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HistoryHistory

GPU ComputingGPU Computing



HistoryHistory

Erik Holmberg (1908-2000)Erik Holmberg (1908-2000)
Dissertation Univ. Lund (Schweden) (1937):Dissertation Univ. Lund (Schweden) (1937):
``A study of double and multiple galaxies´´``A study of double and multiple galaxies´´
Galaxies  often in Groups and PairsGalaxies  often in Groups and Pairs
Irregular Distribution of Satellite Galaxies Irregular Distribution of Satellite Galaxies 
                    (Holmberg-Effect)(Holmberg-Effect)

Father of numerical astrophysics?Father of numerical astrophysics?
» ...with 200 light bulbs...with 200 light bulbs



77

The Astrophysical Journal, Nov. 1941The Astrophysical Journal, Nov. 1941

HistoryHistory
http://cdsads.u-strasbg.fr/abs/1941ApJ....94..385H

http://cdsads.u-strasbg.fr/abs/1941ApJ....94..385H


      

Konrad Zuse (1910-1995) BerlinKonrad Zuse (1910-1995) Berlin

Z1 in parental flat 1936

Invented freely programmable Computer

...before von Neumann...

HARDWARE



      

• John von Neumann (1903-1957)John von Neumann (1903-1957)
Born Budapest, Lecturer Berlin, since 1930 Princeton Univ. Born Budapest, Lecturer Berlin, since 1930 Princeton Univ. 
Requirements for the Construction of an electronic computing device(1946)Requirements for the Construction of an electronic computing device(1946)

HARDWARE



      

Zuse Z4: 1944 Berlin, 1950 Zürich, 1954 Frankreich

                1959 Deutsches Museum München

Computing Speed 0.03 MHz Memory  256 byte

HistoryHistory



      

Astronomisches 
Rechen-Institut (ARI) 
at Univ. of 
Heidelberg, Germany

Siemens 2002
Computer in 1964
At ARI



S.v. Hoerner,
Z.f.Astroph. 1960, 63

Siemens 2002
N=4,8,12,16 (4 Trx)

N=16,25 (40 Trx)

HistoryHistory

http://cdsads.u-strasbg.fr/abs/1963ZA.....57...47V

http://cdsads.u-strasbg.fr/abs/1960ZA.....50..184V

http://cdsads.u-strasbg.fr/abs/1963ZA.....57...47V
http://cdsads.u-strasbg.fr/abs/1960ZA.....50..184V


      

Seymour Cray (1925-1996)Seymour Cray (1925-1996)
““father of supercomputing”father of supercomputing”

CRAY1: Vectorregisters (1976)

160 Mflop, 80 MHz, 8 MByte RAM

CRAY2: (1984)

1Gflop, 120MHz, 2GByte RAM

HistoryHistory



      

Supercomputer

JUGENE

IBM Blue Gene

At FZ Jülich,

Germany

Opening Ceremony June 2008

HistoryHistory



      

Computational Science...
...after von Neumann...

Problems:
Power Consumption
Efficiency for  Real Applications

Exaflop/s?

Petaflop/s

Teraflop/s

Gigaflop/s

Thanks to Horst Simon, LBNL/NERSC for this diagram.
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Special HardwareSpecial Hardware
AcceleratorsAccelerators

GPU ComputingGPU Computing



      



      

New Jersey, Indiana, Heidelberg

HARDWARE



      



      

Beijing, ChinaGPU:



      

Heidelberg



      

NVIDIA Volta V100 GPU, 21 billion transistors, 5120 cores 

With NVLINK

Without NVLINK



NVIDIA Volta V100 GPU, 21 billion transistors, 5120 cores 



      

From www.top500.org  - list of fastest 
                    supercomputers in the world...
                    ... last year Nov. 2010:

Top 10 List November 2010

GPUGPU

GPUGPU

FR

GPUGPU

http://www.top500.org/




      



      

Current Generation:
Knights Landing
14nm



 

Intel MIC hardware / Recent Processors



 

Supercomputer from China: 96/33 Pflop/s Linpack
Wuxi/Guangzhou/Tianjin National Supercomputing Center
Taihu 10 mill. cores

32000 Intel Xeon 12 core, 
48000 Intel Phi Accelerators 57 Core, 
now Chinese processor

Test of Taihu planned;
But:
Local cluster with new
GPUs at NAOC gives
much more resources.



