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Developmertfthe Microprocessor

1942: Digital Electric Computer

(Atanasoffand Berry)

1947 Transistor

(Shockley, Bardeen, and Brattain)

1958:Integrated Circuit

(Kilby)

1971 :Microprocessor

(Hoff,FagginMazoy

1971 More transistors

(Moore, 1965)
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Development of the Microprocessor (Moore's law)

1971: 4004 e
2300trans, 740 KHz =

1982: 80286
134thousand trans8 MHz

LOG, OF THE NUMBER OF

COMPONENTS PER INTEGRATED F

O=MNUHLOO~NOW
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1993:PentiumP5,
1.18mill. trans 66 MHz

Fig. 2 Number of components per Integrated
function for minimum cost per component
extrapolated va time,

2000:Pentiuny,
42 mill. trans1.5GHz

2010:Nehalem
2.3bill. trans,2.66GHz
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The end of frequency scaling (2004)
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19992011:
25%increase in
parallelism
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Parallelism technologies:
AMulticore (8x)

AHyper threading (2x)
AAVX/SSE/MMtE (8x)

A serial program uses <2%
of available resources!

[1]Asanovilet al., A View From Berkeley, .
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Overcoming the Power Wall

Single-core 100%
[ 100% u Performance
®m Power
Dual-core 100%

A By lowering the frequency, the power consumption drops
dramatically

A By using multiple cores, we can get higher performance with t
same power budget!
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Massive Parallelism: The Graphics Processing Unit

CPU GPU
Cores 4 16
Float ops / clock 64 1024
Frequency (MHz) 3400 1544
GigaFLOPS 217 1580
Power consumption ~130 W ~250 W
MemoryGiB 32+ 3
Performance Memory Bandwidth
1600 200
GU i
5 1200 7
& 1000 % 1;8
3 800 =Tx = 100 ~TX
'Z 600 :-.: 80
& 400 g 28
5, 200 CPU B CPU
“ 02000 2002 2004 2006 2008 2010 2012 02000 2002 2004 2006 2008 2010 2012
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Early Programming of GPUs

A GPUs were first programmed using OpenGL and other graphics languages
A Mathematics were written as operations on graphical primitives
A Extremely cumbersome and error prone

Elementwise matrix multiplication Matrix multiplication

InputA
Output . .
e Srd e of At e
Geometry GL TR
\ p e n Matrix A 3rd slice of A .
3vd slice of B

&l

[1] Fast matrix multiplies using graphics hardware, Larsen and McAllister, 2001
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ExamplesfEarlyGPU Research at SINTEF

Preparatiofior FEM~5x)

Registration of medical
data (~20x)

X LA- ‘ ] : ﬁ — ..- 1 . I! o
MatIaUnterface ' o R T

Linearlgebra Water injection in a fluvial reservoir (20x)
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Todays GPU Programming Languages

GoeniiL

Ej DirectX

OpenACC.

CIRECTIVEE FOR ACCELERATORE

a‘ BrookGPU V. 11| AMD Brook+
-, Embedded F
%/f;';m"'""""’ l‘ RAPIDMIND

PEAKSTREAM

Y. 11| AMD CTM / CAL

@A NVIDIA

CUDA

2000 2005 2010 2015
Graphics APIs >> "Academic" Abstractions >> G and pragmiased languages >
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Examples of GPU Use Toda ===
m AN Autodesk DS

DASSAULT
SYSTEMES

A Thousands of academic papers |
A Big investment by large software DS diwoks  MICROSORt ",’*

companies :
A Growing use in supercomputers

GPU Supercomputers on the Top 500 List

14%

12%

10% //
8% .
6% /

4%

204 +/+

0 R .

aug.2007 jul.2008  jul.2009  jul.2010  jul.2011  jul.2012
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Programming GPUs

A For efficient use of CPUs you need to know a lot about the hardware restra
A Threadinghyperthreadinggtc.
A NUMA memory, memory alignment, etc.
A SSE/AVX instructions,
A Cache size, cache prefetching, etc.
A Instruction latencies,

