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Abstract: Today’s most powerful supercomputers achieve their performance through heterogeneous
system architectures that integrate CPUs with accelerators, especially GPUs, and advanced multi-level
memory systems. This hardware diversity challenges application developers to adapt legacy code,
requiring significant efforts in code evolution and optimisation. The European DEEP-SEA project has
developed an integrated software stack for heterogeneous HPC systems, including kernel modules,
libraries, management systems and programming abstractions. It supports heterogeneous hardware
configurations including modular supercomputers, enabling optimal resource allocation, application
of malleability and programming model composability. Enhanced tools and data placement policies
improved performance on DRAM and fast memory. Results were made publicly available, ensuring
sustainability through integration with upstream open source projects and extension of HPC standards.
This paper summarises the DEEP-SEA project’s contributions to a wide variety of software packages
and developments.

Keywords: High Performance Computing, Modular Supercomputing Architecture, Software Stack,
DEEP-SEA, codesign

1 Introduction

High Performance Computing (HPC) infrastructures deliver increasing computing perfor-
mance by steadily growing the size and capabilities of supercomputers [Pr24c, Ca22b]. First
HPC systems exceeding one Exaflop/s performance are running in the USA [Oa24, Ar24] and
Europe has committed to deploy two Exascale systems [Ju24, Eu24]. All disclosed Exascale
architectures combine CPUs with accelerators (particularly GPUs) into heterogeneous plat-
forms. Memory systems also seem to evolve towards multi-level memory hierarchies, which
include DRAM, non-volatile and high-bandwidth memory layers [Si24, As21a, As21b].
This compute and memory heterogeneity puts a burden on application developers, who
struggle adapting their legacy codes to these rapid hardware changes [Lii21]. Significant
effort is needed to evolve and port application codes to heterogeneous HPC systems and
optimise their performance [Su21]. An strategy to address this challenge and mitigate its
impact is to adapt the system software so that its lower layers deal with the hardware hetero-
geneity, while its upper layers provide standardized and system-agnostic interfaces to the
applications running on top.
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For this purpose, in the USA, the Exascale Computing Project [Pr24a] included a concerted
and cohesive effort to develop an optimised and efficient system software stack suitable
for the full range of applications is required. Following the same objective, in Europe the
DEEP-SEA project (DEEP — Software for Exascale Architectures) was set up to develop
a software stack for heterogeneous HPC systems, especially those based on the Modular
Supercomputing Architecture (MSA) [Pr24b, SEL19, Su22], such as the upcoming Exascale
system JUPITER [Ju24].
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Fig. 1: Schematic of the Modular Supercomputing Architecture (MSA)

The MSA couples computer modules with different hardware configurations (CPU-only,
GPU-accelerated, etc.), each designed to address the requirements of specific kinds or parts
of applications (see Fig. 1). Thanks to an unified software stack, applications can run on
any mix of resources, with communication capabilities within and across modules. Goal of
the MSA system design is to efficiently organize hardware heterogeneity, achieving high
performance for a large diversity of HPC applications.

The DEEP-SEA project was executed by a consortium of 14 European partners, under the
lead of the Jiilich Supercomputing Centre (JSC) from Forschungszentrum Jiilich (FZJ).
During its three years duration (2021 to 2024), the project developed an integrated software
stack for European HPC systems. This stack supports heterogeneous compute, network, and
memory configurations, enabling applications to run on diverse resources and optimizing
code across various architectures.

2 Addressed Challenges

The DEEP-SEA project addresses the following challenges in the context of large-scale
heterogeneous MSA systems:

. Compute heterogeneity: Integrating general-purpose CPUs with accelerators (GPUs
or FPGAs) into compute modules within the MSA was already possible thanks to
the work done within the DEEP project series [Co24]. DEEP-SEA further improved



the system software and programming tools for easier management and use of MSA
systems.

. Memory heterogeneity: Processors combining DRAM with non-volatile memory
and High-Bandwidth Memory (HBM) require intelligent data management to achieve
maximum application performance. DEEP-SEA has developed data-placement tools
and policies, and validated them with new, cutting edge systems. Furthermore, proto-
typical, innovative SW layers and tools for processing-in-memory were created.

