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A giant supercomputer s making massively detailled models of the cosmos
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The Dark Universe: Mapping the Sky




Structure Formation in the Universe: The Basic Paradigm

e Solid understanding of structure
formation is a requirement for cosmic Veasattertnesigiang T Big Bang
discovery - ’ —
* To high accuracy, initial conditions are

given by a Gaussian random field

0.3 million

* |nitial perturbations amplified by
gravitational instability in a dark matter- 05 billor
dominated Universe

lonized inter-galactic space

* Relevant theory is gravity and atomic | )
physics (‘first principles’) Do 0.2 @ ° ¢

 Early Universe

 Linear perturbation theory very successful
(Cosmic Microwave Background)

e The Universe: ‘Second Half’
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“SIMULATIONS *

« Nonlinear domain of structure formation,
Impossible to treat without large-scale
computing

‘Linear’

‘Nonlinear’



Data ‘Overload’: Observations of Cosmic Structure

Cosmology—Phys|cs+Statrst|cs -'_"""?:' \

Mapplng the sky with large-area surveys across &
. '..-'...;_multlple wave- hands, at remarkably Iow IeveIs of
"_-'-fi."_'__..'-_,statlstlcal error e | R

§..;,_'.;.7_';:_-;Many dlfferent probes abundances cIusterlng, ,
P ~'____':“weak Iensmg, redshlft space dlstortlcns, cross-f :
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; Fret st e NI e e BB e CMB temperature anisotropy: \x\“ﬂ{
3 S theory meets observations )
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el s - size(and go. deeper) el \.

" ~300 PB database



Key Role of Computational Theory/Modeling

e Three Roles of Cosmological Simulations

Observables

» Basic theory of cosmological probes

* Production of high-fidelity ‘mock skys’ for end-to-end tests of the
observation/analysis chain

« Essential component of analysis toolkits

Pipelines

 Extreme Simulation and Analysis Challenges

« Large dynamic range simulations; control of subgrid modeling
and feedback mechanisms

* Design and implementation of complex analyses on large
datasets; new fast (approximate) algorithms

» Solution of large statistical inverse problems of scientific
inference (many parameters, ~10-100) at the ~1% level

Science



Capturing Sky Surveys: Trillion Particles in a ‘Box’

< 4225 Mpc > One out of 262,144 ranks; note
force resolution is ~0.005 Mpc!

66 Mpc >

* Size: Volumes = ~100's of cubic Gpc (1 pc = 3.26 light-years) 1.1 trillion particle HACC

* To capture individual galaxy mass concentrations over this science run at z=3 illustrating
volume, need trillions of particles (billions of objects with the dynamic range of a large,
thousands of sampling particles per object) -- simple high-resolution, cosmological
numerical algorithms useless N-body simulation
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Large Scale Structure Simulation Requirements
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e Resolution:

Time

e Force resolution has to be ~kpc, a dynamic
range of a million to one, also controls time-

stepping
e Local overdensity variation is ~million to one 1000 Mpc
= ' ? I
 Physics:

« Gravity dominates at scales greater than ~Mpc Gravitational Jeans Instablity

e At small scales: galaxy distribution modeling

e Computing ‘Boundary Conditions’: Can the Universe be run
 Total memory in the PB+ class » as a short computational
 Performance in the 10 PFlops+ class cexperimentaf)

e Wall-clock of ~days/week, in situ analysis

o



Meeting the Challenge: HACC on the BG/Q

* New Cosmological N-Body 13.94 PFlops, 69.2% peak, 90% parallel efficiency on
Framework 1,572,864 cores/MPI ranks, 6.3M-way concurrency
e Designed for extreme | | | -
performance AND portability, o ' 3.6 trillion particle ﬁ) 16
including heterogeneous ..% benchmark 8 ™
systems = o
% 10} ¢ 8
e Supports multiple roy : 5 &
programming models % b
 Memory efficient 2 ' 1 2
7 0.5 ©
e In situ analysis framework 5 S
. . o 1F 025 §
 Production science code —_ ‘=
3) 0.125 o
7 : o
£ — 0.0625
“E’ 01 - 0.03125
= | | Ideal Scaling | 0.015625

4K 16K 64K 256K 1024K
Number of Cores

HACC weak scaling on the
IBM BG/Q (MP1/OpenMP)



