m_Objectlorld:
m_InheritScale; m_InheritScale:
m_InheritOrientation; m_InheritOrientation:




bools in structs...

i af;
uintl6_t h#é;

wand R 4+ ~ -

hool da;

wintd8_t al;
uintle_t bhi;

uint®_t «cil;
bool di;

wuint8_t aZ;
uintle_t hZ;
uint#_t cZ;
bool

o0

m_HNeedParentUpdate; wpleeullow sl il e =
n_NeedChildUpdate A DO i a0 s
m_ParentMotNotified; m_ParentMotNotified:
m_ObhjectWorld; m_ObjectlWorld:
m_InheritScale; m_InheritScale:
m_InheritOrientation; m_InheritOrientation:




How is it used? What does it generate? (2) Bools and last-minute decision making

int
ElFoo::Bar{ int count )

{

int value = 8;
for (int i=B;i<count;i+t+)

: if { m_NeedParentUpdate )
1
value++;
¥
¥

return (value);




?BarfiFoo@@QEAAHHEZ PROC 3 Foo::Bar, COMDAT

3 1696 int wvalue = @;
eaEa8 33 cB Xor eax, eax
3 1697 for (int i=8;i<count;i++)
apaa2 85 d2 test edw, edx
eaaad4 Je 11 jle SHORT ZLN2fBar
3 1696 int wvalue = @;
PBREE 44 Ba @1 mow rgb, BYTE PTR [rcx]
eaeea 3b ca maw ecx, edx
SLLOfEBar:
; 1698 : {
3 1699 if { m_NeedParentUpdate )
aaeebh 45 B34 c@ test réb, réb
eaaae 74 82 je SHORT SLN1e@Bar
3 1786 : {
3 1781 : value++;
eeele T ce inc eax
SLN1BEBar:
3 1697 for (int i=8;i<count;i++)
eee12 48 Tt c9 dec rox
eaal1s 75 4 jne SHORT ZLL9fEBar
SLNZ2{@Bar:
3 1782 : }
3 1783 1
3 1784 return (value);

3 1785 @ }



?BarfiFoo@@QEAAHHEZ PROC 3 Foo::Bar, COMDAT

3 1696 int wvalue = @;
eaEa8 33 cB Xor eax, eax
3 1697 for (int i=8;i<count;i++)
apaa2 85 d2 test edw, edx
eaaad4 Je 11 jle SHORT ZLN2fBar
3 1696 int wvalue = @;
PBREE 44 Ba @1 mow rgb, BYTE PTR [rcx]
eaeea 3b ca maw ecx, edx
$L19g8ar: Re-read and re-test...
; 1698 : {
3 1699 if { m_NeedParentUpdate )
aaeebh 45 B34 c@ test réb, réb
eaaae 74 82 je SHORT SLN1e@Bar
3 1786 : {
. 1zel - valueis:
ee010 ff co inc  eax Increment and loop...
SLN1BEBar:
3 1697 for (int i=8;i<count;i++)
eee12 48 Tt c9 dec rox
eaal1s 75 4 jne SHORT ZLL9fEBar
SLN2[@Bar:
3 1782 : }
3 1783 1
3 1784 return (value);

3 1785 @ }



?Ear@lr:m@@QEMHI-@E PROC : Foo::Bar, COMDAT V' I S I.
3 1696 int wvalue = @; |Sua tu |O

eaEa8 33 cB Xor eax, eax
3 1697 for (int i=8;i<count;i++)
apaa2 85 d2 test edw, edx
aaead Ve 11 jle SHORT ZLN2fBar
3 1696 int wvalue = @;
e@pees 44 5a @l mov réb, BYTE PTR [rcx] . ..
0009 8b ca mov  ecx, edx Super-conservative aliasing rules...?
$L19g8ar: Re-read and re-test... P . g
Member value might change?
; 1698 : {
3 1699 if { m_NeedParentUpdate )
aaeebh 45 B34 c@ test réb, réb
aaeEe 74 82 je SHORT SLN1e@Bar
3 1786 : {
. 1zel - valueis:
ee010 ff co inc  eax Increment and loop...
SLN1BEBar:
3 1697 for (int i=8;i<count;i++)
88812 48 ff c9 dec rcx
eaals 75 T4 jne SHORT ZLL9fEBar
SLN2[@Bar:
3 1782 : }
3 1783 1
3 1784 return (value);
3 1785 @ }



And thus./

What about something more aggressive...?

lang version 3.4 (tags/RELEHQE_34/final)
arget: xB6_b64—unknown—linux—gnu
hread model: posix

uwncTion

ZM3Foo3BarEi: # B_ZN3Foo3BarEi
.cfi_startproc

BB#A:
*xorl “EeaX, Xeax
testl #»esi, xesi
Jle .LBB1_2
BB#1 - # »x.1r.ph

movuzhl <Cxrdi),. xeax
negl ®ean
andl “esli, ¥Xeax
LBB1_2:
ret
Ltmp3:
.zize _ZM3Foo3dBarEi, .Ltmp3-—_ZN3Foo3BarEi
.cfi_endproc




And thus./

What about something more aggressive...?

lang version 3.4 (tags/RELEHQE_34/final)
arget: xB6_b64—unknown—linux—gnu
hread model: posix

-Cype ‘ ; unction

ZM3Foo3BarEi: # B_ZN3Foo3BarEi

.cfi_startproc
BRMG-
xurll ¥eax, “eax Test once and return...
test “esi, »esi
Jle .LBB1_2

"TIHA =

movzhl <C(xpdid,. Xeax
negl ®ean
andl “esli, ¥Xeax
LBB1_2:
ret
Ltmp3:

.zize _ZM3Foo3dBarEi, .Ltmp3-—_ZN3Foo3BarEi
.cfi_endproc




Okay, so what about...

int
Foo:Bar{ int count »

int value = BA;
for (int i=B;:;i<count;i++>
£
if ¢ m_MeedParentlUpdate
{

value ++;

>
>
return ‘value;

count »

int value = BA;
for (int i=B;:;i<count;i++>
£

if ¢ Bay<count> > A >

{

value ++;

>
>
return ‘value;




lang version 3.4 (tags-RELEASE_34-final>
arget: xB6_64—unknown—linux—gnu

@_ZN3Foo3Ba=Ei hread model: posix

.cfi_startproc

»orl XEax, Xeax
testl #“esi, xesi
Jle .LBE2_7
*.1r.ph

»xorl HEAX, Xeax We” at |eaSt |t |n||ned |t’P
mov 1 “esi, »p8d

andl -2, #r8d

Je .LEBB2_2

mov 1 #»r8d,. xecx

»xorl “r9d,. #r9d

.align 16. Bx78
#vector.body
=»*Thiz Inner Loop Header: Depth=1

movzhl Cxrdid, ¥edx

negl #edx

testl “esi, xedx

setyg #»dl

movzhl xdl, *edx

addl “edx, Xeax

addl #edx, »pr9d

addl -2, xecx

Jne .LBB2_4

Jmp .LBB2_&

xorl #»r8d, »r8d
»xorl “r9d,. #r9d
“middle.block
addl “r?d, xeax
cmpl “esi, »p8d
Je .LBB2_7
.align 16, Bx78
#_ZN3Foo3BarEi.exit
=»This Inner Loop Header: Depth=1
movzhl (xrdid, Xecx
negl HECH
testl “esl, Xecx
setq “ocl
movzhl #cl, *¥ecx
addl HECH, Heax
incl “pr8d
cmpl #»r8d, xesi
Jne .LBB2_&
.LBB2_7: *._crit_edge
ret
Ltmp4:




Bagea 33
3 1711

gaeal 8%
gaead 7e

gagasc 44
gaegas 44
gagac 44
$LL4EBaz:

aaga+ 33

Baa11 49
SLL17@Baz:
3 1699 :

aaeld 45
aaely 74

3 1781 :

aaels
£LN18@Baz:

;3 1687 :

ga3elb 48
gagle 75

3 1713

aaeia 85
gaezi 74

3 1715

gag2d
SLN3@Baz:

3 1711

gagze 49
aae2s 75

W1 BRIV

c@ Hor eax, eax

for (int i=@;i<count:i++)

d2 test edx, edx

25 jle SHORT $LMZ@Baz

da 11 mow rleéb, BYTE PTR [rcx]
8b ca mow rod, edx

8b c2 maw réd, edx

ch xor BCH, BCX

8b dl mov rdx, ro9

if { m_MNeedParentUpdate )

84 d2 test rléb, rlBb

az2 je SHORT $LMN1B@Ba:z
value++;

cl inc ECH

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

f ca dec rdx
f4 jne SHORT %LL17@Baz

if ( Bar(count) )

9 test eCx, Bcx

az2 je SHORT ELN3@Baz
value++;

ca inc eax

for (int 1=0;i<count;i++)

f c8 dec ré
ed ine SHORT §LL4EBaz

pq Visual Studio

MSVC doesn’t fare any better...



int

ElFoo::Bar{ int count )
i (4) Ghost reads and writes
int wvalue = 83

bool need update = m_NeedParentUpdate; I
TITTTTTTT ) Don’t re-read member values or re-call functions when
¢ if ( need update ) you already have the data.
1
value++;
¥
¥
return (value);
|}
int
ElFoo::Baz( int count )
1

it walus & -

bool need update = Bar(count) > @; I
OrF [(1NT 1=W;1<COUnt,1++)

k if ( need _update )
i
valuet++;
¥
¥

return (value);

|}



BAM!