Top 10 List November 2018 (from www.top500.org )

Chinese ProcessorChinese Processor

Chinese ProcessorChinese Processor

XeonXeonϕϕUSA

USA

USA

Swiss

USA

USA

Saudi-A.

GPU VoltaGPU Volta

GPU VoltaGPU Volta

GPU PascalGPU Pascal

GPU VoltaGPU Volta

GPU Volta (part)GPU Volta (part)

GPU KeplerGPU Kepler
Blue GeneBlue Gene

http://www.top500.org/


….

….
By 
Switzerland



Top 500 List November 2018 – 
Performance Share of Countries



From Supercomputing Conference
Dallas, TX, USA, Nov. 2018

Bend in Curve due to
Accelerators

Green: Cumulative
Red: Top System
Blue: Average of 500

Moore’s Law?



      

Current 14nm Technology
20 billion transistors



      

GREEN 500 list – Power Efficiency (Gflops/Watts), see also http://www.top500.org

GPU VoltaGPU Volta

GPU VoltaGPU Volta

GPU VoltaGPU Volta

GPU PascalGPU Pascal
GPU VoltaGPU Volta

GPU PascalGPU Pascal

GPU VoltaGPU Volta

ChinaChina

GPU VoltaGPU Volta

Japan
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More on GPUMore on GPU

GPU ComputingGPU Computing



      

2008…
GeForce 9800 GTX, 128 Stream Proc., 512 MB
GeForce 9800 GX2, 256 Stream Proc., 1 GB
GeForce 9800 GT, 64 Stream Proc., 512 MB
[...]
2009: Tesla ~200 Proc., 4GB
2010: Fermi ~400 Proc., 4GB
2013: Kepler K20, ~2500 Procs., 6GB
2016: Kepler K80, ~5000 Procs.
2017/18: Pascal, Volta > 5000 Procs.

Graphics Processors (GPU) as  General Purpose 
Supercomputers (GPGPU)



      

Hardware around 
2006

GeForce 8800 GTX:

575 MHz * 128 processors * 2 fop/inst * 2 inst/clock = 333 Gfops



CPU vs. GPU speedup timeline

Source: https://www.carestream.com/blog/wp-content/uploads/2015/09/CSH_CPU-GPU_Chart.png



Floating Point Operations per Second for CPU and GPU:
From NVIDIA CUDA Developer Zone at:
http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html

Notice: there is still AMD with
OpenCL and competitive GPUs
Here we focus on NVIDIA GPUs
And CUDA for practical reasons!

http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html


Memory Bandwidth for CPU and GPU:
From NVIDIA CUDA Developer Zone at:
http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html

http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html


EANAM7 2016

Kepler, Pascal, Volta, Scaling, it works... 

Volta V100

Pascal GF1080

Kepler K20m

Spurzem, Berczik,
et al., 2013, 
LNCS Supercomputing, 
2013, pp. 13-25,
Springer.
(updated unpublished)

 X

X = first GPU of laohu 2010



      

NVIDIA Volta V100 GPU, 21 billion transistors, 5120 cores 

With NVLINK

Without NVLINK



      

CPU and GPU; from CUDA NVIDIA Developer Zone at
http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html

“The GPU devotes more transistors to computing”
“favours data parallel operations”



      

GPU Structure From: http://geco.mines.edu/tesla/cuda_tutorial_mio/



      

CUDA



      

Simple CUDA example



      

Source: http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html

http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html


Speedups using GPU vs. CPU



Towards Peta-Scale Green ComputationTowards Peta-Scale Green Computation
— — applications of the GPU supercomputers in CASapplications of the GPU supercomputers in CAS

http://www.nvidia.com/gtc2010-
content



Molecular DynamicsMolecular Dynamics

Computer Physics - AstrophysicsComputer Physics - Astrophysics



      

Rpeak SP：
Rpeak DP：
Linpack:
Mflops/Watt:
Total RAM：
Total VRAM：
Total HD：
Inst. Comm.：
Data Comm.：
Occupied area
：
Weight：
Max Power：

System：
Monitor：
Languages：

2Pflops
1Pflops

207.3T (Top500 19th)
431 (Green500 8th)
17.2TB
6.6TB
360TB
H3C GE
Mellanox QDR IB

150 sq.m.
12.6 tons
600kW(computing) 
200kW(cooling)
CentOS 5.4, PBS
Ganglia, GPU monitor
C, C++, CUDA 3.1 , OpenCL

Fermi-based GPU supercomputer IPE 
(2010.04.24)



IPE CAS 372 node 6xC2050 cluster
2232 GPU = 2.2 Pfops SP / 1.1 Pfops DP



      



      



CosmologyCosmology

Computer Physics - AstrophysicsComputer Physics - Astrophysics



Structure Formation in the UniverseStructure Formation in the Universe

In the year 100.000....

