Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

@

Hybrid Quantum-HPC
Integration at BSC:

Architectures, Workflows, and
Emerging Capabilities

Mar Tejedor

ISC 2" QRUCH workshop, 26" June 2026




Presentation roadmap

HPC systems
in Barcelona




e Federated slurm:

GPP

* Hybrid allocations
enabled

e Shared GPFS
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89

Cooling

DCL +
RDHX

Total

Nodes

Per rack

6192

216 72
(6x6x2)

72

Procesor/Accelerator

2 x Intel Sapphire 56c @ >2GB/core
Rapids 8480+ 2GHz 256 GB DDRS
40.10
>8GB/core
1024 GB DDRS
2 x Intel Sapphire 56c@ 1.9 >0.5GB
Rapids 9480 GHz HBM/core 128 034
GB HBM + 32
GB DDRS

960 GB
NVMe

High-Perf
Network

1x
NDR200
Shared
between 2
nodes

Racks

89

Cooling

DLC

Total

1120

Nodes

Per rack

32

Procesor/Accelerator

2 x Intel Sapphire
Rapids 8460Y+

40c @ 2
GHZ

4 Nvidia Hopper
64GB HBM

512 GB

175.3

480 GB
NVMe

High-Perf
Network

4 x
NDR200




Quantum
SPAIN

L lae 1 2 JHLLL At I °

MNS5 - Ona

Shared GPFS
Multi-cluster SLURM

HELIUM FLOW CONTROL
SYSTEM

For everything to work properly,
itis crucial that the processing
of qubits is done at an
extremely low temperature.
The GHS (Gas Handeling
System) controls the circulation
of helium to cool the quantum
computer, as well as creating a
vacuum inside it.

Helium tube

CRYOSTAT CONSOLE

A computer controls the
elements of the refrigerator and
displays status information,
such as the temperature of
each part or the pressure.

CRYOSTAT

Inside, surrounded by a
cylindrical anti-radiation shield,
lives the quantum processor,
which contains the qubits.

CONTROL RACK

Here are located the microwave
generators and other hardware
elements that control the qubits,
as well as the server that
connects the user with the
quantum computer and through
which he sends the instructions
of the quantum algorithm.

* 2 coolers for the various quantum chips installation

HELIUM COMPRESSORS

The helium compressors are
placed one on top of the other
and recirculate the helium
through all the pipes

of the cryostat.

* Digital quantum computer
1t : roct L e
(Qilimanjaro Quantum Tech) i
* Red 35 qubits
* Blue 25 qubits
|
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EuroQCS-Spain

* Analogue quantum computer in the form of a quantum
annealer

» Effective in solving certain types of optimization problems

* Based on the concept of adiabatic evolution, where a
system is slowly transformed from an initial state to a
final state, that represents the optimal solution

* Quantum annealing is particularly effective for solving
problems with a large number of local optima

* Used in various fields, including machine learning, finance
and logistics

e 10-> 15 -> 25 qubits

* From Qilimanjaro Quantum Tech - Spain

Under deployment

Barcelona
g:‘,’,:;:"mp"t'"g https://www.eurohpc-ju.europa.eu/eurohpc-quantum-computers/our-quantum-computers_en#eurogcs-spain
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HPC+QC setting at BSC
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HPC+QC setting at BSC

Users‘

£

l

Login nodes
(SSH)

l

Multi-cluster Slurm

Slurm HPC controler Slurm quantum controler
Quantum Quantum
node node
QiliSDK QiliSDK
Control Control
A 4 v

electronics electronics

ACC nodes

GPP nodes pm

GPFS

—>» Classical connection
Barcelona ===» Quantum connection (future)
S uti . .
c';f,:;:mp i —» Classic-quantum communication
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HPC+QC setting at BSC
Allsystemsshare GPES

Users

Login nodes
(SSH)

Multi-cluster Slurm

Slurm HPC controler Slurm quantum controler
Quantum Quantum
node node

QiliSDK QiliSDK

Control Control
electronics electronics

ACC nodes GPP nodes pmme

—p (Classical connection

Barcelona ===» Quantum connection (future)
Supercomputi . . .

cef,:e, P = Classic-quantum communication
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HPC+QC setting at BSC

Users‘:ﬁ
All systems share GPFS 1
Multi-cluster slurm (not yet...) Login nodes
. SSH
e Support for hybrid jobs HPC-QC (55H)
* Possibility to request more than one quantum node l
Multi-cluster Slurm
Slurm HPC controler Slurm quantum controler
Quantum Quantum
node node
QiliSDK QiliSDK
v ¥ Control Control

electronics electronics

ACC nodes

GPP nodes pm

GPFS

—>» Classical connection
Barcelona ===» Quantum connection (future)
S uti . .
c‘;‘,”,‘:g‘,’”"’ gl —» Classic-quantum communication
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HPC+QC setting at BSC

All systems share GPFS

Multi-cluster slurm (not yet...)
e Support for hybrid jobs HPC-QC
e Possibility to request more than one quantum node