. Performance analysis and modelling: Application performance and scalability
on HPC systems with heterogeneous computing and memory configurations are
difficult to achieve and predict. DEEP-SEA has enhanced best-of-breed tools to give
application developers insights into how their codes run on different MSA modules,
and advice on how to map their codes and workflows to achieve highest performance
and efficiency. The novel Optimisation Cycles (OCs) guide SW developers and users
through the steps needed to achieve their porting and optimisation goals.

. Job scheduling and resource management: Static scheduling policies tend to re-
serve resources longer than necessary, especially on heterogeneous platforms where
applications do not always use all the resources of each node during their complete
runtime. DEEP-SEA has enhanced scheduling and runtime software to enable dy-
namic allocation of execution threads and processes, and developed the application
programming interfaces (APIs) required to achieve malleability.

. Portability: Hardware changes much faster than SW. Applications need to be able
to run on different kinds of platforms without creating a multitude of diverging
code branches that become very difficult to maintain. DEEP-SEA has developed
and validated high-level programming models supporting a range of diverse proces-
sors/accelerators and providing standard APIs on which application developers can
rely.

. Composability: Different programming models must be combined to effectively and
efficiently use the diverse compute, memory and storage devices in a heterogeneous
HPC system. DEEP-SEA has implemented interfaces that allow the collaboration of
diverse programming models.

These issues have been addressed in DEEP-SEA through an integrated HPC and AI SW stack
(see Fig. 2) that contains performance analysis, monitoring, and modelling tools (WP2),
programming models at the node (WP4) and system (WP5) level, and management and
system software (WP3). Ten co-design applications from seven key fields of science and
research informed the SW design and implementation, were substantially enhanced during
the project to be fit for Exascale systems, and served to test and validate the results.



JUBE “

BENCHVARKING
ENVIRONMENT

s WP1 Applications and Benchmarks

slurm WP2 Tools P geasyhmlc}
/O’./Q i
ihsCore.p scalasca ™ Extra-P MemAxes BDPO w o%®

o,
Extrae/Paraver MUSA PROFET GPUscout PARCOACH sys-sage |I-.view /l:' CSJ
WP4 Node Level WP5 Cluster/System Level

= OmpsSs- .

D dis ©PyTorch m Ry ompss ParaStation
= omss GPressPACE @) 2)
mpSs- o~

Ry 2 Ope o o~

WP3 System Software ) Rocky Linux"

ParaStation

Tensor

Memory
management

Resource Management &

Scheduling
Process management

System provisioning
Software Installation &
Continuous Integration

Heterogeneous / Modular Hardware

Fig. 2: Software Stack from the DEEP-SEA project

3 System Software and Programming Environments

The DEEP-SEA project has developed an integrated SW stack (see Fig. 2) consisting
of low-level components, system and resource management software, plus runtime and
programming environments at the node and system level. The DEEP-SEA software stack
is documented in detail in the DEEP-SEA Software specification [SP21], in which each
software component, their respective relations, interfaces, and dependencies are described.
Use of a CI/CD framework ensures compatibility of the SW elements. Applications use the
SW components, which provide the specific functions they need for a given objective.

To assist application developers and users in selecting and handling these, Optimisation
Cycles (OCs) combine SW elements and tools. They define the process to analyse, modify
and improve a given application to achieve a specific goal. For example, the Memory System
Performance Analysis OC (see Fig. 3) uses an analysis tool to profile the memory allocations
of an application, which provides input to a human developer to improve the data distribution
across multiple levels of a memory hierarchy or to move to a different, more scalable or
portable programming model. Such models might come with a run-time system capable of
optimising the memory usage during execution.

From the system software perspective, the OCs are implemented by creating multi-step work-
flows that sequence use of SW tools and environments with complementary functionality.
This requires the definition and implementation of interfaces between the tools and envi-
ronments. To name some examples [SP21]: LLView and DCDB are combined in the Moni-
toring OC; Score-P and Scalasca are used in conjunction with ParaStation MPI [CME16]
and Slurm [YJGO3] in the MSA-related OC, and Extrae, HMem Advisor [Sel7], FlexMal-
loc [Se], and MPC [PINO8] and OpenMP together form the Memory Allocation OC. Some



OCs are also combined to provide more advanced functionalities, e.g., the MSA-related OC
and the Monitoring OC in combination with the Extra-P modelling tool [Wo16] create the
Mapping OC.