  ...and ``today´´
(Cosmic Microwave Background)

Wilkinson Microwave  Anisotropy Probe (WMAP)Wilkinson Microwave  Anisotropy Probe (WMAP)

Computer Physics – AstrophysicsComputer Physics – Astrophysics
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Serves as example here; 
for current project see
http://www.illustris-project.org/

http://www.illustris-project.org/
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Challenges: Challenges: 
CosmologyCosmology

Structure of Voids and
Filaments in 3D

(From Virgo-Webpages)



      



Black Holes in Black Holes in 
Star ClustersStar Clusters

Computer Physics - AstrophysicsComputer Physics - Astrophysics



VIRGO – Pisa 3km
LIGO – Livingston, LA
             Hanford, WA
                             1km
GEO600 – Hannover
                          600m
AIGO – Australien
          (planned, 5 km)

http://www.ligo-la.caltech.edu/
http://www.ego-gw.it
http://www.geo600.uni-hannover.de

Outreach to 50 Millionen
light years (Neutron Stars)

http://www.ligo-la.caltech.edu/
http://www.ego-gw.it/
http://www.geo600.uni-hannover.de/


66
55

Example: VIRGO Detector in Cascina near Pisa, Italy



GW Detection Frequency Time Diagram
Top: Our simulation (Wang et al. 2016, Sobolenko et al. In prep.)
Down: Abott et al. 2016 LIGO measurement



 

The Observed LIGO Events – Table from Brown's Talk at KITP (2)

The Observed LIGO/Virgo
Events…
The DRAGON events in
the supercomputer...



  

http://kiaa.pku.edu.cn News...MPA Garching
Highlight March 2016
http://www.mpa-garching.mpg.de/
328833/hl201603

http://kiaa.pku.edu.cn/
http://www.mpa-garching.mpg.de/
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More About More About 
the Futurethe Future

Computational and Computer Computational and Computer 
ScienceScience



      

2005 - 2009



      

Pressure 
force 

pipeline:

FPGA...
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Slide: Horst Simon, Exascale Computing
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Slide: Horst Simon, Exascale Computing
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http://www.fz-juelich.de/ias/jsc/EN/Research/research_node.html
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...the new hype: HPC and AI … here by T. Maruyama, ISC17:



81      
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Tflop/s

Tflop/s
GB/s
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Some basic ideasSome basic ideas

Parallel ComputingParallel Computing



Evolution according to 
Amdahl's law of the 
theoretical speedup of 
the execution of a 
program in function of 
the number of 
processors executing it, 
for different values of p. 
The speedup is limited 
by the serial part of the 
program. For example, 
if 95% of the program 
can be parallelized, the 
theoretical maximum 
speedup using parallel 
computing would be 20 
times.

By Daniels220 at English Wikipedia - Own work based on: File:AmdahlsLaw.png, CC 
BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=6678551

Amdahl's Law  (Gene Amdahl 1967)



Calculate Amdahl's Law:

Let X be the part of my program (in terms of computing time) which can be parallelised. 
The sequential computing time Tseq is normalized to unity (1), and can be expressed 
as:

Tseq = 1 = X + (1-X)

The parallel computing time Tpar under ideal conditions (ideal load balancing, ultrafast 
communication):

Tpar = X/p + (1-X)                         with processor number (core number)   p

Then the speed-up of the program S = Tseq / Tpar :

S = 1 / (1-X+X/p)        ;      Note: Tpar/Tseq = 1/S  (sometimes also plotted)

Note the limit if p is very large:  S = 1/(1-X). And if X ~ 1: S  ～ p 

With communication overhead:

Tpar = X/p + (1-X)  + Tcomm            →      S = 1 / (1-X+X/p+Tcomm)

If Tcomm independent of p we have for large p:  S = 1 / (1-X + Tcomm) = const.  



