BerlinUP
Journals

Electronic Communications of the EASST
Volume 86 (1)  Year 2026

deRSE26 - Selected Contributions of the 5th Conference for
Research Software Engineering in Germany (Part 1)

Edited by Bernd Flemisch, René Caspart, Bernadette Fritzsch, Florian Goth, Jean-Noél Grad,
Florian Thiery

Easy, Collaborative Benchmarking with the
Extended Benchmarking Automation Tool
xbat

Nico Tippmann, Ziwen Su, Willi Leinen, Ruben Horn, Amartya Das Sharma, Shashini
Wanniarachchi, Andreas Fink, Axel Auweter, Philipp Neumann

DOI: 10.14279/eceasst.v86.1.2791

License: © ® This article is licensed under a (CC-BY 4.0 License.

Electronic Communications of the EASST (https://eceasst.org).
Published by Berlin Universities Publishing
(https://www.berlin-universities-publishing.de/)


https://doi.org/10.14279/eceasst.v86.1.2791
https://creativecommons.org/licenses/by/4.0/
https://eceasst.org
https://www.berlin-universities-publishing.de/

Eg ECEASST

Easy, Collaborative Benchmarking with the Extended
Benchmarking Automation Tool xbat

Nico Tippmann®', Ziwen Su®', Willi Leinen®?, Ruben Horn®’, Amartya Das
Sharma®?, Shashini Wanniarachchi®?, Andreas Fink®?, Axel Auweter', Philipp
Neumann®? *

'MEGWARE Computer Vertrieb und Service GmbH, Chemnitz, Germany
2Helmut Schmidt University, Hamburg, Germany
3Universitit Hamburg, Hamburg, Germany

“Deutsches Elektronen-Synchrotron, Hamburg, Germany

Abstract: Research software development for compute- and data-intensive prob-
lems increasingly requires balancing scientific objectives with performance optimi-
sation, performance reproducibility, and resource efficiency. However, many re-
search software engineers (RSEs) face barriers in accessing the hardware exper-
tise and tools necessary for performance analysis, especially in high-performance
computing (HPC) environments where understanding low-level metrics is essential
for sustainable software development. Moreover, collecting and interpreting perfor-
mance metrics can be challenging and error-prone, particularly for RSEs without in-
depth hardware expertise. To address these challenges, we present the open-source
software extended benchmarking automation tool (xbat) as an easy-to-use, software-
agnostic tool to automate (continuous) benchmarking and to simplify performance
analysis. xbat unifies the benchmarking lifecycle from job configuration to analysis
in a single, accessible platform and enables collaborative benchmarking by sharing
results and configurations to facilitate replication within projects. We focus on the
architecture, capabilities, and features of xbat, demonstrating its ability to simplify
(continuous) benchmarking and assist RSEs in improving the performance of their
research software. In addition, we present the xbat command line interface (CLI)
which allows easy integration into non-interactive workflows. We showcase four use
cases, namely the closed-source Gurobi Optimizer software, a co-scheduling exam-
ple of the memory-bound application Stream with the compute-bound application
Linpack, the open-source molecular dynamics research software 1s1 mardyn using
multiple nodes, and Ibmpy for fluid simulation on a graphics processing unit (GPU).

Keywords: Performance Analysis, Benchmarking, High-Performance Computing,
Collaboration, Command Line Tool
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1 Introduction

High-performance computing (HPC) requires in-depth understanding of hardware resources and
their utilisation by application software. To facilitate this, there are many benchmarking and
profiling tools available such as LIKWID [THW 1], perf [Lin24], MAQAO [DBC'05], JUBE
[BWS*24], ReFrame [KMR *20], NVIDIA Nsight Systems/Compute [NNS26, NNC26], HPC-
Toolkit [ABF " 10], TAU [SM06], Intel VTune Profiler [[VT26] and ClusterCockpit [EGA™19].
Some of these tools require complex setups, have a narrow scope, or have a demanding initial

learning phase.

Tool Primary Focus License Collaboratn.fe GUI
Benchmarking
LIKWID Hardware counter MIT No No
analysis
et Ker1.161 and runtime GPL-2.0 No No
tracing
Static and dynamic
MAQAO analysis of executable LGPL-3.0 No HIML
. report
binaries
Generic benchmark Reproducible
JUBE orchestration and GPL-3.0 producib No
. benchmarking
analysis
Regression testing BSD-3- Reproducible
Reframe framework Clause benchmarking No
NVIDIA Nsight CUDA GPU and system Proprietary Manual' Desktop
profiling export/import
HPCToolkit Scalaple parallel Apache-2.0 | Portable database | Desktop
profiling
Scalable parallel Database-backed
TAU profiling BSD-style (TAUdb) Desktop
. . Hierarchical
Intel VTune MlCI‘O?lI'ChltCCtur'al and Proprietary (VTune Profiler Desktop,
threading analysis Web
Server)
Project- and
ClusterCockpit | Automatic job profiling | MIT role-based Web
collaboration
Automated, continuous Proiect-based
xbat HPC performance MIT ! . Web
. collaboration
benchmarking platform

