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Abstract
The increasing interconnectivity of HPC systems has highlighted
the need for efficient application migration across different envi-
ronments. Containers, widely adopted for this purpose, simplify
deployment but often fail to deliver optimal performance due to the
separated build and execution container workflow. This leads to
generic container images that miss out on system-specific software
stack advantages, a challenge we define as the adaptability issue.

We propose coMtainer, a compilation-assisted image transfor-
mation framework that embeds build-time information into images.
This enables remote HPC systems to specialize and rebuild the con-
tainer using native toolchains and libraries. coMtainer preserves
image neutrality while resolving the adaptability issue, allowing
optimized execution without user involvement. Moreover, the em-
bedded metadata unlocks advanced compiler optimizations such
as LTO and PGO. We implement and evaluate coMtainer across a
variety of real-world HPC applications, demonstrating coMtainer’s
practicability, applicability and effectiveness.

CCS Concepts
• Software and its engineering→ Compilers; Software libraries
and repositories; Software performance; Cloud computing.

Keywords
High Performance Computing, Container, Adaptability, Software
Stack, Compiler Optimization
∗Corresponding author.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.
SC ’25, St Louis, MO, USA
© 2025 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 979-8-4007-1466-5/25/11
https://doi.org/10.1145/3712285.3759790

ACM Reference Format:
Yuhao Gu, Haoquan Chen, Xianjie Chen, Jiangsu Du, Zhiguang Chen, Nong
Xiao, Xianwei Zhang, and Yutong Lu. 2025. coMtainer: Compilation-assisted
HPC Container Images with Enhanced Adaptability. In The International
Conference for High Performance Computing, Networking, Storage and Anal-
ysis (SC ’25), November 16–21, 2025, St Louis, MO, USA. ACM, New York, NY,
USA, 16 pages. https://doi.org/10.1145/3712285.3759790

1 Introduction
With the continuous advancement of open science [37], the emer-
gence of new application scenarios such as artificial intelligence [51],
and democratization of computational resources, HPC systems have
been increasingly interconnected [15, 32, 48, 50], further leading
to more frequent cross-platform transfers of both application and
data. Concurrently, the post-Moore’s Law era [22] has witnessed
an explosion of heterogeneous computing architectures [12], push-
ing HPC systems toward unprecedented diversity [35, 56]. While
such architectural diversification enables specialized performance
gains, it simultaneously introduces substantial challenges of appli-
cation development and deployment [34], which must be deeply
adapted to specific HPC systems to fully exploit the computational
capabilities.

Featuring almost no runtime overhead [7, 25, 30, 54, 57], which is
critical for HPC applications, containers have emerged as an effec-
tive solution and have been extensively validated in large-scale pro-
duction deployments. The HPC community has further proposed
several tailored solutions, including Apptainer/Singularity [31],
Charliecloud [43], Sarus [9], and Shifter [19], to help exchange
and run HPC applications. As shown in Figure 1, HPC container
workflow generally mirrors cloud computing paradigms: (1) Users
build application images on local machines, encapsulating all nec-
essary components including programs, data, configurations and
third-party dependencies; (2) These images are then distributed via
repositories; (3) Remote HPC systems pull and execute the container
images. This process is enabled by containers’ ability to provide
uniform and isolated OS-level execution environments, ensuring
consistent application behavior across diverse HPC platforms.
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Figure 1: The current workflow of (HPC) container images,
which is incapable to deliver high performance because of
the ignorance of target HPC systems on the image builder
side.

In contrast to conventional deployment scenarios of general com-
puting, HPC containers must satisfy not only functional require-
ments but also stringent performance demands. To fully harness
the computation capabilities of modern HPC systems, applications
must be tightly coupled with the underlying hardware and soft-
ware stacks. This often involves using dedicated libraries, compiler
toolchains, and environment settings specifically tailored for the tar-
get HPC system [7, 8, 47, 52, 55]. However, existing HPC container
technologies fall short of these requirements due to a fundamental
limitation: containers only provide runtime environments, and the
responsibility for making programs and images falls entirely on the
users.

In the current container workflow, container images are built on
the user side but executed on remote HPC systems. Users typically
create generic system-agnostic images using the default software
stack of the base image to ensure broad compatibility. However,
when such generic images run on remote HPC systems, they often
suffer from performance degradation or even execution failures
due to the insufficient coupling between containerized applications
and the underlying HPC systems [46, 47, 55]. We refer to this as
the adaptability issue between HPC container images and HPC
systems. An alternative approach is to build dedicated images specif-
ically optimized for a target HPC system, but this inevitably leads
to portability issues when using the same image on various systems.
In essence, there is an inherent trade-off between the portability
and performance for HPC container images.

To address this adaptability issue, we believe that the key lies in
finding a better division of responsibilities between the user side
and the HPC system side. An ideal solution would allow users to
publish generic, standardized application images, while enabling
the system side to specialize these images according to its specific
configuration, thus avoiding performance loss caused by differences
between the two sides. One feasible approach is thus to establish
an image system which allows to distribute the applications at
higher semantic levels, e.g. high-level language codes or compiler
intermediate representations (IRs) to leverage the system irrele-
vance and offload system-specific build processes to the system side.

This would keep the neutrality of the image and open up space for
system-specific optimizations as well.

Driven by this insight, we propose coMtainer, a compilation
enhanced container image building framework designed to alle-
viate the adaptability issue in HPC environments. Compared to
existing containers, coMtainer extends the content of the image
by incorporating information from its build process. Specifically,
coMtainer analyzes the image construction procedure, collects
additional intermediate data from the build environment and em-
beds them into the final image content. Such extra data enables
system-side image rebuilding, thereby supporting the injection of
system-specific optimizations. With coMtainer, users can create
and distribute standardized application images in the most generic
manner. Meanwhile, the HPC systems can specialize these standard-
ized images according to their dedicated configurations, eliminating
performance losses caused by the adaptability issue. Furthermore,
the additional build-process information included in coMtainer
images can facilitate other advanced optimizations on the system
side, further improving application performance beyond the basic
adaptation.

In summary, the contributions of this paper are:
(1) We identify that discrepancies between the user-side build

environment and the system-side execution environment in
current HPC container workflows can lead to incomplete
performance fulfillment or even runtime failures. We de-
fine this challenge as the adaptability issue between HPC
container images and HPC systems.

(2) We propose a novel approach that embeds additional build-
time data into container images, thus enabling the system
side to take over portions of the build process originally
performed on the user side. This method ensures the porta-
bility of container images while allowing system-specific
optimizations.

(3) We implement coMtainer, a prototype framework designed
to validate our approach. We outline the overall workflow
of coMtainer, introduce its internal components along with
key implementation details, and evaluate its effectiveness on
real HPC applications and systems.