ZN3Foo3BazFEi-

BEB#A:

LBB2_2:

.cfi_startproc

wxoprl YEAX, #Bax
testl “esli, ¥esi
Jjle .LBB2 2

movzhl <xrdil), ¥ecx
neqgl HEBCM

xorl HEAX, Heax
test]l wesl, HeECX
cmovgl xesi, ¥eax

ret

# B_ZN3Foo3BazEi

# x.1r.ph

# »_ZM3Foo3BarEi.exit

lang version 3.4 (tags-RELEASE_34-final>

arget: xB6_64—unknown—linux—gnu
hread model: posix




3 1897
gaged 44
pape3 33
BaBas 45

; 1698 :
BaGag 85
Boeas Je

s 1711
B@eac 8b
fLL1®@Baz:

; 17ea
gacas 45
gagll 74
gagl3 41

ZLNS@EBaz:

; 1698 :
Baele 48
Baels 75

ELNBEEET :

3 1712
Baelb 45
Baale 41

3 1713 ¢
Bae22 85
gae2d Ve
Bae2& 8b

$LL4EBaz:

3 1715
Bag2E 45
Bagzb 74
Bag2d £

fLNI@EazZ:

3 1713
age2+ 48
Baes2 75

fLN2@EazT:

3 1728

boocl need_update = m_NeedParentUpdate;

d@ B9 maw reb, BYTE PTR [rcx]
cd xor eax, eax

33 cd xor rid, r8d

for (int 1=0;i<count;i++)

d2 test edx, edx
Bt jle SHORT SLMNSEBaz
int wvalue = @
ca Mo ecx, edx
if { need_update )
84 c9 test reb, rob
a3 je SHORT $LM9@Baz
ff c@ inc réd
for (int 1=0;i<count;i++)

f+ c9 dec rEx
f3 jne SHORT $LL12@Baz
bool need_update = Bar(coumt) > @;

85 c@ test réd, réd
8f 9f cd setg raéb

for (int i=8;i<count;i++)

d2 test edx, edx
ae jle SHORT $LM2@Ba:z
ca maw ecx, edx

if { need_update )

84 cd test réb, réb
82 je SHORT $LN3@Baz
cd inc E2ax

for (int i=8;i<count:i++)
ff c9 dec rx
fa jne SHORT $LL4@EBaz

return (value);

pq Visual Studio



int

ElFoo::Bar( int count )
(4) Ghost reads and writes

bocl need update = m_NeedParentUpdate; )
if ( need_update ) Don’t re-read member values or re-call functions when
1 you already have the data.
Tor (1ntT 1=Ej1{cnunt;1++}
i
, valuett; Hoist all loop-invariant reads and branches. Even super-
1 obvious ones that should already be in registers.
return (value);
B
int

EFec::Baz{ int count )

bocl need update = Bar{count) > @;
if { need update

i
or (1nt 1=8;i<count;i++)

1

valuet++;

¥
¥

return (value);

o




*Baz@Foo@EQEAAHHEZ PROC ; Foo::Baz, COMDAT V' I St I'
3 1711 @ int walue = 8; Isua u IO

aes88a8 33 ca xor eax, eax

: 1698 if ( need_update )

a@eaz 3% @l cmp BYTE PTR [rcx], al °
gaead 74 a7y je  SHORT SLM3@Baz
e
3 1e99 : 1
;1788 : for (int i=0;i<count;i++)
gasae 85 d2 test edx, edx
H88EE Je 83 jle SHORT ELN3@Ba:z

3 1712 bool need_update = Bar({count) > &;
3 1713 if { need_update )

gaeas af 41 c2 CMOVE eax, edx
f£LN3@Baz:

3 1714 i

;1715 ¢ for (int i=@;i<count;i++)
;» 1716 1

; 1717 value++;

3 1718 = ¥

3 1719 T

;1728 return (value);

s 1721 @ %

gagad c3 ret %
}Baz@Foo@EQEAAHHEY ENDP ; Foo::Baz



JBaz@Foo@BQEAAHHET PROC : Foo::Baz, COMDAT V' I S t I'
; 1711 @ int  wvalue = 8; Isua u IO

aes88a8 33 ca xor eax, eax
: 1698 if ( need_update )
a@eaz 3% @l cmp BYTE PTR [rcx], al °
gaead 74 a7y je  SHORT SLM3@Baz
[ )
3 1e99 : 1
2 1788 for (int i=@;i<countji++)
gasae 85 d2 test edx, edx
H88EE Je 83 jle SHORT ELN3@Ba:z
: 1712 : bool need_update = Ear[cnunt} B 5;
; 1713 @ if ( need_update : : .
’ ( need_update ) A bit of unnecessary branching, but more-or-less equivalent.
I gaeas af 41 c2 CMOVE eax, edx I
3 1714 i
;1715 ¢ for (int i=@;i<count;i++)
;» 1716 1
; 1717 value++;
3 1718 = ¥
3 1719 T
;1728 return (value);
s 1721 @ %
gaegad c3 ret %]

}Baz@Foo@EQEAAHHEY ENDP ; Foo::Baz



int
EFec::Bar{ int count )

bocl need update = m_NeedParentUpdate;
if { need update )
1

Tor (1ntT 1=Ej1{cnunt;1++}

1
value++;
1
1

return (value);

¥

int
EFec::Baz{ int count )

bocl need update = Bar{count) > @;
if { need update )

i
or (1nt 1=8;i<count;i++)

1

valuet++;

¥
¥

return (value);

(4) Ghost reads and writes

Don’t re-read member values or re-call functions when
you already have the data.

Hoist all loop-invariant reads and branches. Even super-
obvious ones that should already be in registers.

Applies to any member fields especially.

(Not particular to bools)




oid
Foo: :Update<{?

float choose RandFloat<{>;
bool is_spawn Cchoose < m_SpawnChance?;
if C(is_spawn2?
{
Spawn<);

m_SpawnChance = @A.0f;




oid
Foo: :Update<{?

float choose RandFloat(): What is the information density for is_spawn

bool  is_spawn Cchoose < m_SpawnChance?; over time?
if (iz_swawuni
{

Spawn<);

m_SpawnChance = @A.0f;




oid
Foo: :Update{?

float choose = RandFloat<{>; What is the information density for is_spawn
bool is spawn = <choose < m_SpawnChance?; over time?
printf{"<d",.is_spawn?1:8>;

it (1is_spawn’?

{

Spawn s
m_SpawnChance = H.8f;

