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WHO IS E4

HPC
For more than 20 years, E4 has been 

innovating and delivering HPC hardware 
and software solutions for hundreds of 
customers from the enterprise and the 

research centers, such as CINECA, CERN, 
ECMWF, LEONARDO

AI
Building of the infrastructures for the raising 
AI technologies, helping customers to face 
and drive the convergence between HPC & 

AI.
Development of vertical GenAI solutions for 

the secure on-premise scenarios

QUANTUM
Pioneering the Quantum Computing 

technologies, we are involved in several 
research projects by the European Union, 

offering our customers expertise for 
emulation and algorithm optimization

BASED IN ITALY IN THE DATA VALLEYAND ACTIVE SINCE 2002, WE HAVE BEEN DESIGNING AND PROVIDING 
END-2-ENDSOLUTIONSFOR HPC, ARTIFICIAL INTELLIGENCEAND QUANTUM COMPUTING.

WITH A STRONG PRESENCEIN THE ACADEMIC AND ENTERPRISE MARKETS, WE HAVE BEEN COLLABORATING FOR YEARS WITH THE 
MAIN RESEARCH CENTERS AT NATIONAL AND INTERNATIONAL LEVEL.



THE FUTURE IS HETEROGENEOUS

Heterogeneous computing 
refers to the use of 
multiple types of 
processors within a single 
system. 
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THE FUTURE IS HETEROGENEOUS

ÅEach processing unit  type is 
optimized for specific tasks, 
allowing workloads to be 
assigned to the most suitable 
processor. 

ÅThis approach enhances both 
performanceand energy 
efficiency. Different 
processors work 
simultaneously on various 
parts of a task, significantly 
reducing computation time.



QUANTUM EFFORT WORLDWIDE IS INCREASING

https:// www.qureca.com/quantum-initiatives-worldwide/
https:// www.elsevier.com/solutions/scopus/research-and-development/quantum-computing-report



QUANTUM EFFORT WORLDWIDE IS INCREASING

IEEE SPECTRUM MARCH 2025, HARRY GOLDSTEIN



WHY QUANTUM COMPUTING?



QUANTUM IS DIFFERENT FROM CLASSIC

άvǳŀƴǘǳƳ ŎƻƳǇǳǘŜǊǎ ŀǊŜƴΩǘ ǘƘŜ ƴŜȄǘ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǎǳǇŜǊŎƻƳǇǳǘŜǊǎ τǘƘŜȅΩǊŜ ǎƻƳŜǘƘƛƴƎ ŜƭǎŜ 
ŜƴǘƛǊŜƭȅΦέ Scott Aaronson 

Ąwe need to understand the fundamental physics that drives the theory of quantum computing.



HOW IT IS DIFFERENT - QUBITS & SUPERPOSITION

A qubit is the basic unit of information used to encode data in quantum computing.

Each qubit has two pure state vectors ȿπ and ȿρ . 
Qubitscan also occupy a third state known as a superposition Ą all the possible states 
ōŜǘǿŜŜƴ л ŀƴŘ м όǇǊƻōŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǉǳōƛǘΩǎ ǎǘŀǘŜ)ĄMORE INFORMATION

Qubits are created by manipulating and measuring quantum systems, for instance: 
photons, electrons, trapped ions, superconducting circuits, and atoms. 



HOW IT IS DIFFERENT - ENTANGLEMENT

two qubits are intertwinedin 
such a way that the state of 
one particle cannot be 
described independently of 
the state of the other, 
regardless of the distance 
between them



QUANTUM COMPUTERS
There is not just one category of quantum computers, but many!



EMULATING QUANTUM COMPUTERS

¦ƴƛǾŜǊǎŀƭ vǳŀƴǘǳƳ {ƛƳǳƭŀǘƛƻƴ ƻŦ рл vǳōƛǘǎ ƻƴ 9ǳǊƻǇŜΩǎ CƛǊǎǘ 9ȄŀǎŎŀƭŜ {ǳǇŜǊŎƻƳǇǳǘŜǊ IŀǊƴŜǎǎƛƴƎ Lǘǎ IŜǘŜǊƻƎŜƴŜƻǳǎ /t¦-GPU Architecture, Hans De Raedtet al., 2025

JUPITER has about 6000 nodes (24 000 
superchips). The largest number of nodes 
that can actually be used for JUQCS is 4096 
(16 384 superchips) due to the powers-of-
two restriction. Each of the 16 384 
superchips is equipped with 96 GiB of HBM3 
(device) and 120 GiB of LPDDR5 (host) 
memory; 216 GiB in total per GH200 
superchip.

