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ABSTRACT
Performance-portability libraries such as RAJA enable single-source
applications to run on diverse architectures, but performance often
depends on compiler decisions that are hard to observe. Existing
tools either show compiler activity without runtime context or
runtime performance without compiler provenance. We present an
approach that integrates compiler optimization data into runtime
profiles, allowing developers to link specific optimizations to their
performance impact. We demonstrate this approach through a case
study where we determine the compiler requirements of kernels
from the RAJA Performance Suite.
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1 INTRODUCTION
Perfomance portability libraries such as RAJA [1] enable single-
source applications to run across diverse hardware and program-
ming models through architecture abstractions. These abstractions
shift performance responsibility to the compiler. Developers often
struggle to connect compiler optimization decisions (e.g., apply
inlining, do not vectorization) to runtime performance. The miss-
ing link between compiler decisions and runtime behavior makes
performance hard to understand.

Solving this challenge requires a two-fold approach: first, cap-
turing the compiler’s optimization decisions, and second, relating
them to runtime behavior. The optimization compiler remarks from
LLVM [4] provide the former by reporting which optimizations
were attempted, applied, or skipped during compilation. Runtime
profiling tools such as Caliper [2] provide the latter by expos-
ing runtime information. Yet, because these sources remain dis-
connected, the compiler’s influence on performance persists as a
black box—remarks lack runtime context, and profiles lack com-
piler provenance—leaving developers without a clear link between
compiler decisions and observed performance.

Our goal is to relate compiler decisions with runtime behavior
so developers can understand which optimizations matter and why.
Our contributions are as follows: (1) We develop a lightweight,
general approach exposing compiler optimization provenance at
runtime, which integrates with existing profiling infrastructure
such as Caliper, and programmatic analysis with Thicket; and (2)
We validate this approach on the RAJA Performance Suite across op-
timization levels, demonstrating how fusing compiler and runtime
perspectives enables evidence-guided optimization for performance
portability.
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2 RELEVANT TOOLING
Our approach makes use of the following three software projects,
which are developed and maintained at Lawrence Livermore Na-
tional Laboratory (LLNL), and are used extensively in performance
portability and HPC application development workflows.

RAJAPerf. The RAJA Performance Suite (RAJAPerf) [5] is a
collection of loop-based computational kernels implemented in
multiple programming models, including platform-native (Base)
and RAJA variants. It is designed to evaluate the performance and
portability of RAJA abstractions across diverse architectures by
providing comparable implementations of common HPC kernel
patterns.

Thicket. Thicket [3] is a performance analysis tool for ensem-
ble runs. It enables users to load, merge, and query performance
data from multiple executions, supporting aggregated statistical
analysis and visualization. Thicket’s data model allows filtering
and grouping by user-defined criteria, making it well suited for
analyzing compiler–runtime relations at scale.

Caliper. Caliper [2] is an annotation-based profiling library that
allows developers to mark code regions and collect fine-grained
performance data. It supports integration with hardware counters,
timers, and other performance metrics, producing structured pro-
files that can be related with user annotations.

3 THE BLACKBOX OF THE COMPILER
The primary mechanism to influence compiler optimizations is
through the -O family of compiler flags, which have optimization
levels ranging from minimal (-O0) to aggressive (-O3). Each level
enables a predefined set of optimization strategies. While these flags
broadly guide the compiler, they are coarse-grained controls: devel-
opers cannot directly see which specific optimizations were applied
or skipped, nor assess their runtime impact trivially. This lack of
visibility creates a "black box" around the compiler’s behavior.

One partial way to shed light into this “black box” is through
compiler remarks, that is diagnostics emitted by the compiler that
report which optimizations were attempted, applied, or missed.
While remarks can be valuable for performance tuning, they have
two significant drawbacks. First, large projects may generate hun-
dreds of thousands to millions of remarks, making them difficult to
analyze at scale. Second, because remarks describe static compiler
decisions without runtime context, it is challenging to relate them
with runtime performance.

Conversely, profiling tools such as Caliper can provide rich run-
time measurements for user-defined code regions but no insight
into compiler behavior. At present, these two valuable data sources—
compiler remarks and runtime profiles—exist in isolation. Our work
addresses this gap by introducing a compiler plugin based method-
ology that integrates compiler optimization information directly
into runtime profiles.
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4 LLVM PASS PLUGINS TO COLLECT
COMPILER REMARKS

Our approach bridges the gap between compiler optimization data
and runtime performance measurements through a compiler plugin-
based methodology. The methodology requires two requirements
of the application: (1) it must be compiled with an LLVM-based
compiler (e.g.,Clang) and (2) it must have regions of interest marked
with Caliper annotations.

Our methods consist of two LLVM pass plugins: a remark ex-
traction plugin and a remark instrumentation plugin. The remark
extraction plugin is a module pass that runs early in the LLVM
pipeline and installs a custom diagnostic handler to intercept all
emitted optimization remarks. For each translation unit, the plugin
records attempted, successful, and missed optimizations into an in-
memory data structure, which is then written to a machine-readable
JSON file at the end of compilation.

The remark instrumentation plugin is also a module pass, but it
reads the generated remark JSON files from the remark extraction
plugin for each translation unit. It then inserts Caliper API calls at
the corresponding instructions for each remark, encoding the opti-
mizationmetadata as Caliper annotations and preserving this prove-
nance in the executable. This process produces two executables: an
un-instrumented version for collecting baseline runtime profiles,
and an instrumented version for collecting profiles augmented with
compiler optimization data. At runtime, Caliper produces output
files containing both performance metrics and associated compiler
optimization information. These annotated profiles can then be
visualized using performance analysis tools such as Thicket.

Figure 1: Performance of RAJA vs. Base implementation for
Stream_TRIAD kernel across optimization levels.

5 RAJA PERFORMANCE SUITE CASE STUDY
We evaluate our methodology using the RAJA Performance Suite
(RAJAPerf) [5]. In this case study, we focus on the platform-native
(Base) and RAJA variants in determining which compiler optimiza-
tions are necessary for RAJA kernels to achieve performance com-
parable to their Base counterparts. Fig. 1 shows performance for
the Base and RAJA implementations of the Stream_TRIAD ker-
nel across optimization levels. At -O0, the RAJA version performs
significantly worse than Base. However, performance converges
by -O1 and remains comparable between both implementations at
higher levels. We want to understand what changes in compiler
optimizations occurred between -O0 and -O1 that closes this gap.

To answer this, we compare differences in compiler optimizations
between the two levels for both implementations. We find a sub-
stantial increase in inlining activity for the RAJA implementation at

Figure 2: Optimimization breakdown of RAJA implementa-
tion of the Stream_TRIAD kernel at -O1.

-O1 that far exceeds that of the Base version. The Sankey diagram
in Fig. 2 shows that inlining dominates optimization activity for
RAJA at this level, with 122 inlining attempts, 100 of which succeed.
Of these, 91 are auto-inlined based on compiler heuristics rather
than explicit hints. These results indicate that RAJA’s abstractions
require more aggressive inlining than Base to generate efficient
code. Auto-inlining plays a central role in closing the performance
gap, suggesting that compiler heuristics largely determine whether
RAJA implementations reach parity with native implementations.

6 CONCLUSIONS AND FUTUREWORK
We introduce a compiler plugin-based approach to bridge the gap
between compiler optimization data and runtime profiles. This
approach enables the relation compiler decisions with application
performance, providing new insight into optimization requirements
for HPC applications. For future work, we intend to extend support
of our approach to GPU applications. We also intend to conduct
research on the assignment of quantitative importance scores to
optimization to further guide developers.
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