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Introduction

Consistent Approach Do you actually need to speed it up?
By how much?

(0.) Determine optimization requirements

1. Profile: determine hotspots Things to consider:

i = You have a finite amount of time for this
'R * You don’twant to break anything

e = You don’t want to reduce maintainability

=fl + refr)) &2 (d=

) e =» Focus on ‘low hanging fruit’ - typically a
small portion of the code.
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Introduction

Consistent Approach Don’t trust your intuition

= Not even when optimizing your

= i 1. Profile: determine hotspots own code.

2. Analyze hotspots: determine scalability = Especiallynot when you are
a e proficient at optimizing.
-

= * diffuse;

1+ rere)) 88 Gl Blind changes may reduce the
M performance of the code.
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Introduction

Crysis 2

1437.0 e Tim Gameplay Performance
Profiling 45
40

Measuring application performance 35 \’\/-\vxw/\
30 e T A
) = Using timers in the code = 0 2 \ N
to oo = Using external tools 20 \\f,/
P =0 15
e Details: 10
A1+ refr)) 88 (de 5
o = (Qverall, average or time analysis :
Tees T = What to measure
woEeTH) = Doing proper experimentsetup
e s = [nterpreting the data
i - ot i = Acting on the findings

5% wmw. " Repeatingthe whole process Focus on ‘low hanging fruit’
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Introduction .

. . .
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Subject o
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- o . . . o

Application breakdown, Tick: . ® ‘e o
= . - p e ;
t.reset(); Transform(); elapsedl = t.elapsed(); - s ce, ® % ° ®
o t.reset(); Sort(); elapsed2 = t.elapsed(); .' s° ® o ©
e O t.reset(); Render(); elapsed3 = t.elapsed(); ® e 0 ° o .
it Tr = 1 » L . .
r) R = (D . .. .0: ® e
+ ditruses Transform: s ° . * .
= true; .

i ] .

for ( int i = @; i < DOTS; i+ ) e ‘o ** %
S m_Rotated[i] = m.Transform( m_Points[i] ); . . .' 8 4 » o®
efl * E * diffuse .
= true; ® .

Sort:
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e s for ( int i = @; i < DOTS; i++ )
i:éiance=5amp1eL;ghta &rand -For\ ( int j n 9; j < (DOTS N 1); j++ )
o T SR if (m_Rotated[j].z > m _Rotated[j + 1].z) Swap( j, j + 1 );
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= ), Render:
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o R for ( int i = @; i < DOTS; i++ )
indom wa ~ one properiy, clo
A m_Dot->DrawScaled( (sx - size / 2), (sy - size / 2), size, size, screen );
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DotCloud

Application breakdown:

Transform

Render

DrawScaled
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Metrics

Timers

The template includes a ‘Timer’:

T [/ timer
oy struct Timer
at Tr = 1
™) R = (D i
. . . .1
o Timer() { reset(); }
< true; float elapsed() const
fl + refr)) &2
ol ime_point t2 = chrono:: high_resolution_clock::now();
" D1 OO erteaa fMe_span = chrono::duration_cast<chrono::duration<double>>(t2 - start);
return (float)time_span.count();
AAXDEPTH)
S R void reset() { start = chrono::high_resolution_clock::now(); 1}
if;

chrono:: high_resolution_clock::time_point start;

-adiance = Samp
2.x + radiance.

v = true;
at brdfPdf = EvaluateDiffuse( L
at3 factor = diffuse * INVPI;

. :i%f‘;;:::isi‘diigeﬁf"f";f"""' Based on some quick research:

E* weight * cosThetaOut) dire

ﬁgmvmmmw; = Windows: 100ns

;at3 brdf = SampleDiffuse( diffuse, N, r - Linux: 10nS @ 5GhZ: 100ns ~ 500 CPU CyCleS'
pdf; -

1 = E * brdf * (dot( N, R ) / pdf);
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Timers

Note that resolution is not very important.

[f it takes very little time to execute some code:

t.reset(); Transform(); elapsedl = t.elapsed();
t.reset(); Sort(); elapsed2 = t.elapsed();
t.reset(); Render(); elapsed3 = t.elapsed();

Then we just execute it multiple times:

@; i < 1000; i++ ) Transform();
0; 1 < 1000; i++ ) Sort();
9; 1 < 1000; i++ ) Render();

t.reset(); for( int i =
t.reset(); for( int i
t.reset(); for( int i

(Note that there’s issues with that approach)

elapsedl
elapsed2
elapsed3

t.elapsed();
t.elapsed();
t.elapsed();




INFOMOV - Lecture 3 - “Profiling” 11

Metrics

Timers

However, there is a different problem with timers.

CPU-Z

CPU | Mainboard | Memary | SFD | Graphics | Bench | About |

B Processar
at Tr = 1

'r) R = (D Mame Intel Core i9 13900KS

R Code Name Raptor Lake Max TDOP |150.0 W

S tulss Package Socket 1700 LGA

; Technology 10 nm Care VID 0,893y

ST Spedfication 13th Gen Intel® Core™ {3-13900K5 Questlon 1S...

féfpll Z;E * diffuse Family 6 Model

L Ext. Family W . . . .

e Instructions [V SE4.1, SSE4. = [sthatin fact something we want to include in our

experiments?

survive = SurvivalProbabi

estimation Clocks : - Cache

e . i e Core Speey L1Data g KB + 16 x 32 KB .

o e Multiplier TR S — = [f not, can we counter it, i.e., can we make clock
e Bus Speed 100,00 MHz Level 2 Gx2MB +4x4MB Speed a Stable number?

at brdfPdf = EvaluateDiffuse( L Lewvel 3 36 MBytes
at3 factor = diffuse * INVPI:

at weight = Mis2( directPdf, brdfr
3t cosThetaOut = dot( N, L );: . _ — = -
E * ((weight * cosThetaOut) / dir Selection |Socket #1 Cores | 8P +16E  Threads | 32

andom walk - done properl
R Ver, 2.09.0.x54  Tools |™|  Validate Close

3t3 brdf = SampleDiffuse( diffuse, N
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:

= [fnot, can we measure something that is
independentof clock speed?
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CPU Clock 08 S L
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. . s o
There is a way to directly access the CPU clock: o 7
e RO S, b
o Bl s T T R
3528 = 1 . . . ‘?’,"9 — ‘J‘j,~
x uint64_t start = _rdtsc(); ;’:3:.;‘::.;.c-..;._.“.,“aogvo'&eﬁ?;ﬁ.;::a;;
Pt - 0% ¥ e e " o o o
R =@ uint64_t elapsed = _ rdtsc() - start;
= * diffuse;
1+ refey) B8 (dept _rdtsc is an assembler instruction that returns the
2 Ve - dituse; number of CPU cycles since the last reset.
= true;
\AXDEPTH)
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e e Using _ rdtsc():

"adiance = SampleLight( &rand I
2.x + radiance.y + radiance.z

v = true; . .
t brdfedt - EualusteDifiuse( = We still getfluctuating results
¢ et ~aorcw .. ™ We still benefit from measuring longer periods
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rive)
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Sources of Noise
When using wallclock time, the source of noise is obvious:

= The CPU clock is not stable.

The timing variations when measuring CPU cycles are less obvious.
= (S task switching
= (Caches

= Interrupts
= Subtleties of the memory system

Time
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Deal with Uncertainty

To get reliable results:

1
2.
3.
4

Take multiple measurements..

...until standard deviation lies within desired range.
Mind ‘cache warming’: skip the first couple of seconds.
Try to use a stable testing environment.
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Scalability

Consistent Approach

(0.) Determine optimization requirements
Profile: determine hotspots

Analyze hotspots: determine scalability
Apply high level optimizations to hotspots
Profile again.

Parallelize / vectorize / use GPGPU
Profile again.

1t
), N

3)

at a = nt
at Tr = 1
™) R = (D
= * diffuse;

= true;

fl + refr)) 22 (d

et *'e » asrruse Apply low level optimizations to hotspots
T Repeat step 6 and 7 until time runs out
AAXDEPTH)

o G0l o G pes o N e

Report.

survive = SurvivalProbabil
estimation - doi g

if;

-adiance = Samplelight( &ranc
2.x + radiance.y + radiance.:

v = true;

it brdfPdf = EvaluateDiffuse( L
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Scalability

Consistent Approach

(0.) Determine optimization requirements
s Profile: determine hotspots

L Analyze hotspots: determine scalability

8 S Apply gt tevel optimizations to TotSpots

it Tr =1 - (RO
r) R = (D * nnt

Profile again.
Parallelize
Use GPGPU

= * diffuse;
= true;

fl + refr)) 8& (depth

= O ®NOUTA YN

)ef’; Z;E * diffuse; PI‘Ofile again.