Table 1: Comparison of benchmarking and profiling tools. (The column Collaborative Bench-
marking summarizes built-in features for managing, reproducing, and sharing benchmark exper-
iments or results across multiple users.)
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Developed by MEGWARE Computer Vertrieb und Service GmbH, the extended benchmarking
automation tool (xbat) [TAD 24, LDF 25, TSL"26b] aims to offer easy, comprehensive, col-
laborative, repeatable benchmarking. It has been fully open source since April 2025 and remains
under active development, with extensive online documentation, guides, and a public demo in-
stance. A comparison between xbat and other tools is given in Table 1. On the one hand, low-
level profiling tools are “easy to pick up”, but do not offer higher-level features that facilitate easy
replication or visual analysis of experiments. Extracting multiple metrics often leads to a com-
plex, bespoke experiment setup. Unlike benchmark orchestration frameworks such as JUBE and
ReFrame, performance analysis tools such as LIKWID, perf, and MAQAO primarily provide
measurement and analysis rather than portable, shareable benchmark workflows. Meanwhile,
NVIDIA Nsight sessions can be stored as project files for reproducible profiling configurations
or report files for analysis on different systems. On the other hand, high-level tools that them-
selves offer sharing of benchmark configurations or results are inherently more complex in terms
of setup or usage. For pure orchestration solutions like JUBE or ReFrame, users must provide
code to extract metrics from the application output, while xbat collects various metrics over time
automatically. In the context of HPC, a desktop-based graphical user interface (GUI) exacerbates
this by often requiring X11-forwarding, remote desktop or file transfer for analysing benchmark
results. While such “traditional” tools therefore have a place as expert-driven analysis utilities,
xbat is a universal performance management platform offering frictionless adoption by novice
cluster users through a shared web portal. This avoids the need to support different workstation
operating systems, has significantly better performance compared to X11-forwarding or remote
desktop when used over the internet, and ensures development flexibility. The most similar so-
lution is arguably ClusterCockpit, which also offers automatic monitoring of user jobs and a
comprehensive web GUI. However, unlike xbat, it does not offer advanced support for param-
eter studies through a job submission interface. Instead, ClusterCockpit is designed primarily
as a general cluster monitoring tool rather than a dedicated job-monitoring solution: while it
attributes data to jobs to enable a job view, its core purpose is cluster-wide observability rather
than in-depth, per-job analysis. Both tools consequently gather considerably fewer metrics and
typically at a much lower sampling frequency than xbat, which is tailored for detailed, high-
resolution benchmarking of individual experiment runs and their comparisons. Additionally,
xbat supports collaborative benchmarking, consisting of two parts: First, sharing benchmark
configurations and setups for reproducible results, and second, sharing benchmark results for
comparison and analysis.

This paper is structured as follows: Section 2 discusses the xbat software. In Section 3, we
showcase several xbat features for various applications. Our conclusions as well as an outlook
on future and ongoing work are presented in Section 4.

2 xbat

The xbat software is presented in this section. In particular, Section 2.1 discusses the xbat ar-
chitecture, Section 2.2 focuses on the capabilities and features of xbat, whereas Section 2.3 in-
troduces the xbat CLI and Section 2.4 describes generating performance plots using the roofline
model [WWP09].
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2.1 Architecture

The current xbat architecture is shown in Figure 1 and mainly consists of two services that sepa-
rate the central management stack from the on-demand metric collection on compute nodes. The
large group on the left side of the figure represents the main xbat . service stack, which is
typically deployed via podman-compose on a management or login node. It hosts the user-facing
frontend, application programming interface (API), cache, databases, and management daemon,
although the databases can optionally be deployed separately. Users access xbat through the
Nuxt frontend, which communicates with the Flask-based REST-API. Valkey is used as an API
cache, MongoDB stores user, job, and configuration data, and ClickHouse stores time-series
metric data. The management daemon xbatct1d coordinates benchmark jobs and their state
through the REST-API and integrates xbat with site-provided cluster infrastructure, in particular
Slurm and the configured authentication provider. The xbatd. service, in contrast, runs on
compute nodes on demand. It is launched via Slurm Prolog and Epilog scripts only when an xbat-
related job is scheduled on the node. After startup, the collector daemon retrieves its instructions
through the REST-API and forwards the collected performance metrics to the ClickHouse metric
database. Compared to prior publications on xbat [TAD24], the architecture has been updated,
replacing QuestDB with the more scalable [KKD 23, SMK26] ClickHouse as the metric (time-
series) database. QuestDB’s built-in compression capabilities are limited, requiring reliance on
external solutions such as the ZFS filesystem to manage storage efficiently. ClickHouse, when
properly configured, provides significantly better compression ratios, simplifies deployment, and
offers quality-of-life features absent in QuestDB — most notably native DELETE support, which
enables fine-grained management of user data across large-scale instances. These drastically
reduced storage requirements’, paired with a revised and streamlined installation and setup pro-
cess, finally make the software viable for production environments. Its containerised deployment
model and integration with existing user management tools ensure a seamless integration of xbat
into existing HPC infrastructures. Building on these improvements, the system can scale to ac-
commodate large and heterogeneous workloads. Using this architecture, the number of nodes
(belonging to the same or different jobs) is limited only by available storage space for the met-
rics and the write rate of the metric database (or its network). As the data volume is directly
proportional to the number of nodes, the post-processing and visualisation may require more
resources and time.