A é

A For GPUs, it is exactly the same, but it is a "simpler" architecture:
A Less "magic" hardware to help you means its easier to reach peak perfc

A Less "magic" hardware means you need to consider the hardware for al
programs
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Grid (3x2 blocks)

GPU Execution Mode

Block (8x8 threads)

Thread in position (21, ]
threadldx.x 5
threadldx.y 3
blockldx.x 2

|Iockldx.y: 1

A The same program is launched for all threads "in parallc?
A The thread identifiers are used to calculate its global position

A The thread position is used to load and store data, and execute code

A The parallel execution means that synchronization can be very expensive
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GPU Execution Model

CPU scalar op CPU AVX op GPU Warp op
1 EEEEEE HHEHEHEE IEIEIZIZIE
050 [ ] N HEHEEHE
55 [ | N DEIEEIEIE
.
0 [ (R 0 [ SEEEEE
0 S DR EEEEEE SEAEEE
SEEEEEEE [ [ o HEEEEE

CPUWscalar op: 1 thread, 1 operand baata element
CPU SSE/AVX op 1 thread]l operand on& data elements

GPU Warp op: 1 warp=32 threads, 32 operaras32 data elements
A Exposed amdividual threads
A Actually runs theame instruction
A Divergencempliesserialization and masking
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Warp Serialization and Masking

1 8 16 24 32
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE :
EEEEEEsEEEEEEEEsnEsnnEssnannmmmn ’/ Non-divergent code
v if(x>0) 1
- * wumn RERARRXRRRERERRRR NS y = pow(x, exp);
y % NNuN t S S S S SR SRR RS RS 8 = S;
— y x=K
% BN AN EEEEEES = y + Ka;
} else {
e % sRRNN * x = 0;
s % ' TEEE * } z = Ka;
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE 1
YV SEssssssssnsEsssssssssssssmmmmnm ’/ VJon-divergent code

Hardware serializes and masks divergent code flow:
A Programmer is relieved of fiddling with element masks (which is necessary for SSE)
A Execution time is still the sum of all branches taken
A Worst case 1/32 performance
A Important toninimize divergent code flbw
A Move conditionals into data, use min, max, conditional moves.
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6bCDAELA VChA ZLhHCEH] Cf F

__global__
i . void
A First itstatemen newton( float * x, const float * a, const float * b, const float * c,int N)
{
A Masks out int i= blockidxx * blockDimx + threadidx.x

superfluoughreads Nt (i < N

const float la = a[i];

A Not significant const float Ib = bfil;
A | . | . const float Ic =cJi];
teration oop float Ix =0.f;
- ~for (int it=0; it<MAXIT; it++) {
A Identical for all threa ont f o [t v 1 -
_ _ break ;
A Possible divergence }
o float df =2.fla*lx + b ;
A Only beneficial wher x=Ix - fl df:
all threads inwarp ¢~ }._
exit }
}

A Removingarly exit
iIncreases performance from 0.84ms to 0.69ms (kernel only)

$+ef KCHEg < BK ! ::: =::: f Hutthatp dddfdrentdbodyEf HAEL ] LhBg HgCc
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AlgoritmrDesigrExamplesSolvinghe Heat Equation

A The heaequatiordescribegliffusive
heatconductionn a medium

A Prototypicapartialdifferentiabquation

ou 0%u
— = K —
Ot Ox?

A u isthetemperaturekappa ithe diffusion
coefficientt is time, and xgpace

A Wewantto design aalgorithnthat suits the GPUWexecutiormodel
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Finding a solution to the heat equation ou O

A Solving such partial differential equations
analytically is nontrivial in all but a few very
special cases

A Solution strategy: replace the continuous derivatives
with approximations aset of grid points

A Solve for each grid point 4
numerically on a computer A

e

A "Use many grid points, and Ll |

high order of approximation
»

] 1 . n— n ‘ n T
o get gOOd results E(ui — u; 1) = A (uiq — 2u} + uly)
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The Heat Equation with an implicit scheme

1. We can construct anplicitscheme by carefully choosing
the "correct" approximation of derivatives

YA
. U L - —
—ruy  + (142r)u] —ruly = ul™ ", r= s

2. This ends up in a system of linear equations

1 0 0 0 0 0 0 T'T=27 Fus®

—r 14+2r  —r 0 0 0 0 uf gy

0 —r 142r —r 0 0 0 uf ufy !