Opening the HACC ‘Black Box’: Design Principles

. | . | 9! @ # - 9
Andrew White Dec 7, 2007 * What if you had a petaflop/s s m

 Optimize Next-Generation Code ‘Ecology’: Numerical methods,
algorithms, mixed precision, data locality, scalability, 1/0O, in situ
analysis -- life-cycle significantly longer than architecture timescales

 Framework design: Support a ‘universal’ top layer + ‘plug-in’
optimized node-level components; minimize data structure
complexity and data motion -- support multiple programming models

 Performance: Optimization stresses scalability, low memory
overhead, and platform flexibility; assume ‘on your own’ for software

support, but hook into tools as available (e.g., ESSL FFT) HACC force hierarchy
(PPTreePM)

e Optimal Splitting of Gravitational Forces: Spectral Particle-Mesh
melded with direct and RCB tree force solvers, short hand-over
scale (dynamic range splitting ~ 10,000 X 100)

e Compute to Communication balance: Particle Overloading
 Time-Stepping: Symplectic, sub-cycled (uses Hamiltonian Maps)

 Force Kernel: Highly optimized force kernel takes up large fraction
of compute time, no look-ups due to short hand-over scale

 Production Readiness: runs on all supercomputer architectures

o




Particle Overloading and Short-Range Solvers

e Particle Overloading: Particle replication instead of
conventional guard zones with 3-D domain decomposition
-- minimizes inter-processor communication and allows for
swappable short-range solvers

e Short-range Force: Depending on node architecture
switch between P3M and PPTreePM algorithms (pseudo-
particle method goes beyond monopole order), by tuning
number of particles in leaf nodes and error control criteria,
optimize for computational efficiency

e Error tests: Can directly compare different short-range
solver algorithms

Overload Zone (particle ‘cache’)

Level O

rrRate WMMML AAUMMVAWMM f\u/\WVA/\nM | W | N e
vW\/V WAL . e

k[h/Mpc]

HACC Force Algorithm Test: PPTreePM vs. P3M |
RCB Tree Hierarchy



HACC: BG/Q Implementation

HACC BG/Q Algorithms:
1) Long-range force with base HACC FFT-based SPM (excellent performance)
2) Short-range force: Particle-Particle + RCB Tree + highly tuned force kernel

Data Locality: At rank-level, enforced by particle overloading, at tree-level use the RCB
grouping to organize particle memory buffers (all P-P interactions are in nearby leaf nodes, this
also increases accuracy)

Tree Build/Walk Minimization: Every particle has an interaction list -- constructing this is an
overhead (‘treebuild’); reduce tree depth in two ways: (i) rank-local trees, (ii) shortest possible
hand-over scale, (iii) bigger P-P component than is usual, using the optimized force kernel

Force Kernel: Because of the compactness of the short-range interaction, the kernel can be

represented as .
fsr = (s +€) 7% = fyria(s)

where S=r-T, fgrid(s) — pOl?/[5](3)

Kernel Evaluation: This consists of three parts: (i) Filtering, (ii) Inverse square root evaluation,
and (iii) Polynomial evaluation



HACC: FastIn Situ Analysis

° Data Re¢ 1intian: A trilbon - N
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. BOSS (2009-2014):
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NYX code ceceen?]

3—20 Carlesian 3r/a/ y Finle volume repreSentation

Evolve dark matter as collisionless Z.agrarg/an
f / ¢etrd

Evolve Adryoné as 1dea/ 3@5 US "”\9 UNnS p/ 17,
(7odutnov —fype mel hodo/ 5%

A a/qu‘/\/e resh refinesniend (AM 6 o
exlend a/ynd/yz/c range

Uses Boxlib software framewohé
a’e\/e/opea/ Ay CCSE grocup @ [LBL

Code paper: 42\7‘, 765, 39 ( 2013)
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Mesh (AMR) code =21}

* Boxlié Framecoork

* A a/qu(/\/e refinenent

g ﬂ)ohé\s Qs+
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Gravity solve

* Depoé 17 mass on a 3/~/a/ , and S ole [linear 5y5z‘e 77’
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Multiple dimensions 1

BERKELEY LAB

Kayleigh-Taslor instability:

Dimensionall VS p/ 17
melhods induce
S eCona/ary INS Zaéi/ 1Cres
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