Ą reach the emulation 50-qubit on 
JUPITER



ONLY CERTAIN CLASSES OF PROBLEMS ARE FOR QC

NP

NP

NP-complete

P BQP

P: Polynomial time
NP: Non deterministic 
polynomial time
BQP: Bounded error 
quantum polynomial

The class of problems that can be solved efficiently by a quantum computer are BQP.

To this day, researchers have designed only a few quantum algorithms that provide a 
speed-up from exponential to polynomial time for a problem. 



QUANTUM EVOLUTION AND MEASUREMENTS

INITIALIZATIONIn a Quantum Algorithm, the input 
data of the algorithm is loaded on the quantum 
register

Then this initial state is evolved under unitary gates 

(Ὗs.t.ὟὟ Ὅ).

After the evolution, the qubits are measured. 
Measurement is probabilistic.

Suppose to have a qubit in superposition ȿἃ‪ ȿἃπ

ȿἃρ ȾЍς.



QUANTUM EVOLUTION AND MEASUREMENTS

Probabilistic 
measures imply that 
one has to run the 
quantum evolution 
multiple times to 
extract a probability 
distribution.

In practice the 
number of samples 
one has to do could 
be a drawback of a 
quantum algorithm.



QUANTUM ERRORS 

Å Quantum states are affected by quantum decoherence. Over time, a 
quantum state can lose information (entanglement, superposition). 

Å This effect, in a quantum circuit, produces quantum errors, with the effect 
that a quantum computation is not fully reliable. 

Å This problem exists also in classical computation, where bit flip errors may 
occur. Classical Error Correction relies on redundance, namely copying the 
bits. This cannot be done in the quantum realm, where copying unknown 
states is not allowed by the No Cloning Theorem.

Å Quantum Error Correctionstudies how to correct such errors, however 
introducing an overhead in the number of physical qubits needed to 
construct a logical(error free) qubit.



THE (BRIGHT) PRESENT - HARDWARE
~ 5000 qubits

~ 150 qubits

~ 50 qubits

Observation of Ordered Structures of Laser-Cooled Iousin a Quadrupole Storage 
Ring,I. Waki et al, 1992

Ψфл NOW



THE (BRIGHT) PRESENT - SOFTWARE

Many research initiatives on software to ensure this software is efficient, 
maintainable, reusable, and cost-effective ĄQuantum Software Engineering as a 
distinct field. 

Quantum Software Engineering: Roadmap and Challenges Ahead, Juan Manuel Murillo et al. 2024



THE (BRIGHT) PRESENT - ALGORITHMS



IS THE FUTURE OF QC MODULAR?

Quantum computing companies have been 
competing for years to squeeze the most qubits 
onto a chip. There are limits to the chip size. As 
they grow larger, wiring up the control electronics 
becomes increasingly challenging. 
PRO: Computers with smaller, testable, and 
replaceable components simplifies 
manufacturing and maintenance.

The focus is now shifting to linking multiple 
quantum processors.

Challenges:
Åmaintaining entanglement across QPUs
ÅPhysical networking between QPUs
ÅRunning quantum algorithm across QPUs 

(compilers)
IEEE ESPECTRUM MARCH 2025, EDD GENT , Nicholas Little https://spectrum.ieee.org/quantum-computers



WHY HPC-QC INTEGRATION

HPC pursues performance and computation efficiency

QC delivers better results for some problems, and consumes way less than a GPU powered 
cluster

Additionally, QC may need HPC resources with low latency to perform Quantum Error 
Correction

Why not join forces? Why not having HPC and QC resources together?
Å No clash between HPC and QC
Å Cooperation to achieve best performance and efficiency
Å High speed interconnections to ensure efficient data transfer
Å High Performance hardware available for QEC

This solution is promising, but we need to clarify roles and bridge the gap between classical and 
quantum world



ENERGY CONSUMPTION VISUALISED



APPLICATIONS

The synergy between Quantum Computing and HPC holds significant potential to accelerate progress across multiple 
scientific domains. 

The literature already reports concrete implementations of hybrid algorithms evaluated both on
large-scale HPC simulators and on early HPCςQC prototype platforms Ą STILL, MANY OPEN QUESTIONS!