2.2 Capabilities

xbat is designed with a strong focus on automation to reduce both effort and susceptibility to
error in the benchmarking process. Job scripts can be configured directly in the web-based GUI
(Figure 2), which not only lowers the barrier for novice users but also unlocks extended capa-
bilities such as generating multiple job variants by iterating over a set of user-defined variable
values, enabling systematic parameter studies and direct performance comparisons between con-
figurations.

Job submission is possible via the GUI or, without any required changes to existing work-

! Around 20 MB/hour per node (equals 150 MB/hour uncompressed) were measured on a dual-socket node with Intel
Xeon Platinum 8360Y processors. The amount of data collected may vary depending on the hardware.
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Python/Flask Xxbatctld

A

Metric DB
ClickHouse

Collector Daemon

xbatd.service

PgBouncer

Authentication
Provider
IPA/LDAP/PAM

xbat.service (podman-compose) / cluster

Figure 1: The current xbat architecture (left: The main xbat .service stack, typically de-
ployed via podman-compose on a management or login node, right: Cluster-side components
and services outside the main xbat . service stack). Arrows indicate the main control flow
and metric-data paths.

Configuration DB
MongoDB

Job Variables

Access variables in your jobscript with SVARIABLE. Defining multiple values for a variable wil create a job for each value. Variables will
be shared across all variants and are not specific to the current variant!

Value(s)

OMP_PROC_BIND H_ close false  spread Q- | x

+ ADD VARIABLE

Figure 2: Screenshot of xbat benchmark configuration page showing: (1) multiple job script
variants for one benchmark configuration, (2) job variables, which are expanded into different
job variants, and (3) configurations shared between multiple users within projects.
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flows as an ad hoc benchmark, via the Slurm command line interface (CLI) by adding the
—-—constraint=xbat flag to the sbatch command. Regardless of the submission method,
each submission creates a benchmarking run in xbat, which contains one or more jobs — the
latter being the case when a job script with multiple variants is submitted. The high degree of
automation makes xbat suitable for use in continuous integration (CI) pipelines, allowing per-
formance regressions to be directly related to code changes. For example, a CI workflow may
build a new version of a software and provide it through a shared file system or artefact repos-
itory. Using the REST-API of xbat, a prepared benchmark is started and optionally receives
additional variables. The resulting job output and recorded metrics help relating code alterations
to performance changes.

The collected measurements are displayed in an extensive, customisable, and interactive graph
system. Graphs can be exported as PNG or SVG files, and the underlying data can be downloaded
in JSON and CSV format. Additionally, xbat provides feedback on the power consumption of
a job and performs micro-benchmarks via likwid-bench [THW 12] to measure empirical peak
values of the bandwidth of caches and dynamic random-access memory (DRAM) as well as
floating point operations per second (FLOPS) of the hardware used. Jobs can be compared
against each other and against the empirical peak values. Integrated statistics are supported, as
well as automatic roofline modelling based on the empirical peak values.

A collaboration feature, organised into a project system, allows users to share measurements
and job configurations with others for review and replication. To effectively manage configura-
tions, they can be organised into nested folders with the option for manual backup/restoration
to/from the local file system. In addition, extensive documentation, guides, and a public demo
instance are available online”.

The xbat daemon (xbatd) collects up to 140 performance metrics on the compute nodes, de-
pending on hardware availability. The bulk of these measurements is provided by LIKWID via
hardware performance counters. Other metrics are derived from the /proc filesystem, Intelli-
gent Platform Management Interface (IPMI) or vendor-specific tools like nvml or rocm. With
this large set of data sources, xbat provides a diverse set of metrics covering central process-
ing unit (CPU), memory, I/O, interconnect, graphics processing unit (GPU), field-programmable
gate array (FPGA) and energy consumption. To provide users with the highest possible and most
in-depth insight into the behaviour of their application, all measurements are performed at the
lowest available hardware level, which in most cases is an individual hardware thread, but de-
pends on the concrete metric or device. xbat then aggregates these metrics across a hierarchy
of levels, from fine-grained to coarse-grained as listed in Table 2. This multi-level view allows
users to pinpoint performance bottlenecks at exactly the granularity they need. The overhead
introduced by these measurements is below 1%. Additionally, monitoring can be fully disabled
(e.g., when using xbat solely for parameter studies via job variables and variants), restricted to
high-level metrics, or complemented with fine-grained measurements including hardware per-
formance counters.

2 xbat project website: https:/xbat.dev/
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] Level Measurement Scope Metric Type
Thread Individual hardware threads
Core Physical CPU cores
NUMA domain | Memory locality domains o
Socket Physical CPU packages E fg o
Device E.g., GPU, FPGA or storage devices 1O 5 513
Node The full compute node é ;ﬂ; g Inter-
Job Across all nodes of a job connect

Table 2: xbat measurement levels for different metric types. (Some metrics may support different
scopes compared to the general range of their type.)

