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Exam

What to Study

1. Slides

2. Literature on the website:

SOE = Designing for Performance, Scalability & Reliability: StarCraft II's Approach

2 =  What Every Programmer Should Know About Memory

e * Game Programming Patterns - Data Locality

i SR = Data-Oriented Design (Or Why You Might Be Shooting Yourself in the Foot With
I OO0P)

Tee = The Neglected Art of Fixed Point Arithmetic

Aty = A Survey of General-Purpose Computation on Graphics Hardware
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You may bring a dictionary to the exam.

You may not bring notes to the exam.
Example Questions You may bring pizza to the exam.

1. What is ‘false sharing’?

2. A class that consists of 28 bytes of data is padded to 32 bytes and aligned to a
cache line boundary. A large array of objects of this type is then accessed in
random order. Why is the padding a bad idea in this case?

CPUs and GPUs have fundamentally different core strategies for dealing with
latencies such as memory access time. What are these strategies?

Why is a 'divide and conquer’ algorithm in general unsuitable for GPGPU?
What is the purpose of the Northbridge in a modern PC architecture?

What is a NUMA architecture?

What is ‘hot/cold splitting’?

Explain what a super-scalar pipeline is.

2

© N o

Expect a limited number (~10) of open questions covering the main topics: CPU-,
cache- and GPU architecture, SIMD, Data Oriented Design, fixed point math.

Some questions explicitly require that you read the literature.

You will have plenty of time to answer the questions.
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Patterns: Vectorization

Optimal use of SIMD: independent lanes in parallel, which naturally extends to
8-wide, 16-wide etc.

Optimal use of GPGPU: large number of independent tasks running in parallel.
Similar pitfalls (conditional code, dependencies / concurrency issues).

Successful algorithm conversion can yield linear speedup in number of lanes.
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Patterns: Vectorization

“The only correct SSE code / GPGPU program is one where many scalar threads
run concurrently and independently”

(this pretty much rules out auto-vectorization by the compiler - go manual!)

(this requires suitable data structures: typically SoA)
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Automatic Optimization
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), N 6—m, arny?—m, armny 7e—n, armv?-r

\ 1 Th: d del: singl
) Not all Compllers are equal gczezerggog 4.2:}3325123613 {release? [ARM/emhedded-4_6-branch revision 1885211 <

GNU Tools for ARM Embedded FProcessors)
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¥ Mac 0S X.
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INFOMOV / C#

High level still works

Profiling still works

Some low level still works
Performance Basis: C# versus C++

Mergesort Performance

N Average

B Min

Mlax

Ruby Perl

Mo, Lds bk wro oy

Python C++

CH# Dictionary vs C++ hash_map: AR  Timein seconds (lower is better)
o 2 4 G 8

Big int hashtable: 1 Adding items

Big int hashtable: 2 Running queries §

Big int hashtable: 3 Removing items |

Big string hashtable: O Intsto strings

Big string hashtable: 1 Adding items |

Big string hashtable: 2 Running
queries
Big string hashtable: 3 Removing
items

10 12 14 16

LI C++ ARM (stdext::hash_map)
i C++ ARM [custom hash_map)

H C# ARM

Runtime P erformance for warm starts {lower is better}

e Ratio for media

g
5
(=9

Startup Time (Ins)

Kemel + User Time (ms} Memory Private Usage
(VB }
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¢ Implementation
ICC-12.0.3
Clang@LLVM-2.9
GCC-4.3.2
C#@Mono-2.10.1
GDC-0.24
LDC-20110428@LLVM-2.9
6g-20110424
Java@JRE-1.6.0_25
V8-r8384
JaegarMonkey-a95d42642281

LualIT-2.0.1 (JIT-on)
Lua-5.1.4

Perl-5.12.2
Shedskin-0.9@GCC-4.3.2
IronPython-2.7@Mono-2.10.1
Jython-2.5.2@JRE-1.6.0_25
PyPy-1.4.1

R-2.13.0
JRuby-1.6.1@JRE-1.6.0_25
Rubinius-1.2.3

- Lang

Go

lava

Javascript

Javascript
Lua
Lua

Perl

Python

Python
Python
Python
R

Ruby
Ruby

sudoku:t % matmul:t matmul:m

sudoku:t: time for solving 20 extremely
hard Sudoku’s 50 times.

matmul:t: time (relative to ICC) for
multiplying two 1000x1000 matrices
(standard O(N#) algorithm).

matmul:m: memory (in megabytes) for
multiplying two 1000x1000 matrices.