QUANTUM COMPUTERS AS ACCELERATORS



IN EUROPE

HPC-QC integration 
is an active 
research topic, it is 
being supported by 
the European 
Commission 
through EuroHPC

https://www.it4i.cz/en/about/ infoservice/news/europe-at-full-supercomputing-power-eurohpc-user-day-in-amsterdam-also-reveals-quantum-news



HPC & QC: status

HPC

ÅEstablished technology, with standards 
and a consolidated methodology.

ÅPerformance through parallelism and 
hardware control

ÅHeterogeneity (accelerators with 
different characteristics)

ÅMany nodes -> concurrent access

Å Novel solution, far from standardisation
Å Performance using quantum properties
Å Diverse technologies, each with own 

strenghts
Å Rare resource, only few available
Å Coherence times, error rates, limited 

Qubits

QC



GOAL: A SMOOTH INTEGRATION 

ÅKey observation: solutions to the integration challenge should not require HPC 
centers to overhaul their existing infrastructure or policies. 

ÅHPC providers operate mature software stacks, including workload managers, 
schedulers, job accounting, and access control frameworks, that have been 
refined over decades.

ÅAny viable approach to integrate near-term, scarce, quantum resources within 
HPC facilities must be deployable within these constraints, augmenting rather 
than replacing what is already in place.



TWO DIRECTIONS

HPC Solution: access through SLURM

Different timespans
Different availabilities

Co-scheduling blocks resources

Quantum Solution: access through Cloud

High Latency
High level integration, no tuning

Lose most benefits of HPC-QC proximity



QUANTUM COMPUTERS AS ACCELERATORS



CHALLENGES

Language differences:
ÅHPC focuses on low level languages: C, C++, Fortran
ÅQC mainly uses Python with dedicated libraries (e.g., Qiskit, Pulser)
ÅQC machine interactions happens through REST APIs, sequential execution

Maturity differences
ÅHPC uses highly tested and validated code, which does not change frequently
ÅQC TRL is way lower

Availability
ÅHPC clusters feature hundreds if not thousands of nodes
ÅQC systems are scarce, having one is a lot nowadays

Research Directions
ÅActual interconnection between HPC and QC, analysingbest practices
ÅQuantum resource management in an HPC-QC scenario



THE CHALLENGE OF RESOURCE CONTENTION

The imbalance between Classical and Quantum resources causes 
pain

Consider a series of workloads executing part of their load on 
Classical resources and part on Quantum ones

Can you saturate the available resources?
Å If I request both classical and Quantum resources, either is 

waiting for the other
ÅMoreover, if I block quantum resources without using them, I am 

worsening the situation on the bottleneck resource

ÅResult: bad experience for HPC-QC users, and worse utilisation in 
the HPC cluster, even for standard HPC jobs



SMARTHPC-QC

In collaboration with:Lead by:

PROBLEM: Small amount of quantum computers compared 
to the number of HPC nodes + different QPUs have 
different execution time

OUR CLAIM: simple co-scheduling with exclusive QPU 
access is inadequate for achieving optimal resource 
utilization in heterogeneous HPC-QC environments

Ą The SMARTHPC-QC project focus on the resource 
allocation issue



SOLUTIONS

- Ideal when quantum portion of a hybrid job 
lasts long (e.g. > 30 min.)

- Quantum and classical jobs scheduled in an 
independent way, but with a single workflow

- Workflow managers or batch script could be 
used

Workflows Malleabilit
y

time

- Ideal when classical and quantum parts of a 
hybrid job have similar  duration

- Allow for varying at runtime number of 
resources allocated for a specific job

- Could improve energy efficiency and 
allocation inefficiency



OUR USE CASE: CLUSTERING AGGREGATION

ώмϐ ά/ƭǳǎǘŜǊƛƴƎ !ƎƎǊŜƎŀǘƛƻƴ ŀǎ aŀȄƛƳǳƳ-²ŜƛƎƘǘ LƴŘŜǇŜƴŘŜƴǘ {ŜǘέΣ [ƛ Ŝǘ ŀƭΦΣ bLt{ нлмнΣ

ώнϐ ά! ŎƭǳǎǘŜǊƛƴƎ ŀƎƎǊŜƎŀǘƛƻƴ ŀƭƎƻǊƛǘƘƳ ƻƴ ƴŜǳǘǊŀƭ-ŀǘƻƳǎ ŀƴŘ ŀƴƴŜŀƭƛƴƎ ǉǳŀƴǘǳƳ ǇǊƻŎŜǎǎƻǊǎέΣ {Ŏƻǘǘƛ Ŝǘ ŀƭΦΣ ŀǊ·ƛǾΥнпмнΦлтрру

An attractive  candidate for investigating dynamic 
quantum-HPC resource management: 

the classical part is highly parallelizable and could 
effectively capitalize on parallel execution;

Each algorithm instance is assigned to a separate HPC 
node using MPI

Core idea: map aggregation of multiple clustering methods into a Quadratic Unconstrained Binary Optimization 
problem and solve it using a QPU. Every algorithm has its pros and cons, the aggregation can improve results [1]



OUR TESTBED PLATFORM - QLUSTER

SLURM version 23.02.7.

