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Structure Formation: The Basic Paradigm

‣ Solid	
  understanding	
  of	
  structure	
  forma5on;	
  
success	
  underpins	
  most	
  cosmic	
  discovery
• Ini3al	
  condi3ons	
  laid	
  down	
  by	
  infla3on
• Ini3al	
  perturba3ons	
  amplified	
  by	
  gravita3onal	
  

instability	
  in	
  a	
  dark	
  ma\er-­‐dominated	
  Universe
• Relevant	
  theory	
  is	
  gravity,	
  field	
  theory,	
  and	
  atomic	
  

physics	
  (‘first	
  principles’)
‣ Early	
  Universe:	
  

• Linear	
  perturba3on	
  theory	
  very	
  successful	
  (CMB)
‣ La=er	
  half	
  of	
  the	
  history	
  of	
  the	
  Universe:

• Nonlinear	
  domain	
  of	
  structure	
  forma3on,	
  
impossible	
  to	
  treat	
  without	
  large-­‐scale	
  compu3ng	
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Digitized Sky Survey
1950s-1990s

Sloan Digital Sky Survey
2000-2008

Large Synoptic Survey Telescope
2020-2030

(Deep Lens Survey image)



	
  

Gravity in an Expanding Universe

‣ Evolu5on
• Ini3al	
  condi3ons:	
  Gaussian	
  random	
  field	
  of	
  small	
  density	
  contrast
• Structure	
  forma3on:	
  gravita3onal	
  collapse

-­‐ Vlasov-­‐Poisson	
  equa3on	
  in	
  expanding	
  space
-­‐ Expansion	
  slows	
  collapse	
  from	
  exponen3al	
  to	
  power	
  law,	
  structures	
  on	
  many	
  scales

‣ Accuracy
• Observa3ons	
  will	
  soon	
  require	
  percent-­‐level	
  theore3cal	
  predic3ons
• N-­‐body	
  methods	
  use	
  tracer	
  par3cles	
  to	
  evolve	
  phase-­‐space	
  distribu3on	
  (no	
  6D	
  PDE)

‣ Inverse	
  problem
• Compare	
  forward	
  model	
  of	
  structure	
  forma3on	
  with	
  galaxy	
  surveys
• Build	
  emulators	
  from	
  limited	
  number	
  of	
  simula3ons	
  in	
  parameter	
  space
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Simulations of Structure Formation in the Universe
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HACC: Hybrid Accelerated Cosmology Code
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‣ Requirements
• Par3cles:	
  1010	
  standard,	
  1011	
  state-­‐of-­‐the-­‐art,	
  1012	
  very	
  soon
• Throughput:	
  many	
  runs	
  for	
  inverse	
  problems,	
  days	
  for	
  each	
  run

‣ Supercomputers
• Parallelism:	
  code	
  must	
  scale

-­‐ Many	
  nodes:	
  message	
  passing,	
  weak	
  scaling,	
  Mira	
  =	
  48k	
  nodes
-­‐ Many	
  cores:	
  local	
  threading,	
  strong	
  scaling,	
  Mira	
  =	
  16	
  cores	
  x	
  4	
  hardware	
  threads	
  per	
  node

• Architectures:	
  code	
  must	
  adapt
-­‐ CPU,	
  IBM	
  Cell,	
  IBM	
  Blue	
  Gene,	
  GPU,	
  Intel	
  MIC
-­‐ Different	
  programming	
  paradigms	
  and	
  op3miza3ons

‣ Design
• Split	
  gravita3onal	
  force	
  calcula3on

-­‐ Long-­‐range:	
  spectral	
  (FFT)	
  par3cle-­‐mesh	
  (PM)	
  methods	
  using	
  MPI,	
  portable
-­‐ Short-­‐range:	
  algorithm	
  choice	
  and	
  op3miza3ons	
  for	
  par3cular	
  architectures,	
  modular,	
  high	
  intensity

‣ Versions
• P3M	
  (par3cle-­‐par3cle,	
  par3cle-­‐mesh):	
  IBM	
  Cell,	
  GPU
• TreePM:	
  CPU,	
  IBM	
  Blue	
  Gene



	
  