The easy way.
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ARAAAARARAARAARARAA1 ARRAAAARARAAA1 ABARARARARAARE] ARAARRARAARAA1 BARARARAARAARAA]1 ARRARARARARARAEARAARAA] IRRARARARA1 ARARAARARARRARARAAA
1 A8AAARARARARAA1 BARARAA]1 AIRARANARABARARARARARARAAEARA1 ABRRARARAA1 BARAREARARAR]1 HARARABARARARAARARARANARARARARAA]1 HARAARARARABABRABA
AA1 AAAARARRRARARA1 ARARAARARARARRRARARARAE1 ARARAARARARAARRARABRA1 ARARE] ARAARA1 ABABABABARARARAAE] ARRARARARABABAA]T RRRAAAARAAAA1 BABA
ARAARARARARARAA1 BARARARAAAARANARARARARARARAA]1 REARARARARARARARARARARAREARAR] IRRARARARARAA] REARARARANARARARABRA] AIRARAARARARARARAAA
A88BRARRAAAARARRBRARRAAEARAA1 BARREAG1 ABRBRARREABRAARE0]1 ARERIBRARRARAAREAR1 ARBRBRAARAAR1 AABRBAE1 ABRBRARREAE1 ARBRBRABREREBRA
AAE1 ARAARRARRARARARARA] ARAARARARRRARARABARAR]1 RAARARAARARARARAA1 BARARARAARARARAAA1 ARABARARARAARARARARARARA1 ABARARARAAA] ARARAA1 ABA
AAARARARARARARARARARARAAEAEAN] IRRARARARARARAAR]1 AIEARARARARARARARARARAREARARAN] FARARABABARARAE] HARAR]1 HARARABABA] ARA1 AIREARARARARAAA
HAAAAAAARAAAAA1 ABARARRREAAAAARARRARARA1 ABEBARARAAA] ARARARBABABABARARAAAAAAA] IREABABABAARAEA]T REIARARARAHARARABABARAERAAAA1 ARRARARBEAAA
1A0AAARARAARAARARA1 ARARAAAARANA1 ABARARARARARARAARARARAARAARARARARARAAGE] ARRAARAAARAA1 BARARARAARARARAAARARARARAARA] ARAAAARAARARAAAA
A1 AAAAEA1 ABABARABAA1 FAIRAAEARARARAA1 FARABARARARAAEARARA1 ABARAA1 BAIRARAREARARARARARARARARARARAARARARA] ABARARARABRA] AREARARARARABRAAA
1AAAAARARAAAAA1 ABARARAA1 AIRARARARRRARARARARARARAAAA1 ARRARRARABARARARAARE] ARRARARARAA1 BARARARAARARARANARARAA1 BARARARAAAA1 ARA1 ABABA
ARAAAARARAA1 PARARARARARAAAARANARAA1 PARARARARARAEAEA1 ARRRRRARARARARARAREARARA]1 ARARARA1 ABARARAARARARANARARARARARAE] ARAAA]1 AARAA1 BABA
BBBE1 AABRBRARRARRBRARRAAG1 ABRBRARRRAARAARBRAARA1 FBREA1 BABRA1 ABRERRERAAREARA1 ABRBRAAREARE1 ARRBRERRRARB01 BRBAARAA1 BRABRBRBBRA
ARAAAARARAARARARARARAA] ARARARARARAARAA1 BABARARARAARARAA]1 ARRARABARARAR] ARAARAR] AIRARRARABARARARAANARARARAARAA1 BABAA]1 RARAAAAARAA1 ARBAAA
AAARARARARARARARARAA]1 FEAEA1 ANARARARARARARARARAAE] IRRARARARARAA1 PAIRAREARARAR] FARARABARARARAARARARANARARARARARARA] AIREARARAA1 BABA
HAAAAARARAARARARABARAAAAAAAAAA1 ARRBARABARARARAA1 AHARRARARA1 BABABARARARAA1 AIAAREARABRAA1 BRIRARAARARAAAEARABABABARAERAAAAARAAAARA1 BABA
ARAAAARAA]1 ARBARARARARARARARARANAAAA1 ARRABARARAA1 ARARAARARRARARAARAA]1 AEARARAARARAARARAA] BARARAARARAARAARARARAARA] ARAARARARRARARAARAA1
ARAAAARARARARAA1 BARARARAAE] AIRRARARARARAA1 PRIRAREARARABARARAA1 BARARARAAEARARARARARARAA1 FARAREARARARARARARARAA]1 FAIRAAEARABARARABRAAL
AAAAAAA]1 IRARBARARARARAAAARARANARA1 ABABABARARAAAARARAAA1 ABABABARARAAR]T AEARARARARARARABARARARAARARAA]1 HARABABABARARAAAAAA]1 ARRERBRAAA
ARAARARARARARARARARARARAE] ARRARAR1 PARARARA1 ABARE] ARRARARARARARARARARAE] AIRRARARARARARARA1 ARARAEAE] IARARARARARARARARARAAA] IRRRAARA1 A
AEBBRARRARAARARRB0A1 ABA1 ARRRRBRAA1 HRERRARRBRAAR1 APBRERRE0]1 AREAIRRARRARAARAARBRARRAAG1 ARRRBRARREAEARAARE1 ABRBRAREER1 AABRBRBBRA
ARAA1 ARARRARRARA1 ABARA] ARAARARARRRARARABARA] ARAARARAARAR1 ARABABARARARAAAAARAA]1 ARRARABARARARAAAAA] ARBARARARARARARARAARARAAAAAAL BA
AAARARARARAA1 PARARARARAAEARANARARARA1 ABARARARAE] IARARARARARARARAA] HAREA1 ARARARARARARARAA]1 REARARARANARARARABABRA] AIRERRARARARABRAAA
HAAAAAAAAAA1 BRBABARARRAEAAAARAHRAA]1 BRRABABABARARAAA] ARARAER1 ABABABERARARAAAARAARRARABARARAAAARAA1 AHARRHARARABABARAE] ARARAAARARARAAAA
ARAAAARA1 ABRRARARARARARAAARAARA1 ARRRARARAA1 BARARAAR] AIRARARRARARAARAA] AEARARARRARAARARARARARAAAANARAAAAA1 ARABAA]1 PAIRAARARARRARARAARAA1
AAEAEAR]1 IAAARARARARA1 AREAEA1 ANARABARARARARARARAE] HIARARAEARARA1 ABARARAREARARARA1 ABARARARARARAA1 AIRABARA1 ARABARARARARAEARARARARABRAAA
AA1 AAAARARRRARABARARAAAAGE] ARRARRRARARABARARARAAAARAAA]1 ABABABARARARAAAARARARARARARARARAAARAAA] ARRARARARABABAE] ARRRAAAAARA1 ABRBAAA
ARAARARARA1 ARARA1 ARARARAAAAR] HARARARARARARARAREARARARARARARARAA] BARAREARARARARARARARAA]1 PAIRAARARARARARARARARARARARAA]1 ARARRARBRAAA
18838008RAAAARAARB0A1 AARRRRARBRAA1 HRERRE1 ABRARREANBRARRBAAAREARARARRA01 ARERIBRARRERAARAARBRARREAEARRARBRAARE1 HRRRBRBRABR1 BBBRA
ARAA1 ARARRARRARARARARARAAAARANARAAAARARAA1 BARARAARARAARARAARA1 ABARARARAAAARAARAA1 ARRABARARARAAAAA] ARRABARARARARARARAAA] ARARARAAAA
ARAAAARA1 ABARARARARARARAAE] AARAR1 PARARABARA] AREAEARARARAA1 PARABARARA] HIAEARARARARARARARARARAAE] HARANARARARABARARARAAA] IARRRABRARA
AA1 AAAARRARRARARARAAAAAAAA1 ANARRRARARARARARAA1 AAAARARARAEABA1 ABARARARE] ARAAAREARABABARAAAA1 AARARAHARABABABARARRAAAAAAAAAAA1 BABA
AREAA]1 ARARARAARARARARARAAAA]L ARAA1 ARRARARARARAA]1 ARA1 ARRARAARAA1 BARARARAARARAARAARARARARARAAR]1 ARARARAARAA1 BARABARARAAAAARAA] AIRERBEAAA
AAAAAARARARARAA1 BARARARAAEAARAN] IRBARARARARARAREARARARARABRA1 ABABARARAAEARARA] ABARARARARARARAANANARANARARAA1 PABARARAARARARABABABA
AAAAAARARAAAAAA1 BARA] AREAEA1 ANARRRARARAA1 BRIRARAARARARAARRARABARAAARAA1 AIRARARRRARARARA1 ARARAARARARANARARABARARARAAAAAAARAA]1 BRBABA
ARAARARARARA1 ARARARARARAAE] IRRARARARARARARAA] BE1 AIRRARARARARARARAE] AREREARARARARARARA1 ABARARAARARARARARAA1 BARARARARAARARARARABRAAA
ABBEA1 ABBRARRAARB01 BEBAERRRARBRAG1 HRERRERRBRARREABRAARRRAARAARA0]1 AEBRAAREAIBRARRERAARAARBRAAREAEA0]1 BRBRARREANAREARBRABRAA1 BRA
ARAAAAAARAA1 ARRABARARARAAAARANAAA1 ARARABARAAR]1 REARARARRARAARAA1 BARARARAARARARAAARARARAA] FAIRAARARARARA1 ABABABARARARAAAAAAAA1 ABAAA
AAAEARARARARARARARA] AIREARARANARARARARARAA]1 FEIRAAEARARARA1 ARARARARARAREARARARARAA1 PARARARARAA1 AIRARARARARAA1 PARARARAEAAA1 ARAA1 BABA
HAAAAAAAA] ARRRBABARAAAAAEARARARAARARAEAA1 BABABARARAAAAAA]1 ABRBABABABARAR1 FEIARARARRRARABARAAAE] AIREAAAAAAA1 ABABABABARAERAAAAAAAAARARAEAAA
ARAAAAARAA]1 ARRARARARARARAARARANARRAAARA1 ABABARARE] ARAAARARAARARA1 ARARARAARARAARAARARARARAARAE] ARRARARAARRARARARARARAAAARARAARARAEAAA
31 8380ARRAAAARAARBRAG1 BRERRRANBRARREAARARRBRAA1 HAEBRERRBAAAR]1 AFBRARRRRAAREARBRAA1 HAARAARBRARREAEARAA1 B0ARRRAAREARBRABRARBBRRA
ARAAAARARAARAARARARAE] ARRAAARANARRRARARARAA] FARAARAARAA]1 ARRARABARARARAARE] ARAAARAARARARARARARAA]1 ARARARARAA1 BABABARARAAAARAARARAAAA
ARAAAAR]1 FARARARARARARARAARARANARARARA1 ABARARARAARARAR] IRRAA1 PARARARAARE] ARRARARARARARAA] BARAARARARANARARARARARARARAEAARARAR] ARBAAA
AEBEBRARRAAAARARRA0AA1 BAEARRE1 B0ABRA0]1 BRERBRARREABRARRRRAARA1 IBRERRARAAREARA1 ABRBRAARAARBRARREAG1 ARBRBRARREAAREAR1 AABRBRBBRA
ARAAAARARAARRARAA1 BARAA]1 ARARARARRRARAA1 BARARARAARARARAARRARARARARARAAAAA] ARAAA1 PARABARARARAARARAARRARAA1 BARARARAARARARRARBABRAA1
ARAAAARARARARARARARARARAAE] IARARARARARARA1 ARARAAEARARARARARAA1 BARARAREARARARARA1 ARABARARARAARARARA1 ARARARARARARAREARARANARARAAA
1 A3AAARARRARARARARARAAAAAAAAA] HARRRARABABARAA1 REIAAAAAARAREARABARAAARAAE] ARAAARRARABARARAAARAAE] ARARHARABABABARAERAAAAAAAAARARAA1 A
ARAAAARARAARAARARARARARAA1 ARARARRAARARARARARARAAAA]1 ARRARRARARARARARAAAA1 ARARRAARARARAA1 FEIRAARARARAAARARARARARAA]T AIRARARARRARAAAA
AAEAEA1 ABAAARARARARARARAAE] ARRARARARARARARARAAR]1 AIEARARAEARARAA1 BARARAREARARARARARARARAA]1 FARAARARARANARABRA1 ABABARARAEARARARABABRABA
AAAAAARARAAAAA1 ABARARAAE] ARAARARARARARABARARAAAAAAARAAA1 ARA1 ABABARARAA1 AIRARARARARARABAARAEAT REARA1 ARARARARABARAA]1 RERAARARAAAAAA1 BA
ARAARARARARARARARARARARAAAA]1 ANARARAA1 PARARARARAARARAR] IRRARARARARAR] IEARARARARARA1 ARABARARAARARARARARARA1 ARABARARAARARARARAARAAA
ABBEA1 ABBRARRARRBRARREAAARAA1 B0ARRRAIARARRBRAARAA]1 BRERRBRAARAA]1 BRARRARAARAARA1 ABRBRAAR]1 AEBRARREREARRANBRARREANA1 BRBRABRARBBRA
ARAAAARARAAA1 ABABARARARAAAARANARRAAARAA1 BAA]1 PARAAAAAAA] A1 BRRABABARARAARE] ARAARRAARARARARARARAAAAA] AREARARARABARARARAAAARAARAAAA1 A

EIEIEIEIEIEIGIGIGIGIGININIGIGIGIGIGIGIGIGREGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGREGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGREGIGIGIGIGICRBEIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGINIGIGIGIGREGIGIGIGIGIGIGIGIGIGIGIGIGIGIGININ



Glalafalalaflaladdlalaldlalallalallaldl il fWalatalalafalalafalilafalialallilal i Nallilal il ifRlalallafal il iN@alalafalalalalalallalaldlilalililalilifRlalalalafalalalalalafalalalalalalalalalalililililililiig.