T Apply low level optimizations to hotspots
L. . Repeat steps 7 and 8 until time runs out
e 0. Report.
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2.x + radiance.y + radiance.z)

v = true;

st brdfPdf = EvaluateDiffuse( L. I

at3 factor = diffuse * INVPI;
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]
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Scalability * " .
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1t = nt
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3o NS
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-
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.
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”~
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E * ((weight * cosThetaOut) / directPds
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»

rive)
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Scalability

The Importance of Testing with the Target Workload

Code sections typically don’t scale linearly when you increase the size of the dataset.

1t = nt
352t = 1
X, N);
)

O(n?)

it a = nt - nc
at Tr =1 - (RO
') R = (D

= * diffuse;

= true;

=fl + refr)) &% (dept!
), N )i

efl * E * diffuse;
= true;

\AXDEPTH)

Time

survive = SurvivalProbabilit
estimation - doing it p

if;

"adiance = SampleLight( frand !
2.x + radiance.y + radiance.z)

v = true;
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rive)
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pdf;
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-ion = true:* Data Input (Space)
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Scalability

Improving Scalability

Remember:

1T

Focus on low-hanging fruit.

3)

?;Tj;i The absolute best sorting algorithm depends on the dataset. Here:
1+ rere)) 8 (a = Somewhatsizeable

i P« dstuse * Uniformly distributed

Tl = Simple keys (depth: float)

o LN = Mostly already sorted

- = We don't need a perfect nor consistent sort

2.x + radiance.y + radiance.z

o - Evalusteiiuse | Optimal choice: probably Radix Sort, which can run in O(N) under these circumstances.

it weight = Mis2( directPdf, brdfr
it cosThetaOut = dot( N, L );
E * ((weight * cosThetaOut) / direc

andom walk - done properly
rive)

3t3 brdf = SampleDiffuse( diffuse, N, ri
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
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Scalability

That seems an odd choice. Reasoning:

® Quicksortis much better than
Bubblesort

» ] can add Quicksort in minutes.

= [don’texpectsorting to be a
bottleneck after that.

Improving Scalability
So:

I chose Quicksort. ©

void Swap( vec3& a, vec3& b ) { vec3 t = a; b; b = Thetime required to add RadixSort is

int Pivot( Vec3 a[], int 'Fil”St, int .I.ast ) better Spent elsewhere"-
i

int p = first;
vec3 e = a[first];
for (dnt i = first + 1; i = last; iH) if (al[il.z = e.z) Swap( alil, al+p] J;
Swap( alpl, alfirst] );
_ . return p;
:z:;\;:t:‘:zurv1valp”G‘L‘»a‘: il }l

L st e void QuickSort( vec3 al[], int first, int last )

2.x + radiance.y + radiance.: {
= true;

it brdfPdf = EvaluateDiffuse( L int pj_votE'Leme nt;

at3 factor = diffuse * INVPI;

't weight = Mis2( directPd p if (-Fj_rgt = 'Las:) return;

3t cosThetaOut = dot( N, L );:

E * ((weight * cosThetaOut) / dire pivotElement = Pivot( a, first, last );
re QuickSort( a, first, pivotElement - 1 );
QuickSort( a, pivotElement + 1, last );

at3 brdf = SampleDiffuse( diffuse, N
rvive;

pdf;

=E * brdf * (dot( N, R ) / pdf);
ion = o
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Tools
Profilers
VerySleepy
Intel VTune
AMD pProf
’ Both profilers are sampling profilers:
1+ refe)) 88 They work by interrupting your program X times per second (typically: each millisecond).
a1 *'e - astruse At this point, the profiler records at which address the CPU is executing code.

= A sampling profiler makes your software slower.

survive = SurvivalProbabil

b = A sampling profiler must store data, which affects the caches.
o e R = (Code thatis visited infrequently may be missed by the sampling process.

at brdfPdf = EvaluateDiffuse( L

at3 factor = diffuse * INVPI;

at weight = Mis2( directPdf, brdfr
it cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / dire
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rive)
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pdf;
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i"_g Very Sleepy - Ch\Users\bikke\AppDatat\LocalTemp\64D1.tmp

File View Help
Functions Averages Call Stacks Filters

MName Exclu.., Inclusive % Exclusive % Inclusive Module

- Tmpl8:SpritexDrawScaled 0.07s 0.07s 1.32% 1.32% | Tmpl8_2019-01
Tmpl8:Game:Tick 0.025 0.14s 0.32% 2.89% Tmpl8_2019-01
Tmpl8:Surface:Clear 0.02s 0.06s 0.32% 1.17% Tmpl8_2019-01 Module Tmpl8_2019-01
Tmpl8:Game:Transform 0.00s 0.00s 0.04% 0.08% Tmpl8_2019-01
__libm_sse2_sincosf_ 0.00s 0.00s 0.04% 0.04% Tmpl8_2019-01
SDL_main 0.00s 0.46s 0.00% 917% Tmpl8_2019-01
main_getcmdline 0.005 0.46s 0.00% 9.17% Tmpl8_2019-01
_scri_common_main_seh 0.00s 0.46s 0.00% 9.17% Tmpl8_2019-01
Tmpl8:timer:get 0.00s 0.00s 0.00% 0.04% Tmpl8_2019-01

- Main

Function Name

Source File

}

void Sprite::DrawScaled( float a_X, float a_¥, float a_Width, float

{
Pixel* dest = a_Target->GetBuffer() + (int)a_X + (int)a_¥ * a_Ta
Pixel* src = GetBuffer() + m_CurrentFrame * 32;
urvive = SurvivalProba for ( int y = @; y < (int)a_Height; y++ ) for ( int x = 8; x < (
oni = 4 (
e, s int v = (int)((y * 32) / a_Height);
int u = (Int)((x * 32) / a_Width};
e ] if (src[u + v * 128] & Oxffffff)

it brdfPdf = EvaluateDi
R AR R *(dest + x + y * a_Target-»>GetWidth()) = src[u + v * 128];

t weight = Mis2( direct]
at cosThetaOut = dot( N,
E * ((weight * cosThetg

3t3 brdf = SampleDiffusq

rvive; Source file: Ch\projects\dotcloud - tmp2019%surface.cpp Line 422
pdf;

= E * brdf * (dot( N, R ) / pdf);
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Tools

at a
at Tr
) R =

* diffuse
= true;

fl + refr)

), N )
efl * E * diffuse
= true;

AAXDEPTH)
survive = SurvivalProba

estimatioc

if;

"adiance = Samplelight

2.x + radiance.y + radiance

v = true;

it brdfPdf = EvaluateDiffuse

at3 factor = diffuse * INVPI

at weight = Mis2( directPdf, brdf
at cosThetaOut = dot( N, L ):

E * ((weight * cosThetaOut

andom walk - done proper
rive)

3t3 brdf = SampleDiffuse( diffuse, N

irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:

Profilers

VerySleepy
Intel VTune / AMD pProf

Always profile using the Release Configuration!

However:

All profilers need your project to be
compiled with DEBUG information.

Tmpl8_2019-01 Property Pages
Configuration:  Release

4 Configuration Properties
General
Advanced
Debugging
VC++ Directories
4 CfC++
Optimization
Preprocessor
Code Generation
Language
Precompiled Heade
Output Files
Browse Information
External Includes
Advanced

Enabling debug information in release mode in Visual Studio:

= Properties >> C/C++ >> General >> Debug information format

= Properties >> Linker >> Debugging >> Generate Debug Info

NOTE: The Visual Studio working folder is typically not where the .exe

is, but where the .sln is.