Data Challenges: At Runtime

‣ Checkpoints
• Up	
  to	
  (roughly)	
  half	
  of	
  machine	
  memory	
  to	
  disk,	
  Mira	
  =	
  100s	
  TB	
  (without	
  compression)
• Must	
  be	
  fast	
  to	
  reduce	
  3me	
  taken	
  from	
  alloca3on
• Stressful	
  for	
  network-­‐a\ached	
  storage
• Robust	
  persistent	
  local	
  storage	
  would	
  be	
  nice

‣ Data	
  reduc5on
• Cannot	
  store	
  enough	
  full	
  par3cle	
  outputs	
  to	
  do	
  all	
  analysis	
  in	
  post-­‐processing
• On-­‐the-­‐fly	
  analysis	
  to	
  produce	
  reduced	
  outputs

-­‐ Halo	
  finding	
  (galaxies,	
  clusters),	
  2D	
  mass	
  projec3on	
  (weak	
  lensing),	
  sub-­‐samples	
  of	
  par3cles,	
  etc.

• Reduced	
  outputs	
  must	
  be	
  sufficient	
  for	
  scien3fic	
  analysis
‣ Architectures

• More	
  varied	
  analysis	
  code	
  is	
  more	
  difficult	
  to	
  op3mize	
  for	
  different	
  HPC	
  systems
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Data Challenges: Sharing Data Products

‣ Rich	
  simula3on	
  outputs
• Many	
  different	
  scien3fic	
  queries	
  on	
  the	
  same	
  simula3ons
• Insufficient	
  bandwidth	
  to	
  disperse	
  complete	
  (reduced)	
  data	
  products

‣ How	
  should	
  scien3sts	
  interact	
  with	
  the	
  outputs?
• Move	
  analysis	
  local	
  to	
  data
• Further	
  reduc3ons	
  before	
  network	
  transfer

‣ What	
  will	
  that	
  require?
• What	
  kind	
  of	
  hardware?

-­‐ HPC,	
  DB,	
  DISC	
  (Data-­‐Intensive	
  SuperComputer)

• What	
  kind	
  of	
  solware?	
  Who	
  will	
  write/maintain?	
  What	
  can	
  we	
  build	
  on?
-­‐ SQL,	
  NoSQL

• Have	
  worked	
  with	
  Globus	
  Online
• Looking	
  at	
  Galaxy	
  (computa3onal	
  biology)
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Data Challenges: Visualization

‣ Par5cle	
  number
• Far	
  more	
  par3cles	
  than	
  pixels

-­‐ Some	
  experiments	
  with	
  par3cle	
  sampling	
  methods

• Volume	
  rendering	
  seems	
  to	
  be	
  more	
  common	
  than	
  direct	
  par3cle	
  methods
• Visualize	
  reduced	
  outputs

‣ Dynamic	
  range
• Scales:	
  homogeneous	
  on	
  large	
  scales,	
  complex	
  structures	
  everywhere	
  on	
  small	
  scales
• Huge	
  density	
  contrasts
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and �m(x) is the dimensionless density contrast,

⇢c = 3H2/8⇡G, �m(x) = (⇢m(x)� h⇢mi)/h⇢mi, (3)

p = a2
(t) ˙

x, ⇢m(x) = a(t)�3m

Z
d3

pf(x,p). (4)

The Vlasov-Poisson equation is very difficult to solve directly
because of its high dimensionality and the development of
structure – including complex multistreaming – on ever finer
scales, driven by the gravitational Jeans instability. Conse-
quently, N-body methods, using tracer particles to sample
f(x,p) are used; the particles follow Newton’s equations in
an expanding Universe, with the forces given by the gradient
of the scalar potential as computed from Eq. (2) [7].

Under the Jeans instability, initial perturbations given by a
smooth Gaussian random field evolve into a “cosmic web”
comprising of sheets, filaments, and local mass concentrations
called halos [30], [35]. The first stars and galaxies form in
halos and then evolve as the halo distribution also evolves by a
combination of dynamics, mass accretion and loss, and by halo
mergers. To capture this complex behavior, cosmological N-
body simulations have been developed and refined over the last
three decades [7]. In addition to gravity, gasdynamic, thermal,
radiative, and other processes must also modeled, e.g., sub-grid
modeling of star formation. Large-volume simulations usually
incorporate the latter effects via semi-analytic modeling.