(4) Evaluation results demonstrate that the coMtainer proto-
type can process a wide spectrum of real-world HPC appli-
cations, recovering performance losses caused by the adapt-
ability issue. Additionally, it enables advanced optimizations
such as Link-Time Optimization (LTO) and Profile-Guided
Optimization (PGO), delivering extra performance improve-
ments.

2 Background
2.1 HPC Environment Differences
HPC systems are clusters, i.e., supercomputers, with massive ho-
mogeneous nodes. The same hardware configuration is applied to
all nodes to ensure that programs run seamlessly across the entire
system. However, differences between HPC systems can be as sig-
nificant as those between personal computers (PCs), encompassing
factors such as CPU architectures, memory size and bandwidth,
attached accelerators, and more. Additionally, HPC systems are
characterized by high-speed interconnection networks that vary
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in terms of latency, bandwidth, topology, and other performance
metrics.

These hardware-level differences propagate to the software layer,
resulting in system-specific drivers, optimized libraries, and cus-
tomized environment settings. Beyond that, similar to PCs, differ-
ent HPC clusters often host vastly different application software
stacks and the file system structure. To develop an application that
unleashes the full power of an HPC system, the programs must
be deeply coupled with the system’s software stack. As a typical
example, many vendors of HPC systems provide their own MPI
implementations to utilize the underlying high-speed network, like
Cray MPI [20] for HPE systems, Fujitsu MPI [39] for the Fugaku
supercomputer, the Intel MPI Library, etc.

Effectively utilizing an HPC system therefore requires users to
be intimately familiar with its hardware and software environment
— just as they would with their PCs. As a result, users tend to stick
with a single familiar system for most of their work. However, HPC
systems are typically shared among users, and regular users do not
have root access to conduct low-level operations. This lack of admin-
istrative privileges introduces significant challenges for installing
and developing software applications on these systems [18, 21],
which has in turn driven the adoption of container technologies in
the HPC community.

2.2 HPC Containers
As a lightweight OS-level virtualization technology, containers cre-
ate isolated, standalone OS environment using kernel mechanisms
such as namespaces [45]. Within these environments, applications
can run with their own user-defined software stacks (UDSS) [44],
ensuring that containerized applications behave consistently across
different systems. Beyond UDSS, by encapsulating the entire run-
time environment including data, dependencies, and configurations,
containers also bring reproducibility to HPC applications, a long-
standing challenge in scientific researches [36].

Container technologies can fundamentally transform HPC ap-
plication development by decoupling the development and deploy-
ment phases through standardized runtime environments. This
paradigm enables developers to construct and validate applications
locally before packaging them into portable container images for
deployment across heterogeneous HPC systems. This approach
dramatically simplifies development, accelerates iteration, and facil-
itates CI/CD practices in scientific computing [21, 27]. In response
to these benefits, the HPC community has developed specialized
container solutions including Apptainer/Singularity [31], Char-
liecloud [43], and Shifter [19], which have gained substantial adop-
tion in production environments [26, 27, 38], and are expected to
see expanded usages [60].

2.3 Building HPC Application Image
HPC applications are usually developed with compiled languages
like C/C++/Fortran for the sake of performance. To containerize
these applications, it is recommended to use a multi-stage build [4]
approach to generate application images, as this helps reduce the
final image size. Figure 2 illustrates an example of a two-stage
build process, in which two containers are created. The first con-
tainer (build), installs build-time dependencies such as compiler

toolchains and libraries, then compiles the application source code
and generates program binaries. The second container (dist) is
usually based on the same base image but only includes the runtime
dependencies and compiled binaries from the build container. This
eliminates unnecessary build-time files from the final image and
significantly reduces its size.

Container
build

Container
dist

Base Image
ubuntu:24.04

Application
Image

FROM ubuntu:24.04 AS build
RUN apt-get install libopenmpi-dev
...

FROM ubuntu24.04 AS dist
RUN apt-get install openmpi-bin
COPY --from=build xxx.yyy
...

Docker
file

Source
Code

Building Result
xxx.yyy

Figure 2: A two-stage container image build process and its
corresponding Dockerfile.

3 Motivation
In this section, we introduce the origin of the adaptability issue
and our motivation from the perspective of an image maker. Sup-
pose we are developers of a certain HPC application and intend to
publish our work in the form of container images. As illustrated
in Figure 2, we need to compile the source codes and generate the
program binaries on our user-side machine, then package them
along with third-party libraries, environment configurations, and
data files—into an eventual container image.

However, the build process is often far from straightforward. To
achieve optimal runtime performance, we need to select the best
build configuration (compiler options, 3rd-party libraries, etc.) for
the target systems. But this leads to a critical challenge: we have
no prior knowledge with the HPC systems on which the image will
eventually be run. Hence in practice, most application developers
tend to create generic images using default toolchains and software
stacks from mainstream base images like Ubuntu/Debian/Alphine,
targeting the core subsets of a few mainstream ISAs and HPC clus-
ters. It is important to note that even within the same ISA, there can
be significant performance differences across vendors and between
different product lines from the same vendor. These system-specific
factors are inaccessible at the time of building images, leading to
a mismatch between the general-purpose image and the specific
HPC system, which is the essence of the adaptability issue.

The conventional container workflow faces several fundamental
challenges in HPC environments. First, even if we could identify
several possible target HPC systems in advance, it would still be
infeasible to account for all of them. Moreover, building highly op-
timized, system-specific container images for each target demands
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significant time and efforts, substantially increasing the burden
of both releasing and maintaining the application. Let alone the
potential compatibility issue about running the remote system’s
software stack on the user side during image building. On the other
hand, if the target HPC systems are known and fixed, separating
the container workflow into building and execution phases may
seem unnecessary, since applications can be developed, built, and
deployed directly on the target systems. Collectively, these factors
explain why the conventional container workflow often leads to per-
formance degradation in HPC scenarios caused by the adaptability
issue.

To further illustrate the severity of this performance loss, we ex-
amine LULESH–a representative HPC application–on a single node
from our x86-64 and AArch64 systems respectively. Specifically,
we compare its performance under two scenarios. In the first sce-
nario, we create a generic containerized version of LULESH using a
mainstream base image (ubuntu:24.04) with the default toolchain
and software stack it provides. In the second scenario, we build
LULESH natively on our HPC systems, incrementally enabling a
series of optimizations without modifying its source code. Figure 3
presents the experimental results, where COST shows the time cost
and other legends show the effect of optimizations.

x86-64
base

0 5 10 15 20 25 30 35 40
Execution Time (s)

aarch64
base

COST pgo lto cxxo libo

Figure 3: The performance of LULESH in the generic image
compared to that of the native version optimized for x86 and
ARM target HPC systems.