» Platform:  Active(x64)

Additional Include Directories lib\glew-2.1.0Minclude lib\SD
Additional #using Directories

Additional BMI Directories

Additional Module Dependencies

Additional Header Unit Dependent

Scan sources for Module Depends Mo

Translate Includes to Imports

Debug Information Format Program Database (/Zi)
Support Just My Code Debugging T

Common Language RunTime Supp

Consume Windows Runtime Exten:

Suppress Startup Banner Yes (/nologe)

Warning Level Level3 (/W3)

Treat Warnings As Errors Mo (AWX-)

Warning Version
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Tmpl8_2019-01 Property Pages

Tools

Configuration:  Release w  Platform:  Active(xBd)

Preprocessor Generate Debug Info Generate Debug Information (/DE

. Code Generation Generate Program Database File  S(Out[irTst
PrOfllerS Language Strip Private Symbals
Precompiled Heade Generate Map File Mo

Output Files .
P '_': ) hap File Mame
Browse Information

Ve rySIeepy External Includes PE.I:EEI:E Uiljp'?]';; Ascembly Ne
Intel VTune s o
AMD uprof . ::_c-r'nrnan-:l Line

it a General

it Tr i i . . Input

N Always profile using the Release Configuration! rifet Fi

= true; System

i vt HOWEVQI‘: |

et ffuse . .

s All profilers need your project to be

) compiled with DEBUG information.

survive = SurvivalProba

esStTimatic
if;
"adiance = Samplelight

Enabling debug information in release mode in Visual Studio:

2.x + radiance.y + radiance

v = true;
it brdfPdf = EvaluateDiffuse

St = Properties >> C/C++ >> General >> Debug information format
3t cosThetaOut = dot( N, L

G+ ((weight * cosThetaout) / di = Properties >> Linker >> Debugging >> Generate Debug Info

andom walk - done proper
rive)

3t3 brdf = SampleDiffuse( diffuse, N
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:
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\Tempi64D1.tmp

Name xclu.., Inclusive

VerySleepy Data

0.00s

Exclusive time:
time spentin the function, excluding calls to other functions.

415
416
3) 417 void Sprite::DrawScaled( float a_X, float a_Y, float a_Width, float
. . 418 {
I l L] 419 Pixel* dest = a_Target->GetBuffer() + (int)a_X + (int)a_Y * a_Ta
AEE nC US1ve tlme' 420 Pixel* src J:tEluff J+ m_CurrentFrame * 32; ) ’
;t T; T . " . . 421 for ( int y = 8; y < (int)a_Height; y++ ) for ( int x = 8; x < (
r) R = (D
time spentin the function and called functions. e ol * 3 1 et
= * diffuse 2 5 int u = (int](izx / :\-"iri‘:h]:;
= true; 2 0035 if (srcfu + v * & Oxffffff)

*(dest + x + y * a_Target->GetWidth()) = src[u + v * 128]; l

A1+ refe)) & Source code:
e e Tells you how much execution time is spent on a particular
' line. Profile longer to get more detailed results.

Source file: C\projects\dotcloud - tmp2019\surface.cpp Line 422

\AXDEPTH)

survive = SurvivalProbat

oo VerySleepy will not tell you why a particular function or line

"adiance = Samplelight
2.x + radiance.y + radiance iS ‘expensive’

v = true;

it brdfPdf = EvaluateDiffuse

at3 factor = diffuse * INVPI

at weight = Mis2( directPdf, brdf
3t cosThetaOut = dot( N, L

E * ((weight * cosThetaOut)

andom walk - done properl
rive)

3t3 brdf = SampleDiffuse( diffuse,
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:




() Elapsed Time : 4.843s i

Clockticks:
Instructions Retired:
CPI Rate &
MLUX Reliability
Retiring
Front-End Bound &
Bad Speculation
Back-End Bound
Memary Bound
® L1 Bound®:
() DTLB Overhead
Load STLB Hit @:
Load STLB Miss
Loads Blocked by Store Forwarding
Lock Latency @
Split Loads @-
4K Aliasing @-
FB Full @:
L2 Bound @:
¥ L3 Bound @
Contested Accesses
Data Sharing
L3 Latency ©:
SQ Full
& DRAM Bound @:
IMemory Bandwidth
Memory Latency @
(® Store Bound @:
(¥) Core Bound
Average CPU Frequency &:
Total Thread Count:
Paused Time &

(ONCHCHO]

3.193,200,000
1,461,600,000

2.185M

0.736
9.6%

221%NK

6.0%

G24% K
37T 6%M

0.0%

100.0% &
100.0% &
6.2% "

0.0%

1.0% M~

0.0%
0.2%

100.0% &

0.0%

11.6% N~

0.0%
0.0%

7.0%MN

0.0%

40.58% ®
349%K
311%K

1.9%

24 7% K

3.8 GHz
16
Os

of Pipeline Slots
of Pipeline Slots
of Pipeline Slots
of Pipeline Slots
of Pipeline Slots
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Clockticks
of Pipeline Slots

Issue: A significant

o portion of Pipeline Slots is
22.1% - Front-End remaining empty due to
Bound icenag in the Front_Fn
The metric value is high.
This can indicate that the
significant fraction of
3?_5?{“ _ Memow Bound EKECUUDH plpelII'IE Sl{JTS

' could be stalled due to
demand memory loac

_
ECETTI I
—

This metric represents
24.7% - Core Bound how much Core non-

memory issues were of a

—1 bottlieneck. Shortage
MPipe
This diagram represents inefficiencies in CPU usage. Treat it as a pipe with an output flow
equal to the "pipe efficiency” ratio: (Actual Instructions Retired)/{Maximum Possible

Instruction Retired). If there are pipeline stalls decreasing the pipe efficiency, the pipe
shape gets more narrow.

(v) Effective Physical Core Utilization : 3.5% (0.140 out of 4) &
Effective Logical Core Utilization ©: 2.2% (0172 out of 8) &

Effective CPU Utilization Histogram

This histogram displays a percentage of the wall time the specific number of CPUs were running simultaneously. Spin and Overhead time adds to the Idle CPU utilization value.



[ sowce [ R

Source Line & Source i Clockticks Instructions Retired CPIl Rate =
Retiring

416

417 vold Sprite::DrawScaled( float a X, flecat a_¥, float a Width, float a Height, Surface* a_ Target )

418 i ] 1,800,000 0.000

419 Pixel* dest = a_ Target->GetBuffer() + (int)a X + (int)a ¥ * a Target->GetPitch(]);

420 Pixel* src = GetBuffer({) + m CurrentFrame * 32; 1,800,000 0

421 for ( int y = 0; y <« (int)a Height; y++ )} for { int x = 0; ®x < (int)a Width; x++ ) 21,600,000 34,200,000 0632

422 i

423 int v = (int) ((y = 22) / =z Height);

424 int u = (int) (ix * 32} / a Width}; 30,600,000 106,200,000 0.288

425 if (srcu + v * 128] & O=xffffff) 100,800,000 192,600,000 0.523

426 *{dest + x + ¥y ¥ a Target—>GetWidth()) = srclu + v * 128]; 57,600,000 120,600,000 0.478

427 1

428 i

429

430 woid Sprite::InitializeStartDatal)

431 {

432 for (unsigned int £ = 0; £ < m NumFrames; ++f)

433 {

434 m Start[f] = new unsigned int[m Height];

435 for {int v = 0; v < m _Eeight; ++y)

436 {

437 m_Start[f][y] = m Width;

438 Pixel* addr = GetBuffer() + £ * m Width + y ¥ m Pitch;

439 focr (int x = 0; x < m Width; ++x)

440

441 if {addr[x=])

442 {

443 m Start[f][y] = x;

444 brealk;

445 }

446

447 }
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Tools

22.1% - Front-End
Bound

VTune Data B —

9.6% - Retiring

VTune gives you a /ot of information.

24.7% - Core Bound

Don’t expect to understand it all at once! That being said:

T Executed instructions that entered the pipeline

. :f Retired instructions for which ‘WB’ was done

CPI/IPC instructions per cycle / cycles per instruction

L+ refr) Micro-ops many instructions are converted into several micro-ops.

1 4 - diruse In some cases, several instructions are fusedin a single micro-op.

T More info: https://easyperf.net/blog/2018/02 /23 /MacroFusion-in-Intel-CPUs#micro--macro-fusion
wxoeeTH)

survive = SurvivalProbat
estimation d

if; -
"adiance = Samplelight 2 I 1
2.x + radiance.y + radiance

VTune will also tell you about:

Cache misses (L1, L2, L3)
Branch mispredictions
...and a lot more.

v = true;

it brdfPdf = EvaluateDiffuse BranCh (a<b) IF
at3 factor = diffuse * INVPI

at weight = Mis2( directPdf, brdf
at cosThetaOut = dot( N, L ): Ca” fOD

E * ((weight * cosThetaOut

andom walk - done proper // |nstr. fDO

rive)

3t3 brdf = SampleDiffuse( diffuse, N ’
rvive;

pdf; t

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:



https://easyperf.net/blog/2018/02/23/MacroFusion-in-Intel-CPUs#micro--macro-fusion
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Tools

22.1% - Front-End

lots is
due to

ieziias in the Front_F

Bound

VTune Data B —

9.6% - Retiring

Intel’s VTune gives you a /ot of information.

