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Gamma Ray Bursts

• Intense narrowly-beamed flashes 
of high-energy photons;
most energetic events in universe

• Mechanism still a riddle
(grand challenge in astrophysics); 
gravitational waves likely to be 
detected by LIGO in coming years

• Combine many fields of physics

• Require (at least)
petascale computing
for modelling
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Petascale Needs
of Gamma Ray Bursts

• Treat entire GRB with 
multiple physics codes, within 
one managing infrastructure

• Multitude of time- and length-
scales

• Several phases with different 
relevant physics
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Accuracy Problem

• Many sequential time steps

• Not only slow – errors also accumulate:

• Requires either smaller time steps,
or very high accuracy per time step:
5E-8 relative error in the accretion/
jet formation phase!

ary information for the energy input into the jet is required.
High-resolution tracking of the propagating GRB fireball
via AMR techniques is crucial in this epoch and angle-
dependent photon transport will be necessary to track the
jet’s traversal from the optically-thick stellar envelope to
the optically thin regime at jet breakout. Neutrino trans-
port and GR curvature evolution are not required at this
stage and are replaced by photon transport whose computa-
tional complexity is in the same ballpark as that of neutrino
transport. In addition to tracking the jet propagation, this
simulation component will receive boundary hydrodynamics
data from the accretion dynamics and jet sustainment com-
ponent and will capture the spatial widening of the explosion
that will eventually tear the star apart.

Tracer-particle trajectories may be saved and later fed into
specialized and computationally-intensive chemical element
synthesis (nucleosynthesis) codes that require only a subset
of the hydrodynamic data. Alternatively, small independent
nucleosynthesis jobs taking data directly from the GRB sim-
ulation may be spawned-off via the grid (see also section 5.3).

Using a 15-level AMR hierarchy to cover scales from ∼1 km
and extend out to 10 million km with a base grid spacing
of 25000 km, we have (using 1000 CPU cores) a total of
15×4603 grid points in this part of the GRB simulation that
must be tracked for ∼200 s after BH formation in conjunc-
tion with the GRB simulation component discussed in the
previous section.

Memory Requirements. Assuming a comparable number of
GFs to previous phases and with the increased number of
refinement levels leading to a total number of 1.5 billion grid
points, we estimate a memory requirement of ∼25 TByte.

Sustained Performance Requirements. 200 s in physical
time must be covered. This converts to ∼170 coarse grid
timesteps and a total number of 5.5 million updates of
4603 points. Adopting a similar computational complex-
ity to the other phases (here dominated by photon trans-
port) of ∼500 kflop per grid point update, we obtain a total
floppage of ∼300,000 Pflop. On a machine with 1 Pflop/s
sustained this corresponds to ∼3.5 days of continuous com-
putation. On a machine with 1 Pflop/s peak performance
and 0.1 Pflop/s sustained, the computation would require 30
days of wall time, assuming one can achieve 10% of the peak
performance. Note, however, that because of physical coin-
cidence, this and the previously discussed component must
be run simultaneously, but could, possibly, be run on sepa-
rate machine as the amount of communication necessary is
limited to the exchange of boundary information.

3.4 Late-time, post GRB evolution: Afterglow
This phase sets in after the GRB central engined has stopped
operating, the powerful GRB jet has died away, and the
entire star has been disrupted, leaving behind the central
black hole and many solar masses of debris material that
is ejected at varying velocities. While the hydrodynam-
ics of the ejecta is moderately simple and does not require
the full GRMHD treatment, photon transport and photon
absorption/re-emission by debris material as well as pho-
ton creation in nuclear decay are complicated aspects of
this late-time phase in the GRB evolution. A detailed, 3D

photon transport scheme is necessary and dominates mem-
ory requirements and computational complexity. Moreover,
the afterglow evolution must – in principle – be followed
for months of physical time, making this a formidable task
not even accomplishable in all details with petascale super-
computers. A typical and well suited approximation is the
adoption of the Monte-Carlo method for radiation trans-
port in which the scattering, emission/absorption random-
walks of test particles are followed (e.g.,[7]). This approach
scales very well to large computers but can be memory in-
tensive. Detailed memory and performance requirements
depend strongly on the level of approximation and on how
well photon emission and absorption lines are resolved. The
authors cannot claim expertise in this particular aspect of
the GRB, hence cannot make reliable estimates for its com-
putational needs.

Sections 3.1–3.4 show that performing a simulation of even
a single phase of the GRB phenomenon requires petascale
computing power. The estimates that we have made on
memory and sustained performance requirements are opti-
mistic and they may in fact be underestimating the real com-
putational cost of such simulations as on-line analysis rou-
tines and I/O are not included in our order-of-magnitude es-
timates and may contribute significantly to the overall cost.

We are also optimistic in terms of performance – the first
petascale machines are unlikely to provide 1 Pflop/s sus-
tained performance and the resource efficiency of GRB codes
may be worse than our optimistic estimate of ∼10% of peak
performance. In particular resource efficiency and parallel
scaling must be optimized in present codes. We discuss pos-
sible paths to peta-enable present codes in section 5 below.