Communication Compute nodes with quantum nodes
 Through the storage network
e Same latency as network for moving data (10Gb)
* Size of data depends on circuit size
 Smaller bandwidth inside the quantum node
 (Qblox and control electronics — 1Gb
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Users 4%

l

Login nodes
(SSH)

l

Multi-cluster Slurm

Slurm HPC controler Slurm quantum controler

l

Quantum
node

Control
v v )
electronics

ACC nodes

GPP nodes pm

|

Quantum
node

Control
electronics

QPU

|

GPFS

—> Classical connection
Quantum connection (future)
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HPC+QC setting at BSC

Usersdﬁ
All systems share GPFS 1
Multi-cluster slurm (not yet...) Login nodes
e Support for hybrid jobs HPC-QC (55H)
e Possibility to request more than one quantum node l
Multi-cluster Slurm
Communication Compute nodes with quantum nodes Slurm HPC controler Slurm quantum controler
 Through the storage network l l
e Same latency as network for moving data (10Gb) CUEGL T CUELHL T

node node

* Size of data depends on circuit size
 Smaller bandwidth inside the quantum node

e (Qblox and control electronics — 1Gb ACC nodes 4-» = !
QPU QPU
Goal: support for developing hybrid HPC-QC workflows ! !

o : GPFS
in this setting

—p (Classical connection

Barcelona Quantum connection (future)
Supercomputing

Center —» Classic-quantum communication
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QDISLIB

QUANTUM DISTRIBUTED LIBRARY

Presentation roadmap

Circuit
cutting
with Qdislib

HPC systems
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A problem we wanted to solve

* In our search for hybrid use cases we run into the circuit cutting problem:

|%)‘E
|‘h)—é 'JI-‘ @
192) 4] . . .
@ F— 10 qubit circuit
1) {rx} {z}
1g5) é @
oo— = ® 5 qubit
lg7) ZHRy
|gs) {rz] z H
“ 5 &E QC chip
|%)‘E} ]
lgn—{z [rRz}
192) @
1g3) @
1g4) @ I é
1gs) @ @
196 ) @ @
lar) ZHRy
las) @ {Jz'_
199) E E
How can we take full advantage
, of all of them?
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Circuit Cutting

go —] H qo H
Wire cutting " S il i @ S— (0y)
. . . Ci
Number of subcircuits scales exponentially gy —] n o ' — [4bs) X L
within the number of cuts 8k |
g3 % Y — gz — H S,
a3 D Y=
Wire Cutting
go—H "
Gate cutting A oA XL
. . . q1 b X 6 ! NV i
Number of subcircuits scales exponentially ... 7. IR — > e,
. . g2 — H -
within the number of cuts 6k i ~ T @ B;
qs D YI— q Jan v —
3 U

Gate Cutting
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Qdislib Circuit Cutting Workflow ﬁ

Cut Wire Generate Combinations @ Convert Back to Circuits Execute (clg ,{'5 QQ‘TR.ISW%!EJLEW
/ c
@ O O-@0 O —fy  om [ov]|E
Quantum Circuit Directed Acyclic Graph @ / p ,T\_IZ'_EI L g >
—H 7 A — | §| (B
aCln 0 @ ° 0 @ ° D Y] 4 [ GcPu ©
2> [x]- S N ' \_/
_E D Cut 2-qubit Gate Generate Combinations | x 6\ Convert Back to Circuit ‘ z
oo OFCEORO = |3
Y @0 O O T8 T (2w
-G ®  —y—a (1& [ ] 5
H [&]
0 Fa MY 8\

* Portability: agnostic of the quantum API - Qibo, Qiskit, CUDAQ
* Parallelized with PyCOMPSs

One-cut task-graph:
oo | s e | e s | oo o | s e | o Number of tasks grow
vvvvvvvv exponentially with cut number

[d10v2]\[d14v2] [d24v2]\[d28v2] [d38v2]\[d42v2) [d52v2]§d56v2] [d66v2]Ad70v2] (d80v2]/d84v2]

ddddd
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Hybrid Executions

« Marenostrum 5 GPP and ACC
. Marenostrum Ona

TN f‘t marrakesh
. IBM Quantum Cloud LLE LER Heron R2 i
Qubits Cuts CPUs GPUs QPU  Cloud QPU Time 3:@ IBM Cloud
ncores ngpus  nqubits nqubits (s)
HEA 10 2 112 - - - 7.1 INITIAL CIRCUIT .
HEA 10 2 - - - 31.1 8
HEA 10 2 - - 5 - 992
HEA 10 2 - - - 5 1324
HEA 32 3 112 - 5 5 2061
HEA 32 3 80 4 5 5 1597
HEA 64 2 - 4 - 39 786
HEA 96 2 - 4 - 71 803
HEA 128 2 - 4 - 103 826
RC 36 5 80 4 - - 19347
RC 36 3 - - 3 33 937 -
RC 30 3 112 - - 18 1318
RC 30 3 - 4 - 18 1251
RC 30 3 80 4 5 5 1636
RC 30 3 - - > 25 854 BSC specific case
Barcelona
Supercomputing
Center
Centro Nacional de Supercomputacion