24.7% - Core Bound

Some tips:

7 1. Only look at specific data for specific problems

Sl 2. There’s good online resources for VTune

i vee 3. Quite often, VerySleepy gets you everything you need...
el e - it 4. Alatency often shows up late:

S = E.g,when the result of a sqrt is used

aiaeeion  dotog 1t 5. Intel VTune does not work on AMD processors:
S%ii"iidiaiii‘.’ie‘ff!éia:,;;, [tuses CPU-specific hardware counters.

it brdfPdf = EvaluateDiffuse

at3 factor = diffuse * INVPI

at weight = Mis2( directPdf, brdf
at cosThetaOut = dot( N, L ):

E * ((weight * cosThetaOut

andom walk - done proper
rive)

3t3 brdf = SampleDiffuse( diffuse, N
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:
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Tools —

Intel Care i 13¢

Raptor Lake

Environment . o

10 nm

Famnily

To obtain the most stable results: Ext, Family

= Disable all features that change the clock speed of your CPU

L1Inst.
:: ?r us Spee MHz Level 2
'r) R = (D Level 3
e = Windows: Create a power plan that underclocks the CPU significantly —
<A Socket #1 Cores | &P + 16
_ verify using CPU-Z
f1 + refr)) &2 ( y g ) Ver, 2.09.0.x64 Tools |~
ol = Profile the code single-threaded, if possible
S (except when specifically optimizing threading behavior)
{AXDEPTH)
urvive = SurvivalProbabi’ = Profile the code on a single core

estimation - d

B (windows: SetThreadAffinityMask)

2.x + radiance.y + radiance.:

v = true;

at brdfPdf = EvaluateDiffuse( L
at3 factor = diffuse * INVPI;

at weight = Mis2( directPdf, brdfr
3t cosThetaOut = dot( N, L );:

E * ((weight * cosThetaOut)

andom walk - done properl
rive)

at3 brdf = SampleDiffuse( diffuse, N
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:*




Today’s Agenda:

1t
352t

), N

! = Introduction

at a = nt
at Tr
r) R

=  Metrics, Clocks and Counters

= Scalability Issues

fl + refr)) &2

), N s

e = Environment and Tools
MAXDEPTH) |

Dirty Hands

survive = SurvivalProbabilit
estimation - doing it

if;

~adiance = SampleLight( &rand
2.x + radiance.y + radiance.z

v = true;

it brdfPdf = EvaluateDiffuse( L

at3 factor = diffuse * INVPI;

3t weight = Mis2( directPdf, brdfrd
it cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direct

andom walk - done properly,
rive)

3t3 brdf = SampleDiffuse( diffuse, N, ri
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:*
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Scalability * " .

iNsiG
1t = nt
3s2t = 1.61 ’ . . . »
3o NS
) . » . .

at 'a = nt - nc
r) R = (D * nnt . . . .
-

= * diffuse;

= true; . ® ‘ ‘.
=fl + refr)) &% (dept! . .
.

), N )i . ‘ ‘
efl * E * diffuse;
= true; . . . .

\AXDEPTH) . . . .

survive = SurvivalProbability . . Q ‘
estimation - doing it p ‘ , . .
» .

~adiance = SampleLight( &rand, I . .

2.x + radiance.y + radiance.z) . . ‘

v = true; .

it brdfPdf = EvaluateDiffuse( L. I (. . .

3t3 factor = diffuse * INVPI: .
it weight = Mis2( directPdf, brdfPdf '

”~
it cosThetaOut = dot( N, L ); . e . .
E * ((weight * cosThetaOut) / directPds

andom walk - done properly, closel . . . .‘) . . .
»

rive)

1t3 brdf = SampleDiffuse( diffuse, N, ri, r2 ‘ .
rvive;

pdf; .

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:*
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Blind Stupidity

b (depth

= = inside
1t = nt
3s2t = 1.07
), N );

)

at‘a = nt - nc, b
it Tr =1 - (RO +
r) R = (D * nnt

= * diffuse;
= true;

fl + refr)) 8& (depth

0, N );
efl * E * diffuse;
= true;

{AXDEPTH)

survive = SurvivalProbability o
estimation - doing it prop=:l

if;

-adiance = SampleLight( &rand, T
.x + radiance.y + radiance.z) - O

v = true;

3t brdfPdf = EvaluateDiffuse( L, N |

at3 factor = diffuse * INVPI;

it weight = Mis2( directPdf, brdfPdf |
st cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / directPd’

andom walk - done properly, closely foll
rive)

]
at3 brdf = SampleDiffuse( diffuse, N, ri, 2

rvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-i0on = true:

Low Level Optimization of DrawScaled
Now what?
= Plot multiple pixels at a time?

How many different ball sizes do we
encounter?

...Why don’t we simply pre-calculate those
frames?
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Blind Stupidity

“More computing sins are committed in the
name of efficiency (without necessarily
achieving it) than for any other single reason
— including blind stupidity.” (W.A. Wulff)

= * diffuse

“adiance = SampleLight ra

v = true;

it brdfPdf 1

at3 factor

it weight (

it cosThet (

E * ((wei

andom wal

rive)

1t3 brd se( d
Irviv

pdf;

1 = E (dot( N, R )
-10n
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Blind Stupidity

Low Level Optimization of Sprite::Draw

Pre-scaled sprites are faster than on-the-fly scaling.

352t =

), N )

)

. But, we still have loops, and if-statements, and look-ups. I wonder...
3 o s
') R = (D

= * diffuse;
= true;

=fl + refr)) && (dept

), N )
-efl *

E * diffuse;
true;

\AXDEPTH)

survive = SurvivalProbabilit
estimation - doing it

if;

"adiance = SampleLight( &rand
2.x + radiance.y + radiance.z

v = true;

st brdfPdf = EvaluateDiffuse( L. |

at3 factor = diffuse * INVPI:

at weight = Mis2( directPdf, brdfpds
at cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / directF

andom walk - done properly, clos
rive)

3t3 brdf = SampleDiffuse( diffuse, N, ri
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf):

-ion = true:*
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), N

3)

at a = nt
at Tr = 1
r) R = (D

* diffuse;
= true;

fl + refr)) &8 (ds

), N )
efl * E * diffuse
= true;

\AXDEPTH)

survive = SurvivalProbabil
estimation - doing it

if;

-adiance = Samplelight( &ranc
2.x + radiance.y + radiance.z

v = true;

it brdfPdf = EvaluateDiffuse( L

at3 factor = diffuse * INVPI;

it weight = Mis2( directPdf, brdfr

it cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) /

andom walk - done properly
rive)

3t3 brdf = SampleDiffuse( diffuse, N, ri

irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:*

direc

Low Level Optimization of Sprite::Draw

Extreme Optimization:

= We simply generate a function that plots every
pixel, without the need for a loop.

void Sprite::DrawBall( int x, int y, int size,

{

Surface* target )

uint* a = target->GetBuffer() + x + y * SCRWIDTH;
switch( size )

{

case 1:
break;

case 2:
a[1]=1052688;
a[800]=1052688;
a[801]=15724527;
break;

case 3:
a[801]=9737364;
a[802]=8684676;
a[1601]=8684676;
a[1602]=8092539;
break;

case 4:

a[2]=1052688;
a[801]=6513507;
a[802]=9737364;
a[803]=4868682;
a[1600]=1052688;
a[1601]=9737364;
a[1602]=15724527,;
a[1603]=7566195;
a[2401]=4868682;
a[2402]=7566195;
a[2403]=3223857;
break;
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Low Level Optimization of Sprite::Draw

Extreme Optimization:
o = We simply generate a function that plots every pixel, without the need for a loop.
E;%}:D FILE* £ = fopen( "drawfunc.h", "w" );
S fprintf( £, "void Sprite::DrawBall( int x, int y, int size, Surface* target )\n" );
= true; fprintf( f, "{\nuint* a = target->GetBuffer() + x + y * SCRWIDTH;\nswitch( size )\n{\n" );
o for( int 1 = 0; i < 64; i++ )
3 + refr)) && (deg
), N {
efl * E * diffuse A
= true; . .

fprintf( f, "“case %i:\n", size );