2.3 Command Line Tool

xbat provides a user-friendly web-based GUI for defining and executing benchmarks as well as
inspecting the results. However, many HPC users are accustomed to interacting with computing
resources primarily through CLIs on the terminal. Regular Slurm jobs can be set up for instru-
mentation through xbat by including a single argument in the sbatch command, as described
above. However, analysing and processing the results for many jobs through the GUI can be cum-
bersome. Furthermore, benchmark data should be downloadable for use with post-processing
and plotting scripts for consistent and comparable analysis. A Typer-based [Ram25] compan-
ion command line tool has been developed, which leverages the xbat API to provide essential
features from the GUI directly on the terminal and for easier integration into non-interactive
workflows. This CLI replaces manual port forwarding, HTTP requests and authentication token
handling, thereby greatly simplifying the headless interaction with xbat features. By replacing
verbose curl commands with short, semantic xbat CLI commands, automation scripts also be-
come more readable and easier to maintain. The implemented commands and corresponding
xbat API features are listed in Table 3.

| Command | Functionality

login Authenticate against the xbat API.

1s List benchmark runs or constituent Slurm jobs.

rm Delete benchmark runs.

log Print the output and error logs of a Slurm job.

pull Download measurements for a finished Slurm job.

roofline | Print the roofline model data of one or more finished Slurm jobs.
start Start a new benchmark run from an xbat config or a Slurm job script.
stop Stop benchmark runs or Slurm jobs.

export Create a backup of benchmark runs.

gui Open the GUI in the browser. (Optionally for a benchmark run or Slurm job.)
plot Create rudimentary visualisations of downloaded benchmark results.

Table 3: xbat CLI commands.
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This CLI may be used on the cluster running xbat, but also on a local workstation or in a CI
workflow container (replacing the direct REST-API usage mentioned above) for external bench-
mark result processing as shown in Figure 3. For network isolated xbat installations, secure shell
(SSH) port forwarding is transparently applied through the Fabric library [For26]. The target
xbat instance and SSH proxy are specified through environment variables. While the web GUI
remains the core interface of xbat, the CLI is a complementary method for console-based and
non-interactive workflows, which provides the most essential features of xbat.

<::>$ xbat login # --ci to use environment
<::> # Start benchmark config
$ xbat start config $BENCHMARK_CONFIG_ID
<::> # Start Slurm job
$ xbat start job job.sh # Prints $JOB_ID
$ xbat 1s -j | grep $JOB_ID # Check job state
$ xbat gui $JOB_ID # View job in web GUI
~
m O @[ ®
! A Authenticate/start benchmark config/fetch results —:——) <—
: 1
% . SSH port :
R Keyring forwarding ' xbatAPI e
=T N D 1 E
< H ' <
1 : E)
(omE— o> | L e
A £
0 xbat CLI . =
= (Typer) Fabric ol
= yp Cluster 2
3 g
o ~
O .
environment HE
S 08 8g
“ - (CI pipeline) RH1TH
o slurm
workload manager

Figure 3: Visualisation of the key features of the CLI for xbat and the components involved:
1. authenticate against xbat API, 2. start a benchmark run, and 3. obtain the results for further
processing.

2.4 Roofline Model

The xbat web-based GUI offers automatic roofline plots to assess and compare benchmark runs.
For more customisability and generating figures for publications, the roofline model data can be
obtained through the CLI in Section 2.3. Rudimentary plotting is also provided with different
aggregation methods of performance and operational intensity.

The empirical peak performance of the CPU and the empirical peak memory bandwidth are
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used in xbat to form the ceiling of the roofline model. Depending on the level of vectorisation
(scalar, SSE, AVX, AVX512), the usage of fused multiply-add (FMA) (only in combination with
AVX and AVX512) or data type (single-precision (SP) or double-precision (DP)), a different em-
pirical peak value is obtained. Hence, xbat allows plotting multiple empirical peak performance
values of the CPU. For each instrumented job, the measurements are aggregated to a single point
below the roofline. This data is then visualised as a scatter plot.

Let there be n measurement intervals and xbat measures for each interval X; with j € {1,...,n}
and length (i.e., time elapsed) ¢; (with 7; = #; for all k € {1,...,n—1}), the FLOPS rate fj»and
the amount of written and read bytes via DRAM b}, i.e., no bytes related to caches are counted.
We define

Vi={je{l,...,n}|f;>0andb; >0}

as the set of all valid measurement intervals. The pairs X := (I,P) with operational intensity
I (measured in floating point operations (FLOPs) per byte) and performance P (measured in
gigaFLOPS (GFLOPS)) that are used in different types of roofline models are then computed
with

fitj fi
=27 p. = 2L
b;’ 7100
for all valid measurement intervals 7.
The maximum aggregation roofline plot uses Xp,x with the maximum point j = jp.x in Equa-
tion (1) which is computed with

I ey

Jmax := argmax P, Ximax := X )
JjeYV

and represents the actual interval point with maximal performance for the instrumented job.
The median aggregation roofline plot uses the median point j = jneq in Equation (1) which is
the actual interval point whose performance is closest to the median performance:

s Xmed :=X

/ med *

Jimed := argr_niyr/l !Pj —median({P, |k € ¥'})
JE

The average aggregation roofline plot uses a component-wise average over all measurement
intervals in Equation (1):

1 1
Xavg =\ = Ij,i Pj . (3)
(‘7/| j;/ |7/’ jez;/
The total aggregation roofline plot uses aggregated FLOPS, bytes, and time values:

X = <Zje”1/fjtj Yjer fitj ) _
Zje?fbj ’ 109Zje'1/tj

Unlike the maximum, the three other aggregation methods median, average, and total sum-
marise the overall performance of the benchmarked software with different sensitivity to out-
liers. The choice of aggregation method may also depend on the specific application being
benchmarked. Figure 12 shows an illustrative example for visualising multiple benchmark runs
as well as the difference between roofline plots using maximum and average aggregation. Since
this headless analysis can be scaled to an arbitrary number of benchmark runs, the overall per-
formance of HPC applications can be better understood.