Finally, we point out that any long-term simulation tends to
amplify the small numerical errors acquired in each iteration
by accumulation, sometimes to significant magnitudes (say,
10% or more). A conservative estimate of the accumulated
error can be obtained from a linear growth model, although
the actual time dependence may be sub-linear or super-
linear depending on the quantity and the physical model.
In the finite-difference and finite-volume schemes, the errors
obtained from each iteration directy depend on the resolu-
tion, so, given an error limit, there is a direct relation be-
tween the total physical simulation time and the resolution
required in the computational domain - more directly, in the
GRB problem, a simulation time of 200 seconds may well re-
quire a much higher resolution than a simulation time of 2
seconds.

A linear growth model estimates the total error after phys-

ical time t to E(t) = E0
t
t0

“
h
h0

”α
, where E(t) is the error

after the physical time t, h is the spatial resolution in one
direction, and E0 is the growth rate, i.e., the error accu-
mulated in time t0 at resolution h0. The number α de-
termines how quickly the error diminishes with resolution,
and is also called the order of convergence of the numer-
ical scheme. From this formula, we can obtain estimates
for the maximal error growth rates given a physical time by
solving for E0: E0 = E(t)t0

t

`
h0
h

´α
. As reference time to

measure the growth rate we will use 100µs, which is typical
timescale for neutron stars. Therefore, for a maximum error
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Petascale Challenges

• Future will bring O(1,000,000) cores per 
petascale machine

• Architectures will be more difficult to 
program (Cell, GPU, deeper hierarchies)

• Applications will combine different kinds of 
physics – need to be developed and tested 
separately
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Computational Infrastructure

• Software framework 
connects different codes

• Highly efficient adaptive 
mesh refinement (AMR) 
covers many time/length 
scales

AMR driver Carpet:
http://www.carpetcode.org/

Software framework Cactus:
http://www.cactuscode.org/
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Cactus Framework

• Framework for (tightly coupled) HPC: 
supports code development, simulation 
control, data analysis, visualisation

• Manage increased complexity with high 
level abstractions, e.g. for inter-node 
communication, multi-core, GPGPU, ...

• Active user community, 10+ years old

• Supports collaborative development
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Cactus in Astrophysics

• Three layers of abstraction in a 
typical code:

• Top: specific physics codes, 
developed by single research 
groups

• Middle: numerical relativity toolkit, 
developed by community

• Bottom: computational 
infrastructure, developed by 
computer scientists

Computational Toolkit

Einstein Toolkit

Physics code(s)
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Distributed Application 
Development

• “Places change, people 
remain the same”

• Cactus supports a truly 
distributed code 
development model

• Code components are 
both developed and stored 
separately, and are only 
integrated by the end user

• Numerical relativity 
groups are “competitive”

international collaboration

single-site research group
using many resources
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Hybrid Communication 
Schemes

• Combine MPI and 
OpenMP for multi-core 
machines (e.g. Abe, Ranger)

• Reduce parallelisation 
overhead

• Allow more cache 
optimisations

• On Abe (NCSA):
>10% faster
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Future Hybrid Accelerated 
Architectures

• Cell, GPGPU, etc. promise great 
performance at low hardware (but high 
programmer) cost

• High-level abstractions (much higher than 
CUDA) required to program these

• We are designing such abstractions for 
Cactus for block-structured grids (AMR)

• One test case has speed-up of 26
Einstein code using Cactus and CUDA described in

http://www.cct.lsu.edu/CCT-TR/CCT-TR-2008-1

http://www.cct.lsu.edu/CCT-TR/CCT-TR-2008-1
http://www.cct.lsu.edu/CCT-TR/CCT-TR-2008-1
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Automated Code 
Generation

• Write equations in Mathematica, then 
discretise and implement them automatically

• Out of the box as fast as tediously hand-
optimised Fortran code

• Allows consistency checks, code 
reorganisation, many optimisations possible 
(e.g. vectorisation, cache tiling)

Kranc: KRanc Assembles Numerical Code
http://numrel.aei.mpg.de/Research/Kranc/

http://numrel.aei.mpg.de/Research/Kranc/
http://numrel.aei.mpg.de/Research/Kranc/
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Multi-Machine Simulations

• LONI: many machines, high-
speed network

• Combine power to increase 
performance, reduce wait time 
(metacomputing)

• Combine machines running 
different codes (coupled models)

• Off-load post-processing or 
visualisation (task spawning)
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Data and Metadata 
Management

• Efficient I/O necessary (~20 TByte per run)

• Validation, provenance, archival/retrieval 
(metadata management)

• Core metadata describe simulation,
Key metadata describe physics

• Cactus offers integrated metadata 
management (e.g. thorn Formaline)
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Summary
and Question Marks

• Estimated petascale requirements of a 
current grand challenge problem

• Presented currently-known issues,
and concepts to address them

• But: should we think differently about this?
Should we drop Flop/s, Bandwidth, Latency?
Maybe instead measure MTBF?
Data mobility?  Hardware elasticity?