As shown in Figure 3, system-specific optimizations yield sub-
stantial performance improvements. We enumerate the applied
optimizations as below:

• libo: Replacing default libraries in the image with optimized
alternatives from the system’s native software stack, such as
vendor-provided C/C++ standard libraries and third-party
libraries that have already been optimized for the target
system.

• cxxo: Using the target system’s native compiler toolchain
(in this case, the C++ compiler).

• lto: Enabling Link Time Optimization (LTO), which can
significantly increase compilation time and hence make it
prohibitive on the user side, yet feasible on the system side
where ample compute resources are available.

• pgo: Enabling Profile-Guided Optimization (PGO), which
collects runtime profiling data to guide the compiler opti-
mizations, but also makes it highly sensitive to the target
system’s characteristics.

Overall, libo and cxxo bring in up to 50% and 72% time reduc-
tions on our x86-64 and AArch64 systems respectively, which effec-
tively recovers the performance lost due to the adaptability issue
and achieves performance comparable to a native build. Further-
more, lto and pgo yield an additional 17.5% and 9.6% performance
boost respectively on top of the already optimized versions. It is
also worth noting that many other advanced optimizations (like
binary-level layout optimization [40, 41, 59]) are not included here,
suggesting greater space for potential performance gains.

4 Design
To address the adaptability issue and enable the optimizations listed
in §3 for HPC containers, we envision a compilation-assisted work-
flow (i.e. the coMtainer procedure) as illustrated in Figure 4. The
workflow introduces an analysis procedure on the user side, where
additional build-time data is collected from building processes of
the image and inside applications. The data is layered upon the orig-
inal image, forming an extended image, and used by remote HPC
systems later to rebuild and redirect the image, creating optimized
versions tailored for themselves.

Rebuild
& RedirectExtended Image

Cache

Appli-
cation
Image

System A

Optimized
Image
for A

User Side Remote HPC Systems

!

Analysis

Optimized
Image
for B

System B

Program
Binaries

Project
Source
Code

*Others*

Figure 4: A brief illustration of the coMtainer workflow.

We put this idea into practice and develop the image building
framework–coMtainer, which we will introduce in a top-down
fashion in this section. First, we detail the coMtainer workflow.
Next, we introduce its toolset architecture that supports the entire
workflow. We then delve into the core components of the toolset
, i.e., the process representations. Following that, we list the op-
timizations implemented in our current prototype, which is used
in the experimental section later. Finally, we provide some key
implementation details and discussions about design choices.

4.1 The coMtainerWorkflow
The left part of Figure 5 depicts the overall workflow of coMtainer,
which is based on the conventional two-stage container image
building process, with two key modifications:

1) The two build-stage containers now use coMtainer ’s Env
and Base images respectively, rather than using an identical main-
stream base image. This change is reflected in the Dockerfile as
shown in Figure 6. Notably, coMtainer’s Env and Base images
remain compatible with standard base images, ensuring that the
modified Dockerfile works as before.

2) After the two-stage build process is completed, coMtainer
reintroduces the generated image back into the build container.
Within this container, coMtainer ’s toolset performs an in-depth
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analysis of the image, collects necessary files from the environ-
ment, and adds a new cache layer to the image, thus forming an
coMtainer extended image. The extended image remains compliant
with the OCI standard, thereby allowing it to be pushed to OCI-
compliant image registries and seamlessly integrated into existing
OCI ecosystems.

FROM ubuntu:24.04 as build
...
FROM ubuntu:24.04 as dist
COPY --from=build ...
...

FROM comt:ubuntu24.env as build
...
FROM comt:ubuntu24.base as dist
COPY --from=build ...
...

Figure 6: Modification (right) to the user-side Dockerfile

Assuming we are building a container image named xxx, the
following commands illustrate the semantics performed in
coMtainer-build on the user side. We use buildah for demonstra-
tion here, as it adheres most closely to the OCI standard. The first
two commands build the two stages of the Dockerfile as separate
images. The third command exports the xxx.dist image as an OCI
layout directory (./xxx.dist.oci). This directory is then mounted
into the xxx.build container, where the coMtainer-build com-
mand is executed. When the command completes, the cache layer
will be generated in ./xxx.dist.oci, making the directory a
coMtainer extended image.
$ buildah build --target build -t xxx.build .
$ buildah build --target dist -t xxx.dist .
$ buildah push xxx.dist oci:./xxx.dist.oci
$ buildah from --name xxx.build

-v .../xxx.dist.oci:/.coMtainer/io xxx.build
$ buildah run xxx.build -- coMtainer-build

The right part of Figure 5 shows the rest of workflow on re-
mote HPC systems. After the extended image is pulled from the
repository, the system then creates a rebuild container based on
coMtainer ’s Sysenv image. This container utilizes the additional

data carried in the cache layer of the extended image to rebuild opti-
mized programs, configurations, and other system-specific settings.
The results of this process are collected into a rebuild layer, which
is added to the extended image, forming the coMtainer rebuilt im-
age. Next, the system creates an empty redirect container from
the Rebase image. Inside this container, coMtainer ’s toolset ex-
tracts the necessary data from the rebuilt image and configures the
environment accordingly. Once the setup is complete, the system
commits the redirect container, producing the final optimized im-
age, which is now fully adapted to the target HPC system. Note that
the rebuilding and redirecting can be performed many times during
the image’s lifetime, which thus enables optimizations requiring
runtime information like PGO.

Following the previous example, the remote side performs the
semantics as the following commands. The first two commands
perform the rebuild process, while the last three commands handle
the redirect process:

$ buildah from -v .../xxx.dist.oci:/.coMtainer/io
--name xxx.rebuild Env-ubuntu24

$ buildah run xxx.rebuild -- coMtainer-rebuild
$ buildah from -v .../xxx.dist.oci:/.coMtainer/io

--name xxx.redirect Rebase-ubuntu24
$ buildah run xxx.redirect -- coMtainer-redirect
$ buildah commit xxx.redirect oci:./xxx.redirect.oci

4.2 Toolset Architecture
The coMtainer toolset is implemented as a set of Python scripts
embedded within the Env, Sysenv, and Rebase images (and their
derived containers) to support the overall workflow. Inspired by the
classic three-phase compiler architecture, it consists of a front-end,
back-end, and process models functioning like the intermediate
representation (IR), with the addition of system adapters and the
cache storage. Just like usual compilers, the core of the toolset is the
process models, which are composed of three parts: the compilation
model, which captures individual compilation processes; the build
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Figure 5: Detailed user and system side workflows of coMtainer.

590



SC ’25, November 16–21, 2025, St Louis, MO, USA Yuhao Gu, Haoquan Chen, Xianjie Chen, Jiangsu Du, Zhiguang Chen, Nong Xiao, Xianwei Zhang, and Yutong Lu
Ap

pl
ic

at
io

n 
& 

Im
ag

e 
Bu

ild
in

g 
 P

ro
ce

ss src

img

bin

FR
O

N
T 

EN
D

Compiling Build Image

BACK END

C
AC

H
E

ST
O

R
AG

E

System A

img A

Process Models

Adapter A Adapter B
A

da
pt

er
s

...

