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New innovations required

C-couplers, which are non-

local connections, and 6-way 

connectivity

StarlingCockatoo
Demonstrate path to 
improved quality  with 
logical gates 

Demonstrate path to 
improved quality with 
logical communication 

L-coupler

M-coupler

C-coupler

Flamingo
Demonstrate scaling 
with modular 
connectors

Crossbill
m- coupler

Kookaburra
Demonstrate scaling with 
non-local c-coupler

Demonstrate path to 
improved quality with 
logical memory 
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The era of 

quantum 

utility

(c. 2022)

Evidence for the utility of quantum 

computing before fault tolerance 

[Nature, 618, 500 (2023)]

127 qubits / 2880 CX gates

Simulating large-size quantum spin 

chains on cloud-based 

superconducting quantum 

computers [arXiv:2207.09994]

102 qubits / 3186 CX gates

Uncovering local integrability in 

quantum many-body dynamics 

[arXiv:2307.07552]

124 qubits / 2641 CX gates

Quantum simulations of hadron 

dynamics in the Schwinger model 

using 112 qubits 

[arXiv:2401.08044]

112 qubits / 13858 CX gates

Quantum Simulation of SU(3) Lattice 

Yang Mills Theory at Leading Order 

in Large N

[arXiv:2402.10265]

127 qubits / 113 CX layers

Efficient long-range entanglement 

using dynamic circuits 

[arXiv:2308.13065]

101 qubits / 504 gates + meas.
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(a) (b)

Figure 1: Variational Ansatz, layout of a 102-qubit quantum computer, and simulation results of the Ansatz. (a)

The variational Ansatz structure, (b) the layout of the 127-qubit ibm_washington backend, where a chain of 102

qubits is illustrated by the thick, shaded line.

rate observable values, such as the energy of the

simulated quantum states. So far, most experi-

ments with quant itat ively accurate results have

been limited to small numbers of qubits, around

ten or below [9, 10, 11, 12, 22], with a few oth-

ers reaching beyond twenty [15, 23]. None of

them has demonstrated accurate results over a

wide range of system sizes with the same model

and across different devices. There are also chal-

lenges to overcome for large-scale experiments

(around or over one hundred qubits) with use-

ful outcomes, including the need for high-fidelity

gates and readout as well as scalable and effica-

cious approaches to mit igat ing the effects of noise

and errors on the measured observables.

In this work, using nine dist inct cloud quan-

tum computers, wepresent realizat ionsof approx-

imate ground states (GS) of spin chains having

nineteen different system sizes, ranging from 4

to 102 qubits. To dist inguish our work from ex-

periments performed on in-house devices or cus-

tomized physical apparatuses, we shall refer to

our use of third-party hardware as ‘cloud experi-

ments,’ as well as to make a dist inct ion from nu-

merical simulat ions. We report the extracted GS

energies, accurate to within a few percent level

of error, including the inference of the energy

density in the thermodynamic limit from these

values. We emphasize that these cloud exper-

iments are not equivalent to numerical simula-

t ions, as the actual devices have substant ial noise

and errors and devices’ condit ion can drift over

t ime, and somet imes the same submit ted jobs

can fail. Nevertheless, cloud-based experiments

offer a new paradigm for research and develop-

ment . To achieve our accurate results, we have

designed a physics-mot ivated variat ional Ansatz,

and developed efficient approaches for measuring

energies. We have ut ilized our improved, scal-

able, mit igat ion methods to extract accurate GS

energy values for large systems, despite the pres-

ence of noise and errors in the gates and the read-

out . The int roduct ion of a reference state in the

zero-noiseextrapolat ion (rZNE) substant ially im-

proves the accuracy of the results. In addit ion,

we have used our procedure to measure the ener-

gies of several Ansatz states that have randomly

chosen parameters, and obtained accurate mit i-

gated energy values. Our work thus establishes a

simple–yet substant ially improved–quantum vari-

at ional protocol with mit igat ion, and paves the

way for massive use of large NISQ computers for

fundamental physics studies of many-body sys-

tems, as well as for pract ical applicat ions, includ-

ing opt imizat ion problems.
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https://science.osti.gov/-/media/QIS/pdf/DOE_QIS_Roadmap_Final.pdf

“Getting ‘very useful quantum computers’ 
to market could take 15 to 30 years.”
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Quantum-centric 
Supercomputing (QCSC)
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Delivering impactful quantum computing 
requires the interplay of quantum and classical 
resources at scale: HPC-assisted quantum 
computation to extract/boost useful signals in 
utility-scale (and larger) experiments.

