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Universal	
  Applica1on	
  Introspec1on	
  with	
  Caliper	
  
Caliper	
  is	
  a	
  framework	
  to	
  collect,	
  combine,	
  and	
  query	
  applica?on	
  context	
  
informa?on	
  and	
  (performance)	
  measurement	
  data	
  in	
  HPC	
  applica?ons.	
  
Developers	
  provide	
  applica?on	
  context	
  informa?on	
  through	
  an	
  annota?on	
  
API	
  and	
  measurement	
  data	
  through	
  measurement	
  modules.	
  

Goals	
  
•  Annotate	
  components	
  and	
  write	
  measurement	
  modules	
  independently,	
  
•  Use	
  them	
  in	
  any	
  combina1on	
  for	
  any	
  purpose,	
  controlled	
  at	
  run?me	
  

Caliper	
  Framework	
  Overview	
  

#include <Annotation.h> 

 

int main(int argc, char* argv[]) 

{ 

    cali::Annotation phase_ann("phase"); 

 

 phase_ann.begin("init"); 

    // Perform initialization 

    initialize(); 

    phase_ann.end(); // ends “init” 

 

    phase_ann.begin("loop"); 

 

#pragma omp parallel for 

   for (int i; i < MAX; ++i) { 

        cali::Annotation("iteration").set(i); 

        do_work(i); 

    } 

 

    phase_ann.end(); // ends “loop” 

} 

Context	
  Annota1on	
  API	
  
C	
  and	
  C++	
  APIs	
  are	
  available	
  to	
  provide	
  context	
  informa?on.	
  

	
  

C++	
  API	
  example.	
  Applica?on	
  developers	
  can	
  specify	
  hierarchical	
  (phase	
  a"ribute),	
  scalar	
  (itera-on	
  
a"ribute)	
  or	
  user-­‐defined	
  context	
  informa?on.	
  

Caliper	
  is	
  available	
  on	
  github:	
  
h"ps://github.com/scalability-­‐llnl/Caliper	
  

Contact:	
  boehme3@llnl.gov	
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Caliper	
  workflow:	
  (1)	
  Annotated	
  modules	
  independently	
  update	
  context	
  records.	
  (2)	
  Context	
  snapshots	
  
write	
  combined	
  context	
  and	
  measurement	
  data	
  into	
  the	
  output	
  context	
  stream.	
  (3)	
  Op?onal	
  external	
  
tools	
  can	
  query	
  the	
  context	
  buffer.	
  (4)	
  Op?onally,	
  streams	
  are	
  aggregated	
  on-­‐line	
  to	
  create	
  profiles.	
  

•  Annota1on	
  API	
  
Provides	
  applica?on	
  context	
  informa?on	
  as	
  a0ribute:value	
  pairs.	
  

•  In-­‐memory	
  data	
  store	
  
The	
  process-­‐wide	
  context	
  store	
  combines	
  the	
  a"ributes	
  set	
  by	
  individual	
  
context	
  annota?ons	
  into	
  a	
  shared,	
  space-­‐efficient	
  context	
  tree	
  structure.	
  	
  

•  Measurement	
  modules	
  
Provide	
  performance	
  data	
  or	
  run?me	
  context	
  informa?on,	
  such	
  as	
  
?mers,	
  call	
  path,	
  hardware	
  performance	
  counters	
  (PAPI	
  and	
  PEBS),	
  and	
  
MPI	
  and	
  OpenMP	
  run?me	
  context.	
  

•  Tool	
  /	
  query	
  API	
  
External	
  tools	
  or	
  measurement	
  services	
  can	
  trigger	
  context	
  snapshots,	
  
which	
  automa?cally	
  combine	
  context	
  and	
  measurement	
  data.	
  

Data	
  Composi1on	
  across	
  the	
  SoGware	
  Stack	
  
Annota?ons	
  in	
  different	
  modules	
  across	
  applica?on	
  layers	
  are	
  automa?cally	
  
merged	
  and	
  combined	
  with	
  measurement	
  data.	
  

Case	
  Study:	
  LLNL	
  hydrodynamics	
  code	
  
We	
  used	
  Caliper	
  to	
  instrument	
  an	
  LLNL	
  radia?on	
  hydrodynamics	
  code	
  that	
  
uses	
  the	
  AMR	
  library	
  SAMRAI	
  and	
  the	
  linear	
  solver	
  library	
  HYPRE.	
  

•  Separate	
  independent	
  annota?ons	
  added	
  in	
  the	
  program	
  and	
  libraries	
  
combined	
  with	
  measurement	
  data	
  enable	
  analysis	
  of	
  the	
  interac?ons	
  
between	
  the	
  components.	
  