System B

img B ...

coMtainer

...

Figure 7: Architecture of coMtainer toolset.

model, which represents the data conversions in the entire build
process with directed acyclic graphs; and the image model, which
represents the structure and composition of the final application
image.

The front-end works on the user side, records and parses the
complete build workflow to generate the three models. The back-
end works on the system side, retrieves data from cache storage
and produces the optimized system-specific image. Cache storage
enables data transfer between the user and system sides while
ensuring compatibility with OCI formats. System adapters, akin
to compiler optimization passes, operate on independent copies
of the process models, tailoring transformations to specific HPC
systems. These adapters analyze and modify process models, collect
additional data from the build environment, and perform the image
rebuilding and redirection on the target system.

All components in the architecture except the system adapters
are universal across different systems. Since adapters are tied to
specific HPC systems, they are designed as extensible plugins. How-
ever, the toolset includes built-in adapters for common HPC setups,
which have broad applicability. Therefore, coMtainer itself is an
infrastructure framework, and adapter plugins should be developed
by the system side and integrated into the framework.

4.3 Process Models
The process models form the core of the coMtainer toolset. They
model the entire build process of an application image and represent
the process as structured data to enable analysis and transformation.
They consist of three components, which are as shown in Figure 8:

ImageModel represents the structure and content of the applica-
tion image. The files are categorized into five types, including those
from the base image, those from the package manager, those from
the build process, platform-independent data, and unknown origins.
This classification guides system-side transformations, particularly
file replacements. Those files generated by the build process are
associated with the nodes in the build graph model.

Build Graph Model is a DAG that represents all data transfor-
mations within the build process. Its structured nodes resemble
syntax tree nodes in compilers rather than homogeneous nodes in

Build Graph Model

Layer 0 - Base

Layer 1 - App

Layer 2 - Cache

/- app/
|  |- foo.out
|  |- bar.so
|...

/- bin/
|- lib/
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Im
ag

e 
M

od
el

Compilation Model(s)

Figure 8: The process models of coMtainer.

graph databases. Each node tracks its dependencies , namely in-
coming edges, and stores metadata for analysis and transformation,
such as the command lines that generate the node.

Compilation Models are specialized sub-models that capture
the generation process of individual nodes. Different node types cor-
respond to different compilation models, serving distinct analysis
and transformation purposes.

The package management system plays a key role in enabling
system-side optimizations at the image level, such as package re-
placement. The build graph is extensible and should be designed
accordingly along with the compilations models, allowing support
for new language ecosystems and application domains by adding
new node types. For the HPC applications written in C/C++/Fortran
focused by this paper, our build graph currently models source files,
.a/.o/.so files during compilation, and together with other node
types. The compilation model of .a nodes represents the archive
contents, while those of .a/.o/.so nodes are structural data repre-
senting GCC command lines - Deriving this compilation model was
a non-trivial task, requiring us to manually extract it by systemati-
cally reviewing the entire GCC user manual. Due to the complexity
of GCC’s command-line options, we continue refining our model
to ensure accuracy and compatibility.

4.4 Performance Retention and Optimizations
coMtainer aims to retain the lost performance that occurs when
running generic container images on specific target HPC systems.
This performance loss primarily stems from the lack of system-
specific optimized software stack during user-side image building.
By leveraging coMtainer ’s process model, the system side gains
the ability to perform system-specific optimizations in two ways.
First, it can replace default libraries from the package manager with
counterparts optimized for target systems. Second, during rebuild-
ing, it can recompile the application using the system’s dedicated
toolchains. These optimizations often restore performance to the
same level as natively building applications on the HPC system.

In addition to package replacement, coMtainer can also enable
advanced compiler optimizations on the system side that are often
overlooked on the user side. In this work, we focus primarily on
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two of them, including Link-Time Optimization (LTO) and Profile-
Guided Optimization (PGO).

LTO delays the final compilation of IRs until the linking stage,
allowing whole-program optimization across all translation units
(.o files). While this can significantly improve performance, it is
rarely used due to the significantly lengthened compilation time,
which is intolerable for normal users. However, on HPC clusters,
computation resources are often abundant, making LTO a viable
optimization strategy. coMtainer seamlessly enables LTO and can
flexibly control its scope since the whole build process is repre-
sented as an explicit graph data.

PGO optimizes compilation using runtime profiling data, either
from instrumented trial runs or from hardware performance coun-
ters. Despite its potential, PGO is rarely used in pre-built HPC
applications due to two major challenges: (1) the difficulty of defin-
ing "typical" input data for profiling and (2) the inconvenience of
collecting profiling data on remote HPC systems for recompilation.
coMtainer overcomes these limitations by integrating the entire
build and execution process, and enables a fully automated PGO
feedback loop.

4.5 Implementation
coMtainer’s front end generates build process models by parsing
the raw build process, which is the recorded history of executed
command lines during the building process. The recording is per-
formed by a simple command line hijacker program that logs the
arguments, environment variables, etc., and transparently forwards
the execution to the real program via execvp. The hijacking is
achieved by replacing the default programs in the Env image with
symbolic links to the hijacker program.

To construct the models, coMtainer needs to parse command
lines and OCI images. Parsing GCC command lines is particularly
challenging due to their complexity (2314 options in total), and pars-
ing OCI images requires a POSIX file system simulator to compute
the final file system state after applying all image layers. dpkg/apt
data inside the image are parsed further to get the dependency list
needed by the image model.

System adapters are implemented as Python modules integrated
into the coMtainer toolset. Each adapter consists of callback func-
tions executed within the Env, Sysenv, and Rebase containers.
The backend sets up the redirect container by installing the
runtime dependencies and extracting files from the rebuild cache.
The cached files are placed at the same path as the original im-
age, and the container’s final state is committed as the optimized
image. The cache storage provides directory services to system
adapters, encodes their data into new layer tarballs, generates new
config.json and manifest.json files to mark the tarballs as new
images so that the system side can pull them as needed. Thanks to
the layered nature of OCI images, the injection of additional data
introduces no changes to the original image.

