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Abstract
SEANERGYS is an EuroHPC JU project developing an integrated
software suite to optimize the operation of HPC systems, aiming
to reduce energy consumption across real-world workload mixes.
Additional objectives include optimizing resource utilization, en-
hancing system throughput, and minimizing response times.

This paper introduces the overall SEANERGYS software architec-
ture, covering its three main elements (monitoring, AI data analyt-
ics, and dynamic scheduling and resource management) leveraging
a central data plane to connect them.

CCS Concepts
•Computer systems organization→ Power and energy; Paral-
lel and distributed computing; Systemmanagement; Performance
monitoring; • Software and its engineering→ System software.
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1 Introduction
Increasing energy and power demands are key challenges we must
address as we scale High-Performance Computing (HPC) and AI
systems to meet the ever-growing computational demands of indus-
try and research users [8]. Consequently, there is a growing need
for new solutions that enable HPC centers to reduce energy con-
sumption, enhance resource utilization, and optimize workloads.

Significant efforts have been exerted on the development of more
energy-efficient Hardware (HW): new architectures [9], processors
with higher core counts and vectorization [1, 2], accelerators for
critical workloads, and optimized data center infrastructure and
cooling [8]. However, HW developments alone are insufficient, as
they are naturally limited in scope, cannot act in a globally coor-
dinated fashion, and lack mechanisms to influence user behavior.
They have to be complemented with matching energy-aware Soft-
ware (SW) solutions. Proof-of-concept implementations of such
approaches have demonstrated potential [3, 4, 7, 10, 11], but their
isolated deployment, early state, and limited maturity have so far
hindered widespread adoption in production HPC centers.

The SEANERGYS project integrates monitoring, data analysis,
and resource management capabilities into a unified, production-
ready SW infrastructure that works hand-in-hand with matching
HW developments and interacts with users, providing needed opti-
mization data. Key project contributions include:
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• ComprehensiveMonitoring Infrastructure (CMI): a uni-
fied holistic monitoring system for HPC system hardware,
system software, applications, and supporting infrastructure.

• Artificial Intelligence Data Analytics System (AIDAS):
a data analytics framework extracting insights from mon-
itoring data, delivering accurate performance, energy, and
power predictions to guide runtime decisions.

• Dynamic Scheduling and Resource Management Sys-
tem (DSRM): an integrated set of enhanced resource
managers that enhance system utilization, throughput, re-
sponse times, and energy efficiency via policy-driven, multi-
objective, and dynamic scheduling.

All the above are delivered as high-quality, deployable soft-
ware solutions at advanced Technology Readiness Levels (TRLs),
suitable for operational use in HPC centers.

2 Requirements and Use Cases
The SEANERGYS suite is a comprehensive SW solution to improve
throughput, energy efficiency, and resource utilization in HPC sys-
tems. It fulfills the needs of all key stakeholders: end-users, applica-
tion and tool developers, sysadmins, and technical support teams.
Requirements are described viaUse Cases (UCs), leading to a catalog
of twelve UCs (see Figure 1) that cover the required functionalities
from the SEANERGYS SW suite: monitoring, alerting, predicting,
optimizing, and scheduling.

A Use Case (UC) is an end-to-end scenario that delivers value to
one or more stakeholders by composing data, models, mechanisms,
policies, and —where applicable— control loops. The implementa-
tion of a UC will utilize multiple SEANERGYS SW components to
achieve its objective. Some components serve multiple UCs, and
some UCs depend on the outputs of others (e.g., predictions feeding
scheduling). Figure 1 visualizes the role (observing vs. acting) and
scope (user- vs. system-level) of all UCs, and clusters them accord-
ing to their main field of responsibility: monitoring/observability
(green) focuses on telemetry acquisition, anomaly detection, and
visual analytics; prediction and intelligence (red) provides reusable
predictive models that serve as inputs to optimization and schedul-
ing mechanisms; energy and power optimization (yellow) enforces
infrastructure limits and optimizes energy-to-solution and carbon
footprint; and advanced scheduling (blue) extends traditional HPC
scheduling with adaptive and policy-driven functionalities.