0 0 —r  142r —r 0 0 uy | = :lf;_l

0 () () - 14+2r -—r 0 wy u"l'—]

0 0 0 0 —r  1+2r —r ug Vi
L9 0 0 0 0 0 I | g Ll |

3. Solve Ax=Db using standard GPU methods to evolve the solution in time
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The Heat Equation with an implicit scheme

A Such implicit schemes are often sought after:

They allow for large time steps,

i
I They can be solved using standard tools
:

[
|

Allow complex geometries

- They can be very accurate
- é

A Howevenr

Linear algebra solvers carslmav and memory hungrgspecially on the
GPU

Many sparse solvers are inherently serial and unsuited for the GPU

For many timearying phenomena, we are also interested in the temporz:
dynamics of the problem
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Algorithmi@and numericgerformance

A Total performance is the product of A —
algorithmi@andnumerical performance Explicit

tencil
A Your mileage may vary: algorithmic N
performance is highly problem dependeng

% Tridiag
A Sparse linear algebra solvers have Iow% OR
numerical performance E oL
A Only able to utilize a fraction of the E e
capabilities of CPUs, amalse on GPUs E Black
Z

. . : Multigrid
A Explicit schemes with compact stencils dan .

give neapeak numerical performance Krylov
A May give the overall highest performance

>
Algorithmic performance
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Explicit schemes with compact stencils

A Explicit schemes can give rise to compact stencils
I Embarrassingly parallel
I Perfect for the GPU!

1 n n— R n n n
E(I_ "I.%v 1 — @(“U@_1 _ 2“.1_ _|_ u'g'_|_1)
At(“l-ﬁl ") = @(“1—1 — 2ug + uiyy)
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The Shallow Water Equations

A A hyperbolic partial differential equation
A First described by de Saifenan(17971886)
A Conservation of mass and momentum
A Gravity waves in 2@esurface

A Gravityinduced fluid motion
A Governing flow is horizontal

A Not only used to describe physics of water: s
A Simplification of atmospheric flow
A Avalanches

A ..

Water image from http://freephoto.com / lan Britton
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Target Application Areas

Tsunamis

2011: Japan (5321+)
2004: Indian Ocean (230 000)

StormSurges

7z
| "

20055 i—lurricane Katrina' (1836)
1530: Netherlands (100 000+)

Flood

"-Y'/ﬁ.- \
b - \
R
;\"' A8
o, ™.

2010: Pakistan (2000+)
1931: China floods (2 500 000+)

Dam breaks

‘

19?5: Bér_{qiao Dam (230 000+)
1959: Malpasset (423)

Images frorwikipedia.orgvww.ecolo.org
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Using GPUs for Shallow Water Simulations

A In preparation for events: Evaluate possible scel - |
A Simulation of many ensemble members e e
A Creation of inundation maps and emergency actionplf '« =~

A In response to ongoing events
A Simulate possible scenaringealtime

A Simulate strategies for action (deployment of barriers, ,;’
evacuation of affected areas, etc.)

A High requirements to performance => Use the GPU

Simulation result from NO
2CecMCfHBC DCA KhBD C/ Bg CCJLELg 8BeCfa YgeCCDH 2 Ce QINGdattdB Raps/LOshngElds/PagésiLdsAngetes
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The Shallow Water Equations
\___/—\ )

hu _); > h
— 4

r B

h hu hw 0 0
hu | + | hu*+3gh* | + huv = | —ghB, | + | —guvu®+v2/C?
hv |, huv -~ hv? + 1gh? . —ghB, —guvu? +v2/C?