Low-level communication: In DEEP-SEA, full MSA gateway support for the Multi-
Processor Computing (MPC) environment [PJNOS] has been implemented. This involves
adapting the low-level communication layer from MPC and creating a new Point-to-point
Management Layer (PML) for integration with Open MPI [GWSO06]. Open MPI itself has
also been extended with better support for collective operations when communicating across
modules of an MSA system, as well as for varying core counts per node. ParaStation MPI’s
MSA awareness and its collective communication operations, which resulted from the
previous DEEP projects [Be19a], have been further optimised in DEEP-SEA, and its low-
level ParaStation Communication library was integrated with the GPI PGAS programming
model [GS13].

Dynamic load balance: Mechanisms and policies for dynamic load balancing on a
node have been implemented for OmpSs-2 [Ce24] and OpenMP via the Dynamic Load
Balancing (DLB) library [Gal7], which optimises the use of compute cores by OmpSs or
OpenMP tasks/threads within a node and improves throughput and, consequently, energy
efficiency. As a result of the DEEP-SEA project, the upcoming OpenMP 6.0 standard will
include provision for free-agent threads, which ensures integration of DLB with OpenMP
implementations.

Performance portability: The OmpSs-2 tasking system has been extended to include
a generic interface between its runtime and an LLVM-based compiler [Fo] developed in
DEEP-SEA to support various hardware accelerators (GPUs, FPGAs, etc.). The two high-
level programming models DaCe [Be19b] and NabLab [LOC18] were extended to support
additional accelerators, for instance FPGAs, via a new backend. NabLab now uses DaCe
as the backend for code generation, enabling straightforward use of all processors and
accelerators supported by DaCe.

Composability and interoperability of programming models were improved by defin-
ing and implementing interfaces between different systems [Ja23]. This enables application
developers to combine different approaches without having to entirely rewrite their codes to
use just one of the programming models. Examples include enabling the combination of the
PGAS model GPI-2 [IT] with ParaStation MPI with a shared, low-level communication layer
and interoperability between the OmpSs-2@Cluster [Ag22] multi-node tasking system and
MPI. ParaStation MPI was extended by support for the standardised PMIx process manage-
ment layer [Cal8], which provides a clear boundary between communication middleware
and resource managers.



Malleability: A prototype implementation was developed which supports dynamic shrink-
ing and expanding of resources allocated to MPI or GPI-2 applications. Such resource
changes can be triggered by the application (active malleability) or the runtime (passive mal-
leability). For this purpose, ParaStation MPI was enhanced to work with PMIx and include
support for MPI sessions [Hu22]. A MPI-level API for applications to handle malleability
was defined with an immediate focus on active malleability (i.e., changes in resources
triggered by the application). Using the SPANK plugin interface, Slurm was extended to
support PMIx in a way sufficient for both active and passive malleability and for gracefully
handling changes in nodes allocated to running jobs.

Resiliency: The trace-based Simgrid simulation framework [Ca01] was enhanced with a
consistent failure model to study workload management for large systems in the presence
of faults. Improvements include generating fault profiles beyond simple probabilistic laws,
which is the first step towards creating more precise models, including locality, variability,
ageing; such models will improve the prediction of failure probability and allow to adapt
checkpointing intervals and reduce checkpointing overhead.

4 Performance Analysis and Modelling Tools

Existing SW tools for performance measurement, modelling and monitoring were improved
and extended by new functionalities; examples are the MUSA tool [Gr16], which can now
model multi-level memory hierarchies and support explicit OpenMP memory allocation
routines, or the Extra-P modelling tool [Wo16], which can now compare the measured
performance of each application function on traditional CPU clusters with their expected
performance on GPUs, enabling users to decide which parts of their code are worth the
porting effort. Once the code is ported, it can also automatically validate if the measured
performance of each application function matches the expected/predicted performance on
the GPU.