ARIARARARAARAAARARAA1 BARAAAARARARA1 ARARARARARARAE] AIRAARAARARAAA1 BARARARARAAAAR] AIRARAARARARARARAARAAA] ARRRARAEAAA1 ABAI

1 A8AEARARARARAA1 PABARAA1 AIEAEARARARARARARARARARARAAEA1 ABAEABARAA1 BARARARAAEAR] HARABARARABARARAAARAEANANARABARAA1 BAI

AA1 AAAARAARRARARA1 ARARAARARARARARARARARA1 ABARARAARARAAAAAARARA1 ABARAE] AREAAA1 ARARRBARARABARAAAE] ARAARARAAREAARAA1 BAI

AREARARARARARAA1 PARARARARAARANARARARARARARAA]1 BIRAARARARARARARARARARARARAAE] IRRARARARARAA1 BARARAAAARARARARARA1 ABAI

A8BBRARRAAEARAARBRAARAARARAA1 BRAAREAR1 AARRRAEARRARBRAARAA]1 BRARRARARRAARBRAAR1 AFRRRARNBRAAR1 AFBRARR1 ARARERRBRAAR1 |

ARE1 AAAARAARRARARARARAE] ARAARARARAARRARARARAA] RARAAAARARAARAAA1 BARARARARAAAARAAA1 ABARARARARARAAAAAANARAAR]1 ABABAAAI

AEAEARARARARARARARARARARAAEAN] IRRARARARARARAR]1 FEARARARARARARARARARARARAAEAR] HARARARARABABRA] AREAE]1 HARARABARA1 ABA]

HAAAAAAARAARAA1 ABABARARAAAAAARARAAAAA1 ABABABARARE] ARARAREREABABARARARARAAE] ARAARREARABRAA1 BRIRAAAAAARARAARERBABAAAI

1A8AAAAARAARAARARA1 ARARARAARANA1 ARRRARARARARARARAARARARRARAARARARARARAE] AIRAARARAAAA1 ARRARARARARAARANARAARAAARAAA1 Al

A1 AAEAEA1 ABARARARAA1 BARARAAEARARAR1 FARARABARARARAAEAEA1 ABABAA1 PARARARARAAEARANABARARARARARARAAAAAA1 ARABRBABRABA1 Al

1 A3AAAAARAAAAA1 ARABARAA1 AIRIARARARARARARARARARARAAAA1 AIRARRARRARABABARARE] ARAARARARAA1 BRBABARARAAAAAANARAAAA1 BABABAI

AREAAARARAA1 PARARARARARAAAARANARAA1 PARARARARARAREA]1 AIRARARARARARARARARARAEAEA] ARARAARA1 ARARARARARAARANARARRRARABA1 Al

BEBE1 AABRBREARAARBRAARAAE1 ABRBRAAREARBRARRRAEARA1 ABRAA1 HAEBRA1 ARARREARBRARRA1 ARRHRRBRARRA1 HBRARRBRAARAA1 BRAARAI

ARAAAARARAARAARARARAA] FRRAARARARAAAA1 PRRABARARARAAAAA] ARARAARABARAA] BARAAE] ARAARREARABARARARARAAAANAARAA]1 BRBAA1 BAI

AREAAARARARARARARARAA1 REAEA1 ANARARARARARARARAREAR] IRRARARARARAA]1 PAIRAREARARAA1 PARARABARARAREARANARARARARABARARARA FEEEE RN EEae
HAAAAARARAARARARABARAAAAAAAAAA1 ARRBARABARARARAA1 AHARRARARA1 BABABARARARAA1 AIAAREARABRAA1 BRIRARAARARAAAEARABABABARAERAAAAARAAAARA1 BABA
ARAAAARAA]1 ARBARARARARARARARARANAAAA1 ARRABARARAA1 ARARAARARRARARAARAA]1 AEARARAARARAARARAA] BARARAARARAARAARARARAARA] ARAARARARRARARAARAA1
ARAAAARARARARAA1 BARARARAAE] AIRRARARARARAA1 PRIRAREARARABARARAA1 BARARARAAEARARARARARARAA1 FARAREARARARARARARARAA]1 FAIRAAEARABARARABRAAL
AAAAAAA]1 IRARBARARARARAAAARARANARA1 ABABABARARAAAARARAAA1 ABABABARARAAR]T AEARARARARARARABARARARAARARAA]1 HARABABABARARAAAAAA]1 ARRERBRAAA
ARAARARARARARARARARARARAE] ARRARAR1 PARARARA1 ABARE] ARRARARARARARARARARAE] AIRRARARARARARARA1 ARARAEAE] IARARARARARARARARARAAA] IRRRAARA1 A
AEBBRARRARAARARRB0A1 ABA1 ARRRRBRAA1 HRERRARRBRAAR1 APBRERRE0]1 AREAIRRARRARAARAARBRARRAAG1 ARRRBRARREAEARAARE1 ABRBRAREER1 AABRBRBBRA
ARAA1 ARARRARRARA1 ABARA] ARAARARARRRARARABARA] ARAARARAARAR1 ARABABARARARAAAAARAA]1 ARRARABARARARAAAAA] ARBARARARARARARARAARARAAAAAAL BA
AAARARARARAA1 PARARARARAAEARANARARARA1 ABARARARAE] IARARARARARARARAA] HAREA1 ARARARARARARARAA]1 REARARARANARARARABABRA] AIRERRARARARABRAAA
HAAAAAAAAAA1 BRBABARARRAEAAAARAHRAA]1 BRRABABABARARAAA] ARARAER1 ABABABERARARAAAARAARRARABARARAAAARAA1 AHARRHARARABABARAE] ARARAAARARARAAAA
ARAAAARA1 ABRRARARARARARAAARAARA1 ARRRARARAA1 BARARAAR] AIRARARRARARAARAA] AEARARARRARAARARARARARAAAANARAAAAA1 ARABAA]1 PAIRAARARARRARARAARAA1
AAEAEAR]1 IAAARARARARA1 AREAEA1 ANARABARARARARARARAE] HIARARAEARARA1 ABARARAREARARARA1 ABARARARARARAA1 AIRABARA1 ARABARARARARAEARARARARABRAAA
AA1 AAAARARRRARABARARAAAAGE] ARRARRRARARABARARARAAAARAAA]1 ABABABARARARAAAARARARARARARARARAAARAAA] ARRARARARABABAE] ARRRAAAAARA1 ABRBAAA
ARAARARARA1 ARARA1 ARARARAAAAR] HARARARARARARARAREARARARARARARARAA] BARAREARARARARARARARAA]1 PAIRAARARARARARARARARARARARAA]1 ARARRARBRAAA
18838008RAAAARAARB0A1 AARRRRARBRAA1 HRERRE1 ABRARREANBRARRBAAAREARARARRA01 ARERIBRARRERAARAARBRARREAEARRARBRAARE1 HRRRBRBRABR1 BBBRA
ARAA1 ARARRARRARARARARARAAAARANARAAAARARAA1 BARARAARARAARARAARA1 ABARARARAAAARAARAA1 ARRABARARARAAAAA] ARRABARARARARARARAAA] ARARARAAAA
ARAAAARA1 ABARARARARARARAAE] AARAR1 PARARABARA] AREAEARARARAA1 PARABARARA] HIAEARARARARARARARARARAAE] HARANARARARABARARARAAA] IARRRABRARA
AA1 AAAARRARRARARARAAAAAAAA1 ANARRRARARARARARAA1 AAAARARARAEABA1 ABARARARE] ARAAAREARABABARAAAA1 AARARAHARABABABARARRAAAAAAAAAAA1 BABA
AREAA]1 ARARARAARARARARARAAAA]L ARAA1 ARRARARARARAA]1 ARA1 ARRARAARAA1 BARARARAARARAARAARARARARARAAR]1 ARARARAARAA1 BARABARARAAAAARAA] AIRERBEAAA
AAAAAARARARARAA1 BARARARAAEAARAN] IRBARARARARARAREARARARARABRA1 ABABARARAAEARARA] ABARARARARARARAANANARANARARAA1 PABARARAARARARABABABA
AAAAAARARAAAAAA1 BARA] AREAEA1 ANARRRARARAA1 BRIRARAARARARAARRARABARAAARAA1 AIRARARRRARARARA1 ARARAARARARANARARABARARARAAAAAAARAA]1 BRBABA
ARAARARARARA1 ARARARARARAAE] IRRARARARARARARAA] BE1 AIRRARARARARARARAE] AREREARARARARARARA1 ABARARAARARARARARAA1 BARARARARAARARARARABRAAA
ABBEA1 ABBRARRAARB01 BEBAERRRARBRAG1 HRERRERRBRARREABRAARRRAARAARA0]1 AEBRAAREAIBRARRERAARAARBRAAREAEA0]1 BRBRARREANAREARBRABRAA1 BRA
ARAAAAAARAA1 ARRABARARARAAAARANAAA1 ARARABARAAR]1 REARARARRARAARAA1 BARARARAARARARAAARARARAA] FAIRAARARARARA1 ABABABARARARAAAAAAAA1 ABAAA
AAAEARARARARARARARA] AIREARARANARARARARARAA]1 FEIRAAEARARARA1 ARARARARARAREARARARARAA1 PARARARARAA1 AIRARARARARAA1 PARARARAEAAA1 ARAA1 BABA
HAAAAAAAA] ARRRBABARAAAAAEARARARAARARAEAA1 BABABARARAAAAAA]1 ABRBABABABARAR1 FEIARARARRRARABARAAAE] AIREAAAAAAA1 ABABABABARAERAAAAAAAAARARAEAAA
ARAAAAARAA]1 ARRARARARARARAARARANARRAAARA1 ABABARARE] ARAAARARAARARA1 ARARARAARARAARAARARARARAARAE] ARRARARAARRARARARARARAAAARARAARARAEAAA
31 8380ARRAAAARAARBRAG1 BRERRRANBRARREAARARRBRAA1 HAEBRERRBAAAR]1 AFBRARRRRAAREARBRAA1 HAARAARBRARREAEARAA1 B0ARRRAAREARBRABRARBBRRA
ARAAAARARAARAARARARAE] ARRAAARANARRRARARARAA] FARAARAARAA]1 ARRARABARARARAARE] ARAAARAARARARARARARAA]1 ARARARARAA1 BABABARARAAAARAARARAAAA
ARAAAAR]1 FARARARARARARARAARARANARARARA1 ABARARARAARARAR] IRRAA1 PARARARAARE] ARRARARARARARAA] BARAARARARANARARARARARARARAEAARARAR] ARBAAA
AEBEBRARRAAAARARRA0AA1 BAEARRE1 B0ABRA0]1 BRERBRARREABRARRRRAARA1 IBRERRARAAREARA1 ABRBRAARAARBRARREAG1 ARBRBRARREAAREAR1 AABRBRBBRA
ARAAAARARAARRARAA1 BARAA]1 ARARARARRRARAA1 BARARARAARARARAARRARARARARARAAAAA] ARAAA1 PARABARARARAARARAARRARAA1 BARARARAARARARRARBABRAA1
ARAAAARARARARARARARARARAAE] IARARARARARARA1 ARARAAEARARARARARAA1 BARARAREARARARARA1 ARABARARARAARARARA1 ARARARARARARAREARARANARARAAA
1 A3AAARARRARARARARARAAAAAAAAA] HARRRARABABARAA1 REIAAAAAARAREARABARAAARAAE] ARAAARRARABARARAAARAAE] ARARHARABABABARAERAAAAAAAAARARAA1 A
ARAAAARARAARAARARARARARAA1 ARARARRAARARARARARARAAAA]1 ARRARRARARARARARAAAA1 ARARRAARARARAA1 FEIRAARARARAAARARARARARAA]T AIRARARARRARAAAA
AAEAEA1 ABAAARARARARARARAAE] ARRARARARARARARARAAR]1 AIEARARAEARARAA1 BARARAREARARARARARARARAA]1 FARAARARARANARABRA1 ABABARARAEARARARABABRABA
AAAAAARARAAAAA1 ABARARAAE] ARAARARARARARABARARAAAAAAARAAA1 ARA1 ABABARARAA1 AIRARARARARARABAARAEAT REARA1 ARARARARABARAA]1 RERAARARAAAAAA1 BA
ARAARARARARARARARARARARAAAA]1 ANARARAA1 PARARARARAARARAR] IRRARARARARAR] IEARARARARARA1 ARABARARAARARARARARARA1 ARABARARAARARARARAARAAA
ABBEA1 ABBRARRARRBRARREAAARAA1 B0ARRRAIARARRBRAARAA]1 BRERRBRAARAA]1 BRARRARAARAARA1 ABRBRAAR]1 AEBRARREREARRANBRARREANA1 BRBRABRARBBRA
ARAAAARARAAA1 ABABARARARAAAARANARRAAARAA1 BAA]1 PARAAAAAAA] A1 BRRABABARARAARE] ARAARRAARARARARARARAAAAA] AREARARARABARARARAAAARAARAAAA1 A
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ARIARARARAARAAARARAA1 BARAAAARARARA1 ARARARARARARAE] AIRAARAARARAAA1 BARARARARAAAAR] AIRARAARARARARARAARAAA] ARRRARAEAAA1 ABAI
1 A8AEARARARARAA1 PABARAA1 AIEAEARARARARARARARARARARAAEA1 ABAEABARAA1 BARARARAAEAR] HARABARARABARARAAARAEANANARABARAA1 BAI
AA1 AAAARAARRARARA1 ARARAARARARARARARARARA1 ABARARAARARAAAAAARARA1 ABARAE] AREAAA1 ARARRBARARABARAAAE] ARAARARAAREAARAA1 BAI
AREARARARARARAA1 PARARARARAARANARARARARARARAA]1 BIRAARARARARARARARARARARARAAE] IRRARARARARAA1 BARARAAAARARARARARA1 ABAI
A8BBRARRAAEARAARBRAARAARARAA1 BRAAREAR1 AARRRAEARRARBRAARAA]1 BRARRARARRAARBRAAR1 AFRRRARNBRAAR1 AFBRARR1 ARARERRBRAAR1 |
ARE1 AAAARAARRARARARARAE] ARAARARARAARRARARARAA] RARAAAARARAARAAA1 BARARARARAAAARAAA1 ABARARARARARAAAAAANARAAR]1 ABABAAAI
AEAEARARARARARARARARARARAAEAN] IRRARARARARARAR]1 FEARARARARARARARARARARARAAEAR] HARARARARABABRA] AREAE]1 HARARABARA1 ABA]
HAAAAAAARAARAA1 ABABARARAAAAAARARAAAAA1 ABABABARARE] ARARAREREABABARARARARAAE] ARAARREARABRAA1 BRIRAAAAAARARAARERBABAAAI
1A8AAAAARAARAARARA1 ARARARAARANA1 ARRRARARARARARARAARARARRARAARARARARARAE] AIRAARARAAAA1 ARRARARARARAARANARAARAAARAAA1 Al
A1 AAEAEA1 ABARARARAA1 BARARAAEARARAR1 FARARABARARARAAEAEA1 ABABAA1 PARARARARAAEARANABARARARARARARAAAAAA1 ARABRBABRABA1 Al
1 A3AAAAARAAAAA1 ARABARAA1 AIRIARARARARARARARARARARAAAA1 AIRARRARRARABABARARE] ARAARARARAA1 BRBABARARAAAAAANARAAAA1 BABABAI
AREAAARARAA1 PARARARARARAAAARANARAA1 PARARARARARAREA]1 AIRARARARARARARARARARAEAEA] ARARAARA1 ARARARARARAARANARARRRARABA1 Al
BEBE1 AABRBREARAARBRAARAAE1 ABRBRAAREARBRARRRAEARA1 ABRAA1 HAEBRA1 ARARREARBRARRA1 ARRHRRBRARRA1 HBRARRBRAARAA1 BRAARAI
ARAAAARARAARAARARARAA] FRRAARARARAAAA1 PRRABARARARAAAAA] ARARAARABARAA] BARAAE] ARAARREARABARARARARAAAANAARAA]1 BRBAA1 BAI
AREAAARARARARARARARAA1 REAEA1 ANARARARARARARARAREAR] IRRARARARARAA]1 PAIRAREARARAA1 PARARABARARAREARANARARARARABARARARA FEEEE RN EEae