Reference:
Intel C++ compiler version 12.0.3, ‘10;

Java JRE: End of 2011;
Mono 2.1: End of 2010.
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CPU architecture
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-3on = true:
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Recap - lecture 5

it -
)52t
), N
)

o
~ N 3 3
- "N

3t a = nt
5t Tr =1 - (R@
'r) R= (D * nnt

E = diffuse;
= true;

f1 + refr)) &

survive = Survi
estimation - do

st brdfPdf = EvaluateDiffuse( L, I =
3t3 factor = diffuse * INVPI;

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

E * ((weight * cosThetaOut) / directods

sndom walk - done properly, closel
rive)

3t3 brdf = SampleDiffuse( diffuse, N, r1, -
srvive;

pdf;
V= E * brdf * (dot( N, R ) / pdf);
-3on = true:
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Recap - lecture 6 & 7

| Templ. . . =1oix|
GPOATEBLACKFOLES © Fis
BU)LoBRCKDROR. | 32.RS

Agner Fog:
“Automatic vectorization is the easiest way of generating SIMD code, and
I would recommend to use this method when it works. Automatic
vectorization may fail or produce suboptimal code in the following cases:
=  when the algorithm is too complex.
= when data have to be re-arranged in order to fit into vectors and it is
not obvious to the compiler how to do this or when other parts of the
code needs to be changed to handle the re-arranged data.
when it is not known to the compiler which data sets are bigger or
smaller than the vector size.
when it is not known to the compiler whether the size of a data set is
a multiple of the vector size or not.
when the algorithm involves calls to functions that are defined
elsewhere or cannot be inlined and which are not readily available in
vector versions.
when the algorithm involves many branches that are not easily
vectorized.
when floating point operations have to be reordered or transformed
and it is not known to the compiler whether these transformations
are permissible with respect to precision, overflow, etc.
when functions are implemented with lookup tables.

UFDATEPARTICLES @ MS
7304 PARTICLES
FPs 30.08

W weans
g weaJ}s
g weaJs

instruction ||
instruction

instruction ||

it a
5t Tr
'r) R

* diffuse
= true;

!fl . refr - - - -

), N )
efl * E *] diff A h h

= true; 0pp4

SIMD Basics

VAXDEPTH)

Other instructions:

survive = Sur

v A 4 \ 4 \ 4
estimatic . . . .

if; __ml128 c4 = mm_div_ps( a4, b4 ); // component-wise division
“adiance = SamplelLight
- __m128 d4 = mm_sqrt_ps( a4 ); // four square roots
] ~ ml128 d4 = mm_rcp_ps( ad ); // four reciprocals
: 2 / __m128 d4 = mm_rsqrt_ps( ad ); // four reciprocal square roots (!)
st weigh intg- ﬁ f’{‘
3t cosTh ’ = .
to (Iw‘ “ 9’““““’“,\ \y f; __ml28 d4 = _mm_ma.ux_ps( a4, ba );
- ~ ml128 d4 = mm_min_ps( a4, b4 );
dv:; i

; Keep the assembler-like syntax in mind:
yt3 brdf

B __ml128 d4 = dx4 * dx4 + dy4 * dy4;
v=E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Recap - lecture 8

1. Breakfasy ;
7!
2. Lunch f/;/nsg Ledieais

3. Potatoes
. Mmeat,
4.S UIF For clean

5 19 the hoyse

. B/nge—wafcﬁ/hg Snacks

Supplies

- (dliner)