Optimizing the performance with a circuit cache

t Circuit ZX Calculus Graph
Quantum Circui p Full Reduced & S To NetworkX
-+ 5 » > P 5
O—©) Abstraction

Cache Hit

o Persistent LMDB Database i :
Weisfeiler-Leman éey\\/:ue;;D % File database Cache Miss Execute Circuit \4

. Execute & Store
/\@ graph hash » ke Tvame) ﬁ
&' (isomorphism test) # - 3:""‘5: » —| Retrieve
AUE0097Belle: |- REDIS Cluster | Insert entry into DB I'—@ Result
CPU || GPU || QPU

Distributed database <

n84hfkeo94pfm...

[ alf6a0975c1fc72238ce1487bd3e895¢c ]

\ w75etgf5Smo09la... o )

- Motivation: circuit cutting generates a combinatorial number of reconstruction terms that often
differ only in classical coefficients, but the quantum subcircuits are identical

- Goal: Reduce the number of simulations by storing previous results in a software cache

- Generally applicable, not only for circuit cutting
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Evaluation

=
e Validation in 35-qubit MareNostrum Ona red chip Fr

* The circuits in the QPU are executed sequential ; ;J i :«I -~
* Huge speedup when using the Quantum Circuit Cache ‘ " p Ay

!”'/ 5 L] ”~/1 :f— i"h--r?~\ T 3 e

————

TABLE III: Quantum hardware validation results on MareNostrum Ona, a 35-qubit superconducting quantum processor.

Configuration Unique Circuits Total Circuits QPU Time (with cache) QPU Time (without cache)
4 cuts (HEA, 2 layers) 648 8192 1.83 hours
2 cuts (HEA, 1 layer) 36 128 5.86 min

*Theoretical estimate based on simulation (8,192 circuits x 9s). The 2-cuts without cache was measured directly on QPU.
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Quantum Metropolis Hastings (MH)

Characteristics
Hiterations 1 Classical algorithm
to converge A 0(1/6)
Quadratic
speedup
@ @ @ %%w o o - Quantum algorithm
o e o '.g‘.g' PR 0(1/V3)
Fault-tolerant Markov chain Monte oroblem
Carlo (MCMQC) algorithm complexity
S.enerauy us[edq fo.rbsarnpllng multi- Uses quantum walks formalism to Uses large structural information
|men‘S|l(:na h |str|h utlonst; f achieve a quadratic speedup aboutthe geometry of the
Z.spema. yw. e:, the numbero converging with less iterations distribution, obtaining meaningful
Imensions Is Nig information even when the data or

sampling resolution is limited
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Quantum Metropolis Hastings (MH)

* All previous implementation on MH were

approximations and were not reversible reg,) = |@o) —A—— A= |7
. ' n a mathematical m
%;Ew\ﬁloartl?c;; kI)oasgeildaadc?n e'? ’;Ie atiea rega) = [yo) 0)
Y ' regg) = |0) ——— — 10)
* However, no implementation details reg,) = |z0) —A—I )
were provided in the original article |B) QPE V Dual to vertex [ |+)
. . . filtering decoding
* First implementation of pure Quantum 1) = |0) A= |0)
Metropolis Hastings algorithm
|pm> = ‘0> A= |0>
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Hybrid Markov Chain Monte Carlo workflow
The best of both worlds

Classical MCMC Quantum MCMC Parallel solution
. Computationally cheap * Enables global exploration . Qlassical MCMC can run
: ,  Effective structural exploration of the independent chains in parallel
» Effective local exploration
* May get stuck in local minima whole space * Quantum MH can run each shot
vE * No fault-tolerant in current systems independently in different QPUs

Hybrid workflow: Gravitational Wave (GW)
Collision of two massive black-holes using Bilby

1. Create GW Problem 2. Build a coarse . .

Find out masses of two model (discrete 3. Run Quantum - ‘clc.aﬁltfitngzﬂ;to 5. Run classical

colliding black holes 16x16 simplification) Metropolis Hastings MC.MC {fie
space refinement)
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Circuit

Hybrid ,
I.-IPEC3 SyS'ClemS HPC+QC cutting
In Barcelona outlook with Qdislib
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Future and ongoing plans

Quantum Circuit Optimization in Qdislib
* Improve circuit cutting efficiency and educe simulation overhead

e Add new Circuit Cutting Algorithms QD'SL'B
 Add CC algorith ms with Classical Communication QUANTUM DISTRIBUTED LIBRARY
* Implementation and hybrid workflows use cases O YO
* Implement other use cases with the Metropolis Hastings i?g"* ~E ;Ii
 Workflow integrating both Digital and Annealer QC ‘?'-‘I):} ;
@'u. .\L"" I
* Extend environment to support hybrid HPC-QC workflows Qdislib

e Support for Distributed Quantum Computing

Other
* Initial research on QEC and its codesign with RISC-V
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