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Cactus Framework
• Framework for high performance computing: 

support for code development, simulation 
control, data analysis, visualisation, etc.!

• Manage increased complexity of parallel 
programming with high level abstractions, e.g. 
for inter-node communication, multi-core 
programming, accelerated kernels, ...!

• Active user community, 14+ years old,  
used by >20 research groups worldwide!

• Enables collaborative code development!

• See http://www.cactuscode.org/



Component	  Framework	  
• Basic	  principle:	  Control	  Inversion;	  main	  program	  
is	  provided	  by	  framework,	  and	  applica1on	  code	  
becomes	  plugins	  
•  Framework	  performs	  no	  heavy	  liLing	  (contains	  
no	  physics,	  no	  numerics,	  does	  not	  touch	  the	  
data),	  it	  only	  glues	  components	  together	  

• A	  Driver	  is	  a	  special	  component	  handling	  
memory	  alloca1on	  and	  paralleliza1on	  



Cactus Structure The Thorns

Thorn Structure

Inside view of a plug-in module, or thorn for Cactus

The Cactus team Introduction to the Cactus Framework Apr 21 2010



Cactus Structure The Thorns

Thorn Specification

Three configuration files per thorn:

interface.ccl declares:
an ’implementation’ name
inheritance relationships between thorns
Thorn variables
Global functions, both provided and used

schedule.ccl declares:
When the flesh should schedule which functions
When which variables should be allocated/freed
Which variables should be syncronized when

param.ccl declares:
Runtime parameters for the thorn
Use/extension of parameters of other thorns

The Cactus team Introduction to the Cactus Framework Apr 21 2010



• Project goal: State-of-the-art set of tools for 
Computational Relativistic Astrophysics, 
available as open source!

• Community project, organised by Einstein 
Toolkit Consortium, open to everyone!

• Provide complete, working production 
codes!

• Separate physics software from 
computational science infrastructure

http://einsteintoolkit.org
h+p://einsteintoolkit.org	  



Einstein	  Toolkit	  succeeds	  
because…	  
•  The	  ET	  is	  successful	  in	  rela1vis1c	  astrophysics	  
because	  (my	  interpreta1on):	  
•  Allows	  compe++on	  on	  physics/numerics,	  while	  
allowing	  collabora+on	  on	  computer	  science	  
•  Provides	  some	  “killer	  apps”	  (AMR,	  horizon	  finder)	  
•  Provides	  set	  of	  components	  instead	  of	  code,	  
leVng	  people	  mix	  and	  match	  
•  Emphasis	  on	  good	  soLware	  engineering	  prac1ces	  
(code	  review,	  high-‐level	  documenta1on,	  tutorials,	  
test	  cases,	  release	  schedule)	  



Open	  Questions	  
• How	  can	  Cactus	  be	  useful	  in	  other	  domains,	  
outside	  rela1vis1c	  astrophysics?	  Where	  is	  Cactus	  
too	  limi1ng?	  
•  Data	  model	  does	  not	  fit	  (block-‐structured	  AMR)?	  
•  “Framework”	  concept	  unfamiliar?	  
•  Simply	  too	  difficult	  to	  move	  codes	  between	  
different	  science	  domains?	  



Carpet:	  Adaptive	  Mesh	  
Re.inement	  

• Block-‐structured	  Berger-‐Oliger	  AMR	  with	  sub-‐
cycling	  in	  1me	  
• Mul1-‐block	  systems	  (topologically	  Cartesian)	  
	  



Time stepping
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holds, a refinement by a factor of Nrefine requires time step sizes that are smaller by a factor Nrefine, and hence Nrefine
time steps on level k + 1 are necessary for each time step on level k. At time steps in which the coarse and fine
grids are both defined, the fine grid data are restricted onto the coarse grid (via a simple copy operation) after it has
been evolved forward in time. If there are more than two grid levels, then one proceeds recursively from coarsest
to finest, evolving data on the coarsest grid first, interpolating this data in time and space along boundaries of finer
grids, evolving the finer grid data, and restricting evolved data from finer to coarser grids whenever possible. This
is illustrated in Figure 3.
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FIG. 2: Schematic for the prolongation scheme, in 1 + 1 dimensions, for a two-grid hierarchy. The large filled (red) circles represent
data on the coarse grid, and smaller filled (green) circles represent data on the fine grid. The arrows indicate interpolation of coarse
grid data in space and time, necessary for the boundary conditions on the fine grid (explained in section II C).
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FIG. 3: Schematic for the time evolution scheme, in 1 + 1 dimensions, for a two-grid hierarchy. The large filled (red) circles
represent data on the coarse grid, and smaller filled (green) circles represent data on the fine grid. The algorithm uses the
following order. 1: Coarse grid time step, 2 and 3: fine grid time steps, 4: restriction from fine grid to coarse grid. Since the fine
grid is always nested inside a coarse grid, there are also coarse grid points (not shown) spanning the fine grid region (at times
when the coarse grid is defined) at the locations of “every other” fine grid point; the data at these coarse grid points are restricted
(copied directly) from the fine grid data.

