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INTRODUCTION
The need for more compute resources is pushing the power enve-
lope of data centers higher, leading to increased capital expenditure
(CAPEX) and operating expenses (OPEX). Especially the cost of
energy consumption in HPC data centers is becoming a decisive
factor in the procurement and operation of the systems. For procure-
ment’s, offered systems are not only evaluated based on throughput
benchmark results but also based on the energy efficiency of the
quoted solution. Additionally, there is an increased public aware-
ness for sustainability and carbon-neutral solutions. Both factors
have led to intensified research on energy reduction while keeping
system performance high. Newly deployed systems are equipped
with meters and knobs to estimate and control the power consump-
tion.

The implemented OS control system power management how-
ever, is working on a coarse level not being able to use knowledge
of the actual workload running across multiple compute nodes.
For a truly improved system energy efficiency this approach is
inadequate.

The EE-HPC project aims to develop a solutionwith an application-
aware, dynamic, user transparent, and policy-driven approach. The
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project started end of 2022 and builds on the existing software
components ClusterCockpit 1 and LIKWID 2.

STATE OF THE ART
Multiple approaches to coordinate power usage in cluster systems
like GEOPM (Global Extensible Open Power Manager) [3], EAR [2],
READEX (Runtime Exploitation of Application Dynamism for En-
ergy efficient eXascale computing) [4], the PowerStack Initiative [1],
and REGALE [5] exist. GEOPM targets MPI and OpenMP applica-
tions and uses a hierarchical control system to implement dynamic
power management among the compute nodes of a job. EAR man-
ages the energy efficiency of HPC cluster systems by optimizing
nodes locally, determines the job phases through intercepted MPI
calls. These job phases are analyzed and compared with differ-
ent models to map them to configurable policies. The EU-funded
READEX project requires code annotations inside applications and
libraries and applies auto-tuning to each phase. Since it relies on
the annotations, it is of limited extent for production operations.
The PowerStack Initiative proposes a dynamic power management
software stack for HPC systems aiming to specify vendor-neutral
requirements, interfaces, data exchange protocols as well as control
knobs. REGALE is an open architecture project integrating with
existing components of the HPC stack like resource management
systems and MPI libraries. It tries to cover the whole end-to-end
cycle of a supercomputing system with one part being energy man-
agement.

MANAGEMENT OF POWER AND ENERGY
In the EE-HPC project approach, job specific power distribution and
energy consumption is guided by a central component. This central
component (Energy Manager, EM) is aware of external power con-
straints, job policies, power domains, and node allocations per job.
Interaction with the batch system is kept minimal. Compute node
agents gather required metrics and enforce the decisions from the
EM. Communication between node agents and EM is managed by a
pub/sub interface to an in-memory database. Jobs are dynamically
steered at runtime, based on job policies and application workload.

1https://www.clustercockpit.org/
2https://hpc.fau.de/research/tools/likwid/
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Examples for job policies are “minimal energy to solution”, “maxi-
mal performance at minimal energy”, “high priority jobs”, “profiling
queues” or “low priority job”. During a jobs execution, the com-
pute behavior of the job is characterized dynamically, either, via
a machine-learning approach (based on an application footprint
derived from runtime measurements) and steered according to the
detected footprint or directly steered via the optimization of a given
metric such as the energy-delay product.

FINE-GRAINED ENERGY EFFICIENCY LIBRARY
To enable the characterization and fine-grained optimization of
an application, the EE-HPC project is creating an instrumentation
library. The library will tag the application’s current runtime be-
havior (I/O-bound, compute-bound, or memory-bound), either via
a direct user-guided instrumentation or via the MPI 3 or OMPT 4

profiling and tools interfaces. The node-agent forwards the in-
formation to the EM which then, according to job-policy and de-
tected workload characteristics decides on a specific set of tun-
ables: power/frequency and/or environment changes pertaining
to the programming model. The set of tunables then is enforced
by either the node-agent or in the case of environment changes
to the programming models by the instrumentation library. The
enforcing of tunables happens asynchronously. The EM registers
an tag-specific action with the node-agent and the node-agent trig-
gers the required action node-locally. In order to obtain application
characteristics and the tagging of applications in an automated way
the MPI profiling interface and OMPT interface are used. In this
way, the well-studied [6] power characteristics of the programming
models by opting for a, for example, more situation-appropriate
collective algorithm for MPI, can be leveraged.