4.6 Discussion
We begin by addressing a common misconception: given that the
container image build process is usually system-agnostic, why not
simply package and transfer the Dockerfile along with its build

context to the target HPC system for rebuilding, rather than devel-
oping coMtainer? The answer is straightforward that with current
container build tools, the same Dockerfile and build context will
always produce an identical image, regardless of where the build-
ing is performed. Thus the adaptation is impossible even when the
image is built on the target system. As a result, to truly address
the adaptability issue, we must model the internal structure of the
software stack within the image. This level of introspection and
adaptability is fundamentally lacking in today’s containers, and
coMtainer is designed precisely to bridge that gap.

coMtainer currently relies on the package manager of the base
image to analyze the application software stack. Users must use
packages from the designated package repositories chosen by the
Base image, and ensure that their application’s package dependen-
cies are not tied to a specific version–for example, by relying on
private APIs or bug features. Only in this way can the dependen-
cies be substituted by optimized equivalent versions provided by
the target system. We believe that the package ecosystems of ma-
jor Linux distributions are sufficiently comprehensive to meet the
needs of most HPC applications. Additionally, third-party programs
compiled and built in the container’s Env environment can also
be treated as part of the application by coMtainer, ensuring good
applicability. Currently, our prototype only implements parsing for
dpkg/apt and supports Debian-based distributions only. However,
our approach is equally applicable to other package managers, such
as RPM.

Finally, is embedding high-level build-time data like the source
code into the container image too demanding? We believe it is not,
as the included sources don’t have to be in their original form —
they can be obfuscated to protect intellectual property while still
enabling all the system-side adaptation and optimizations. Besides,
we can use other higher-level IRs, such as LLVM IR as alternatives
to source code. But this approach limits package replacement flexi-
bility since many packages only guarantee API compatibility. Once
compiled, the application becomes tightly coupled with specific
package versions. Finally, we argue that if one attempts to overcome
system differences by raising the abstraction level of distribution,
this problem is unavoidable, as source code is at the highest ab-
straction level. If an application’s source code is not portable across
systems, then no other approach can enable efficient cross-platform
execution.

5 Evaluation
5.1 Experimental Methodology
5.1.1 Testbed. The detailed configuration of our HPC systems is
given in Table 1, including both an x86-64 cluster and an AArch64
cluster. Images used in the experiments are built with Buildah on
local workstations and executed with Charliecloud on the remote
HPC system.

5.1.2 Workloads. The evaluated workloads are given in Table 2,
including nine popular HPC benchmarks of HPL [33], HPCG [16],
LULESH [28], those from Mantevo benchmark set [14]) and 2 large-
scale real-world HPC applications (LAMMPS [53] andOpenMX [10].
Also, it should be noted that HPCG is designed to be run for a fixed
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Table 1: Our x86-64 and AArch64 HPC systems

x86_64 aarch64

CPU 2 x Intel Xeon Platinum
8358P @ 2.60GHz

1 x Phytium
FT-2000+/64 @ 2.2GHz

RAM 512GB 128GB

OS Ubuntu 22.04 Kylin Linux
Advanced Server V10

Nodes 16 16

time and output the GFLOPS value. For consistency, we convert
the GFLOPS value to the theoretical time cost.

Table 2: Workloads (Wkld) used in evaluation.

App Wkld LoC
/ hpl 37556
/ hpcg 5529
/ lulesh 5546
/ comd 4668

la
m
m
ps

chain

2273423
chute
eam
lj

rhodo

App Wkld LoC
/ hpccg 1563
/ miniaero 42056
/ miniamr 9957
/ minife 28010
/ minimd 4404

op
en

m
x awf5e

287381awf7e
nitro
pt13

5.1.3 Metrics and Schemes. We evaluate coMtainer with the fol-
lowing metrics: 1) performance, and 2) image size, for both our
x86-64 and AArch64 HPC systems. For performance, we compare
the following schemes:

• original: the general image built with the default toolchain
and software stack from the standard base image.

• native: native programs built and run on the target HPC
systems.

• adapted: coMtainer images adapted with target system’s
toolchain and software stack.

• optimized: adapted coMtainer images further optimized
with LTO and PGO.

5.2 Performance Retention
Figure 9 presents the execution time of all workloads under the
four schemes of original, native, adapted, and optimized. It
can be observed that, for the majority of workloads, building and
running the program natively on the system (native) significantly
outperforms original images, with an average performance im-
provement of 96.3% on the x86-64 system and 66.5% on the AArch64
system. But when adapted by coMtainer, the average execution
time (22.0s and 69.7s) becomes comparable to that of native (21.35s
and 67.0s), indicating that coMtainer effectively retains perfor-
mance.

coMtainer’s adaptation yields immediate and significant im-
provements compared to original images. We owe this to the
system-specific software stack, including dedicated toolchains and
optimized library dependencies. Notably, the two large applications
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Figure 9: Performance results. Execution time of each workload for varying schemes (the lower the better). The adapted images
achieve the same performance as native builds, and optimized images is even better.
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Figure 10: Relative execution time to the native builds (the lower the better).

lammps and openmx show a remarkable maximum improvement of
253% and 99.7% on the x86-64 system respectively, indicating that
coMtainer can be more profitable for large applications. lulesh
shows a huge improvement of 231% on the AArch64 system in
contrast to 15.6% on the x86-64 system. This is because lulesh
becomes communication-intensive on large scales. However, the
MPI library in original fails to utilize the system’s specialized
high-speed network due to the lack of dedicated plugins, resulting
in significantly higher communication overhead. On the other hand,
since the communication overhead dominates when lulesh scales
to 16 nodes, the improvement here becomes unobvious compared
with the result in Figure 3. Finally, hpccg is the only workload that
shows performance degradation in native and adapted. We at-
tribute this to the over-aggressive optimizations of system-specific
compiler toolchains.

We conclude that the results show the benefits of coMtainer,
which can recover the lost performance caused by the adaptability
issue, especially for large applications.

5.3 Performance Optimization
Beyound the adaptation, we can further apply advanced optimiza-
tions using the additional build-time data embedded in coMtainer
images. In our evaluation, we experiment with two advanced com-
piler optimizations of LTO and PGO. The reduced execution time
relative to native is shown in Figure 10a and Figure 10b for the
x86-64 system and AArch64 system.

Overall, the two optimizations bring an extra performance im-
provement of 5.6%(AArch64) / 8%(x86-64) compared to adapted,

and 3.4%(x86-64) / 3%(AArch64) compared to native. The optimiza-
tion effects vary greatly across different workloads. On the x86-64
system, openmx.pt13 achieves the best improvement of 30.4%, but
lammps.chain gets a degradation of -12.1%. Similar trends are ob-
served on the AArch64 system, with a maximum improvement
of 17.7% for lammps.lj and a minimum of -14.9% for hpcg. This
variation is less pronounced on x86-64, possibly due to its more
mature compiler toolchain, whose default optimizations already
resemble those achieved by LTO and PGO.