HAEAAAAARAARARARARARARAAAAAAAA1 ARRBARABARERARAA1 AARAAARAAA1 BABABARARARAA1 ARAREARABRAA1 BRIRARAARARAAREABARABABARARAAAAAAAE

ARAAAAAAR]1 ARBARARARARARAAAARANARAA]1 ARRARARARAA]1 AEARARAARARAARARAA1 BARARAARARARARRAEAA1 BARARARARAAAANARAARAEAAA1 ABAI
AREAEARARARARAA1 PARARARAAA] ARRARABARARAA1 BABARARAAEARARAEAA1 FARABARARARAAEARANABARAA1 PARARARARAAEANARABABEAA1 BABAI
ARAAAAA]1 ARARRARARARARAAARAAARANAARA]1 ARABABABARARAAAAAAAA]1 ARRARARABAA] BRRAARARARARRRARARARARARAAAAA] HARAARBARABABAI
AREARARANARARARARARARARA] ARAARAR] FRRARABRA1 ABABRA] AIREARARARARARARARARAE] AIREARARANARARARA1 ARABABRAE] AIREARARARRRARABRABAI
AABEBRARRAAEARAARBE0AA1 ABA1 BRRBRBRAA1 BRBRARREAEA0]1 BRBRAAREA1 BRARRBRARREARBRARRARAARAAR1 AABREARRERRARAARA1 ABRAABRAI
ARAA1 ARARAARAAAA1 ABAARA] ARAARARARAARRARARARA1 ARARAARARAAA]1 ABARARABARARARAAAAA] ARAREARARARARARAARAE] ARAARAARBAARABAAAI
AREAEARARARAA1 PARARARARARAAEANARARARA1 ABABARARA] AIREARARARARARARAA1 BARAAR1 IEARARARARARARAA1 PARARAREARARARARARABA1 Al
HAAAAAAAAAA]1 BRRABABARAREAAAAAAAA] ARARBARABABARARAE] ARAAAA1 ABRABARABABARERARAAAARARAARAARARARAEA]1 BRIRARAARAARARAEAAA1 A

ARAAAARA1 ARRRARARARARARAAAAAA1 ARRAARARAA1 BARARAAA] ARARARARRARARAA1 FEIRAARARARRARRARARARARARAAANANARANRA1 ABABAA1 BABAI

AREAEAR]1 IAAARARARARA1 ARAAEA1 ANARABARARABARARARAE] AAEARARARARA1 ABARARARAAEARARA1 ABARARARARARAA1 AIRARABRA1 ABABABABABAE n
AA1 AAAARARRRARARARARARAAE] ARRARARARARABARARAAEAAARAAA]1 ABARABABARARARAARARARARARARARARARARAAGE] AARARARARABABA]1 ABAI f{( \[) — 7(1') hWﬁ ‘7(1')
ARAAAARARA1 ARARA1 ABABARAAAEAR] HARARARARARARARARAAAARARARARARARAA]1 BARARAARARARARARARARAA1 BARAREARARANARARARABABABAL k=t S P\ZT;) 108, PLTy)
18888008RAAAARAARA0A1 AAERRRRRBRAA1 HRBRA1 ABRARRRANBRARRRAAARAARBRARRAA1 ARERBRAAREANARARRERAARAARBRAARERAARA1 BaY i=1
ARAA1 ARARAARRARARARARARAAAARANARAAAARARAA1 BARARAAAARARAARAARA1 ABARARARAAAAAAARAA1 PRRARABARARAAAAR] ARARRRRABABABAAAI

ARAAAARA1 ABARARARARARARAAE] AARAR1 PARARABARA] AREAEARARARAA1 PARABARARA] HIAEARARARARARARARARARAAE] HARANARARARABARARARAAA] IARRRABRARA