While this work on enhancing individual components is important, the most significant
effect was achieved by combining them into OCs. Highlights include:

° Mapping OC: combines Scalasca [Ge10], Score-P [Kn12], and Extra-P [Wo16] to
help application developers in deciding how to distribute their code over a heteroge-
neous MSA system [SP21]. Performance models of GPU- and CPU-based Booster
and Cluster nodes were developed using hardware performance counter data and
are used to easily compare application performance on these different modules and
derive optimal application mappings. A new visual model comparison tool displays
performance differences for parametrised models and applications.

. Monitoring OC: provides detailed measurements of the resource- and energy use
of jobs running on an HPC system. These tools enable quantifying the impact of



different application mappings by monitoring application execution. Metrics measured
by the DCDB framework [Ne19] were incorporated into LLview [Ced], which was
completely reshaped to use a more generalised database. Also, DCDB now includes
a new plugin for LIKWID [THW10] to access performance counters in a hardware-
agnostic manner.

. Energy OC: relies on the BDPO tool [SM 18] that transparently runs in the background
of the allocated compute nodes and automatically optimises energy consumption
by using hardware-exposed power control knobs to save energy. Applying this OC
to several DEEP-SEA applications significantly reduced energy consumption with
only minor impact on time-to-solution, and thus improved energy efficiency. Typical
reductions of energy-to-solution were in the range of 10% - 15%.

5 Memory Management

Support for optimising use and management of multi-level memory hierarchies was sig-
nificantly improved in the DEEP-SEA software stack. Several DEEP-SEA Optimisation
Cycles (OCs) address this topic: the Memory Management OC, the Memory System Per-
formance Analysis OC, the Multi-level Simulation OC, the Analysis of Data Transfers and
Memory Behaviour OC, and the Analysis and Debugging of MPI-RMA Communications
OC [SP21, Pi23, Ca22a].
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Fig. 3: Heterogenous Memory OC schematic

Performance analysis and modelling on hierarchical memory systems: Support for
heterogeneous and deep memory hierarchies was implemented in multiple analysis and
modelling tools (e.g., MUSA, PROFET [Ral9], ecoHMEM [Jo22], MemAxes [Gil8],
Extrae, Paraver). As part of the Memory System Performance Analysis OC (see Fig. 3), the
analytical model PROFET was integrated with the Extrae and Paraver performance analysis
tools. PROFET can now process Extrae traces, and Paraver menus include the option to
seamlessly launch a PROFET analysis. This enables users to understand and quantify the



impact of the use of different memory layers on the application performance, efficiency, and
power consumption more easily. With this information, application developers can make
better-informed decisions on how to distribute their data across heterogeneous memory
technologies and deep memory hierarchies.

Low-level memory management: A sampling-based mechanism was implemented in the
Linux kernel to track memory accesses over the lifetime of applications; an online controller
is used to re-balance pages across memory tiers (e.g., DRAM and Non-Volatile Memory
(NVM) or HBM) transparently to the application. In addition, the SHAMBLES memory
profiler has been improved to simplify porting to more recent versions of the Linux kernel
and other architectures, including ARM CPU architectures. The ecoHMEM framework
optimises data placement across memory levels based on execution traces; it was refactored
to become more modular and extensible, and now supports scaling up of measured object
sizes, thus enabling application of ecoHMEM to large use cases.

Runtime: Multiple APIs and runtime extensions to exploit NUMA systems were published
and included in the latest OmpSs-2 release, which can now automatically manage and
optimise data transfers between host and accelerator memory spaces.

Programming environment: MPC was updated by support for the OpenMP 5.0 memory
management interface, and the MPC-Allocator has been extended with support for HBM
and NVM. The same interface is also used by GPI-2 to address NVM, which is an initial
step towards persistence for GPI-2. Also, the high-level programming model DaCe now
supports GPU memory spaces through CUDA’s mallocAsync API.