6. coffee breqy

1t a
3t Tr

* diff
= true

fl + refr

Yol e

efl * £ * diffu
= true;

100 000
WAXDEPTH)

survive = SurvivalProl

estimati

10000

if;

adiance = Samplelight

2.x + radiance.y + radiar » 1.000

v = true; £

it brdfPdf = EvaluateDiffuse 2 Processor-Memory
factor = diffuse * INVP o z

3 fectoy LR Performance Gap

st weight = Mis2( directPdf
3t cosThetaOut = dot( N, L
E * ((weight * cosThetalut

sndom walk
jive)
1990 19405 2000

3t3 brdf = SampleDiffuse( diffuse Year

srvive;

pdf;

» = E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Recap - lecture 9

ﬂ.
Ly 9
5l || “.

VU PN B PN I P

8
0o
0
Z
L
-
P
Z

yt3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Recap - lecture 10

o ——
|
J = Some good cooks sprinkle grated pimiento cheese on this

by = e

i o el B = 2y M

’ _,-_.1” ”H 3 R0 S 3 ' hard-cooked cut up

| 4 la LA = i 2 cup finely,cut onion or sliced green onions

b 1 o atefifier= — cup sliged radishes
o ——1- Al cup mayonnaise
. 3 tablespoon vinegar
it teaspoon prepared mustard
ys 2t 1% to 2 teaspoons salt
), N & 2 Y teaspoon pepper
) e : 3 Lettuce
= e T Mix all the ingredients in a bowl. Cove
:: :r,i : = Ordinary V6A Quake S R T o T Open6l Quake on 3Dfx several hours so flavors can blend. Serve on
'r) R = (D B e S Makes 6 servings.
Resolution:  320x200 . =+ & & T ‘ Resolution:  640x480

: = diffuse Colors: 2B6W ey Colors: 65,536
= true; Frame-rate: 30fps - - Frame-rate: 30fps

»fl + refr)) &3

PCI Express 3.0 Host Interface

£ s sux sux sux o s sux sux

), N );
efl * £ * diffuse
= true;

VAXDEPTH)

survive = SurvivalProbabl
estimation - doing

if;

"adiance = Samplelight( &rand
2.x + radiance.y + radiance.:

v = true;

st brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, bedip
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / dire

S S Sux Sux Sax Sux Sux

sndom walk - done prope
sive)

3

3t3 brdf = SampleDiffuse( diffuse, N, 1
rvive;

pdf;

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

3on = true-*
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Recap - lecture 11

it = nt
)52t = 1
), N );
)

it & = nt
5t Tr = 1
'r) R= (D * nnt

= * diffuse;

= true;

fl + refr)) &3 (dept
), N)s

efl * € * diffuse;
= true;

VAXDEPTH)

survive = Sur‘vlvalProbab
e Adadmm &

lilliniwiniwarp(]

i warp 0

iowi wi wi owi warp 1

i warp 1

lilliuiwiuiwarpQ

i warp 2

nmmmmwarp3
:

warp 3

rvave;

Pdf:
y = € * brdf * (dot( N, R ) / pdf);

-3on = true:
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v

w
2

s LS



INFOMOV - Lecture 14 - “Digest & Recap” 27

Recap - lecture 12

outputarray size

| 0] 0] 1] 0] 0] 1] 1] 1] o] o] 0] 0] 1] 0] 0] 0] 0] 1] 0] ||  booleanarray

| 0] o] o] 1] 1] 1] 2] 3] 4] 4] 4] 4] 4] 5[ 5] 5[ 5[ 5] 6] 6] exclusive prefix sum

it a
3t Tr
ey R output array
* diffuse
= true;
»fl + refr
Compare element in
7 B ) top half with element
efl * E * diffu in bottom half
= true;
Subdivide red box and
recurse until a single
WAXDEPTH) comparison is left

survive = Surviv
estimatio

if; All boxes can execute
adiance = Sample in parallel.

