Universiteit

4 Leiden
The Netherlands

The gravitational billion body problem : Het miljard deeltjes probleem
Bédorf, ].

Citation
Bédorf, J. (2014, September 2). The gravitational billion body problem : Het miljard deeltjes
probleem. Retrieved from https://hdl.handle.net/1887/28464

Version: Corrected Publisher’s Version

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/28464

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/28464

Cover Page

The handle http://hdl.handle.net/1887/28464 holds various files of this Leiden University
dissertation

Author: Jeroen Bédorf

Title: The gravitational billion body problem / Het miljard deeltjes probleem
Issue Date: 2014-09-02


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/28464

The Gravitational
Billion Body Problem

Het miljard deeltjes probleem

Proefschrift

ter verkrijging van
de graad van Doctor aan de Universiteit Leiden,
op gezag van Rector Magnificus prof. mr. C.J.J.M. Stolker,
volgens besluit van het College voor Promoties
te verdedigen op dinsdag 2 september 2014
klokke 16:15 uur

door

Jeroen Bédorf
geboren te Alkmaar
in 1984



ii

Promotiecommissie

Promotor: Prof. dr. Simon Portegies Zwart

Overige leden:  Prof. dr. Steve L.W. McMillan (Drexel University)
Prof. dr. Henk Sips (Technische Universiteit Delft)
Prof. dr. Joost Batenburg (Centrum Wiskunde & Informatica /
Universiteit Leiden)
Prof. dr. Huub Réttgering

ISBN: 978-94-6259-260-5
©2014 Jeroen Bédorf
Dit proefschrift werd ondersteund door NWO IsFast grant #643.000.802.



Contents

1
.1 Introductiod . . . . . . . . . . . . . . e 3
.2 Theverybeginning . . . . . . . o . v v i v i it e e 5
.3 1960 - 19%6: lhe Era Ot Digital Computery . . . . . . . . .. ... ... 5
.4 1956 - 2000 : Advancesinsoftward . . . . . . . . . . . .. ... .. ... 7
.5 2000 - 2006: lhe Era Ot The GRAPH . . . . ... ... ... ... ... 8

[5T GRAPH. . . . o e 8
[.5.2 Multi-Core Processors and Vector Instructiond . . . .. ... .. 10
[.5.3 Collisionlessmethodd . . . . . ... ... ... .......... 11
.6 2006 - Today: The Era Of Commercial High Performance Processing Unitd 11
[.6.1 Collisionalmethodd. . . . ... .. ... ... .......... 11
[.6.2 Collisionlessmethody . . . . . . .. ... ... ... ....... 13
L.7 Graphics Processing Unitd . . . . . ... ... ... ... ........ 14
.8 Thesis Overview . . . . . . . o v v i i e e e e e e e e e 16
[.81 Chapter 2 -Sapporo. . . . . . . . . . o vttt 17
[.82 Chapter3-OctGray . . . ... ... ... ... ........ 17
[.83 Chapter4d-Bonsaj . . .. ... ... ... ............ 18
[.8.4  Chapter 5 - Many Minor Mergerd . . . . . .. ... ... .... 18
[.8.5 Chapter 6 - ParallelBonsa] . . . . . . ... ... ......... 18

) PP 2 21
2 D o & S 22
Y V] A . . . . e e e e e e e e e e e e e e e e e 23

R.2Z.1 Parallelisationmethod . . ... ... ... .. .......... 23
P.2.2 Implementation . . . . . . . . . . . e 24
D3 Resultd. . . . . . . . e 26
P.3.1 "Thread-block configuration . . . . . .. .. ... ... ...... 27
B.3.2  Block-size /active-particled . .. .. ... .. ... ....... 28
B33 Rangeof N . ... . ... ... .. .. 29
£.3.4  Double precision vs Double-single precision . . . . . .. ... .. 30
£.3.5 Sixth order performancd . . . . . . . . . ... ..o 32

3.6 Mulu-GPUY . ... 0000000 32




iv CONTENTS

P.4 "Discussion and CPUsupporfl . . . . . . . . . . . .. ... 34
BAT TPU . . .o e 34