Processing in Memory (PIM): Appropriate PIM-related data structures and APIs were
implemented in the ZSim+DRAMsim3 simulation infrastructure [SK13, Li20, Ceb]. The
PIM simulator was released as open source [Es24], and the performance, energy and
behaviour of the PIM functions was evaluated. Also, the multi-level modelling tool MUSA
has been extended with the ability to analyse PIM functions. Multiple target application
domains, PIM functionalities, corresponding data structures, and APIs were identified and
will inform future work on creating PIM systems.

6 Application Development and Co-design

Seven European HPC application fields (see Fig. 4) participated in DEEP-SEA, providing a
total of 10 codes:

. Space weather: xPic [Kr18], AIDApy [LT19]



) Weather forecast and climate: IFS [Ba95], ecTrans [EC24]

° Seismic imaging: FRTM [Gr14], BSIT [Hal4]

° Molecular dynamics: GROMACS [Va05]

. Computational fluid dynamics: Neko [Ja24]

. Neutron Monte-Carlo transport for nuclear energy: PATMOS [CBC20]
° Earth system modelling: TSMP [Ful9]

These applications were selected to represent the typical multi-disciplinary usage of Eu-
ropean HPC systems. They also cover different programming models and approaches and
thus contributed to co-design, testing and validating the different areas of system software,
programming models, and tools developed within DEEP-SEA.

Co-design: Characteristics and requirements of all applications were analysed at the
beginning of the project and included in the initial co-design input [MK21]. The results
were also used to identify specific application use cases to test the DEEP-SEA tools and
programming models [MH22]. Once the requirements of a given application were known,
it was necessary to identify the group of DEEP-SEA tools, programming environments
and run-time systems that should be used to address them. To do this, we have defined the
Optimisation Cycles (OCs), which describe the sets of software components and steps for
using them to achieve a specific analysis or optimisation objective [SP21]. As experience
was gained in using the OCs, feedback was provided to their developers regarding user
experience and suggestions for improvements.

Space Weather Seismic Imaging Computational Fluid Earth System
ML, Python, C++ C++, OpenMP, MPI Dynamics Modelling
OpenMP, MPI, CUDA CUDA, GASPI Fartran, MPI C, C++, Fartran, MPI

=
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ML, Fortran CHt Transport
CpenhdP, MPI CpenkP, MPI, CUDA C++, OpentP, MPI

Fig. 4: DEEP-SEA is based on ten co-design applications from seven scientific fields

Application code adaptations and improvements: To identify performance limitations
and bottlenecks, all application codes have been analysed in depth using performance analy-
sis and monitoring OCs based on the Score-P/Scalasca [Ge10, Kn12], Extrae/Paraver [Cea],
and LLview/DCDB [Ced, Ne19] tools. Performance portability of application codes was
then improved by use on intra- and inter-node APIs for GPUs and CPUs (xPic, FRTM,
PATMOS), by applying advanced dynamic load balancing (GROMACS, TSMP, xPic), or



by using high-level programming models such as DaCE (GROMACS). The Energy OC
enabled several applications (xPic, AidaPy, IFS, GROMACS) to improve energy efficiency
by optimising the processor operating points. Codes also explored the use of heterogeneous
memory systems with the Memory OCs (BSIT, PATMOS) and malleability features (FRTM,
TSMP).

Benchmarking: A benchmark suite composed of a wide range of synthetic benchmarks
and selected co-design application use cases was integrated with the JUBE benchmarking
environment [Fr10] and periodically run on the DEEP system [Cec] to measure its perfor-
mance and identify potential variations. A visualisation environment for the results was put
in place to simplify the interpretation of data.

7 Software Release

The DEEP-SEA project adopted a professional software development approach, relying on
near-production software development platforms, continuous integration and deployment,
as well as judicious validation and benchmarking. The DEEP system [Cec] was used as the
central software development and integration platform in the project. It was upgraded with a
uniform EDR InfiniBand network (100 Gbit/s bandwidth) and kept up-to-date with the latest
software required for the development activities. Additional hardware added to the DEEP
system included two Intel Xeon MAX servers that combine DRAM and HBM memory for
validation of DEEP-SEA results on heterogeneous/multi-level memory hierarchies.