Nopt

Parallel code on cluster



Strong and Soft Scaling

  Strong Scaling: Fixed Problem size, increase p 
  Soft Scaling: Increase Problem size, increase p
  (constant amount of work per processing element)

Ansatz for Soft Scaling:
 Tseq = p = p (X + (1-X))
 Tpar = X  + p (1-X)
   S = Tseq/Tpar = p  / (X+p (1-X))
   If X~1: S = p ; Tpar = X = const.    
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ΦGPU – NBODY Code

350 Teraflop/s
1600 GPUs . 
440 cores
= 704.000 
GPU-Cores

Using 
Mole-8.5
of 
IPE/CAS 
Beijing

Berczik et al.
2013

Strong and
Soft Scaling
In China...

~ 70% of peak
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Huang, Berczik, Spurzem, Res. Astron. Astroph. 2016, 16, 11.

NBODY6++GPU



Roofline Performance Model (LBL)

http://crd.lbl.gov/departments/computer-science/PAR/research/roofline

Arithmetic Intensity

The core parameter behind the Roofline model is Arithmetic Intensity. 
Arithmetic Intensity is the ratio of total floating-point operations to total 
data movement (bytes). 

http://crd.lbl.gov/departments/computer-science/PAR/research/roofline


Roofline Performance Model (LBL)

http://lorenabarba.com/wp-content/uploads/2012/01/roofline_slide.png

http://lorenabarba.com/wp-content/uploads/2012/01/roofline_slide.png
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Matrix Multiply and DebuggingMatrix Multiply and Debugging

Parallel ComputingParallel Computing
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Intuitive multiply



99      
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 CUDA – GNU Debugger – CUDA-gdb

http://docs.nvidia.com/cuda/cuda-gdb/index.html
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Exercises (CUDA Lectures in afternoon)

1. hello, device-   first kernel call, hello world, GPU properties
2. add              -   vector addition using one thread in one block only
3. add-index    -   vector addition using blocks in parallel, 
                              one thread per block only.
4. add-parallel -   vector addition using all blocks and threads in parallel
5. dot               -  scalar product using shared memory of one block 
                              only for reduction
6. dot-full         -  scalar product using shared memory and 
                              atomic add across blocks
7. histo            -  histogram using fat threads and atomic add 
                              on shared and global memory, timing
8. dot-perfect  -  scalar product using fat threads, shared memory, 
                              final reduction on host.
9. matmul       -  matrix multiplication with tiled access shared memory

Wrapping Up 1
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Wrapping Up 2

Elements of CUDA C learnt:

threadId.x , blockId.x, blockDim.x, gridDim.x               Threads, Blocks
(threadId.y, blockId.y, blockdim.y, gridDim.y                 work with 2D grids)
kernel<<<n,m>>> (...)                                                  kernel calls
__device__   __global__                                              device code
__shared__                                                                   shared memory on GPU
cudaMalloc    / cudaFree                                               manage global memory of GPU
cudaMemcpy / cudaMemset                                         copy/set to or from memory
cudaGetDeviceProperties                                             get device properties in program
cudaEventCreate, cudaEventRecord,
cudaEventSynchronize, cudaEventElapsedTime,
cudaEventDestroy                                                         CUDA profiling
AtomicAdd                                                                     atomic functions
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Wrapping Up 3

What we have not yet learnt...

__constant__                                                        constant memory on GPU
cudaBindTexture                                                   using texture memory
fat threads for 2D and 3D stencils                        thread coalescence opt.
cudaStreamCreate, cudaStreamDestroy             working with CUDA streams



             Additional deeper material: 

Lectures by Prof. Wen-Mei Hwu Chicago in Berkeley 2012 and 
Beijing 2013, see http://iccs.lbl.gov/workshops/tutorials.html
(down on page links to all lecture files, also available on request from 
spurzem@nao.cas.cn)

Lecture1: Computational thinking 
Lecture2: Parallelism Scalability
Lecture3: Blocking Tiling
Lecture4: Coarsening Tiling
Lecture5: Data Optimization
Lecture6: Input Binning
Lecture7: Input Compaction
Lecture8: Privatization
See also:
http://freevideolectures.com/Course/2880/Advanced-algorithmic-techniques-for-GPUs/1

http://iccs.lbl.gov/workshops/tutorials.html
http://freevideolectures.com/Course/2880/Advanced-algorithmic-techniques-for-GPUs/1
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