The performance gains from these advanced optimizations seem
negligible compared to those from adaptation. But the results align
with the general understanding of advanced compiler optimiza-
tions, whose effectiveness is highly application-dependent. The
pronounced imbalance in the results of LTO and PGO aligns with
expectations that program execution time often concentrates in a
few hot-spot code segments based on principle of locality; signif-
icant impact on overall runtime only occurs when optimizations
affect these regions. Given the randomness and unpredictability
of optimization effects, developers usually perceive them as un-
profitable, given that the additional compilation time cost along
and manual efforts. Thus they tend to use a conservative set of
optimizations. This reinforces the motivation behind coMtainer,
which automates the optimization process, leverages idle compute
resources to absorb the compilation cost, and amplifies runtime
benefits through large-scale deployment in HPC clusters, which
makes aggressive optimizations practically worthwhile.

The above results reveal that coMtainer successfully opens up
optimization space and serves as a framework capable of accom-
modating many advanced compiler optimizations. Thus far, we
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have only tried LTO and PGO. It is highly likely that coMtainer im-
age will become even better after the inclusion of more advanced
optimizations, which are left as future work.

5.4 Image Size
Finally, we evaluate the design overhead from the user’s perspec-
tive. Since coMtainer operates exclusively on container images,
it introduces no overhead for container execution. The primary
cost of improving system adaptability is to include the additional
cache data into the image. Therefore, we measure the image size
and cache layer size for each application.

Table 3 lists the size of the original images and their corre-
sponding cache layers. The size of the coMtainer extended image
can be considered as the sum of the two. In our evaluation, the
cache layer mainly contains the source files involved in the build-
ing process. Since the build processes are identical for the x86-64
and AArch64 systems, the cache layer sizes vary minimally.

We can see from the table that the x86-64 original images
are significantly larger than the AArch64 images, indicating that
x86-64 has a more bloated software stack. Across both architec-
tures, the cache layer is significantly smaller than the original
images—with a maximum of 7.1% on x86-64 and 11.3% on AArch64
of the original image size. Hence coMtainer incurs little over-
head for image distribution.

Table 3: Size (in MiB) of original images and cache layers.

App Image
(x86-64)

Image
(AArch64) Cache

comd 170.36 94.87 0.75
hpccg 170.40 94.77 0.59
hpcg 170.04 95.37 0.80
hpl 170.76 94.86 1.32

lulesh 170.29 96.12 0.66
miniaero 170.12 94.63 0.62
miniamr 170.10 94.62 0.80
lammps 203.30 127.23 14.42
openmx 440.97 359.14 23.99

5.5 Attempts to Cross ISA
In principle, if all the sources involved in building a container image
are ISA-agnostic, and the application’s direct dependencies have
implementations across different ISAs, then coMtainer should, in
theory, be able to leverage the data in the cache layer to rebuild and
redirect a container image from one ISA to another – enabling cross-
ISA workflow of container images. While cross-ISA support was
not the initial goal of coMtainer, this potential is both intriguing
and worth exploring.

To investigate this, we pull the x86-64 coMtainer extended im-
ages for all applications listed in Table 2 and attempt to process
them on the AArch64 system. As expected, most of the images fail
due to ISA-specific contents in their build scripts or source code, e.g.
inline assembly, preprocessor macros, ISA-specific compiler flags,
etc. However, once we relax our constraints slightly and allowed
minor modifications to their build scripts, we find that many of the

applications can successfully be rebuilt and redirected across ISAs
using coMtainer.
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Figure 11: Line differences with original of image build
scripts using 1) cross compilation and 2) coMtainer. The bar
above zero show added lines, and the bar below zero with
hatches show deleted lines.

Figure 11 lists the applications that were able to cross ISA with
coMtainer, along with the number of line changes made to their
image build scripts compared to original. For comparison, the
figure also shows the modifications required when using a tradi-
tional cross-compilation approach (xbuild). The results show that
coMtainer greatly reduces the amount of manual work compared
to cross-compilation. On average, users only need to change 5 lines
in the build scripts with coMtainer— just 10% of the effort required
for cross-building, which are averaged to 47 lines.

This demonstrates that coMtainer holds real potential for en-
abling ISA-agnostic container images, laying a promising founda-
tion for future efforts in building a cross-ISA container ecosystem.

6 Related Works
6.1 Distribute HPC Applications
Performance is a major challenge for distributing HPC applications.
One of the most straightforward solutions is to distribute source
code directly with auto-configuration systems like GNU Automake,
CMake, Meson, etc. These tools help developers organize projects
and configure the build process to match the host environment.
However, fully unlocking application performance still requires
developers tomanually write build scripts. To address this challenge,
Magdalena Slawinska, Jaroslaw Slawinski, et al. proposed Harness
Workbench [49] and ADAPT [11] to enable automatic adaptation
of HPC applications.

Building applications from source is challenging due to the “de-
pendency hell” problem [17]. Casual users therefore prefer package
managers like Debian’s dpkg/apt, which distribute pre-built bina-
ries but restrict users to fixed versions – with no consideration
for performance adaptability. In contrast, the HPC community has
developed source-based package managers, such as Spack [18] and
EasyBuild [24]—tools that build and install applications from source
using toolchains in the user’s environment. When configured ap-
propriately, these tools can ensure that applications achieve optimal
performance tailored to the system.

However, containers differ from package managers in that the
images can also carry data and customized configurations, encom-
passing arbitrary combinations of software. This makes containers
not just a tool for deployment, but also a means of encapsulating
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entire workflows. Thus, package managers do not overlap with the
issues this paper aims to address.

6.2 Build Container Image from Source
coMtainer is not the first attempt to take over the building stage of
container images. A number of existing tools aim to create container
images directly from source code, with the goal of simplifying
containerization and enhancing cross-platform portability.

Buildpack [1] automatically detect the type of application, set up
the appropriate build environment, and assemble container images
directly from source code—without the need for explicit Docker-
files or low-level configuration. Buildpack supports a wide range of
programming languages and frameworks, and is widely adopted in
cloud-native development workflows. Similarly, Source-to-Image
(S2i) [5] provides a flexible framework that combines an applica-
tion’s source code with a pre-configured builder image to produce
a runnable container. It emphasizes reproducibility and automation,
making it particularly well-suited for web applications, scripting
environments, and CI/CD pipelines. Other tools such as Jib [2]
and ko [3] serve similar purposes but are tailored for Java and
Go applications, respectively, simplifying containerization in those
ecosystems.

While these tools successfully decouple image building from
low-level configuration, they are primarily designed for cloud-
native workloads and CI/CD scenarios. They fall short in high-
performance computing (HPC) contexts, where fine-grained control
over compilers, system-tuned libraries and hardware-specific opti-
mizations is essential. In contrast, coMtainer targets HPC-specific
needs by enabling deferred system-aware specialization of con-
tainer images, bridging the gap between source-level portability
and runtime performance optimization on diverse HPC systems.