9/24



Easy, Collaborative Benchmarking with xbat E}

2.5 Limitations

xbat can only be used on clusters running the Slurm workload manager; however, Slurm is very
widely adopted [BEA " 18]. Furthermore, it requires root access to handle data collection and job
submission. At the moment, only x86-architectures and RPM-based distributions are supported.
The majority of metrics are provided by the LIKWID library, which means that the full range of
monitoring can only be achieved if the underlying hardware is also supported by LIKWID. Ad-
ditionally, xbat cannot be used in conjunction with other tools which rely on hardware counters,
such as ClusterCockpit and some LIKWID features.® The minimum measurement interval is five
seconds, which allows obtaining multiple samples per metric over the entire runtime of the job
as well as observing different phases of the application, but is not sufficient for investigation of
high frequency simulation loops. While heterogeneous clusters are supported, xbat assumes that
the node hardware is homogeneous within a single multi-node job, for now. Moreover, the em-
pirical peak values (FLOPS and memory/cache bandwidth) are only measured at the node level
and then scaled down to the lower levels of the hardware hierarchy, assuming linear scaling.

xbat has been deployed on multiple production HPC clusters for CI workflows or user bench-
marks as well as internal MEGWARE testing infrastructure. The concrete capabilities depend
on the available cluster hardware, in particular on whether and to what extent it is supported by
LIKWID.

3 Use Cases

In our four use cases, we demonstrate various xbat features and illustrate its versatility and prac-
ticality. Our experiments are performed on the HPC cluster HSUper within the dtec.bw” projects
hpc.bw [NDK "22] and MaST [NDV " 22]. The closed-source Gurobi Optimizer software is used
in Section 3.1 to show the GUI of xbat, its ability to show metrics at different levels and the abil-
ity to compare measurements for selected metrics with empirical peak values of the hardware
used. The co-scheduling use case in Section 3.2 uses the memory-bound application Stream
and the compute-bound application Linpack and illustrates the compare and statistics features
of xbat. Various types of roofline models and multi-node jobs are shown in Section 3.3 for the
open-source molecular dynamics research software 1s1 mardyn. Section 3.4 demonstrates the
comparison of different methods for the same GPU-based simulation using lbmpy.

3.1 Gurobi Optimizer

The Gurobi Optimizer software is used in mathematical optimisation, for example in mixed
integer programming (MIP). It is a closed-source commercial solver that is usually used on
machines (or one node of a cluster) with a moderate number of cores (i.e., with the default
parameters it has a soft limit of 32 threads). Our use case is to study the usage of the Gurobi
Optimizer on HPC hardware [PDD*24]. The experiment in Figures 4 and 5 shows the solution
of the MIP instance ta064 [FV03]. Gurobi Optimizer version 13.0.0 with non-default parameter

3 likwid-perfetr, likwid-bench or likwid-perfscope, see https:/xbat.dev/docs/user/likwid, unless hardware perfor-
mance monitoring in xbat is turned off to avoid interference when accessing hardware counters.
4 dtec.bw — Digitalization and Technology Research Centre of the Bundeswehr project website: https:/dtecbw.de
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Figure 4: xbat screenshot of a Gurobi Optimizer run.

The HSUper HPC cluster consists of dual-socket nodes with Intel Xeon Platinum 8360Y pro-
cessors. In the default configuration each socket has 36 cores and simultaneous multi-threading
(SMT) is enabled, i.e., 144 hardware threads are available per node. xbat helped us to understand
the hardware usage of the Gurobi Optimizer software on an HSUper node [LEN25].

A screenshot of the xbat GUI for a Gurobi Optimizer run is given in Figure 4. The top plot
shows the L2 cache bandwidth at NUMA domain level and a comparison with the empirical peak
value. The bottom plot is similar to the top plot except that the L3 cache bandwidth is shown.
Both plots demonstrate that the measurements for the Gurobi Optimizer are rather irregular and
far below the empirical peak values. During several phases, one NUMA domain accounts for
most of the cache bandwidth usage.

Figure 5 was exported via the xbat GUI and reports measurements for the L2 cache bandwidth
at core level and a comparison with the empirical peak value. The graph shows that, at the core
level, individual cores can achieve L2 cache bandwidth values close to or even slightly higher
than the empirical peak value (in contrast to the measurements in Figure 4 and in [LFN25]).
However, the imbalance is even more pronounced at the core level than at the NUMA domain
level. During several phases, a single core accounts for most of the cache bandwidth.

Based on our analyses with xbat, we conclude that oversubscription of resources and co-
scheduling of multiple Gurobi Optimizer instances on one compute node are viable options and
could demonstrate that this can result in significant speedups and reductions in energy consump-

5 Parameter documentation at: https://docs.gurobi.com/projects/optimizer/en/current/reference/parameters.html
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Figure 5: xbat visualisation of the L2 cache bandwidth at core level of a Gurobi Optimizer run.

tion compared to solving one MIP instance after another when calculating ensembles of optimi-
sation problems [LFN26, LFN].