To understand the essential nature of the challenge posed
by future surveys, a few elementary arguments suffice. Survey
depths are of order a few Gpc (1 pc=3.26 light-years);
to follow typical galaxies, halos with a minimum mass of
⇠10

11 M� (M�=1 solar mass) must be tracked. To prop-
erly resolve these halos, the tracer particle mass should be
⇠10

8 M� and the force resolution should be small compared
to the halo size, i.e., ⇠kpc. This last argument immediately
implies a dynamic range (ratio of smallest resolved scale to
box size) of a part in 10

6 (⇠Gpc/kpc) everywhere in the
entire simulation volume (Fig. 2). The mass resolution is
usually stated in terms of particle mass, more conservatively
we specify it as the ratio of the mass of the smallest resolved
halo to that of the most massive, which is ⇠10

5. In terms
of the number of simulation particles, this yields counts in
the range of hundreds of billions to trillions. Time-stepping
criteria follow from a joint consideration of the force and mass
resolution [28]. Finally, stringent requirements on accuracy are
imposed by the very small statistical errors in the observations
– certain quantities such as lensing shear power spectra must
be computed at accuracies of a fraction of a percent [16].

For a cosmological simulation to be considered “high-
resolution”, all of the above demands must be met. In ad-
dition, throughput is a significant concern. Scientific inference
from sets of cosmological observations is a statistical inverse
problem where many runs of the forward problem are needed
to obtain estimates of cosmological parameters via Markov
chain Monte Carlo methods. For many analyses, hundreds of
large-scale, state of the art simulations will be required [18].

The structure of HACC is based on the realization that a
large-scale computational framework must not only meet the

Fig. 2. Visualization of the full density field in a 68 billion particle,
3.43 Gpc box-size simulation with HACC on a single BG/Q rack (the
final submission will use 48 racks or more), with zoom-ins down to a
7 Mpc sub-volume. This figure illustrates the global spatial dynamic
range covered by the simulation, ⇠ 0.5⇥106. Simulation details are
covered in Section V.

challenges of spatial dynamic range, mass resolution, accuracy,
and throughput, but also overcome a final hurdle, i.e., be
fully cognizant of coming disruptive changes in computational
architectures. Validating its design philosophy, HACC was
among the pioneering applications proven on the heteroge-
neous architecture of Roadrunner [12], [27], the first computer
to break the petaflop barrier.

HACC’s multi-algorithmic structure combines MPI with a
variety of local programming models (OpenCL, OpenMP) to
readily adapt to different platforms. Currently, it is imple-
mented on conventional and Cell/GPU-accelerated clusters, on
the Blue Gene architecture, and is running on prototype MIC
hardware. HACC is the first, and currently the only large-scale
cosmology code suite world-wide, that can run at scale (and
beyond) on all available supercomputer architectures.

To showcase this flexibility, we present scaling results for
two systems aside from the BG/Q in Section IV; on the
entire ANL BG/P system and over all of Roadrunner. Recent
HACC science results include a suite of 64 billion particle
runs for baryon acoustic oscillations predictions for BOSS
(Baryon Oscillation Spectroscopic Survey) [36] and high-
statistics predictions for the halo profiles of galaxy clusters [3].

HACC’s performance and flexibility are not dependent on
vendor-supplied or other high-performance libraries or linear
algebra packages; the 3-D parallel FFT implementation in
HACC couples high performance with a small memory foot-
print as compared to available libraries. Unlike other high-
performance N-body codes that have done well in the Gordon
Bell arena, HACC does not use any special hardware. The
implementation for the BG/Q architecture has far more gener-
ally applicable features than (the HACC or other) CPU/GPU
short-range force implementations.
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Preliminary Slice of a 230 Billion Particle Simulation



	
  

Data Challenges: Putting It All Together

‣ Observa3onal	
  data	
  volume	
  will	
  not	
  be	
  the	
  challenge
• But	
  these	
  data	
  sets	
  are	
  very	
  rich	
  and	
  scien3sts	
  will	
  want	
  to	
  query	
  it	
  in	
  many	
  different	
  ways

‣ Numerical	
  theory	
  can	
  produce	
  (almost	
  arbitrarily)	
  large	
  volumes	
  of	
  data
• Also	
  rich

‣ How	
  do	
  we	
  put	
  these	
  together?
• Data-­‐Intensive	
  SuperComputers	
  (DISC)
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