For time evolution schemes that consist only of a single iteration (or step), the fine grid boundary condition needs
to be applied only once. Most higher-order time integrations schemes, such as Runge-Kutta or iterative Crank-
Nicholson, are actually multi-step schemes and correspondingly require the fine grid boundary condition to be
applied multiple times. If this is not done in a consistent manner at each iteration, then the coarse and the fine grid
time evolution will not couple correctly, and this can introduce a significant error. We explain this in more detail in
Appendix A.

There are several ways to guarantee consistent boundary conditions on fine grids. Our method involves not pro-
viding any boundary condition to the individual integration substeps, but instead using a larger fine grid boundary,
as demonstrated in Figure 4. That is, each of the integration substeps is formally applied to a progressively smaller
domain, and the prolongation operation re-enlarges the domain back to its original size. Note that this “buffering”
is done only for prolongation boundaries; outer boundaries are handled in the conventional way. Also, this is done
only for the substeps due to the time integration scheme, so that the prolongation is applied at fine grid times when
there is no corresponding coarse grid time. Note also that the use of buffer zones is potentially more computationally
efficient.

We emphasise that the use of these buffer zones is not always necessary. To our knowledge the buffer zones are
necessary only when the system of equations contains second spatial derivatives, and a multi-step numerical method
is used for time integration. This issue arises for the BSSN system discussed below. We also give a simple example
using the scalar wave equation in section IV A and appendix A.

D. Inter-grid transport operators

As described above, the interaction between the individual refinement levels happens via prolongation and restric-
tion. For prolongation, Carpet currently supports polynomial interpolation, up to quadratic interpolation in time,
which requires keeping at least two previous time levels of data. It also supports up to quintic interpolation in space,
which requires using at least three ghost zones. We usually use cubic interpolation in space, which requires only two
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Prolongation:  
fine grid boundary condition

Time evolution sequence  
(including restriction)

Note: time interpolation requires multiple time levels



Buffer zones
5

previous time

first substep

second substep

after prolongation

final substep

FIG. 4: Schematic for the “buffering” during time integration. Shown is the left edge of a refined region, which extends further
to the right, which is integrated in time with a 3-step ICN method. At the filled points (in the interior), time integration proceeds
as usual. The empty points (near the boundary) are left out, because no boundary condition is given during time integration. A
prolongation after the time integration fills the empty points again. This whole scheme corresponds to either of the steps labelled
2 and 3 in Figure 3.

ghost zones. (Quadratic interpolation in space introduces an anisotropy on a vertex centred grid.) For restricting,
Carpet currently uses sampling (i.e., a simple copy operation). These transport operators are not conservative. Since
our formulation of Einstein’s equation (see below) is not in a conservative form, any use of conservative inter-grid
operations offers no benefit. However, the transport operators can easily be changed. (For more discussion of the
situations where conservative inter-grid operators are useful or not, see [39].)

E. Initial data generation

Initial data generation and time evolution are controlled by the driver Carpet. Initial data are created recursively,
starting on the coarsest level L0. This happens as follows: On refinement level Lk, the initial data routines are called.
This fills the grids on this level. Then the refinement criterion is evaluated (which might be nothing more than a fixed
mesh refinement specification). If necessary, grids on a finer level Lk+1 are created, and initial data are created there,
and on all finer levels recursively. Then, the data from level Lk+1 are restricted to level Lk to ensure consistency.

In many cases, the initial data specification is only valid for a single time t = 0, such as when using a time-
symmetric approach, or when solving an elliptic equation. However, for the time interpolation necessary during
prolongation (see above), it may be necessary to have data on several time levels. One solution is to use only lower
order interpolation during the first few time steps. We decided instead, according to the Cactus philosophy, that the
data that are produced during the initial data creation should in principle be indistinguishable from data produced
by a time evolution. Hence we offer the option to evolve coarse grid data backwards in time in order to provide
sufficient time levels for higher order interpolation in time at fine grid boundaries. This ensures that no special case
code is required for the first steps of the time evolution.

This initial data generation proceeds in two stages. First the data are evolved both forwards and backwards in time
one step, leading to the “hourglass” structure illustrated Figure 5. This evolution proceeds recursively from coarsest
to finest, so that all data necessary for time interpolation are present. Note that this would not be the case if we
evolved two steps backwards in time, as there would not be enough data for the time interpolation for the restriction
operation between these two steps.

In the end we must provide initial data only at times preceding the initial time t = 0; i.e., the hourglass structure of
Figure 5 is invalid as an initial data specification in Cactus. Therefore we perform in the second stage of this scheme
one additional step backwards in time on each level, leading to initial data at the times t0, t0 −∆tk, and t0 − 2∆tk on
each level Lk.