Sysadmins get insight into the operational status of the HPC sys-
tem and receive timely notifications through a monitoring system
with alerting capabilities (UC1), presented through customizable
and interactive dashboards (UC2), and obtain insights on software
library usage (UC12) so they can optimize runtime and workflow
paths and deployment choices. This picture is enriched with an Ma-
chine Learning Operations (MLOps)-based modeling service (UC5)
that characterizes jobs and system status, and that provides predic-
tions to upstream decision points.

Operations are driven by a set of complementary modes:
• Power Capping: guarantees operation under a specified
cap while optimizing application performance (UC3);

• Energy-efficiency: promotes energy as a first–class ob-
jective and seeks the best energy-performance operating
point (UC6);
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Figure 1: Use Cases (UCs) mapping with respect to their func-
tion (observing to acting) and scope (system- to user-level).
The colored blobs group the UCs into clusters based on their
primary field of responsibility (labeled in italics).

• Carbon-aware: minimizes Carbon Dioxide Equivalent
(CO2e) emissions by aligning work with low–carbon win-
dows (UC7);

• Site-level performance optimization: exploits advanced
mechanisms, such as co-scheduling (UC8), and spot jobs to
raise throughput and responsiveness (UC4).

• Multi-objective: allows site administrators to define and
enforce weighted combinations of different targets according
to policy and context (UC9).

Application developers and end-users are included in the opti-
mization loops: energy becomes part of fair share resource alloca-
tion (UC10) to incentive an alignment with center objectives. Ac-
tionable feedback reports (UC11) help users and developers achieve
high resource utilization and expose job misconfigurations. This
can improve both turnaround time and efficiency.

3 Software Architecture
The SW architecture of the SEANERGYS suite depicted in Figure 2
has been designed to support all UCs documented in Section 2. The
CMI (Section 3.1) gathers data from HW and SW sensors, and corre-
lates it with scheduler information to provide job- and system-based
telemetry. The AIDAS (Section 3.2) leverages AImodels trainedwith
a vast set of operational data of the participating HPC sites. It fin-
gerprints resource usage patterns, predicts future job behavior, and
identifies complementary job profiles for potential co-scheduling.
Users can receive feedback on energy and resource use for each
job, plus suggestions for improvements. Finally, the DSRM (Sec-
tion 3.3) utilizes these insights to develop scheduling policies that
maximizes resource utilization and energy efficiency, and supports
jobs/applications with dynamic and adaptable resource profiles.
These three main SEANERGYS blocks are interconnected and ex-
change data via the data plane (Section 3.4).

Modularity is a key design principle: HPC sites may substitute
specific SW components by local solutions, provided that these are
adapted to use the data plane Application Programming Interfaces
(APIs). Replacing certain central components —like the system



SEANERGYS: Integrating Monitoring, Analytics, and Resource Management for Energy-efficient HPC System Operations CF Companion ’26 , May 19–21, 2026, Catania, Italy

HW C
P

U
/

G
P

U

no
de

ne
tw

or
k

st
or

ag
e

fa
ci

lit
y

ra
ck

sy
st

em

SW

se
ns

or
s

&

actuators

OS &
I/O

system
mgmt

code
probes

runtimes

CMI

Data Plane

AIDAS DSRM

system administrators & end-users

& AI-assistant

data analysis,
visualization

job-centric
AI-production tool

schedule-
centric

scheduling
policies / choices

system-centrictelemetry
collection

CMI
control

data
processing

node-local
scheduler
deamon

system 
resource
manager m

an
ag

er
w

or
kf

lo
w

job
runtime
system m

an
ag

er
po

w
er

HW access

 model
repository

telemetry
storage

programming
environment

Figure 2: SEANERGYS architecture. High-level view including the main elements of the Comprehensive Monitoring Infrastruc-
ture (CMI), Artificial Intelligence Data Analytics System (AIDAS) and Dynamic Scheduling and Resource Management System
(DSRM). All are connected via the data plane.

resourcemanager and scheduler—might, however, lead to advanced
SEANERGYS features being lost.