AXDEPTH) for( int y = 9; y < size; y++) for( int x = 9; x < size; x++ )
survive = Survig?}l?rcl?abil,’ {
o int a = y * SCRWIDTH + Xx;
e e if (scaled[i]->GetBuffer()[x + y * size] & Oxffffff)
(= true; _ fprintf( f, "a[%i]=%i;\n", a, scaled[i]->GetBuffer()[x + y * size] & Oxffffff );
e )
S e A fprintf( f, "break;\n" );
E * ((weight * cosThetaOut) / directF }
i:‘d’:; walk - done properly, clo 'Fppint'F( 'F, "}\n}\n" );

3t3 brdf = SampleDiffuse( diffuse, N, ri
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:*
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switch( size ) al2406]-4342338; a[3205]-14606046;
( a[3200)=526344; a[3206]<10855845;
case 1: 3[3201]4868682 a[320
break; a[3202 708; a[3208
case 2: a[3203]< 13553358; a[4000]=1052688;
a[1]=1052683; a[3204]-12434877; a[4001]-4342338;
al800]=1052688; a[3205]-9211020; a[4002]-8092539;
2(801]-15724527; a[3206]=3750201; a[4003]-11382189;
break; a[4001]-3223857; 46;
case 3: a[4002]=7039851; a[4005]<14079702;
al801]=0737364; a[4003]-9211020; al4006]= 102637C8
a[802]-868467 a[4004]-9211020;
al1601]-8684676; a[4005]-6513507;
al1602]-8092539; 1400612171165, a[4801]-2697513;
break; a4802 a[4802]-6513507;
case 4: 2148034342338, a[4803]-8684676;
al2]-1052688; a[4804]-3750201; a[4804]-10855845;
a[801]651350 a[4805]-2171165; a[4805]-10263708;
a[802]-973736 break; a[4806]-8092535;
a[803]-4868682; case 8: 214807]-5395026;
a[1600]-1052685; al3]-526344; a[4808]-15
al1601]-9737364; al4]-1052683; a(5601]-1052685;
a[1602] 15724527 a[801]-526344; al5602]-4342338;
a(802]-3223857; al5603]-5921370;
a[uuummaaz a[803]-4868682; al5604]=7566195;
a[2402]=7566195; a[804]=5395026; al5605]=7566195;
a[2403]-3223857; a[805]-4342338; al5606]-5395026;
break; a[806]-1579032; al5607]-3223857;
y case’5: al1601]-3223857; al6402]-526344;
- 1 a2)s26344 a[1602]-6513507; al6403]-2171165;
a[3]=526344; a[1603]=9211020; a[6404]=3223857;
a[801]-3223857; a[1604]=9737364; a[6405]=3223857;
a[802]=7039851; a[1605]-8092539; a[6406]=1579032;
a[803]-6513507; a[1606]-4868682; break;
a[804]-2697513; a[1607]=1052688; case 10:
a[1600]=526344; a[2400]=526344; a[4]=526344;
a[1601]=7039851; a[2401]-4868682; a[5]=1052688;
a[1euz] =12434877; a[2402]-9211020; a[6]=526344;
toa 908533; 2403 a[802]-1052688;
[1604]5921370 a[2404; a[803]=2697513;
7t Tr = al2400)=526344; a2405]-10855 845 a[804]=3750201;
al2401]-6513507; a[2406 a[805]-4342338;
r) R = aP402]-11908533; 22407 a[806]=3750201;
a[2403)=11382189; a[3200]=1052688; a[807]=2171169;
a[2404]=5395026; a[3201]=5395026; a[808]=526344;
=+ 44 F 320112697513 a[3202]-9737364; a1601]=1052688;
a[3202]-5921370; a[3203]<14079702; a[1602]-3223857;
= true (3203)-5395026 al3204]<15724527; a[1603]=5395026;
a3204]-2171165; a[3205<11908533; a[1604]=7039851;
break; a[3206]=7566195; al1605]=7566195;
case s a[3207)-3223857; al1606]=6513507;
g 2688, a[4001]-4342338; a[1607]-4868682;
2l + raj m)-unm d 2[4002)-8092539; a[1608)=2697513;
a[802]=5395026; a[2401]-2697513;
a[803]=6513507; a[2402]-5395026;
), N ); a[804]-436&68- a[4005]-9737364; a[2403]-8092539;

05]: a[4006]-5921370; a2404

efl * Ea[1§o1 265 € - 2[4007]=2171169; a[2405
= true; a[16021—9737364 a[4801]-1579032; a[2406]-9211020;
1603]-11908533; a[4802]-4868682; a[2407)=703%851;
a[1604]-8654676 a[4803]7039851; a[2408]-4868682;
al1605]-434233; a[4804]=7566195; a[2409]= 5
a[2400]-1052688; 0480515921370 a[3200]=526344;
401]-6513507; a[3201]-3750201;
MEPT@EAM =11908533; a[3202]=703%851;

a[2403]15724527. a[3203

. al2404]-10855845; a[5604]-3223857; a[3204

survive padsusieson LProbalslseos-2171165 23205

4868682 . . (3206
EStm'a‘:géﬁ 8 %56‘" 1 a[3207]9211020;
If; a[3203]-10855845; a[3208]-5921370;

a3204]-809253% . a[5]-1052688; a[3209

‘adlancelsmmﬁeught( a[802)£1579032; 2[4000
B ; . _a[803]-3223857; 2(4001]-4342335;

. %+ "i{ﬁ@i’}fﬁgﬁ + radli{gbﬁﬁauma a[400

a[4003]-5395026; a[805]-4342338; a[4003

a[4004]-3750201; a[806]-2697513; a[4004

N = trueaous]-szrﬁu a[8o 052688; a[4005]

] 1579032 a[4006 3
it brdf#zﬁ!’; EvaluatEDl'PFég% |=A868682; a[4007]=9737364;
at3 factBiries2ddffuse * TdI603-7039851 a[4008]-6513507;

4]-526344; g 4]:3 84676 a[4009]=3223857;
at welghjh Fsbem? ( dIFECt;h f a[4800]-526344;
L a[1606]=6513507; a[4801]=3750201;
it C““fgﬁgg’ﬁ dot( N'a[l }aamas a[4802]=6513507;
E * ((ws tﬁﬁmcosThetaOattS 263461 a[4803]-9211020;
3[80 =3223857;
a[1601]=3750201; a[2402 x ;

2]-8 1y -21240310737364; a[4806]<11382189;

andom “’aa%%g 7 gﬁ% PrOPErhaoa)-11908533; a[4807]-8634676;
B 2a[4808]=5395026;

4809} 13;

a2407]=5921370; al5601]-2171169;

88, a[2408]-2171169; al5602]-4868682;

a[zam]ssssozs a[3200]<1052688; al5603]<7039851;

t3 brdﬁlwzfmmlt01ffusegldi=f$@§e, N, r1 al5604]-9211020;

03]-14 202]-8684676; al5605]-9737364;
Irvive; apsoa al5606]-8684676;

al5607]=6513507;

£ 3[2405]—9211020
3

E * brdf * (dot( N, R ) / pdf);

ion = true:*

a[5608]=3750201;
a[5609]=1052688;

a[6403]=4868682;
a[6404]=5921370;
a[6405]=6513507;
a[6406]=5395026;
a[640
a[640: 3
a[7203] 1579032

a[720
a[7206]=2697513;
a[7207]=1052688;
break;

case 11:

al!
al6]-1052688;
2[803]=1052688;

2[808]=526344;

2a[1602]=2171169;
2[1603]=3750201;
2[1604]=5395026;
2[1605]=6513507;
2[1606]=6513507;
2[1607]=5395026;
2[160: B
2[160!
2[2401]=1052688;
[2402]=3750201;
a[2403]=6513507;
2[2404]-8684676;
a[2405]-9737364;
2[2406]=9211020;
2[2407]-8092539;
2[2408]=5921370;
[2409]-3223857;
a[2410)=526344;

a[3202]=5395026;
a[3203]<3684676
a[320.

a[3208]=7566195;
a[3209]-4868682;
a[3210]=1579032;

23857,
2[4002]=6513507;
2[4003]-9737364;
al400.
a[400:
[4006]=14606046;
2[4007]=11908533;
2[4008]-8684676;

2[4009]=5395026;
al4011
a[480
a[4801]-3223857;

2[4802]=6513507;

2[4803]-9211020;

[4804]-12434877;
a[480:
a[480
a[480
[4808]-8092535;
a[480 ;

a[5603]-8092539;
a[560:
a[560!
a[5601
a[5607]-9737364;
a[5608]=7039851;

a[7205]-5395026;
a[7206]-5395026;
a[7207]-4342338;
a[7208]-2697513;
a[7209]=526344;
a[8003]=526344;
a[8004]=1579032;
a[8005]-2171169;
a[3006]-2171169;
a[8007]-1052688;
break;

case 12:
a[5]-1052688;
a6]-1052688;
a[7)=526344;
a[803]-1052688;
a[804]:2171169;
a(8o.