PERFORMANCE AND ENERGY MONITORING
Nowadays, many HPC centers monitor their systems for general
health and reasonable usage but often do not provide access to
this data to the user or even support personal. Moreover, users
are only partly interested in the metrics the site operators look at.
Therefore, the NHR@FAU started the development of a job-specific
monitoring framework that provides relevant HPC metrics to help
the users and support personal to asses the quality and optimization
potential of jobs. The ClusterCockpit framework provides loosely
coupled components for data collection (cc-metric-collector 5),
data storage and retrieval (cc-metric-store 6) as well as a central
controller with web frontend for visualization (cc-backend 7) using
standardized protocols 8. Various throughput and energy related
metrics are collected on each compute node including CPU metrics,
GPU metrics, and OS statistics using different collection methods,
for example, the Likwid library for CPU metrics, rocm-smi for
AMD GPU metrics, or nvidia-smi for NVIDA GPU metrics. The
job-specific dashboards provide general information, time series
plots and a time-resolved Roofline model [7] that deemed most
appropriate for the target group (HPC users and support personal).

3https://www.mpi-forum.org/docs/mpi-3.1/mpi31-report/node359.htm
4https://www.openmp.org/spec-html/5.0/openmpsu15.html
5https://github.com/ClusterCockpit/cc-metric-collector
6https://github.com/ClusterCockpit/cc-metric-store
7https://github.com/ClusterCockpit/cc-backend
8https://github.com/ClusterCockpit/cc-specifications

In the EE-HPC project, the ClusterCockpit framework will be
extended by a new component cc-node-control which provides an
interface to control knobs of the system as well as the job runtime
for the Energy Manager. Furthermore, the cc-metric-collector is
planned to read more energy related metrics from the nodes as
well as PDUs and infrastructure to support the Energy Manager
in its decisions. An communication channel with defined protocol
provides information to and from the energy efficiency library
for fine-grained control. Besides collecting and processing time
series data, the EE-HPC project will add event based information
throughout the software stack. This allows the web-frontend to
display additional information to the users such as a timeline of the
decision made by the EM and other event information such as the
compute phase detection of an application.

TARGET VALIDATION - ICON
The ICON modeling framework is a joint project between the Ger-
manWeather Service (DWD), theMax Planck Institute forMeteorol-
ogy (MPI-M), the German Climate Computing Center (DKRZ), and
the Karlsruhe Institute of Technology (KIT). It aims at developing a
unified next-generation global numerical weather prediction and
climate modeling system. The ICON model has been introduced
into DWD’s operational forecast system in January 2015 and is
also used by many other weather services in Europe. The ICON
atmosphere and ocean part is based on an icosahedral grid for the
horizontal layout and uses a rectilinear grid for the vertical setup.
It allows for high resolution climate and weather experiments, as
well as regional simulations and nested setups. ICON also includes
modules for land and chemical processes.

Themodel is currently being extended to run on the first exascale
HPC systems in Europe, which will require better scalability and
use of GPU accelerators. These systems will be needed to run the
most ambitious simulations, namely a global climate prediction on a
uniform grid of just 1km in size. At this fine resolution, atmospheric
convection in particular, and hence the evolution of clouds and
precipitation processes, can be simulated almost explicitly, without
the need for error-prone parameterisations of these processes as at
coarser resolutions. Small-scale features such as ocean eddies are
also now resolved and can be studied in more detail.

ICON is used by all partners in the EE-HPC project to test and
validate the energy management and application library on each
partner’s HPC system. Typical climate projections are adjusted
based on reference experiments to achieve the most energy effi-
cient design. The scientific output of the model must not be changed
by the approaches in EE-HPC, but for example small increases in
runtime may be acceptable if significant energy savings can be
achieved. Finding the right balance is particularly important for
operational weather forecasting, where simulations must be com-
pleted within fixed time windows. Long-term climate projections
are somewhat more relaxed in this respect.
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