H (\E\[/m j j
Vector of : Bed slope Bed friction
Conserved Flux Functions

: source term source term
variables
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The Shallow Water Equations

0
+ | —guvu? +v2/C?
—guvu? +v2/C?

h hu hv 0
hu + | hu®+ % ghz + huv = | —ghB,
hv |, huv . hv? + % gh? y —ghB,

A A Hyperbolipartial differentiaquation
A Enables explicit schemes
A Solutions form discontinuities / shocks

A Require high accuracy in smooth parts
without oscillations near discontinuities

A Solutions include dry areas
A Negative water depths ruin simulations
A Often high requirements to accuracy
A Order of spatial/temporal discretization
A Floating point roundiegrors
A Can be difficult to capture "lake at rest"

A standing wave sinock
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Finding the perfect numerical scheme

A We want to find a numerical scheme that

A Works well for our target scenarios
A Handles dry zones (land)
A Handles shocks gracefully (without smearing or causing oscill
A Preserves "lake at rest"
A Hasthe accuracjor capturing the required physics
A Preserves the physical quantities

A Fits GPUs well
A Works well with single precision
A Is embarrassingly parallel
A Has a compact stencil
Aé
A é
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The Finite Volume Scheme of Chalep*

Scheme of choicA.Kurganowand GPetrova

A Secon@®rder WeBalanced Positivity Preserving
CentralUpwind Scheme for the S&mtanSystem
Communications in Mathematical ScieacE&07)

D

A Second order accurate’fluxes

A Total Variation Diminishing

A Wellbalanced (captures lakerest)

A Compacstencil (Good ,but not perfect, match with the GPU)

* With all possible disclaimers
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Discretization

A Our grid consists of a seteflsorvolumes
A The bathymetry is a piecewise bilinear function

A The physical variableslf,hv), are piecewise =
constants per volume e,

A Physical quantities are transported across the cell interfaces * -+

A Algorithm:
1. Reconstruct physical variables
2. Evolve the solution
3. Average over grid cells

SINTEF Technology for a better society 30



KurganowetrovaSpatial Discretization (Computing fluxes

h T hv 0 0
hu | + | hu?®+ Zgh? - huv = | —ghB, | + | —guvu?+v2/C?
hv g huv . hv? + %ghz " —ghB” —g’:‘!\..-"*i'.-’,z + 1,'2;"'{:13

i

O\ [ ) [ . h L
Bl ==mb=lberl ol

ContinuousvariabIJ \_ Discrete variables / \_ Reconstruction Y, L Dry states fix  J \_ Slope evaluation . Flux calculation
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Temporal Discretization (Evolving in time)

E'I i
ij = H¢(Qij) + Hp(Qij, VB) — [F(Qi+1/2,5) — F(Qi=1/2,5)] — [G(Qij+1/2) — G(Qi j—1/2)] ]
J t Gatheallknowrterms
Qi) (.
[ i = H¢(Qij) +R(Q)z‘jJ
\
Usesecondorder Rung&utta tosolvethe ODE
Q= [QF + AtR(Q™)i;]/ [1 + AtH Q)]
Q' = |1Qu + 1[Qi + AtR(Q")] | /[1 + S AtH,(Q3)]
\_ At < %min{A:r/maxQ{u + \/g—h|, Ay/max9|-v e \/g_hl} ) S \ﬂ./f/ t y
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Overview of a Full Simulation Cycle

a N\ [ N\
e e~ R K‘fﬁ‘
S T I A |:
f' e e T LS
/ i i
kl' Calculate fluxes VAN 2. Calculate Dt D
6.Applyboundary
conditions
4 N )
N Ai P s S
L T Pl pleml
:l 1—] e — __“;'<
Y, 4 <J—

S 5. Evolve in time )

At
3. ODHalfstep

=)

k4' Calculate fluxes )
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ImplementatiohGPU code

A Four CUDA kernels: gjjj‘*’jo B
; | 1. CaloulateBues) | 2 Caloulate Dt AR i
I 87%Fluxcalculation I " N
| <19 imestep size (CFL condition) _E \/ E ’-s} = g'—
I 12% ForwalEllerstep (E |y
i 4% Set boundary conditions H
4 Step N4 )
- /
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