AA1 AAAARRARRARARARAAAAAAAA1 ANARRRARARARARARAA1 AAAARARARAEABA1 ABARARARE] ARAAAREARABABARAAAA1 AARARAHARABABABARARRAAAAAAAAAAA1 BABA
AREAA]1 ARARARAARARARARARAAAA]L ARAA1 ARRARARARARAA]1 ARA1 ARRARAARAA1 BARARARAARARAARAARARARARARAAR]1 ARARARAARAA1 BARABARARAAAAARAA] AIRERBEAAA
AAAAAARARARARAA1 BARARARAAEAARAN] IRBARARARARARAREARARARARABRA1 ABABARARAAEARARA] ABARARARARARARAANANARANARARAA1 PABARARAARARARABABABA
AAAAAARARAAAAAA1 BARA] AREAEA1 ANARRRARARAA1 BRIRARAARARARAARRARABARAAARAA1 AIRARARRRARARARA1 ARARAARARARANARARABARARARAAAAAAARAA]1 BRBABA
ARAARARARARA1 ARARARARARAAE] IRRARARARARARARAA] BE1 AIRRARARARARARARAE] AREREARARARARARARA1 ABARARAARARARARARAA1 BARARARARAARARARARABRAAA
ABBEA1 ABBRARRAARB01 BEBAERRRARBRAG1 HRERRERRBRARREABRAARRRAARAARA0]1 AEBRAAREAIBRARRERAARAARBRAAREAEA0]1 BRBRARREANAREARBRABRAA1 BRA
ARAAAAAARAA1 ARRABARARARAAAARANAAA1 ARARABARAAR]1 REARARARRARAARAA1 BARARARAARARARAAARARARAA] FAIRAARARARARA1 ABABABARARARAAAAAAAA1 ABAAA
AAAEARARARARARARARA] AIREARARANARARARARARAA]1 FEIRAAEARARARA1 ARARARARARAREARARARARAA1 PARARARARAA1 AIRARARARARAA1 PARARARAEAAA1 ARAA1 BABA
HAAAAAAAA] ARRRBABARAAAAAEARARARAARARAEAA1 BABABARARAAAAAA]1 ABRBABABABARAR1 FEIARARARRRARABARAAAE] AIREAAAAAAA1 ABABABABARAERAAAAAAAAARARAEAAA
ARAAAAARAA]1 ARRARARARARARAARARANARRAAARA1 ABABARARE] ARAAARARAARARA1 ARARARAARARAARAARARARARAARAE] ARRARARAARRARARARARARAAAARARAARARAEAAA

31 8380ARRAAAARAARBRAG1 BRERRRANBRARREAARARRBRAA1 HAEBRERRBAAAR]1 AFBRARRRRAAREARBRAA1 HAARAARBRARREAEARAA1 B0ARRRAAREARBRABRARBBRRA
ARAAAARARAARAARARARAE] ARRAAARANARRRARARARAA] FARAARAARAA]1 ARRARABARARARAARE] ARAAARAARARARARARARAA]1 ARARARARAA1 BABABARARAAAARAARARAAAA
ARAAAAR]1 FARARARARARARARAARARANARARARA1 ABARARARAARARAR] IRRAA1 PARARARAARE] ARRARARARARARAA] BARAARARARANARARARARARARARAEAARARAR] ARBAAA
AEBEBRARRAAAARARRA0AA1 BAEARRE1 B0ABRA0]1 BRERBRARREABRARRRRAARA1 IBRERRARAAREARA1 ABRBRAARAARBRARREAG1 ARBRBRARREAAREAR1 AABRBRBBRA
ARAAAARARAARRARAA1 BARAA]1 ARARARARRRARAA1 BARARARAARARARAARRARARARARARAAAAA] ARAAA1 PARABARARARAARARAARRARAA1 BARARARAARARARRARBABRAA1
ARAAAARARARARARARARARARAAE] IARARARARARARA1 ARARAAEARARARARARAA1 BARARAREARARARARA1 ARABARARARAARARARA1 ARARARARARARAREARARANARARAAA

1 A3AAARARRARARARARARAAAAAAAAA] HARRRARABABARAA1 REIAAAAAARAREARABARAAARAAE] ARAAARRARABARARAAARAAE] ARARHARABABABARAERAAAAAAAAARARAA1 A
ARAAAARARAARAARARARARARAA1 ARARARRAARARARARARARAAAA]1 ARRARRARARARARARAAAA1 ARARRAARARARAA1 FEIRAARARARAAARARARARARAA]T AIRARARARRARAAAA
AAEAEA1 ABAAARARARARARARAAE] ARRARARARARARARARAAR]1 AIEARARAEARARAA1 BARARAREARARARARARARARAA]1 FARAARARARANARABRA1 ABABARARAEARARARABABRABA
AAAAAARARAAAAA1 ABARARAAE] ARAARARARARARABARARAAAAAAARAAA1 ARA1 ABABARARAA1 AIRARARARARARABAARAEAT REARA1 ARARARARABARAA]1 RERAARARAAAAAA1 BA
ARAARARARARARARARARARARAAAA]1 ANARARAA1 PARARARARAARARAR] IRRARARARARAR] IEARARARARARA1 ARABARARAARARARARARARA1 ARABARARAARARARARAARAAA
ABBEA1 ABBRARRARRBRARREAAARAA1 B0ARRRAIARARRBRAARAA]1 BRERRBRAARAA]1 BRARRARAARAARA1 ABRBRAAR]1 AEBRARREREARRANBRARREANA1 BRBRABRARBBRA
ARAAAARARAAA1 ABABARARARAAAARANARRAAARAA1 BAA]1 PARAAAAAAA] A1 BRRABABARARAARE] ARAARRAARARARARARARAAAAA] AREARARARABARARARAAAARAARAAAA1 A

EIEIEIEIEIEIGIGIGIGIGININIGIGIGIGIGIGIGIGREGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGREGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGREGIGIGIGIGICRBEIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGIGINIGIGIGIGREGIGIGIGIGIGIGIGIGIGIGIGIGIGIGININ



oid What does that tell us?
Foo::Update<>

float choose RandFloat<{>;
bool is_spawn Cchoose < m_SpawnChance?;
if C(is_spawn2?
{
Spawn<);

m_SpawnChance = @A.0f;
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bool is_spawn Cchoose < m_SpawnChance): 128b x 10,000 = 1,280,000 bytes
if C(is_spawn2?
{

Spawnt>;

m_SpawnChance = @A.0f;
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Foo::Update<>

Figure (~2 L2 misses each frame ) x 10,000

float choose RandFloat{>; If each cache line = 64b,

bool is_spawn Cchoose < m_SpawnChance): 128b x 10,000 = 1,280,000 bytes
if C(is_spawn2?
{

Spawnt>;

m_SpawnChance = @.8f; If avg information content = 0.732bits/frame

X 10,000 = 7320 bits
/ 8 =915 bytes




oid What does that tell us?
Foo::Update<>

Figure (~2 L2 misses each frame ) x 10,000

float choose RandFloat{>; If each cache line = 64b,

bool is_spawn Cchoose < m_SpawnChance): 128b x 10,000 = 1,280,000 bytes
if C(is_spawn2?
{

Spawnt>;

m_SpawnChance = @.8f; If avg information content = 0.732bits/frame

X 10,000 = 7320 bits
/ 8 =915 bytes

Percentage waste (Noise::Signal) =
(1,280,000-915)/1,280,000

0.99928515625



What're the alternatives?



(1) Per-frame...



(1) Per-frame...  (decision table)

1 of 512 (8*64) bits used...
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(a) Make same decision x 512



(1) Per-frame...  (decision table)

1 of 512 (8*64) bits used...

(a) Make same decision x 512

(b) Combine with other reads / xforms



(1) Per-frame...  (decision table)

1 of 512 (8*64) bits used...

(a) Make same decision x 512

‘ (b) Combine with other reads / xforms ‘

Generally simplest.
- But things cannot exist in abstract bubble.
- Will require context.



(2) Over-frames...



(2) Over-frames...

i.e. Only read when needed



(2) Over-frames...

i.e. Only read when needed

oid
Foo:= :Spawnt?

wint32_t next_spawn_frame = NextSpavnmFrame(>;

InzertCommand{ thiz,. CMD_SPAWN. next_spawn_frame J;

M

Foo:Spawn




Let’s review some code...



D default~ ¥, ~ | ’ ogre / OgreMain / src / OgreNode.cpp

‘ P 569ec69 2013-10-15 + [ Full commit

This source file is part of OGRE
(Object-oriented Graphics Rendering Engine)
For the latest info, see http://ww.ogre3d.org/

eSO S WIN -

Copyright (c) 2000-2013 Torus Knot Software Ltd



Matias N. Goldberg

@matiasgoldberg roiLows you

Geek, Programmer, Ogre3D dev, Accountant, somewhat of an artist.
Oh and... | make games!