Composi?on	
  of	
  measurement	
  data	
  and	
  applica?on	
  annota?ons	
  from	
  the	
  main	
  applica?on,	
  HYPRE,	
  and	
  
SAMRAI	
  allows	
  analysis	
  of	
  the	
  interac?ons	
  between	
  components	
  -­‐	
  e.g.,	
  study	
  the	
  influence	
  of	
  AMR	
  regrid	
  

cycles	
  on	
  ?me	
  spent	
  in	
  the	
  HYPRE	
  solver.	
  
amr phase=regrid duration=36

amr phase=regrid/loop duration=76019

amr phase=regrid/loop regrid level=1 duration=40

amr phase=regrid/loop duration=6

amr phase=regrid duration=361714

amr phase=regrid phase=main/loop duration=143816

amr phase=regrid hypre phase=vcycle phase=main/loop duration=20

amr phase=regrid hypre phase=vcycle/loop phase=main/loop duration=435

amr phase=regrid vcycle level=1 hypre phase=vcycle/loop phase=main/loop duration=358

amr phase=regrid vcycle level=2 hypre phase=vcycle/loop phase=main/loop duration=146

amr phase=regrid vcycle level=3 hypre phase=vcycle/loop phase=main/loop duration=64

amr phase=regrid vcycle level=4 hypre phase=vcycle/loop phase=main/loop duration=39

amr phase=regrid vcycle level=5 hypre phase=vcycle/loop phase=main/loop duration=18

amr phase=regrid vcycle level=4 hypre phase=vcycle/loop phase=main/loop duration=29

amr phase=regrid vcycle level=3 hypre phase=vcycle/loop phase=main/loop duration=60

amr phase=regrid vcycle level=2 hypre phase=vcycle/loop phase=main/loop duration=120

amr phase=regrid vcycle level=1 hypre phase=vcycle/loop phase=main/loop duration=234

amr phase=regrid vcycle level=0 hypre phase=vcycle/loop phase=main/loop duration=243

amr phase=regrid hypre phase=vcycle/loop phase=main/loop duration=8

amr phase=regrid hypre phase=vcycle phase=main/loop duration=8

amr phase=regrid phase=main/loop duration=286

Table 1: Sample Output of Caliper Instrumentation in ARES, HYPRE and SAMRAI

Caliper instrumentation, making it easy to add and remove
annotations as application developers see fit. Such instru-
mentation reusability and composability is key for large soft-
ware like ARES.

To demonstrate these capabilities, we annotate ARES and
its libraries to provide the following context information:

We used the Caliper C++ interface to annotate ARES:

1. Attribute phase (“main” and “loop”);

2. Annotated variables: “MPI Rank”, “iteration”.

Because HYPRE is written in C, we used Caliper’s C
wrapper layer to annotate HYPRE:

1. Attribute hypre phase (“vcycle” and “loop”);

2. Annotated variable: “vcycle level”.

We annotated SAMRAI using the C++ interface of Caliper:

1. Attribute “amr phase (“regrid” and “loop”);

2. Annotated variable: “regrid level”.

We then examined a simulation run that simulates a sim-
plified inertial confinement fusion capsule with initial condi-
tions based on a NIF ignition point-design capsule [13] near
bang time. All experiments ran on a Linux cluster with
nodes consisting of two Intel E5-2680 processors running at
2.8 GHz, each with 10 cores, with 24GB main memory per
node. All nodes are connected by InfiniBand DDR. We used
GCC 4.9.2 and MVAPICH2 v1.9 on top of CHAOS [1], an
HPC variant of RedHat Enterprise Linux (RHEL), running
at Linux kernel version 2.6.32. We run each experiment ten
times and average the results and used one MPI process per
core.

We enabled Caliper’s timestamp service to automatically
obtain phase duration information. With this configuration,
Caliper recorded about 92,000 context records per process.
Figure 6 shows the total runtime of the problem on di↵er-
ent process counts, both with and without Caliper instru-
mentation. In our configuration, we observe between 1 and
5% measurement overhead with Caliper instrumentation en-
abled. Note, that the outlier at 128 processes is likely caused

by an imbalance in the input deck for this process count and
the uneven machine configuration.
Figure 1 shows an excerpt from the context stream pro-

duced by Caliper. We selected records from a single sim-
ulation iteration on a single process; therefore, we omitted
the iteration number and MPI Rank attributes in the table
as they are identical in all of the selected records. A line
represents a single context record and each record contains
all context attributes set by the instrumented components,
as well as the duration of the phase in microseconds as mea-
sured by the timestamp service. Note that some attributes
are not necessarily active in all of the context records.
The combined information from all instrumented compo-