6.3 The Performance of HPC Containers
After becoming popular, Docker garnered attention from the HPC
community and started to be deployed on HPC systems. Quickly,
multiple studies [13, 29, 58] emerged to evaluate Docker’s perfor-
mance on these systems, as well as efforts to optimize network
communication [57], resource management [23], etc. Given that
Docker is a heavyweight container product designed for microser-
vices, people soon realized that its deep virtualization capabilities
are unnecessary for HPC systems and introduce performance over-
head. As a result, HPC-dedicated container products such as Sin-
gularity [31] and Charliecloud [43] have been proposed, which
are proven to have the near-zero overhead by many evaluation
studies [6, 25, 30, 54, 57], provided they are used properly.

Existing performance optimization efforts for HPC containers
primarily focus on the container themselves at runtime, with scant
attention given to the container images. However, the adaptability
issue of HPC application images has been recognized early on, par-
ticularly the compatibility between applications within the image
and theMPI libraries in the system. Current HPC containers’ mitiga-
tionmeasures are to hijack the library binaries by LD_PRELOAD_LIBRARY
and mounting directories from the host system. Nevertheless, this
approach requires that the applications within the image be dy-
namically linked, and have ABI compatibility issues. In a recent
work [42], Charliecloud attempts to support making images directly

on HPC systems to leverage the host’s software stack. However,
their methodology primarily targets CI/CD scenarios and does
not help the general image making workflows. To the best of our
knowledge, we are the first to combine compilation techniques
and container images. By addressing the adaptability issue at the
compilation phase, we can fully exploit the portability of the project
source code, and bypass problems such as ABI compatibility.

7 Conclusion
In this paper, we propose coMtainer, a container image transfor-
mation and optimization framework that integrates compilation
techniques. We then introduce the coMtainerworkflow and its key
designs, demonstrating how embedding high-level build-time data
into container images enables system-side rebuilding and redirec-
tion. This approach ensures the neutrality of user-side distributed
images while simultaneously allowing target-specific optimizations
to be applied transparently.

Our experimental evaluation shows that the current coMtainer
prototype can already be applied to real-world large-scale HPC
applications and successfully recovers the performance loss caused
by the adaptability issue. Additionally, by embedding the build
process into the image, opportunities for advanced compiler-level
optimizations—such as LTO and PGO—are unlocked, achieving
non-trivial performance gains across a range of workloads.

We believe our work pioneers the transformation of container
images for performance optimization. Furthermore, our extensi-
ble design suggests that this methodology can be generalized well
beyond traditional C/C++/Fortran-based HPC applications to high-
level language ecosystems with similar needs. We are actively ex-
ploring further possibilities for container image transformation and
optimization based on coMtainer, with the vision of integrating it
seamlessly into future HPC software workflows.
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Appendix: Artifact Description/Artifact Evaluation
Artifact Description (AD)

A Overview of Contributions and Artifacts
A.1 Paper’s Main Contributions
C1 We identify that differences between the user-side build en-

vironment and the system-side execution environment in
current HPC container workflows can lead to incomplete
performance fulfillment or even runtime failures. We de-
fine this as the adaptability issue between HPC container
images and HPC systems.

C2 We propose the approach that embeds additional build-time
data into container images, allowing system side to take over
portions of the build process originally performed on the
user side. This method ensures the portability of container
images while enabling system-specific optimizations.

C3 We implement coMtainer, a prototype framework designed
to validate our approach. We outline the overall workflow
of coMtainer, introduce its internal components and key
implementation details, and evaluate its effectiveness on real
HPC applications and systems.

C4 Evaluation results demonstrate that the coMtainer prototype
can process a wide spectrum of real-world HPC applications,
recovering performance losses caused by the adaptability
issue. Additionally, it enables advanced optimizations such
as LTO and PGO, further improving performance.

A.2 Computational Artifacts
A1 https://doi.org/10.5281/zenodo.16920424
A2 https://doi.org/10.5281/zenodo.16920424
A3 https://doi.org/10.5281/zenodo.16920424

Artifact ID Contributions Related
Supported Paper Elements

𝐴1 𝐶1 Figure 3

𝐴2 𝐶2 𝐶3 Figures 4-9

𝐴3 𝐶4 Table 1-3
Figures 10-12

B Artifact Identification
B.1 Computational Artifact 𝐴1

Relation To Contributions
𝐴1 contains the four application images for LULESH to demonstrate
the adaptability issue, with the image build scripts placed at /src
inside the containers. There are 4 images inside: the base image and
target-specifically optimized image for x86-64 and AArch64 respec-
tively, tagged with x86_64.base, x86_64.spec, aarch64.base,
aarch64.spec.

Expected Results
The target-specific images (.spec) should perform much better
than the base images (.base).

Expected Reproduction Time (in Minutes)
Artifact Setup (10∼60 min),
Artifact Execution (3∼5 min),
Artifact Analysis (1 min).

Artifact Setup (incl. Inputs)
Hardware. The x86-64 experiment uses Intel Xeon Platinum 8358P
@ 2.60GHz, and the AArch64 experiment uses Phytium FT-2000+/64
@ 2.2GHz, both on single cluster node.

Software. The host OS in the x86-64 experiment is Ubuntu 22.04 and
that in the AArch64 experiment is Kylin Linux Advanced Server
V10. However the results are expected not to be affected by the
host environment due to the isolation of containers.

To avoid runtime overhead, it is expected that the images are
executed by HPC containers like Singularity or Charliecloud, which
may necessitate the conversion from OCI format to other formats.

Datasets / Inputs. No datasets or inputs needed.

Installation and Deployment. Use the images in the repository as
normal. To build the images, refer to the /src/README.md file inside
the containers.

Artifact Execution
Run the four images and measure the execution time. Some HPC
container engines may be unable to use the entry commands speci-
fied in the OCI config file. In such cases, manually run the LULESH
program at /app/lulesh. For example, using Charliecloud:
$ time ch-run -w ./imgdir -- \

/bin/bash -c 'time /app/lulesh'

Artifact Analysis (incl. Outputs)
Simply comparing the measured time will do.

B.2 Computational Artifact 𝐴2

Relation To Contributions
𝐴2 contains the Env, Base, Sysenv, and Rebase images of coMtainer.
They together realize the coMtainer workflow described in the pa-
per. The source code of coMtainer is placed at /.coMtainer inside
the Env, Sysenv, and Rebase images.

The repository provides the user-side Env and Base images for
both x86-64 and AArch64. However we can’t share our system-side
Sysenv and Rebase images as they contain proprietary system-
specific compiler toolchains which prohibits redistribution. So we
choose to provide alternative Sysenv and Rebase images based on
the free LLVM toolchains instead.

Expected Results
These images should be able to reproduce the coMtainer work-
flows described in the paper, and support the image building of
applications given in the 𝐴3 test suite.
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Expected Reproduction Time (in Minutes)
Artifact Setup (5∼10 min),
Artifact Execution (20∼60 min),
Artifact Analysis (1 min).