). X Phi . . . . e 35
................................. 36
b Octg 37
B.I Introductiod . . . . . . . . . .. 38
B.2 Implementation . . . . . . . . . . . ... e 39
B.2Z1 Buildingtheoctred . . . . ... ... ... ... ......... 39

p.2.2  Construction of an interaction lisf . . . . . . . . ... ... ... 40

B.2.3  Calculating accelerations from the interaction lisff . . . . . . . .. 41

3.0 KResultd. . . . . . . e 42
B.3.1 Accuracy of approximation] . . . . . . ... ... 43

3 = RS 44

B33 Deviceutilisation . . . . . . . ..o 45

B4 Discussion and Conclusiond . . . . . ... ... ... ... ....... 46
1 B ; 49
BT TIntroduction . . . . . . . . . e 50
B2 Sparseoctreeson GPUJ . . . . . .. ... ... .. ... ... ... ... 52
F2T Tree construction . . . . . v v v v i i e e e e e 52

BZ22 TTreetraversd . . . . . . v v i e e e e e e e e 54

@.5  Gravitational lree-codd . . . . . . . . . . ... ... ... 56
F3T TimeIntegration . . . . . . . . o v v v it e 56

#.5.2 lree-cellpropertied . . . . . . ... ... oo, 56

#.5.3 Cell opening criterion . . . . . . . . . .. ... ... ... .. 57

@4 Performance and AcCuracyf . . . . . . . . v v v v i i e e e e e 58
BFAT Performancd . . . . . . . . . . 59

1.4, ACCUTACY « v v v v e e e e e e e e e e e e e e e e 61

B.5 Discussion and Conclusiond . . . . . . . . . . . . .. . . . ... . ... 64
BFA Scanalgorithmd . . . . . . . . . . . e 67
BAT Stream Compaction . . . . . . . . .. o i 67
BEAZ SphitandSorf . . . . . . . . .. ... . 67
BEA3 TImplementation . . . . . . . . v v i e e e e e 68

BE.B Morton Key generation] . . . . . . . . . . . . . ... e 68
b 'lhe Eftect of Many Minor Mergers 71
b1 TIntroductiod . . . . . . . . . .. ..o 72
p.2  Constraining the model parametery . . . . . . . . . ... ... ...... 73
b.3 Initializing the galaxy mergerd . . . . . . . . . . . ... 77
F.3.T Configuring the majormergerd . . . . . . . . . . . .. .. .... 77

p.5.2  Configuring the minor mergery . . . . . .. ... ... ..... 78

D .4 X S PSS 79
b.4.1  "The growth of the primary due to subsequent mergerd . . . . . . . 80

F.4.2 "The effect on the shape of the galaxies due to subsequent mergerd . 82




CONTENTS

p.4.5 'lhe eftect of the virial temperaturd . . . . . . .. ... ... ...
b.>)  Discussion] . . . . . . .. e e e e
p.>.1  Properties of the merger remnant . . . ... ... ........
.................................
b.A Resolutioneffecty . . . . . . . . . . ... e
b.b lheeftectofchilddensityf . . . . . . . ... ... oL
p.b.1  Circularvelocityy . . . .. ... ... ... ... . ...

6 Parallel bonsai

b.1 Introduction . . . . . . . . . ..
b.2 Quantitative discussion of current state ot theart . . . . . . . . ... ..
6.5 Implementation . . . . . .. ... ... ... ... . s
b.3.1 Iree-walk kernel optimizationg . . . . . . .. ... ... ... ..
b.3.2 Parallelization . . . . . . .. . ... . o 0oL,
6.4 Simulating the Milky Way Galaxy . . . . . .. ... .. ... ... ...
b.> System and environment where performance was measured . . . . . . . .
b.6 Performanceresulty . . . . . ... . ... ... ... ...
b.6.1 Operationcounty . . . . . . . . . . . . e
b.6.2 Parallel performancd . . . ... ... ... ... ... ......
b.6.5 lime-to-solutionf . . . . . . . ... ... ...,
b.6.4 Peakpertormancd . . . . . . . . . . . . ... 0
O.7 DIscussion . . . . . . ... e e e e e e e e e e e e e e e e
/.1  BRIDGLE; Combining direct and hierarchical /N-body methody . . . . .
..................................
B.1  De hootdstukken in dit proetschritf4 . . . . . ... ... .. ... ....
p.1.1  Hoofdstuk 4 . . .. .. .. .. . . ..
p.1.2 Hoofdstuk 3 . . .. ... ... .. ...
p.1.5 Hoofdstuk4 . . ... ... ... ... ... .
B.1.4 Hootdstuk 3 . . . . . . ... ... . s
p.1.5 Hootdstuk§ . . . . ... .. .. .. ... e
IList of publicationg

Curriculum Vitaq

Acknowledgements

97

98
100
101
102
103
106
106
108
108
109
111
112
112

115
115
116

119
120
120
120
121
121
122

123
125
137

139