nents allows us to study the influence of parameters of some
component on parameters or execution time of other compo-
nents. For example, we can extract whether the refinement
of the AMR grid in SAMRAI impacts the convergence and
therefore execution time of HYPRE. Using a simple Python
script, we parse and cross-compare data from raw context
streams as presented in Figure 1. Figure 7 shows the aver-
age time spent in each of the HYPRE v-cycle levels during
simulation timesteps with (red line) and without grid refine-
ment being performed (blue line). In this case, we see that
performing grid refinement in SAMRAI appears to have no
e↵ect on the v-cycle level times in HYPRE.
The experience of instrumenting ARES and its compo-

nents with Caliper annotations was straightforward and will
enable us to study correlations between parameters in dif-
ferent components and their influence on other components’
runtime and accuracy. From the software engineering per-
spective, the ability to instrument a large code incremen-
tally is crucial. Additionally, composability of context an-
notations means that there is no need to disable subsets of
the instrumentation in order to look for features in another
part of the code, enabling us to leave the instrumentation in
place.

6. RELATED WORK
The HPC community has developed a wide variety of pro-

filing and tracing libraries and tools, such as Score-P [15],

Excerpt	
  of	
  Caliper	
  output	
  of	
  instrumenta?on	
  in	
  the	
  main	
  applica?on	
  (phase),	
  SAMRAI	
  (amr_phase	
  and	
  
regrid_level),	
  and	
  HYPRE	
  (hypre_phase	
  and	
  vcycle_level),	
  with	
  ?me	
  informa?on	
  provided	
  by	
  ?mer	
  service.	
  

Annota?ons	
  and	
  measurement	
  data	
  from	
  different	
  modules	
  are	
  combined	
  into	
  a	
  common	
  context	
  space.	
  

Cross-­‐cujng	
  soaware	
  engineering	
  tools	
  need	
  to	
  access	
  and	
  correlate	
  context	
  informa?on	
  (e.g.,	
  program	
  
phase,	
  itera-on	
  number),	
  measurements	
  (e.g.,	
  hardware	
  counters,	
  -me)	
  and	
  other	
  data	
  across	
  applica?on	
  

modules	
  and	
  threads/tasks:	
  e.g.,	
  “how	
  much	
  ?me	
  was	
  spent	
  in	
  itera?on	
  x?”	
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Caliper	
  facilitates	
  re-­‐combina?on	
  and	
  re-­‐use	
  of	
  source	
  code	
  annota?ons	
  and	
  measurement	
  modules	
  	
  
for	
  different	
  use	
  cases.	
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Figure 5: Histograms of memory access samples along dif-
ferent attributes for the allocate_energy_grid phase (a)
and xs_simulation phase (b).

would expect) and most accesses are low in latency. In con-
trast, xs_simulation executes for approximately a fifth of
the total time, performs lookups, and has a large number of
accesses that take hundreds of cycles. From this we can con-
clude that the allocate_energy_grid phase is not bound by
slow accesses but likely is bound by computation, whereas
the xs_simulation phase is the complete opposite.

By combining memory access data with user-annotated
phases through Caliper, we are now able to analyze perfor-
mance relative to algorithmic phases rather than just by
the code. This type of analysis allows for a more intu-
itive and complete understanding of performance behavior.
With the integration of a new service into Caliper, PEBS
data acquired by Mitos is automatically enhanced with valu-
able context information. Vice versa, any Caliper-annotated
code can immediately benefit from enabling in-depth mem-
ory performance analysis via the Mitos service.

5.2 Using Caliper to Instrument a Large
Parallel Multi-Physics Code

ARES [5, 16] is a 1, 2 and 3D radiation hydrodynamics
code capable of running small serial to large massively par-
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mentation
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Figure 7: We learn that regrid phases do not significantly
a↵ect the time spent in the HYPRE solver by relating
data from independent Caliper context annotations in the
HYPRE and SAMRAI libraries.

allel simulations. It is used primarily in munitions modeling
and inertial confinement fusion simulations.
ARES relies on several numeric libraries, including a struc-

tured AMR library SAMRAI [11] and a linear solver library
HYPRE [8]. We use Caliper to instrument the individual
components used by ARES. While each component is in-
strumented separately1, Caliper’s shared context allows us
to look at how the components impact each other. For ex-
ample, the ability to annotate the domain sizes and quality
produced by SAMRAI along with the iteration count in the
HYPRE solver will facilitate the application developers in
studying the e↵ects of domain sizes on the solver conver-
gence and the quality of the answer. Note that this goes
beyond classical performance analysis, which provides sim-
ple metrics like time spent in a given function, and is a step
towards true algorithmic performance debugging. Moreover,
any instrumentation in a commonly shared library, such as
the widely used HYPRE package, can be reused for study-
ing other simulation applications built on top of the same
library. This enables enhanced tool support in applications
that have no direct use of Caliper in their main code and
without any further e↵orts on the side of the user. Further,
existing Caliper instrumentation does not interfere with new

1In practice the development team for each library as well
as for the application itself would insert Caliper annotation
unknowingly from each other, enabling true modularity.