3.2 Co-Scheduling

Improving energy efficiency in HPC systems has become an increasingly important research
topic, and co-scheduling has emerged as a promising solution. Modern HPC nodes consist of
many cores with shared cache hierarchies and memory channels. However, HPC applications
often exhibit significantly different resource utilisation characteristics. Memory-bound applica-
tions typically exhibit high cache miss rates and saturate memory bandwidth, while compute-
bound applications mainly stress the processor’s compute units with relatively low memory us-
age. As a result, memory-bound jobs spend more energy on data movement, whereas compute-
bound jobs consume more energy on computation. These contrasting characteristics create an
opportunity to co-schedule complementary workloads on the same node, leading to improved
resource utilisation and potentially better energy efficiency.

However, evaluating such co-scheduling scenarios is challenging because multiple perfor-
mance and energy metrics must be considered together. Although such information can be col-
lected using hardware performance counters, configuring and interpreting these counters often
requires significant expertise. xbat simplifies this performance analysis and enables users to eas-
ily collect, visualise, and compare metrics across multiple workloads and execution scenarios.
As an example, Stream [McC95], a memory-bound benchmark, together with Linpack [DL11],
which is compute-bound, is considered. The two applications are executed simultaneously oc-
cupying a single node on HSUper. Figures 6 to 8 depict the result plots obtained from xbat for
the individual runs of Stream and Linpack applications in comparison to the simultaneous run.

In terms of energy-related analysis, which is the key focus in co-scheduling, Slurm Work-
load Manager in general provides aggregate CPU and memory energy consumption values in
job outputs as an average value. However, understanding the individual contribution of these
components is important for gaining deeper insights into workload behaviour. Figures 6 and 7
illustrate the variability in power consumption for the CPU and DRAM individually, as well as
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for the overall system.

The comparison in Figure 6 shows that Stream, being a memory-bound application, exhibits
higher DRAM power consumption, whereas Linpack, as a compute-bound application, con-
sumes more CPU power. Furthermore, Figure 7 depicts that the co-scheduled execution draws
slightly higher instantaneous system power. However, the energy consumption and runtime of
the individual executions must be accumulated when comparing against the co-scheduled run.
Compared with the total runtime of individual executions, a runtime reduction is observed in the
co-scheduled scenario. This outweighs the increase in power, resulting in lower overall energy
consumption for the co-scheduled scenario than for the sum of the individual executions. In
addition to the comparison plots for power consumption, xbat also reports the total energy con-
sumption in kWh. In this example, the co-scheduled run recorded 0.51 kWh while the sum of
energy consumption from the individual runs of Stream and Linpack was 0.53 kWh representing
an energy consumption reduction of approximately 4 % when using co-scheduling.

CPU Power Comparison DRAM Power Comparison

o ppraa Aoy

DRAM Power [W

CPU Power

...... 00:07 14:00 00:21:0

Runtime [HH:MM:SS Runtime [HH:MM:SS

Figure 6: xbat visualisation of the comparison of job-level CPU power (left) and DRAM power
(right) for the simultaneous and individual runs.

System Power Comparison
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100

0
00:00:00 00:07:00 00:14:00 00:21:00 00:28:00 00:35:00 00:42:00
Runtime [HH:MM:SS]

Figure 7: xbat visualisation of the comparison of job-level system power for the simultaneous
and individual runs.

Two other important metrics in this context are the memory bandwidth and L3 cache be-
haviour to evaluate the effectiveness of co-scheduling. Although the job output reports the best
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Memory Bandwidth Comparison L3 Cache Bandwidth Comparison
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Figure 8: xbat visualisation of the comparison of job-level memory bandwidth (left) and L3
cache bandwidth (right) for the simultaneous and individual runs.

GRAPH STATISTICS EXPORT

(2]

Metric (GB/s) Trace Min Max Avg Sum Median StdDev Variance
> write (3)
v total (3)
Co-Scheduled 36-36 [0] 0.01 304.69 214.48 125684.78 182.62 62.5 3905.7
Linpck 386 Linpack [0] 0.01 199.5 99.64 30688.89 102.8 21.89 479.16

stream 36 Stream [0] 0.01 303.01 298.39 93694.61 302.23 33.89 1148.42

Figure 9: xbat screenshot showing descriptive statistics for memory bandwidth.

bandwidth achieved across all iterations of the application, this value alone is insufficient for
analysing the actual variation in memory bandwidth and the resulting resource contention and
interference effects between workloads. To this end, Figure 8 presents a detailed analysis ob-
tained using xbat, comparing the total memory bandwidth (read + write) and L3 bandwidth
utilisation of the individual executions against the co-scheduled scenario. Furthermore, xbat re-
ports descriptive statistics for each metric per job and Figure 9 shows a screenshot from xbat
presenting the memory bandwidth statistics for all three scenarios.

Accordingly, the average memory bandwidth for the simultaneous scenario is approximately
214 GB/s. However, the time-series graph shows that, for the first 36 minutes, the memory
bandwidth remains around 175 GB/s. After this point, the bandwidth increases and reaches ap-
proximately the same level observed in the Stream-only execution. This behaviour occurs due to
Linpack completing its execution around the 35" minute, leaving only Stream running thereafter.
Thus, the first 35 minutes demonstrate the effect of resource contention caused by co-scheduling.
As both applications simultaneously access shared memory resources, Stream is unable to utilise
the memory channels as aggressively as running standalone, leading to a lower observed memory
bandwidth. This observation is supported by the higher standard deviation recorded (Figure 9)
for the co-scheduled execution, indicating greater temporal fluctuation in memory bandwidth as
both applications are competing for shared memory resources. This behaviour is further reflected
in the L3 bandwidth utilisation, where the total L3 bandwidth as a sum of the corresponding load
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and evict bandwidths is reported.