a[805 :
a[807] 2697513
a[808]=1579032;

a[1608]-4868682;
a[1609]-2697513;

2[1610]=10526!
2[2401]=10526!
2[2402]=3750201;
2[2403]=6513507;
a[2404]-8092539;
2[2405]-9211020;
2a[2406]-9737364;
2[2407]=9211020;
2[2408]=7039851;
a[2409]-4868682;
a[2410]=3223857;
a[2411]=526344;
a[3201]=2171169;
a[3202]=5395026;
2[3203]-8092539;
a[3204]-9737364;
a[3205]=11382189;
2[3206]=11908533;
2[3207)=10855845;
a[3208]-8684676;
a[3209]=5921370;
a[3210)=434233;
a[3211]=1052688;
2[4000]=1052688;
2[4001]=3223857;
2[4002]=6513507;
2[4003]=9211020;
2[4004]=11382189;
2[4005]=14079702;
2[4006]=14606046;
2[4007)=13553358;
2[4008]=10263708;
2[4009]=7566195;
a[4010)=53950;
al4011)=21711
2[4800]=10526!
2[4801]=32238!
2[4802]=65135

2[4805]=14606046;
2[4806)=15724527;
2[4807)=14079702;
2[4808]=10855845;
2[4809]=7566195;
2[4810]=53950;
a[4811]=21711
a[5600]=52634:
a[5601]=26975
a[5602]=5921370;

a[5603]=9211020;

a[5604]=10855845;
a[5605]=13553358;
a[5606]=14079702;
a[5607]=12434877;
a[5608]=10263708;

3[640514684676
3[5405]<309539

a[7204]—486&682

[5609]= ;
a[5610]-486868;
a[5611]=1579032;
a[6401]=1579032;
a[6402]-4868682;
a[6403]=7039851;
2[6404]-8684676;
a[6405]=10263708;
a(6406]=10855845;
a[6407]=10263708;
a(6408]-8092539;
a[6409]=5395026;
a(6410]=3750201;
a[6411]=526344;

a[7202]=2697513;
2a[7203]-4868682;
a[7204]=5921370;
a[7205]=7566195;
a[7206]=7566195;
a[7207]=7039851;
a[7208]=5395026;
a[7209]=3223857;
a[7210]=1579032;
a[8002]=1052688;
a[8003]=3223857;
a[8004]=4342338;
[8005]=5395026;
2[8006]=5395026;
a[8007]-4868682;
a[8008]=3750201;
2[8009]=157903;
2[8010]=526344;
2[8803]=526344;
2[8804]=1052688;
2[8805]=2171169;
2[8806)=2171169;
2[8807)=1579032;
2[8808]=526344;
break;

case 13:
al5]=526344;
al6]=1052688;
a[7]=1052688;
al8]=526344;
a[803]=526344;
a[804]=1579032;

a[1602]=526344;
a[1603]-2697513;
a[1604]=3750201;
a[1605]-4868682;
a[1606]=5395026;
a[1607]=5395026;
a[1608]-4868682;
a[1609]=3223857;
2a[1610]=1579032;
2[2401]=526344;

a[2402]=2697513;
a[2403]-4868682;
a[2404]=6513507;
a[2405]-8092539;
a[2406]-8684676;
a[2407]-8092539;
a[2408]=7566195;
a[2409]=5921370;
a[2410]=4342338;
a[2411]=1579032;
a[3201]=1579032;
a[3202]=3750201;
2[3203]=6513507;
a[3204]-8092539;

a[3205]=10263708;
a[3206]=10855845;
a[3207]=10263708;

a[3208]-9211020;
a[3209]=7039851;
a[3210]=5395026;
a[3211]2697513;
a[3212]=526344;
a[4000]=526344;
a[4001]-2697513;
2[4002]-4868682;
2[4003]-8092539;

2[4004]=10263708;
2[4005]=12434877;
2[4006]=14079702;
2[4007]=13553358;
2[4008]=11908533;

2[4009]=9211020;
a[4010]=7039851;
a[4011]=375020%;
a[4012]=1579032;
2[4800]=1052688;
a[4801]=3223857;
a[4802]=5395026;
a[4803]-8684676;

a[4804]=10855845;
a[4805]=14079702;
a[4806)=15724527;
a[4807]=14606046;
a[4808]=13027014;

a[4809]=9737364;
a[4810]=7566195;
a[4811]=4342335;
a[4812]=2171169;
a[5600]=1052688;
a[5601]=3223857;
a[5602]=5395026;
a[5603]-8092539;

a[5604]=10263708;
a[5605]=13553358;
a[5606]=14606046;
a[5607]=14079702;
a[5608]=12434877;

a[5609]=9211020;
a[5610]=7566195;
a[5611]=4342338;
a[5612]=2171169;
a[6400]=526344;

a[6401]=2697513;
a[6402]-4868682;
a[6403]=7566195;
a[6404]=9211020;

a[6405]=11908533;
a[6406]=13027014;
a[6407]-12434877;

a[6408]=11382189;
a[6409]-8684676;
a[6410]=6513507;
a[6411]=3750201;
a[6412]=1579032;
a[7201]=1052688;
a[7202]=3223857;
a[7203]=5921370;
a[7204]=7039851;
a[7205]=9211020;
a[7206]=9737364;
a[7207]=9211020;
a[7208]-8684676;
a[7209]=6513507;
a[7210]-4868682;
a[7211]=2171169;
a[7212]-526344;
a[8002]=1579032;
a[8003]=4342338;
a[8004]=5395026;
a[8005]=7039851;
a[8006]=7566195;
a[8007]=7566195;
a[8008]=6513507;
a[8009]=4868682;
a[8010]=3223857;
a[8011]=1052685;
a[8803]=1579032;
a[8804]=2697513;
a[8805]=3750201;
a[8806]=4342338;
a[88071=4342338;
a[8808]=3750201;
a[8809]=2171169;
a[8810]=1052683;
a[9604]=526344;
a[9605]=157%032;
a[9606]=2171169;
a[9607]=2171169;
a[9608]=157%032;
a[9609]=526344;
break;

case 14:
al5]=526344;
a[6]=1052688;
a[7]=1052688;
a[8]=526344;
a[804]=1579032;

6344;
a[1603]=1579032;
a[1604]=3750201;
a[1605]=4868682;
a[1606]=5395026;
a[1607]=5395026;
a[1608]=4868682;
a[1609]=4342338;
a[1610]=3223857;
a[1611]=1052683;
a[2402]=1579032;
a[2403]=3223857;
a[2404]=5395026;
a[2405]=6513507;
a[2406]=7566195;
a[2407]=7566195;
a[2408]=7039851;
a[2409]=5921370;
a[2410]-4868682;
a[2411]=2697513;
a[2412]=1052683;
a[3201]=1579032;
a[3202]=3750201;
a[3203]=5395026;
a[3204]-8092539;
a[3205]-9211020;

23[3206]=10263708;
23[3207]=10855845;

a[3208]=10263708;
a[3209]-8684676;
a[3210]=7039851;
a[3211]-4868682;
a[3212]=2697513;
a[3213 6
a[4000! ;
a[4001]=2697513;
a[4002]-4868682;
a[4003]=6513507;
2a[4004]=9211020;

a[4005 382189;
(4006 434877,
a[4007]=: 13027014
a[4008

a[4009 263738;
[4010]43584676

a[4805]= 11434877
a[4806;
a[4807
a[4808]=: 1355335&
a[4809

a[4810]ﬂ211020,
a[4811]=6513507;
a[4812]=434233;
a[4813]=2171169;