3.1 CMI: Comprehensive Monitoring
infrastructure

Traditional monitoring focuses on the health of HW and core ser-
vices. However, HPC centers striving for energy efficiency require
broader monitoring, including energy flows, job efficiency, run-
time behavior, application and Input Output (I/O) patterns, power
consumption, and infrastructure, such as cooling and power distri-
bution. Advanced solutions exist at some sites, but incompatible
naming, data organization, and metadata hinder SW portability and
data sharing, causing fragmentation and duplicated effort.

SEANERGYS is defining a monitoring standard covering four
domains: system HW, system SW, applications, and supporting
infrastructure. It specifies interfaces and protocols for telemetry
ingestion and queries, alongside a unified naming scheme and on-
tology. Thus, it provides a common foundation for all SEANERGYS
components and facilitates deployment at different sites, reducing
maintenance costs. The project will deliver a reference implemen-
tation of the CMI, leveraging existing open source components,
where possible, and focusing on integrating diverse data acqui-
sition mechanisms into collection daemons. The result will be a
unified solution that is deployed across all partner HPC centers and
which incorporates advanced features using the AIDAS models.

The green box in Figure 2 shows the main CMI components.
The telemetry collection component queries sensor readings or ac-
tuator states via either the HW access daemon or third-party APIs.
It also publishes telemetry to the data plane, possibly after some
data processing, where it is accessible to subscribers. The HW access
component configures sensors, actuators, and HW counters, pro-
vides access to other components via the data plane, and arbitrates
conflicting requests. Monitoring data is stored in the telemetry stor-
age and made available via database queries. Control commands
pass through the data plane to connected components. Typically,
nodes in the system and facility host a HW access and a telemetry
collection daemon, with management nodes handling the teleme-
try storage. System administrators can deploy configurations and
start/stop services via the CMI control.

As monitoring data may contain confidential (e.g., vendor-
specific) or personal data, SEANERGYS will define anonymization

policies, and other mechanisms/tools to allow sharing data with the
larger community and enable future research with realistic datasets.

3.2 AIDAS: Artificial Intelligence and Data
Analytics System

The AIDAS part, depicted in the red box in Figure 2, turns the CMI
monitoring data into insights, predictions, and actionable feedback.
It has three main components.

The model repository is a set of curated models trained with col-
lected monitoring data that perform HW/system-centric, schedule-
centric, and job-centric analysis/prediction. The model repository
will be compatible with different datasets and enable consistent
evaluation, quality assurance, traceability, and reproducibility.

The AI-production tool supports the full MLOps life cycle, in-
cluding training/retraining, model evaluation, model deployment,
and online inference. It interfaces the model repository with the
rest of the architecture, injects data to the data plane and runs a
decision-support and prediction service on the operational plat-
form, directly supporting UC5 in Figure 1 and providing predictions
to operational components, primarily the DSRM.

The data analysis, visualization and AI assistant provides an
interactive, web-based dashboard accessible to all stakeholders, in
particular end-users and system administrators. Its chatbot-driven
interface and dashboard templates support common use cases, for
instance detailed job reports for post-mortem analysis as well as
fine-grained reporting, based on metrics obtained from CMI and
DSRM via the data plane.

3.3 DSRM: Dynamic Scheduling and Resource
Management

The DSRM part (blue box in Figure 2), consists of managers that im-
plement scheduling and resourcemanagement decisions to optimize
operations based on the UC definitions. This includes maximizing
system utilization and energy efficiency. DSRM operation is driven
by CMI data and information from AIDAS. A multi-objective sched-
uler (part of the system resource manager) makes scheduling and
resource allocation decisions by balancing site-specific scheduling
policies.