».x + radiance.y

v = true;
it brdfPdf » Evall
yt3 factor = diffuse * INVPI
st weight = Mis2( directPdf, t
3t cosThetaOut = dot{ N, L

E * ((weight * cosThetalut

sndom walk done ¢
rive)

st3 brdf = SampleDiffuse( diffuse, |
srvive;

pdf;

' = E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Recap - lecture 13

=101

aphics I About I

rocessor
Name Intel Core i 4500MQ

Code Name as\ MaxTOP | 47W
Package Socket 847 rPGA
Technology m Core Voltage ’W
Core(TM) i7-4800M0 CPU @
Famity | 6 Model 5 Stepping | 3
Ext. Family IT Ext. vision

L1Data | 4x32KBytes | 8-way
L1inst. | 4x32KBytes | 8-way
Level2 | 4x KBytes m
Level3 [ 6MBytes | 12-way

fl + refrji S tEntN

Yol e
efl * £ * diffuse
= true;

WAXDEPTH)

survive =

estimati

if; &~ -
“adiance =«

s.X + radi —

v = true; < nrlviuls 3+ )
it brdfPdf
st3 factor
st weight
3t cosThet
E * ((wei

sndom walk
jive)

/16 -1, u+l
. 16 - 1,
yt3 brdf = SampleDiffuse( dif 3 ( int y1; y <= g ) for( x < ++ ) for( int k = 8; k < nr[y][x]; k++ )
srvive;
pdf;
v =E * brdf * (dot( N, R ) pdf
3on = true-*
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Recap - Lecture 14

Fo i)
efl * £ * diffu
= true;

WAXDEPTH)
survive = SurvivalPr

if;
"adiance = Samplelight
*.X + radiance.y + radiar

v = true;

3t brdfPdf » EvaluateDiffuse
st3 factor = diffuse * INVP
st weight = Mis2( directPdf
3t cosThetaOut = dot( N, L
E * ((weight * cosThetalut

sndom walk
jive)

yt3 brdf = SampleDiffuse( diffuse, N

srvive;

pdf;

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

3on = true-*
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Today’s Agenda:

52t

), N

- = Exam
::)T; ; :U =
= Digest

= Grand Recap

»fl + refr)) &3

), N );

efl * £ * diffuse u NOW What

= true;

VAXDEPTH)

survive = SurvivalProbabl
estimation - doing

if;

"adiance = Samplelight( &rand
*.X + radiance.y + radiance.:

v = true;

st brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, bedip

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direct

sndos walk - done properly,
sive)

3

3t3 brdf = SampleDiffuse( diffuse, N, 1
rvive;

pdf;

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

3on = true-*
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Now What

it

52t

), N

3)

it & = nt
5t Tr = 1
'r) R = (D
= * diffuse

= true;
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Now What

it = nt
)52t = 1
), N );
)

it & = nt
5t Tr = 1 R
'r) R= (D *r

= * diffuse;
= true;

fl + refr)) &8 (

survive = Surviva
estimation - doi
if;
"adiance = Sampl
*.x + radiance.y

v = true;
it brdfPdf » Evall
3t3 factor = diffuse
3t weight = Mis2( &
3t cosThetaOut =
E * ((weight *

indom walk - done properly, closely f.!
rive) :

3t3 brdf = SampleDiffuse( diffuse, N, 1,
srvive;

Pdf:
' = E * brdf * (dot( N, R ) / pdf);
-3on = true:*



»fl + refr)

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

WAXDEPTH)

survive = SurvivalProba
estimatior

if;

“adiance = SamplelLight

».x + radiance.y + radiance

v = true;

3t brdfPdf » EvaluateDiffuse

yt3 factor = diffuse * INVPI

st weight = Mis2( directPdf, brd!
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut di
sndoe walk - done prog

rive)

yt3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

' = E * brdf * (dot( N, R ) / pdf);
3on = true-*