2[9603]=1052688;
2[9604]-2697513;
[9605]=3750201;
a[9606]=4342338;
a(9607]=4342338;
[9608]=3750201;
2[9609]=3223857;
a[9610]=2171169;
a[9611]=526344;
2[1040. b
2[10405]=; 1579032
(1040
2[1040

al6]-526344;
al7)=1052688;
al8)=1052688;
a[9)=526344;
2[804)=1052688;
a[805]=2171169;
a[806]=2697513;
alg07]-3223857,

a[1602] 525344

a[1603]=1579032;
a[1604]=3223857;
a[1605]=434233;

a[5603]=7566195;
a[5604,
a[5605
a[5606]=14606046;
a[5607]=15724527;
a[5608;
a[5609]=11908533;
a[5610]=9737364;
a[5611
3[5612]-4342338
a[5613
a[6400!
a[6401]=2697513;
a[6402]=4868682;
al6403 ;
a[64041-10263708;

a(6410]=9211020;

al6411]=5921370;
al6412]=3750201;
al6413]=1579032;
al 71169;
al7202]-4342338;
a[7203]=5921370;
[7204]3584576
al7205

a[7209]-9737364;
a[7z1o]<soezsss
a[7211

a[7213

a[8001]=1052688;
a[8002]=3223857;
al8003]-4868682;

a[8004;
a[8005]-8684676;
a[8006]=9211020;
a[8007]=9737364;
a[8008]=9211020;
a[8009]=8092539;
28010,
a[8011
a[8012
a[8013
a[8802
a[8803
a[8804]-4868682;
a[8805
a[8806!
a[8807
a[8808;
a[8809
a[8810!
a[8s11
a[8812

a1l
a(1607]-5395026;
a[1608]=5395026;
a[1609]-4868682;
a[1610]=3750201;
a[1611]=2697513;
a[1612]=1052688;
a[2402)=1579032;
2[2403]=3223857;
a[2404]-4868682;
2[2405]=5921370;
2[2406]=7039851;
a[2407)=7566195;
2[2408]=7566195;
2[2409]=6513507;
[2410]=5395026;
a[2411]=4342338;
[2412]=2697513;
3[2413)-1052688;
a[3201]=1052688;
[3202]-3223857;
[3203]-4868682;
[3204]=6513507;
a[3205]-8092539;
[3206]-9211020;
[3207]=9737364;
2(3208]-9211020;
[3209]-8684676;
a(3210]=7039851;
a[3211]=5921370;
a[3212]=3750201;
a[3213)=2171169;
a[3214]=526344;
a[4001]=2171169;
[4002]=4342338;
2[4003]=5921370;
2[4004]=8092539;
2[4005]=9737364;

2[4006]=10855845;
2[4007)=11908533;
2[4008]=11382189;
2[4009]=10263708;

2[4010]-8684676;
2[4011]=7039851;
a[4012]=5395026;
2[4013]=3223857;
2[4014]=1052688;
2a[4800]=526344;

2[4801]-2697513;
a[4802]-486868;
[4803]=7039851;
2[4804]=9211020;

[4805]=10855845;
a[4806]=12434877;
2[4807)=14079702;
2a[4808]=13553358;
a[4809)=11908533;
2[4810]=10263708;

a[4811]-8092539;
a[4812]=5921370;
2[4813]=3750201;
a[4814]=1579032;
a[5600]=105268;
a[5601]=3223857;
a[5602]=5395026;

a[5603]=7566195;
a[5604]-9737364;

a[5605]=11908533;
a[5606]=14079702;
a[5607]=15724527;
a[5608]=14606046;
a[5609]=13027014;
a[5610]=10855845;

a[5611]=8684676;
a[5612]=6513507;
a[5613]=4342338;

a[6405]-11382189;
a[6406]=13553358;
a[6407]=14606046;
a[6408]=14079702;
a[6409]-12434877;
2[6410]-10263708;

2[6411]=8092539;
2[6412]=6513507;
a[6413]=434233;
al6414]=2171169;
a[7200]=526344;

a[7201]=2697513;
a[7202]-4868682;
a[7203]=6513507;
a[7204]-8684676;

a[7205]=10263708;
a[7206]=11908533;
a[7207]=13027014;
a[7208]=12434877;
a[7209]=11382189;

a[7210]=9211020;
a[7211]=7566195;
a[7212]=5395026;
a[7213]=375020%;
a[7214]=157903;
a[8001]=1579032;
a[8002]=375020;
2[8003]=5395026;
2a[8004]=7039851;
a[8005)-8684676;

2[8006]=10263708;
2a[8007)=10855845;
2[8008]=10263708;

2[8009]=9211020;
2[8010]=8092539;
a[8011]=6513507;
a[8012]-4868682;
2[8013]=2697513;
a[8014)=526344;

a[8801]=526344;

2[8802]=2697513;
a[8803]=434233;
2[8804]=5921370;
2[8805]=7039851;
2[8806]=8092539;
2[8807)-8684676;
2[8808]=8092539;
2[8809]=7566195;
2[8810]=6513507;
2[8811]=4868682;
2[8812]=3223857;
2[8813]=1579032;
2[9602]=1052688;
2[9603]=2697513;
2[9604]=3750201;

2[9613]=526344;

2[10403]=1052688;
2[10404]=2171169;
a[10405]=3223857;
a[10406]=3750201;
a[10407]=4342333;
a[10408]=4342338;
a[10409]=3750201;
a[10410]=2697513;
a[10411]=1579032;

a[10412]=526344;
a[11204]=526344;

a[11205]=1052688;
a[11206]=1579032;
a[11207)=2171169;
2[11208]=2171169;
a[11209]=1579032;

a[11210]=526344;
break;

case 16:
al6]=526344;
a[7]=1052688;
a[8]=1052688;
a[9]=526344;
a[804]=1052688;
a[805]=2171169;
a[806]=2697513;
a[807]=3223857;
a[808]=3223857;
a[809]=2697513;
a[810]=2171169;
a[811]=1052688;

2a[1602]=526344;
a[1603]=1579032;
a[1604]=3223857;

a[1605]=4342338;
a[1606]=4868682;
a[1607]=5395026;
a[1608]=5395026;
a[1609]=4868682;
a[1610]=4342338;
al1611-3223857;
a[1612]=15

a[1613
2[2402]=1579032;
a[2403 B
a[2404]-486%682;
a[2405]=5921370;
a[2406
a[2407
a[2408]=7566195;
a[2409 5
22410,
a[2411]-4868682;
a[2412 i
a[2413
a[3201]=1052685;
a[3202
a[azoa]Assaas'z
a[3204]=6513507;
a[3205]=8092539;
a[3206]=9211020;
a[3207]=9737364;
a[3208]=9737364;
a[3209]=9211020;
a[3210]=8092539;
a[3211]=6513507;
a[3212]-4868682;
a[3213]=3223857;
a[3214]
a[4001,
a[4002]=4342338;
a[4003]-5921370;
a[4004]-8092539;
a[4005]-9737364;

a[4006]=10855845;
a[4007]=11908533;
3[4008]=11908533;

a[4009
a[4010]=9737364;
a[4011]=8092539;
a[4012]=5921370;
a[4013]=4342338;
a[4014]=2171169;

2[4804]=9211020;

a[4805 B
a[4806
a[4807
a[4808
a[4809
24810, B
2[4811]=9211020;

a[4812
a[4813]-4868682;
a[4814)
a[4815
25600
a[5601
a[5602
a[5603

al561119737364
a[5612
al5613
al5614
al5615
a[6400]
al6401

a[6402]=5395026;
al6403]=7566195;
a[6404]=9737364;

a[6405]=11908533;
a[6406]=14079702;
a[6407]=15724527;
a[6408]=15724527;
a[6409]=14079702;
a[6410]=11908533;

a[6411]=9737364;
a[6412]=7566195;
a[6413]=5395026;
a[6414]=3223857;
a[6415]=1052688;
a[7200]=526344;

a[7201]=2697513;
a[7202]=4868682;
a[7203]=7039851;
a[7204]=9211020;

a[7205]=10855845;
a7206)=12434877;
a[7207)-14079702;
a7208]-14079702;
a[7209)-12434877;
a7210]-10855845;

a[7211]=9211020;
a[7212]=7039851;
a[7213]-4868682;
a[7214]=2697513;
a[7215]=526344;

a[8001]=2171169;
a[8002]=4342335;
a[8003]=5921370;
a[8004]-8092539;
a[8005]=9737364;

a[8006]=10855845;
a[8007]=11908533;
a[8008]=11908533;