Argentina - yosoygames.com.ar

Mike Acton reviewed the 1.9 version. Perhaps it would've been more interesting to

see a review of the which has been refactored to better fit Data Oriented

Design principles (and I'm sure there are things | wrote to criticize). Many of the

things he criticizes of 1.9 have been fixed. Nevertheless there are things we can

learn. Note that if he weren’t right, then it would be hard to explain why there was a
between 1.9 and 2.0.

http://yosoygames.com.ar/wp/2013/11/on-mike-actons-review-of-ogrenode-cpp/



45 | namespace Ogre {

46

47 NameGenerator Node::msNameGenerator('Unnamed_");

48 Node: :QueuedUpdates Node::msQueuedUpdates;

49 sttt s e e e e e e e e e S e M S
50 Node: :Node()

51 :mParent(9),

52 mNeedParentUpdate(false),

53 mNeedChildUpdate(false),

54 mParentNotified(false),

55 mQueuedForUpdate(false),

56 mOrientation(Quaternion: :IDENTITY),

57 mPosition(Vector3: :ZERO),

58 mScale(Vector3: :UNIT_SCALE),

59 mInheritOrientation(true),

60 mInheritScale(true),

61 mDerivedOrientation(Quaternion: : IDENTITY),
62 mDerivedPosition(Vector3: :ZERO),

63 mDerivedScale(Vector3: :UNIT_SCALE),

64 mInitialPosition(Vector3: :ZERO),

65 mInitialOrientation(Quaternion: :IDENTITY),
66 mInitialScale(Vector3: :UNIT_SCALE),

67 mCachedTransformQutOfDate(true),

68 mListener(9),

69 mDebug(®)

70 {

71 // Generate a name

72 mName = msNameGenerator.generate();

73

74 needUpdate();

75

76 }
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46
47
48
49
50
51
52
53

35
56
57
58
39

61
62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator('Unnamed_");
Node: :QueuedUpdates Node::msQueuedUpdates;

—hiadeo hodell
:mParent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),

ueuedForUpdate(false),

mOrientation(Quaternion: :IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),

mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(9),
mDebug(®)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

(1) Can’t re-arrange memory (much)

Limited by ABI

Can’t limit unused reads

Extra padding



45
46
47
48
49
50
51
52
53

35
56
57
58
39

6l
62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator('Unnamed_");
Node: :QueuedUpdates Node::msQueuedUpdates;

N ST S -

mNeedParentUpdate(false),

mNeedChildUpdate(false),

mParentNotified(false),
ueuedForUpdate(false),

mOrientation(Quaternion: :IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),

mInheritOrientation(true),
mInheritScale(true),

mDerivedOrientation(Quaternion: :IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(9),

mDebug(®)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

(2) Bools and last-minute decision making
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46
47
48
49
50

52
53

55
56
57
58
59

61
62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node::msQueuedUpdates;

Parent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),
mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),
mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(@),
mDebug(@)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization




45
46
47
48
49
50
51
52
53

55
56
57
58
59

61
62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node: :msQueuedUpdates;

Parent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),
mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),
mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(@),
mDebug(@)

/7 Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

Complex constructors tend to imply that...

Reads are unmanaged (one at a time...)



45
46
47
48
49
50
51
52
53

55
56
57
58
59

61
62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node: :msQueuedUpdates;

Parent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),
mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),
mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: :IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(@),
mDebug(@)

/7 Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

Complex constructors tend to imply that...

Reads are unmanaged (one at a time...)
Unnecessary reads/writes in destructors
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46
47
48
49
50
51
52
53
54
55
56
57
58
59

61
62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node: :msQueuedUpdates;

Parent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),
mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),
mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: :IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(®),
mDebug(@)

/" Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

Complex constructors tend to imply that...

Reads are unmanaged (one at a time...)
Unnecessary reads/writes in destructors
Unmanaged icache (i.e. virtuals)

=> unmanaged reads/writes
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46
47
48
49
50
51
52
53
54
35
56
57
58
59

b1
62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( ' 'Unnamed_");
Node: QueuedUpdates Node: msQueuedUpdates

Node: Node()ln
Parent(9),
mNeedParentUpdate(alse
mNeedChildUpdate(false),
mParentNotified(false),
mQueuedForUpdate(false),

mInheritOrientation(true),
mInheritScale(true),

mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),

| mCachedTransformOutOfDate(t;ue), \
SRS SR

- 7

mDebug(®)

/S Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

Complex constructors tend to imply that...
Reads are unmanaged (one at a time...)
Unnecessary reads/writes in destructors
Unmanaged icache (i.e. virtuals)

Unnecessarily complex state machines (back to bools)

=> unmanaged reads/writes

E.g. 277 states
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46
47
48
49
50
51
52
53

55
56
57
58
59

61
62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");

Node: :QueuedUpdates Node: :msQueuedUpdates;

Node: Node()ln

Parent(9),

mNeedChildUpdate(f alse),
mParentNotified(false),
mQueuedForUpdate(false),

mInheritOrientation(true),
mInheritScale(true),

mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),

mCachedTransformoutOfDate(true), \
skl

mDebug(@) .

/7 Generate a name
mName = msNameGenerator.generate();

needUpdate();

(5) Over-generalization

Are we done with the constructor?

Complex constructors tend to imply that...

Reads are unmanaged (one at a time...)
Unnecessary reads/writes in destructors
Unmanaged icache (i.e. virtuals)

=> unmanaged reads/writes

Unnecessarily complex state machines (back to bools)

- E.g. 277 states

Rule of thumb:
Store each state type separately

Store same states together
(No state value needed)
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47
48
49
50
51
52
53

55
56
57
58
59
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63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node::msQueuedUpdates;

:mParent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),
mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),
mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(9),
mDebug(@)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

(6) Undefined or under-defined constraints
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46
47
48
49
50
51
52
53

55
56
57
58
59

61
62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node: :msQueuedUpdates;
Node: :Node()

:mParent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),

mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),

mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(@),
mDebug(@)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

(6) Undefined or under-defined constraints

Imply more (wasted) reads because pretending you
don’t know what it could be.
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47
48
49
50
51
52
53

55
56
57
58
59
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62
63

65
66
67
68
69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node: :msQueuedUpdates;
Node: :Node()

:mParent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),

mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),

mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(@),
mDebug(@)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

(6) Undefined or under-defined constraints

Imply more (wasted) reads because pretending you
don’t know what it could be.

e.g. Strings, generally. Filenames, in particular.
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76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node: :msQueuedUpdates;
Node: :Node()

:mParent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),

mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),

mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(@),
mDebug(@)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

(6) Undefined or under-defined constraints

Imply more (wasted) reads because pretending you
don’t know what it could be.

e.g. Strings, generally. Filenames, in particular.

Rule of thumb:
The best code is code that doesn’t need to exist.

Do it offline. Do it once.
e.g. precompiled string hashes
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69
70
71
72
73
74
75
76

namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node::msQueuedUpdates;
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Node: :Node()
:mParent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),
mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),
mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(@),
mDebug(@)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

(6) Undefined or under-defined constraints

(7) Over-solving (computing too much)

Compiler doesn’t have enough context to know
how to simplify your problems for you.
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namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node: :msQueuedUpdates;

e e T A S S o e T e e s

Node: :Node()
:mParent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),
mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),
mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(@),
mDebug(@)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

(6) Undefined or under-defined constraints

(7) Over-solving (computing too much)

Compiler doesn’t have enough context to know
how to simplify your problems for you.

But you can make simple tools that do...
- E.g. Premultiply matrices
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namespace Ogre {

NameGenerator Node::msNameGenerator( 'Unnamed_");
Node: :QueuedUpdates Node: :msQueuedUpdates;

e e T A S S o e T e e s

Node: :Node()
:mParent(9),
mNeedParentUpdate(false),
mNeedChildUpdate(false),
mParentNotified(false),
mQueuedForUpdate(false),
mOrientation(Quaternion: : IDENTITY),
mPosition(Vector3: :ZERO),
mScale(Vector3: :UNIT_SCALE),
mInheritOrientation(true),
mInheritScale(true),
mDerivedOrientation(Quaternion: : IDENTITY),
mDerivedPosition(Vector3: :ZERO),
mDerivedScale(Vector3: :UNIT_SCALE),
mInitialPosition(Vector3: :ZERO),
mInitialOrientation(Quaternion: :IDENTITY),
mInitialScale(Vector3: :UNIT_SCALE),
mCachedTransformQutOfDate(true),
mListener(@),
mDebug(@)

// Generate a name
mName = msNameGenerator.generate();

needUpdate();

Are we done with the constructor?

(5) Over-generalization

(6) Undefined or under-defined constraints

(7) Over-solving (computing too much)

Compiler doesn’t have enough context to know
how to simplify your problems for you.

But you can make simple tools that do...
- E.g. Premultiply matrices

Work with the (actual) data you have.
- E.g. Sparse or affine matrices



How do we approach “fixing”
it?
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void Node::translate(const Vector3& d, TransformSpace relativeTo)

{

switch(relativeTo)
{
case TS_LOCAL:
// position is relative to parent so transform downwards
mPosition += mOrientation * d;
break;
case TS_WORLD:
// position is relative to parent so transform upwards
if (mParent)

{
mPosition += (mParent->_getDerivedOrientation().Inverse() * d)
/ mParent->_getDerivedScale();
}
else
{
mPosition += d;
}

break;
case TS_PARENT:
mPosition += d;
break;

}
needUpdate();
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void Node::translate(const Vector3& d, TransformSpace relativeTo) (2) Bools and last-minute decision maklng
{

switch(relativeTo)
{

case TS_LOCAL:
// position is relative to parent so transform downwards
mPosition += mOrientation * d;
break;
case TS_WORLD:
// position is relative to parent so transform upwards
if (mParent)

{
mPosition += (mParent->_getDerivedOrientation().Inverse() * d)
/ mParent->_getDerivedScale();
}
else
{
mPosition += d;
}

break;
case TS_PARENT:
mPosition += d;
break;

}
needUpdate();



oid
odesTranslateLocal< Mode* nodes. int count, const Uectordd& d4d >

for Cint i=H;i{count;it+)
£
Mode* node = &nodes[il;
node—>m_Fosition += node—>m_Orientation = d;
3 ou can reason about them

oid
odesTrans lateWorld< Mode* nodes. int count, const Uectordd d4d >

for (int i=B:;i{count:;i++>
{
Mode* node = &nodes[ils
if ¢ node—->m_Parent >
£
node—>m_Position += ¢ node—->m_Parent—*_getDerivedOrientation<?.Inversec) = d >;
# node—>»m_Parent—>»_getDerivedScaled(>;
>
else
£
node—>m_Position += d;

oid
odesTrans lateParent{ Hode* nodes, int count,. const Uector3& d4d 2

for <int i=H;i<count;i++}
£
Mode* node = &nodes[il;
node—>m_Position += dj;
>




oid
odesTranslateLlocals Mode* nodes. int count,. const Uectordd& d4d >

for Cint i=H;i{count;it+)
£
Mode* node = &nodes[il;
node—>m_Fosition += node—>m_Orientation = d;
3 ou can reason about them

oid
odesTrans lateWorld< Mode* nodes. int count, const Uectordd& d4d >
for Cint i=A;i<{count;it+) e values of each case
£
Mode* node = &nodes[il;
if < node—->m_Parent >
£
node—>m_Position += ¢ node—->m_Parent—*_getDerivedOrientation<?.Inversec) = d >;
# node—>»m_Parent—>»_getDerivedScaled(>;
>
else
£
node—>m_Position += d;

oid
odesTrans lateParent?{ Hode* nodes, int count. const Uector3& 4 2

for <int i=H;i<count;i++}
£
Mode* node = &nodes[il;
node—>m_Position += dj;
>




oid
odesTranslatelocalEach?Y Mode* nodes,. int count, const Uector3= t »

for Cint i-Bii{countsi++>
£

Mode* node = &node=s[il;
Uec3d& d = #t[i];

nﬂdﬂ_}m_PﬂSitiﬂn += nDdE_}m_Dl‘iEntﬂtiﬂn * d; tates SO you Can reason about them

>

oid age
odesTranslateWorldEach{ Mode* nodes, int count, const Uector3d= t > & .