III. PHYSICAL SYSTEM

The set of equations we solve are described in detail in [40], and although we briefly review the material here,
we suggest interested readers refer to the prior publication. The evolution system is that of Shibata-Nakamura [41]
and Baumgarte-Shapiro [42], the so-called BSSN formulation. The physical quantities present in a typical ADM [43]
evolution are the 3-metric γi j and the extrinsic curvature Ki j. In the BSSN formulation, one instead evolves a different
set of variables: Ki j is decomposed into its trace K and its trace-free part

Ai j ≡ Ki j −
1

3
γi jK, (1)

It is unstable to prolongate during the substeps of a time 
integrator if there are second spatial derivatives.!

Instead, use buffer zones.



Multi-‐Physics	  Coupling	  
(Method	  of	  Lines)	  
• We	  evolve	  coupled	  physics	  systems,	  e.g.	  Einstein	  
equa1ons	  and	  GRMHD	  
• Approach:	  
•  First	  discre1ze	  space,	  e.g.	  via	  Finite	  Differences	  or	  
Finite	  Volumes	  
•  This	  leads	  to	  a	  coupled	  system	  of	  ODEs	  
•  Then	  discre1ze	  these,	  e.g.	  via	  Runge-‐Ku+a	  

•  Same	  1me	  steps	  for	  all	  physics	  systems	  
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Scalability	  Limitations	  
• AMR	  sub-‐cycling	  1me	  stepping	  serializes	  levels:	  
rather	  small	  domains	  per	  node	  
• Higher-‐order	  FD	  stencils	  require	  many	  ghost	  
zones	  
•  303/363	  =	  0.58	  
•  Local	  domains	  are	  too	  small	  to	  amor1ze	  stencil	  
access	  costs	  –	  dominated	  by	  communica1on	  

• Conclusion:	  Higher-‐order	  FD	  with	  AMR	  is	  not	  
scalable	  



Multi-‐Threading	  
•  Typical	  thread	  switching	  overhead:	  1	  us	  
•  Time	  per	  grid	  point:	  10	  us	  
• Why	  bother	  with	  block-‐structured	  AMR?	  A	  few	  
cells	  per	  thread	  should	  already	  be	  efficient.	  

• How	  to	  handle	  fine-‐grained	  threading?	  
OpenMP?	  pthreads?	  TBB?	  
• How	  to	  handle	  distributed	  memory?	  MPI?	  HPX?	  



Automated	  Code	  Generation	  
• HPC	  languages	  (C,	  C++,	  Fortran)	  are	  too	  low-‐
level;	  15	  lines	  of	  equa1ons	  turn	  into	  1500	  
unmaintainable	  lines	  of	  code	  
•  Template	  meta-‐programming:	  weird,	  clumsy	  
syntax;	  long	  compile	  1mes;	  undecipherable	  error	  
messages	  

• Compilers	  are	  not	  good	  at	  producing	  efficient	  
code	  for	  our	  applica1on	  kernels	  
•  Need	  to	  apply	  certain	  op1miza1ons	  manually	  



Kranc:	  Automated	  
Code	  Generation	  

•  Input:	  System	  of	  PDEs	  as	  a	  Mathema1ca	  script	  
• Processed	  by	  Mathema1ca:	  
•  Transformed	  via	  several	  op1miza1on	  steps	  
•  Discre1zed	  via	  FD	  or	  DGFE	  
•  Lowered	  to	  C++	  with	  OpenMP,	  CUDA,	  or	  OpenCL	  
•  Can	  explicitly	  SIMD-‐vectorize	  

• Result:	  Complete	  Cactus	  component	  

h+p://kranccode.org	  





LoopControl:	  Dynamic	  Loop	  
Optimizations	  
•  Iterators	  for	  3D	  arrays,	  simple	  to	  use	  
•  Employs	  loop	  1ling	  
• Parallelizes	  via	  OpenMP	  
• Aware	  of	  kernel	  vectoriza1on	  

• Dynamically	  auto-‐tunes	  its	  parameters	  (1ling,	  
paralleliza1on)	  to	  improve	  performance	  
•  Employs	  random-‐restart	  hill-‐climbing	  algorithm	  



Opinion:	  Language	  Extensions	  
• Do	  not	  implement	  improvements	  via	  language	  
extensions	  or	  compiler-‐specific	  mechanisms.	  
Instead,	  keep	  them	  in	  open-‐source	  libraries,	  so	  
that	  they	  remain	  modifiable.	  



•  Einstein	  Toolkit:	  
Successful	  community	  project,	  striking	  balance	  
between	  compe11on	  and	  collabora1on	  

•  Block-‐structured	  AMR:	  
Scalability	  issues	  with	  higher-‐order	  FD	  
Cell-‐based	  AMR	  with	  DGFE?	  

•  Automated	  code	  genera1on:	  
C,	  C++,	  Fortran	  too	  low-‐level,	  compilers	  too	  
inflexible	  
Using	  DSL	  for	  PDE	  systems,	  based	  on	  Mathema1ca	  

Conclusion	  