Overall, the compare and statistics features from xbat facilitate a more intuitive analysis of
co-scheduling effects by clearly exposing differences in performance and energy metrics across
the standalone and simultaneous execution scenarios.

3.3 Is1 mardyn

Is1 mardyn is a highly scalable [NBB " 14] simulation software for molecular dynamics. It uses
the auto-tuning molecule container AutoPas [GST " 19] at the node level. Its features include ef-
ficient vectorised implementations of the Lennard-Jones force, parallelisation at intra- and inter-
node level via MPI and OpenMP, and dynamic load balancing across nodes. When load balanc-
ing (LB) is enabled, I1s1 mardyn periodically checks for load imbalances in the simulation and
attempts to rectify them. In the kd-tree LB scheme, all particles in the domain are counted and the
simulation volume is repartitioned in a binary tree-like fashion to ensure equal particle counts in
each partition. In the diffusive LB scheme, the performance of each subdomain is monitored, and
slower subdomains are contracted while faster subdomains are expanded in an attempt to balance
the runtimes. In this work, we take this purely geometric approach to subdomain partitioning,
and examine how this is reflected in the hardware behaviour.

For this experiment, a 120 x 90 x 90 simulation volume is used and filled with liquid and
gaseous argon such that the two phases coexist at the given temperature. This results in a load
imbalance, as the liquid volume has ~ 350, 000 particles, while the gaseous volume has =~ 10,000
particles. This is simulated for 100,000 timesteps, with no LB, kd-tree LB and diffusive LB.
Since the load imbalance is static, the kd-tree balancer is run once at the start of the simulation.
The diffusive balancer, however, starts with a default grid, and is allowed to reach a balanced
state by rebalancing every 500 timesteps. The simulations were run on one node of HSUper,
with 72 MPI ranks for saturation.

Figure 10 shows the measured DP FLOPS in the left plot and the DRAM data volume used
in the right plot. First, we can see that kd-tree based LB outperforms no LB, which is in turn
outperformed by diffusive LB. The left graph in Figure 10 shows constant FLOPS for kd-tree
and no LB, while the FLOPS for diffusive LB increases before plateauing, verifying that the re-
balancings by the diffusive balancer do lead towards a more balanced scenario. This rebalancing
effect can also be seen in Figure 11, showing how the FLOPS per non-uniform memory access
(NUMA) domain approach similar values as more rebalancings are performed. The right graph
in Figure 10 depicts higher memory usage for the kd-tree balancer. This is caused by the non-
cubical partitions created by the balancer, leading to a suboptimal surface-area-to-volume ratio,
and as particles are exchanged across the surface area, more memory is used. The usage for
the diffusive case is identical to the no LB case initially, as both start from the same subdomain
layout.

The executed benchmarks were shared with the project MaST. The subsequent performance
analysis using the roofline model in Figure 12 was done by a different project user, highlighting
the collaborative aspect of xbat. This figure shows a comparison of roofline model plots using
different aggregation methods, maximum using Equation (2) vs. average using Equation (3).
The roofline is defined by the DRAM bandwidth (BW) limits and scalar DP peak FLOPS. The
lack of LB leads to some ranks handling very few particles. Since the data volume of the cache
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Figure 10: xbat visualisation showing the double precision FLOPS (left) and memory data vol-
ume over time (right), for each of the LB schemes, at the job level.
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Figure 11: xbat visualisation of the evolution of the FLOPS over time for the diffusive LB per
NUMA domain, correlating improved balancing with higher FLOPS.
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is not considered, that of the memory may therefore be exceptionally low for a few samples as
most particle data resides in the cache. This leads to extreme outliers for the computation of the
average operational intensity. Furthermore, the performance is also higher when using LB.

Having explored the effect of LB in the single-node case, we now test our findings on a multi-
node molecular dynamics simulation. Keeping all other simulation parameters constant, a new
simulation volume is defined with size 1,200 x 900 x 900 and is run for 10,000 timesteps. This
results in a total of 363,219,300 particles, run on 16 nodes of HSUper, with two MPI ranks per
node and 36 OpenMP threads per rank, for saturation.

The results of the multi-node jobs can be seen in Figure 13, with the left plot showing the
number of DP FLOPS performed and the right plot showing the inter-node communication. We
see a reversal of the two fastest methods, with kd-tree based LB performing faster than diffusive
LB. This behaviour is explained by the reduced influence of the aforementioned surface-area-to-
volume ratio effect with fewer MPI ranks dividing the simulation volume. As shown in the right
plot, initially the diffusive load balancer only transmits as much data as the default balancer, and
slowly converges to the transfer rates of the kd-tree balancer.
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Figure 13: xbat visualisation showing the double precision FLOPS (left) and interconnect over
time (right), for each of the LB schemes, for the multi-node experiment, at the job level.