the relative values of each case
for (int i=HAji{count;i++)

< * count
Mode* node = &nodeslil;
Uecls d = #t[il;
if ¢ node->m_Parent >
{
node—>m_Position += ¢ node->m_Parent—>_getDerivedOrientationt?.Inversetd = d >;
s node—>m_Parent—2_getDerivedScale(;
>
else
{
node—>m_Position += d;

oid
odezTranslateParentEach{ Node* nodes. int count const Uectord= t > e.g.in-garnezvs.in-ecﬁtor

for fint i=H;i<{count;i++}
£
Mode* node = &nodes[il;
Uec3& d = =#t[il];
node—>m_Position += ds;
>




oid
odesTranslateLocal< Mode* nodes. int count, const Uectordd& d4d >

for Cint i=H;i{count;it+)
£
Mode* node = &nodes[il;
node—>m_Fosition += node—>m_Orientation = d;
3 ou can reason about them

oid
odesTrans lateWorld< Mode* nodes. int count, const Uectordd d4d >
for Cint i=A;i<{count;it+) e values of each case
£
Mode* node = &nodes[il;
if < node—->m_Parent >
£
node—>m_Position += ¢ node—->m_Parent—*_getDerivedOrientation<?.Inversec) = d >;
# node—>»m_Parent—>»_getDerivedScaled(>;
>
else
£
node—>m_Position += d;

oid
odesTrans lateParent{ Hode* nodes, int count,. const Uector3& d4d 2

for <int i=H;i<count;i++}
£
Mode* node = &nodes[il;
node—>m_Position += dj;
>




oid
odesTranslateLocal( Node* nodes., int count, const Uector3& d ) (back of the envelope read cost)

for (int i=0B;3ilcount;i++)

<
node—>m_Position += m_Orientation »* d;
>

~200 cycles x 2 x count




oid
odesTranslateLocal( Node* nodes., int count, const Uector3& d ) (back of the envelope read cost)

for (int i=0B;3ilcount;i++)

<
node—>m_Position += m_Orientation »* d;
>

~200 cycles x 2 x count

truct ModeTranslate

Uec3 m_Positions;
Quat m_Orientation; ~2.28 count per 200 cycles
= ~88

oid

odesTranslateliocal! NodeTranslate* podes. int count, const Uectordd d >

for Cint i=H;i<count;i++d
{
node—>m_Position += node—>*m_Orientation »* d;

>




oid
odesTranslateLocal( Node* nodes., int count, const Uector3& d ) (back of the envelope read cost)

for (int i=0B;3ilcount;i++)

<
node—>m_Position += m_Orientation »* d;
>

~200 cycles x 2 x count

truct ModeTranslate

Uec3 m_Positions;
Quat m_Orientation; ~2.28 count per 200 cycles
= ~88

oid

odesTranslateliocal! NodeTranslate* podes. int count, const Uectordd d >

for Cint i=H;i<count;i++d
{
node—>m_Position += node—*m_Orientation »* d;

>

t = 2 * cross(g.xyz, V)
vl = v + g.w * t + cross(g.xyz, t)



oid
odesTranslateLocal( Node* nodes., int count, const Uector3& d ) (back of the envelope read cost)

for (int i=0B;3ilcount;i++)

<
node—>m_Position += m_Orientation »* d;
>

~200 cycles x 2 x count

truct ModeTranslate

Uec3 m_Positions;
Quat m_Orientation; ~2.28 count per 200 cycles
= ~88

oid

odesTranslateliocal! NodeTranslate* podes. int count, const Uectordd d >

for Cint i=H;i<count;i++d
{
node—>m_Position += node—*m_Orientation »* d;

>

(close enough to dig in and
measure)

t = 2 * cross(g.xyz, V)
vl = v + g.w * t + cross(g.xyz, t)



Apply the same steps recursively...

oid
odesTrans latellorldEach{ Node* nodes, int count, const Uector3»* t )

for {(int i=0;ilcount;i++)
4
Node* node = &nodesl[il;
Uec3& d = tlils;
if ¢( node->m_Parent )
£

node—>m_Position += {( node->m_Parent—>_getDerivedOrientation{d.Inverse(d »* d >;

/7 node->m_Parent—>_getDerivedScale();
>
else
4
node—->m_Position += d;




Apply the same steps recursively...

oid
odesTrans latellorldEach{ Node* nodes, int count, const Uector3»* t )

for {(int i=0;ilcount;i++)
4
Node* node = &nodesl[il;

llec2R 4 tril: U can reason about them
if ¢ node—->m_Parent )

-~

node—>m_Position += {( node->m_Parent—>_getDerivedOrientation{d.Inverse(d »* d >;
/7 node->m_Parent—>_getDerivedScale();

>
else
{
node->m_Position += d;

Root or not; Calling function with context can distinguish



Apply the same steps recursively...

oid
odesTrans latellorldEach{ Node* nodes, int count, const Uector3»* t )

for {(int i=0;ilcount;i++)
4
Node* node = &nodesl[il;

llec2R 4 tril: U can reason about them
if ¢ node—->m_Parent )

-~

node—>m_Position += {( node->m_Parent—>_getDerivedOrientation{d.Inverse(d »* d >;
/7 node->m_Parent—>_getDerivedScale();

>
else
{
node->m_Position += d;

Root or not; Calling function with context can distinguish



Apply the same steps recursively...
oid
odesTranslatelWlorldEachRoot{( Node* nodes, int count, const Uector3»* t )

for (int i=0;idcount;i++)

4
Node* node = &nodesl[il;
Vec3& d = ¢t[i]; eason about them
node->m_Position += d;

>

oid
odesTrans lateWorldEachWithParent{( Node*»* nodes, int count, const Uector3d»* t )

for (int i=0;idcount;i++)
4

Node* node = &nodesl[il;

Uec3& d = tlil;

node—>m_Position += ( node->m_Parent—>_getDerivedOrientation{().Inverse() »* d );
/ node->m_Parent—>_getDerivedScale();




Apply the same steps recursively...
oid
odesTranslatelWlorldEachRoot{( Node* nodes, int count, const Uector3»* t )

for (int i=0;idcount;i++)

4
Node* node = &nodesl[il;
Vec3& d = ¢t[i]; eason about them
node->m_Position += d;

>

oid
odesTrans lateWorldEachWithParent{( Node*»* nodes, int count, const Uector3d»* t )

for (int i=0;idcount;i++)
4

Node* node = &nodesl[il;

Uec3& d = tlil;

node—->m_Position += ( node—->m_Parent—>_getDerivedOrientation().Inverse() » d );
/ node->m_Parent—>_getDerivedScale();

Can’t reason well about the cost from...



INn reason about them

oid
odesTranslatelWlorldEachilithParent{ char* nodes,. int parentCount, const Uectord= t

int k=8;

for <int i=@;i<parentCount;i++)

£
Quat=* derivedOrientationlnuverse CQuat=*=)nodes;
nodes += sizeof (Quatl;

float derivedScale #{float*)nodes;
nodes += si=eof<float>;

wint3?2_t childCount *#{nint32_t=>)nodes;
nodes += sizeof {uint32_t

for <(int j=8;:;j<childCount;j++.k++)
£

Uector3d& d

Uector3d®& childPosition

= t[kl;
nodes += sizeof{Uectordd;

*#{JectorI=*dnodes;

childPosition += {derivedOrientationInverse = d ~ derivedScale;




INn reason about them

oid
odesTranslatelWlorldEachilithParent{ char* nodes,. int parentCount, const Uectord= t

int k=8;
for <int i=@;i<parentCount;i++)
£
Quat=* derivedOrientationlnuverse CQuat=*=)nodes;

nodes += sizeof{(Quatl; ues of each case

float derivedScale #{float*)nodes;
nodes += si=eof<float>;

wint3?2_t childCount *#{nint32_t=>)nodes;
nodes += sizeof {uint32_t

for <(int j=8;:;j<childCount;j++.k++)
£

Uector3d& d

Uector3d®& childPosition

= t[kl;
nodes += sizeof{Uectordd;

*#{JectorI=*dnodes;

childPosition += {derivedOrientationInverse = d ~ derivedScale;




Good News:
Most problems are
easy to see.



Good News:
Side-effect of solving the 90%
well, compiler can solve the 10%
better.



Good News:
Organized data makes
maintenance, debugging and
concurrency much easier



Bad News:
Good programming is hard.
Bad programming is easy.



While we’re on the subject...
DESIGN PATTERNS:

Christer Ericson

@ChristerEricson roows you

Director of Technology @ Sony Santa Monica. Author of Real-Time Collision
Detection. This is my personal account with personal opinions only!

Los Angeles - realtimecollisiondetection.net/blog/

dd Design patterns are spoonfeed material for brainless programmers incapable of independent
thought, who will be resolved to producing code as mediocre as the design patterns they use to
create It.

http://realtimecollisiondetection.net/blog/?p=81
http://realtimecollisiondetection.net/blog/?p=44