The cluster is a plausible HPC-QC integration scenario 
at scale, comprising two partitions: a log-in and a 
master node. 

Compute partition: three CPU-only
nodes. Each compute node contains two AMD EPYC 
7543
CPUs and 256 GB of DDR4 memory. 

άvǳŀƴǘǳƳέ ǇŀǊǘƛǘƛƻƴ (acting as quantum emulator.):  
contains two AMD EPYC 7282 CPUs, 512 GB of DDR4
memory. 

source code
is publicly available at https://github.com/E4-Computer-Engineering/clustering-mis

https://github.com/E4-Computer-Engineering/clustering-mis
https://github.com/E4-Computer-Engineering/clustering-mis
https://github.com/E4-Computer-Engineering/clustering-mis
https://github.com/E4-Computer-Engineering/clustering-mis
https://github.com/E4-Computer-Engineering/clustering-mis
https://github.com/E4-Computer-Engineering/clustering-mis
https://github.com/E4-Computer-Engineering/clustering-mis


EXPERIMENTAL RESULTS - QLUSTER

Å no resource contention, i.e. with no other jobs in the 
cluster queue

Å two-minute-long quantum jobs, i.e. reproducing the 
behavior of a neutral atoms machine

Å average the metrics from five runs for each strategy

RESULTS:
Å BASELINE : the fastest one, but it is less efficient regarding resource usage. 
ÅWORKFLOW: performs poorly in terms of wall time since it asks SLURM for resources at every step, and the 

overhead of the WMS slows it down. Conversely, it is the best regarding resource usage with minimal node-
second consumption. 

ÅMALLEABILITY: acts as a compromise between the other two. 

Ą In the absence of resource contention, both malleability and workflow approaches primarily conserve 
valuable computational resources with a negligible impact on time-to-solution.



EXPERIMENTAL RESULTS - QLUSTER

Å two concurrent workloads 
Å under a queue empty from other submissions 
Å emulating two-minutes-long quantum jobs
Å experiment averaged over five runs each. 

RESULTS: 
Å BASELINE: the worst-performing one
ÅWORKFLOW and MALLEABILITY: can interleave their execution, 

finishing earlier and using fewer resources

MALLEABILITY vs WORKFLOW: malleability needs least one MPI process 
to remain active at all times, even when computations are offloaded to 
theQPU
Ą ADVANTAGE, not OVERHEAD! The simulation can resume immediately



EXPERIMENTAL RESULTS - LEONARDO

LEONARDO: larger-scale execution environment with a complex resource contention 
scenario

Å Both malleability and workflow decomposition 
substantially reduce classical resource consumption 
(up to 45.7% and 64% respectively) compared to the 
static baseline

Å workflow achieving the lowest resource usage and 
variance, 

Åmalleability offering a good balance between wall time 
and efficiency. 

Ą Their benefits become increasingly pronounced as the 
quantum phase duration grows, making them 
particularly well suited for hybrid workloads targeting 
neutral-atom or other longer execution-time quantum 
technologies



VQPUS 

- Possible to allocate more QPUs than available 
with gres

- Internal QPU queue manages the quantum 
workload

- Maximum number of concurrent 
quantum/hybrid job submissions must be 
fixed

- Maximum waiting time for quantum job 
defined



VQPUS 

ÅWeare simulatinga multi-user environmentby submitting
replicasof the applicationsolving a GraphColoringproblem
throughmultiple Maximum Independent Set (MIS) 
problemsformulatedasQAOA

ÅWeare alsoconsideringthe worst-case scenario by 
submittingall the hybrid jobs simultaneously

ÅIn order to artificially increase the workload imbalance of 
each job,weset a sleep mechanism to extend the classical 
computation time

ÅThe experimentwas carried out using:

o Leonardo supercomputer, hosted at the CINECA 
facilities

o Lagrange superconducting quantum computer, 
managed by LINKS foundation 