Artifact Setup (incl. Inputs)
Hardware. The images should be able to work on any main-stream
x86-64 or AArch64 PCs.

Software. It is advised to use buildah to reproduce the workflow.
But in theory any other OCI-compliant container engine will do.

Datasets / Inputs. No datasets or inputs needed.

Installation and Deployment. Use the images in the repository as
normal.

Artifact Execution
To use the four images, one first needs to prepare a two-stage
Dockerfile like this:
FROM comtainer:x86-64.env as build
...
FROM comtainer:x86-64.base as dist
COPY -- from = build ...
...

Next, we take the LULESH test case in 𝐴3 as an example. In its
directory, use the following commands to build the LULESH build
image and LULESH dist image.
$ buildah build --target build -t lulesh.build .
$ buildah build --target dist -t lulesh.dist .

Use the following command to export the dist image into an
OCI layout directory for analysis and transformation:
$ buildah push lulesh.dist oci:./lulesh.dist.oci

Use the following commands to perform the coMtainer-build
stage in the workflow, creating the coMtainer extended image:
$ buildah from --name lulesh.build
-v $(pwd)/lulesh.dist.oci:/.coMtainer/io lulesh.build

$ buildah run lulesh.build -- coMtainer-build

Then we perform the coMtainer-rebuild stage in the work-
flow:
$ buildah from -v $(pwd)/lulesh.dist.oci:/.coMtainer/io

--name lulesh.rebuild comtainer:x86-64.sysenv
$ buildah run lulesh.rebuild -- coMtainer-rebuild

Perform the coMtainer-redirect stage in the workflow:
$ buildah from -v $(pwd)/lulesh.dist.oci:/.coMtainer/io

--name lulesh.redirect comtainer:x86-64.rebase
$ buildah run lulesh.redirect -- coMtainer-redirect

Finally, to get the optimized image, commit the redirected con-
tainer:

$ buildah commit lulesh.redirect oci:./lulesh.redirect.oci

Artifact Analysis (incl. Outputs)
After the coMtainer-build stage is performed, a new manifest
tagged with suffix +coM should be generated in
./lulesh.dist.oci/index.json.

After the coMtainer-rebuild stage is performed, a new mani-
fest tagged with suffix +coMre should be generated in
./lulesh.dist.oci/index.json.

The final redirected image lulesh.redirect.oci should have a
file system layout compatible with the original lulesh.dist image,
and the LULESH application inside can be used likewise.

B.3 Computational Artifact 𝐴3

Relation To Contributions
𝐴3 contains 4 workloads used in the evaluation. It can build the
original, adapted and optimized versions of application images.
The scripts for building the native version is system-related and
removed for proprietary reasons.

Expected Results
It is expected that the adapted and optimized images run faster
than the original images. However, as the provided system-side
images are based on the free LLVM toolchains, which is still for
general use. The improvements can be greatly diminished compared
to vendor-specific toolchain like Intel OneAPI.

Expected Reproduction Time (in Minutes)
Artifact Setup (10∼60 min),
Artifact Execution (120∼180 min),
Artifact Analysis (10 min).

Artifact Setup (incl. Inputs)
Hardware. Same as 𝐴1.

Software. No additional requirements apart from 𝐴1 and 𝐴2.

Datasets / Inputs. No datasets or inputs needed.

Installation and Deployment. Pull the Git repository.

Artifact Execution
Each test case corresponds to a sub-folder. Use the build-original.sh,
build-adapted.sh and build-optimized.sh scripts to build the
corresponding images into the dist.oci directory inside. Then the
images can be run with the run.sh aside.

Artifact Analysis (incl. Outputs)
The run.sh will print the time cost, showing the performance of
each image version.
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Artifact Evaluation (AE)

C.1 Computational Artifact 𝐴1

Artifact Setup (incl. Inputs)
A container engine is required for evaluation. We recommend Pod-
man, but Docker will also do. Using HPC-dedicated container en-
gines like Singularity or Charliecloud also requires the format con-
version of tested images, as described in their documentations.

Artifact Execution
The use of containers greatly simplifies the evaluation process, as
described below.

Execute the following commands to try the basic version:
$ podman load -i lulesh_x86-64.base.tar
$ time podman run --rm -it

docker.io/yhgu2000/lulesh:x86-64.base /app/lulesh

Execute the following commands to try the target-specific ver-
sion:
$ podman load -i lulesh:x86-64.spec.tar
$ time podman run --rm -it

docker.io/yhgu2000/lulesh:x86-64.spec /app/lulesh

For AArch64 versions, replace the x86-64 image tagswith aarch64.

Artifact Analysis (incl. Outputs)
Compare the timing result of the two versions. It is expected that
the target-specific version is significantly faster than the general
basic version.

C.2 Computational Artifact 𝐴2

Artifact Setup (incl. Inputs)
This evaluation demonstrates the overall workflow of coMtainer.
Container image build tool (like Buildah) is required for this evalu-
ation. Here we take the LULESH test case from 𝐴3 as an example.

Artifact Execution
First, pull and re-tag the images:
$ buildah pull oci-archive:./comtainer_x86-64.env.tar
$ buildah tag

docker.io/yhgu2000/comtainer:x86-64.env
comtainer:x86-64.env

$ buildah pull oci-archive:./comtainer_x86-64.base.tar
$ buildah tag

docker.io/yhgu2000/comtainer:x86-64.base
comtainer:x86-64.base

$ buildah pull oci-archive:./comtainer_x86-64.sysenv.tar
$ buildah tag

docker.io/yhgu2000/comtainer:x86-64.sysenv
comtainer:x86-64.sysenv

$ buildah pull oci-archive:./comtainer_x86-64.rebase.tar
$ buildah tag

docker.io/yhgu2000/comtainer:x86-64.rebase
comtainer:x86-64.rebase

Then run the commands as described in the AD with the
Containerfile in the lulesh/build directory.

Artifact Analysis (incl. Outputs)
After running the commands described in the AD successfully, two
directory ./lulesh.dist.oci and ./lulesh.redirect.oci will
be generated, and the later one works the same as the previous one,
with the only difference that it was built with LLVM toolchains
instead of GCC.

C.3 Computational Artifact 𝐴3

Artifact Setup (incl. Inputs)
This evaluation is based on the two before and requires all the
source files in the given Git repository.

Artifact Execution
cd into each case’s directory and run the following commands:
$ ./build-original.sh
$ ./build-adapted.sh
$ ./build-optimized.sh
$ ./run.sh

For PGO, run ./run-pgo.sh instead of ./run.sh.
Please refer to the content of all the scripts to confirm the work-

ability of artifacts.

Artifact Analysis (incl. Outputs)
The ./run.sh script will print timing results. It is expected that the
redirected images give better performance results than the original
images.
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