=

=
a[8009]=10855845;
a[8010]=9737364;
a[8011]=8092539;
a[8012]=5921370;
a[8013]=4342333;
a[8014]=2171169;
a[8801]=1052688;
a[8802]=3223857;
a[8803]=4868682;
a[8804]=6513507;
a[8805)=8092539;
2a[8806]=9211020;
a[8807]=9737364;
a[8808]=9737364;
2a[8809]=9211020;
a[8810]-8092539;
a[8811]=6513507;
a[8812]-4868682;
a[8813]=3223857;
a[8814]=1052688;
a[9602]=157%032;
a[9603]=3223857;
a[9604]-4868682;
a[9605)=5921370;
a[9606]=7039851;
a[9607]=7566195;
a[9608]=7566195;
a[9609]=7039851;
2[9610]=5921370;
a[9611]-4868682;
a[9612]=3223857;
a[9613]=1579032;
a[10402]=526344;

a[10403]=1579032;
a[10404]=3223857;
a[10405]=4342338;
a[10406]=4868682;
a[10407]=5395026;
a[10408]=5395026;
a[10409]=4868682;
a[10410]=4342338;
a[10411]=3223857;
a[10412]=1579032;

a[10413
a[11204;
a[11205
a[11206;
a[11207.
a[11208
a[11209.
a[11210.
a[11211
a[12006;

=526344;

=526344;

a[12007]=1052688;
a[12008]=1052688;

a[12009]=526344;
break;

case17:
al6]-526344;
al7]=1052688;
a8]=1052688;

=1052688;
=2171169;
=2607513;
=3223857;
3223857;
=2607513;
=2171169;
=1052688;

a[9]-1052688;
a[10]=526344;
a[805]=526344;
a[806]=1579032;
a[807]=2171169;
a[808]=2171169;
a[809]=2171169;
a[810]=1579032;
a[811]-1052688;
a[812]=526344;
a[1603]=526344;
a[1604]=157%032;
a[1605]=2697513;
a[1606]=3750201;
a[1607]=4342338;
a[1608]=4342338;
a[1609]=4342338;

a1610]=3750201;
al1611]=3223857;
al1612]=2171169;
a[1613]=1052688;
a[2402]=526344;

3240312171165
a[2404]=32.

a[2405]-4863682;
a[2406]=5395026;
a[2407 :
a[2408
a[2409]=6513507;
a[2410,
a[2411
a[2412]=3750201;
a[2413 ;
a[2414,
a[3202]=1579032;
FEPLES ;
a[3204]-4863682;
a[3205]=6513507;
a[3206;
2[3207]-8092539;
a[3208]-8684676;
a[3209]-8684676;
a[3210]=8092539;
a[3211]=703985%;
a[3212
a[3213]-4342338;
a[3214]=2697513;

a[4002]=2697513;
a[4003]-4868682;
a[4004
a[4005]-8092539;
2a[4006]=9211020;
a[4007
a[4008;
a[4009

al4012
al4013
a[4014]=:
al4015
a[4800
a[4801]=
a[4802
a[4803
a[4804]=
a[4805]=9211020;
a[4806;
a[4807
2[4808
a[4809
a[4810,

a[4814]=4868682;
a[4815 ;

a[5612]=9211020;
al5613 3
a[5614;
al5615
25616
a[6400
al6401

a[6402]=4342333;
a[6403]=6513507;
a[6404]-8684676;

a[6405]=10855845;
a[6406]=13027014;
a[6407]=15198183;
a[6408]=16250871;
a[6409]=16250871;
a[6410]=14079702;
al6411]=11908533;

a[6412]=9737364;
a[6413]=7566195;
a[6414]=5395026;
a[6415]=3223857;
a[6416]=1052688;
a[7200]=1052688;
a[7201]=2171169;
a[7202]=4342333;
a[7203]=6513507;
a[7204]-8684676;
a[7205]=10855845;
a[7206]=13027014;
a[7207)=14606046;
a[7208]=16250871;
a[7209)=15724527;
a[7210)=14079702;
a[7211]=11908533;
a[7212]=9737364;
a[7213]=7566195;
a[7214]=5395026;
a[7215]=3223857;
a[7216]=1052688;
a[8000]=526344;
a[8001]=1579032;
a[8002]=3750201;
a[8003]=5921370;
a[8004]-8092539;
a[8005]=10263708;
a[8006]=11908533;
a[8007)=13553358;
a[8008]=14079702;
a[8009]=14079702;
a[8010]=12434877;
a[8011]=10855845;
a[8012]=9211020;
a[8013]=7039851;
a[8014]-4868682;
a[8015)=2697513;
a[8016]=526344;
a[8801]=1052685;
a[8802]=3223857;
a[8803]=5395026;
a[8804]=7039851;
a[8805]-8684676;
a[8806]=10263708;
2[8807]=11382189;
2[8808]=11908533;
a[8809]=11908533;
a[8810]=10855845;
a[8811]=9737364;
a[8812]=8092539;
a[8813]=5921370;
a[8814]=434233;
a[8815)=2171169;
a[9601]=526344;
[9602]=2171169;
a[9603]=3750201;
a[9604)=5921370;
a[9605]=7039851;
a[9606]-8684676;
2[9607]=9211020;
2[9608]=9737364;
2[9609]=9737364;
2[9610]=9211020;
a[9611]-8092539;
a[9612]=6513507;
a[9613]-4868682;
a[9614]=3223857;
a[9615]=1052683;
a[10402]=1052688;
a[10403]=2697513;

1

I

)

IS

17566195,
a[10409]=7566195;

1=

J=

i

)=

a[10413 B
a[10414]=1579032;
a[11203]=1052688;
a[11204]=2607513;
a[11205]=3750201;
a[11206]=4868682;
a[11207]=5395026;
a[11208]=5395026;
a[11209]=5395026;

a[11210]=4868682;
a[11211]=4342338;
a[11212]=3223857;
a[11213]=1579032;

al11214]=526344;
a[12004]=526344;

a[12005)<1579032;
a[12006)=2697513;
a[12007)=3223857;
a[12008])=3223857;
a[12009]=3223857;
a[12010)-2697513;
a[12011]-2171169;
a[12012]=1052688;

a[12806]=526344;

2[12807]=1052688;
2a[12808]=1052688;
2a[12809]=1052688;

a[12810]=526344;
break;

case 18:
al7)=526344;
a[8]=1052688;
a9)=1052688;
a[10]=1052688;
a[11]=526344;

a[lGlA]:lOSZEBS,
a[2402]=526344;

a[2403)=2171169;
a[2404)=3223857;
a[2405]=3750201;
a[2406]=5395026;
a[2407)=5921370;
a[2408]=6513507;
a[2409]=6513507;
a[2410]=6513507;
a[2411]=5395026;
a[2412]-4868682;
a[2413]=3223857;
a[2414]=2697513;
a[2415]=1052688;
a[3202)=1579032;
a[3203]=3223857;
a[3204]-4868682;
a[3205]=5921370;
a[3206]=7039851;
a[3207]=8092539;
a[3208]-8684676;
a[3209]=8684676;
a[3210]=8092539;
a[3211]=7566195;
a[3212]=6513507;
a[3213]-4868682;
a[3214]=434233;
a[3215]=2697513;
a[3216]=526344;

a[4001]=526344;

a[4002]=2171169;
a[4003]=3750201;
a[4004]=5921370;
a[4005]=6513507;
a[4006]-8092539;
a[4007]=9211020;
a[4008]=9737364;
a[4009]=9737364;
a[4010]=9211020;
a[4011]-8684676;
a[4012]=7039851;
a[4013]=5921370;
a[4014]-4868682;
a[4015)=3223857;
a[4016]=1052688;
a[4801]=1052688;
a[4802]=3223857;
a[4803]=5395026;
a[4804)=7039851;
a[4805]=8092539;
a[4806)=9737364;

a[4807]=10855845;
a[4808]=11908533;
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)

at a = nt -
3t Tr =1 - (R
'r) R = (D nr

= * diffuse;
= true;

fl + refr)) && (dept

), N );
efl * E * diffuse;
= true;

\AXDEPTH)

survive = SurvivalProbabilit
estimation - doing it

if;

"adiance = SampleLight( &rand
2.x + radiance.y + radiance.z)

et “Madness!? This is INFOMOV!”

at weight = Mis2( directPdf, brdfpds
at cosThetaOut = dot( N, L );
E * ((weight * cosThetaOut) / directr

andom walk - done properly, close
rive)

at3 brdf = SampleDiffuse( diffuse, N, ri,
irvive;

pdf;

= E * brdf * (dot( N, R ) / pdf);:

ion = true:*

1
=



_ /INFOMOV/

4
L LA T
PAY. )

5

K | W s :
- 4 END of “Low Level”

next lecture: “Caches (1)”

v = True;

at brdfPdf = EvaluateDiffuse

at3 factor = diffuse * INVPI; -
at weight = Mis2( directPdf, brdfP

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / directPd™

andom walk - done properly, clasel
rive)

at3 brdf = SampleDiffuse( diffuse, N, r1, =
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:*
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