Continuous Integration and Continuous Deployment (CI/CD): The DEEP-SEA CI/CD
infrastructure uses Gitlab repositories, the EasyBuild software deployment utility [cob] (for
installation on the DEEP system), and JUBE for automatic benchmark-based verification
of system performance. The generic GitLab Runner was replaced by Jacamar [Prd], which
enables running CI jobs with user rights instead of requiring higher privileges. The CI
infrastructure is set up and has been used to prepare the interim and final SW releases.
With very few exceptions, all SW components are available as open source in EasyBuild or
Spack [Prf] packages.

Software containers: Containerisation of HPC workloads has a high potential to simplify
software installation and application execution. Security features to digitally sign Singularity
containers were added to the DEEP-SEA container infrastructure to defend HPC systems
and their users from unauthorised accesses and attacks. In DEEP-SEA, ParaStation Modulo
has added support for the Slurm container start-up mechanism.



Public release: The final version of the DEEP-SEA software stack was released in two
different ways: EasyBuild configuration files on a public FZJ Gitlab [pra], and Spack
installation files at the LRZ/TUM repository [prb]. The EasyBuild configuration files list the
dependencies and software modules required to install a specific SW package, the address
of the repository where the latest release from the DEEP-SEA project was done, and the
upstream repository in which the given SW component will continue to evolve. In this
manner, interested users can take the version developed, tested and released by DEEP-SEA,
or choose the latest generation of the given package, which contains the DEEP-SEA results
and further improvements made beyond the DEEP-SEA lifetime. This shall ensure the
future sustained use of the DEEP-SEA results across the European (and international) HPC
landscape.

Sustainability of developments: The DEEP-SEA software stack relies on established
European (or in a few cases, international) software packages that existed before the project
started. They were enhanced with new features and interfaces that allow them to exploit the
hardware heterogeneity of leading-edge HPC systems and cooperate with other European
development activities. These improvements were pushed upstream and are now part of the
official releases of each SW package. As owners of these products, the project partners will
continue their future development through their own efforts and in future projects, ensuring
that the work performed in DEEP-SEA and its results are sustained as part of the European
Software Environment.

8 Summary and Future Prospects

In its three year term, the European project DEEP-SEA has made important contributions to
the software stack of European HPC systems. These include low-level kernel modules, com-
putation and communication libraries, system and resource management, and programming
abstractions with associated runtime systems and tools. The DEEP-SEA software stack
supports highly heterogeneous compute, network, and memory configurations, allowing ap-
plications to utilize any combination of resources according to their needs by mapping them
to the Modular Supercomputing Architecture (MSA). The DEEP-SEA software stack sup-
ports reservation, allocation, and combination of heterogeneous resources, the application
of malleability at the thread and MPI process level, and the composability of programming
models. Data placement policies for emerging deep memory hierarchies were implemented
on existing memory devices, and have been tested and validated on combinations of DRAM
and fast memory to improve application performance on future systems like the SiPearl’s
line of ARM-based CPUs developed in the European Processor Initiative (EPI) [Si24]. A
novel approach for the organization and use of the system software stack was introduced,
which combines different sets of software in so-called Optimisation Cycles (OCs), each one
tailored towards a specific application or system performance target.



The project adopted a collaborative approach, working with ten real European applica-
tions from seven domain areas, driving the co-design and evaluation of the SW stack and
demonstrating the benefits for European computing centres. DEEP-SEA managed depen-
dencies between levels of the SW stack and introduced continuous integration/continuous
deployment (CI/CD) techniques. At the end of the project, the DEEP-SEA software results
were released in a public repository with all necessary installation packages. Care was also
taken to include the developed code in the upstream branches of the open source projects
used as the starting point, thereby ensuring the long-term sustainability of the project’s
contributions.

The R&D work around MSA continues beyond DEEP-SEA through the EuroHPC JU pilots
EUPEX [prc] and HPCQS [pre], as well as through future initiatives at the European and
national levels, such as the third generation of the PoP Center of Excellence [Coa]. The
development roadmap initiated with the DEEP project in 2011 and continued until DEEP-
SEA has led to the deployment of MSA pre-Exascale systems such as JUWELS, MeluXina,
and Leonardo. It will culminate in the first European Exascale system, JUPITER, soon to
be deployed at the Jiilich Supercomputing Centre.
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