System administrators define scheduling policies and end-users
adjust their scheduling choices in job submission scripts. Both are
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handled by the system resource manager, which is based on Flux [6].
The system resource manager, the job runtime system, and the node-
local scheduler daemon are Flux brokers that communicate directly
using the Flux Remote Procedure Call (RPC) protocol (e.g., to get
or set information about jobs and resource changes).

The node-local scheduler daemon performs resource allocation
on each compute node, and propagates information to the job run-
time system and application processes by the Process Management
Interface for Exascale (PMIx) API or the SEANERGYS data plane.

The job runtime system exchanges information with theworkflow
manager via the data plane to ensure meeting global job constraints
and job parameter coordination. The workflow manager interacts
with the system resource manager via the data plane (e.g., to set
resource constraints, get information about job and queue status,
or to request job submission). The programming environment em-
ployed by the user applications interacts with all these components
to ensure proper resource allocation and communication between
processes running on different nodes.

Finally, the power manager implements power-saving strategies,
such as power capping, according to site policies. It retrieves infor-
mation from other SEANERGYS components and configures power
consumption limit of the respective HPC center (via the DSRM’s
HW access using the data plane capabilities, and shares information
in the same way.

3.4 Data Plane
The data plane (yellow box in Figure 2) is the central communication
infrastructure of SEANERGYS. It provides a coherent interface to
all components and enables interoperability and portability.

The data plane supports two communication modes: Pub-
lish/Subscribe (Pub/Sub) communication is intended for 1 : 𝑛
scenarios where a publisher sends data to one or more subscribers.
Data is organized in topics, to which consumers can subscribe, and
a central broker distributes messages. Publishers and subscribers
remain decoupled, as neither side needs direct knowledge of the
other. This mode is primarily intended for monitoring data, e.g.,
telemetry collected within CMI and consumed by AIDAS or DSRM.

Request/Response (Req/Res) communication is typically
used for 1 : 1 client–server interactions, and also supports 1 : 𝑛
(broadcast) or 𝑛 : 1 (reductions) communication patterns. One or
more clients explicitly address one or more servers, unlike with
Publish/Subscribe (Pub/Sub), where communication groups are
defined by topics. This mode is used , e.g., for database queries, calls
to AIDAS services, or to drive HW settings.

All accesses to the data plane are performed via a single API,
which provides the core functions to perform communication with
Request/Response (Req/Res) and Pub/Sub semantics. To serialize
and de-serialize data sent through the data plane, Cap’n Proto [5]
has been chosen.

A locator service within the data plane enables components to
discover communication partners for Req/Res and retrieve their
endpoints. For Pub/Sub communication, brokers deployed by SEAN-
ERGYS handle message routing.

By default, all communication in SEANERGYS uses the data
plane. However, exceptions are made if that is infeasible, like for
components developed outside of the project (e.g., Flux using its

internal protocol between brokers) and in situations where ultra-
low latency is required (e.g., for load balancing between applications
on the same node).

4 Conclusions and Next Steps
The SEANERGYS project addresses the growing energy and re-
source challenges of HPC by developing a unified, production-ready
SW suite for energy-aware operation. Combining holistic monitor-
ing (CMI), predictive analytics (AIDAS), and dynamic resource man-
agement (DSRM), it aims at improving energy efficiency, resource
utilization, and workload steering, providing actionable insights
for operational decisions and job/application optimizations.

Within the first months of the project, the Use Cases (UCs) and
requirements have been defined, the SW architecture established,
and key decisions taken, including selecting the Machine Learn-
ing (ML) models for the AIDAS model repository, initial data set
collection, and the use of Flux as the system-level scheduler.

After this initial phase, the SEANERGYS project will develop the
SW components, tests them, and proceed to validation on multiple
European HPC centers with diverse HW architectures. If successful,
it will continue to deployment on petascale and exascale systems.
These efforts will ultimately help us advance operational efficiency
in next-generation HPC infrastructures.
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