The results confirm our assumptions about the behaviour of the simulation and reveal the
effects of the load-balancing approaches on the hardware. Thus, profiling with xbat can provide
valuable insights into program behaviour, especially when comparing new application features
with existing ones, as demonstrated here.

3.4 1bmpy

Using mesoscopic Lattice Boltzmann Methods (LBM), fluids can be simulated in a discretised
domain using two steps: particle interaction (collision step) and particle motion (streaming step).
Software packages like lbmpy [HHR23] can leverage parallel architectures like multicore CPUs
and GPUs to efficiently accelerate these steps. Two stencils are commonly used for the afore-
mentioned collision step in three-dimensional simulations: D3Q19 and D3Q27, which use 18
and 26 neighbouring cells, respectively. The streaming step must avoid data races when paral-
lelising over the grid cells and can be implemented using a temporary buffer (A-B pattern) or
as an in-place operation with alternating steps (A-A pattern) for the Particle Distribution Func-
tions (PDFs) [BMW "09]. We evaluate the four possible combinations using a compressible lid
driven cavity flow simulation with the cumulant collision operator [GSPK15], and a lid speed
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Figure 14: GPU FB memory usage and runtime of different stencil and pattern operation combi-
nations of an Ibmpy simulation.

of 0.05 over 1,000 time steps with 10 evenly spaced checkpoints. A value of 1.9 was used for
the relaxation rate. The domain volume of 4253 is chosen to fit within the 40 GB memory of
one NVIDIA A100 GPU. Benchmark parameters (cf. Figure 2) are used to set the stencil and
streaming pattern in the started jobs through command line parameters of the simulation script.
The resulting Frame Buffer (FB) memory usage on the GPU usage of the jobs is shown in Fig-
ure 14. A quantitative comparison is given in Table 4. The FB memory saved by switching
from a D3Q27 to a D3Q19 stencil is almost proportional to the corresponding ratio of PDFs
per cell, while the runtime savings are more than proportional. Switching from the A-B to the
A-A streaming pattern (thereby eliminating the need for a second buffer) does not quite halve
the FB memory usage. These deviation results from the additional density and velocity fields,
independent of stencil and streaming pattern. Only the storage of the PDFs is halved. Overall,
a combination of the simpler stencil and the in-place streaming pattern, reduces the FB memory
usage by over 57 % and the runtime even by over 63 %.

This use case demonstrates how xbat can be leveraged to trivially execute parameter studies for
performance engineering of GPU-codes like Ibmpy. Aside from absolute and relative memory
usage, other basic GPU metrics, such as the GPU utilisation, device power draw, clock rate, and
P-states are implemented. To provide additional GPU/NVLink metrics, the GPU measurements
may be trivially extended by calling the corresponding functions in the nvml . h header of the
NVIDIA Management Library.
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Configuration | Mean GPU FB [GB] Runtime [s]
D3Q27 A-B 35.64 8,360

D3Q19 A-B 26.23 -26.4% | 5,610 | -32.9%
D3Q27 A-A 19.87 442 % | 4,465 | -46.6 %
D3Q19 A-A 15.21 -573% | 3,055 | -63.5%

Table 4: Impact of stencils and streaming methods on the GPU FB memory and simulation
runtime in lbmpy.

4 Conclusion and Outlook

xbat helps to investigate the behaviour of software to optimise the hardware usage. CI workflows
can be enhanced by xbat to automate benchmarking and to obtain feedback about performance
changes between different software versions. We have highlighted distinguishing features of
xbat as well as a newly developed companion CLI that extends the use of xbat beyond the web-
based GUI. Using four different, representative use cases, we demonstrated how xbat can be
applied by research software engineers (RSEs) and researchers working in HPC.

The future development of xbat will focus on deepening the analytical capabilities available
to users. A central goal is the introduction of a marker API that allows users to instrument their
code with region annotations, relating distinct execution phases to the collected performance
data and reflecting them in interactive graphs. Sensor abstractions for all supported metrics are
implemented as C++ classes. Providing users with an additional interface for collecting custom
job metrics at runtime (similar to the marker API and JUBE or ReFrame) is being considered.
Additionally, extending our monitoring capabilities is an ongoing process, and more detailed
GPU monitoring, including support for NVLink metrics, is already in development.

We are currently investigating automated bottleneck and anomaly detection, exploring a com-
bination of heuristics and machine learning (ML) models to identify performance bottlenecks
and provide actionable optimisation recommendations. If successful, this would further reduce
the expertise required to interpret complex performance data.

Beyond these two pillars, development efforts will also target improved statistics and analysis
features, an extended CLI for deeper workflow integration, and assistance in building hardware-
aware performance models of user applications.

Acknowledgements: The HPC cluster HSUper has been provided by the projects hpc.bw and
MaST. The projects hpc.bw and MaST are funded by dtec.bw — Digitalization and Technology
Research Centre of the Bundeswehr which we gratefully acknowledge. dtec.bw is funded by
the European Union — NextGenerationEU. Development of xbat was partially funded by the
EuroHPC project MICROCARD.

Data availability: xbat configuration files and results are available online as part of the demo
instance at https://demo.xbat.dev. Ancillary files are available on Zenodo [TSL*26a].

6 This is actively used within the Microcard project as explained in the documentation: https:/xbat.dev/docs/demo
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