Orchestration

Step 1
Map classical inputs to quantum 
circuits and operators

Step 2
Transform and optimize 
quantum objects

Step 3
Execute via quantum primitives

Step 4
Post-process results

Qiskit
Runtime

Primitive

Controller

QPU

Primitive

Controller

QPU

Red Hat
OpenShift

arXiv:2405.05068
arXiv:2501.09702
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Qiskit

Step 1 Step 2 Step 3 Step 4

Map classical inputs to a 
quantum problem.

Translate problem for 
optimized quantum 
execution.

Execute using Qiskit 
Runtime Primitives.

Post-process, return 
results in classical format.

Circuit ( Ԧ𝜃)

Circuit ( Ԧ𝜃)

  + observables, 𝑂𝑖

Sampler
000101..., 
110110...

Estimator

Expectation 

values

𝑂𝑖

Bitstrings

pip install qiskit

pip install qiskit-ibm-runtime

mailto:vrpascuzzi@ibm.com
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Simplify and accelerate 

utility-scale algorithm 

discovery and application 

development abstracting 

away parts of the quantum 

software development 

workflow.

Qiskit Functions Q-CTRL

Optimization Solver         Performance Management

Quantum Error Suppression & Error Mitigation    Tensor-network error mitigation

(QESEM, Qedma)             (TEM)

mailto:vrpascuzzi@ibm.com
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Approximate quantum compilation with 

tensor networks (aqc-tensor) Enables 

users to compile the initial portion of a 

circuit into a nearly equivalent 

approximation of that circuit, but with 

much fewer layers.

Multi-product formulas (MPF)

Can be used to reduce the Trotter error 

of Hamiltonian dynamics. [Quantum 7, 

1067 (2023), Phys. Rev. Research 6, 

033309 (2024)]

Circuit cutting (CC) Gates and/or wires 

are cut, resulting in smaller circuits. The 

original circuit can then be 

reconstructed at the cost of an 

exponential number of shots in the 

number of cuts.

Operator  backpropagation (OBP) 

Reduce circuit depth by 

absorbing/trimming operators at the 

end of a circuit at the cost of more terms 

in the observable.

Qiskit add-ons
aqc-tensor MPF

OBP

=

+

CC

mailto:vrpascuzzi@ibm.com
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Based on Hamlib’s 

[arXiv:2306.13126] roughly 860k 

circuits, Qiskit outperforms next 

best transpiler >86% of the time.

AI-enhanced (synthesis+routing)  

transpilation achieves a good 

balance between optimality and 

runtime, 24(36)% 2-qubit gate 

count(depth). [arXiv:2405.13196]

Oxidization of Qiskit improves 

overall performance by two orders 

of magnitude.

* Core Qiskit components also 

interfacing with C/C++ for HPC 

applications (let’s talk!).

Qiskit performance

Rust throughout

Iteration

Rust numerics,
Python data-structs

mailto:vrpascuzzi@ibm.com
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Quantum Working Groups
From utility to advantage
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Optimization

Quantum Optimization: 

Potential, Challenges, and the 

Path Forward

arXiv:2312.02279

Materials & HPC

Quantum-centric 

Supercomputing for Materials 

Science: A Perspective on 

Challenges and Future 

Directions

arXiv:2312.09733

High Energy 

Physics

Quantum Computing for High-

Energy Physics: State of the Art 

and Challenges. Summary of 

the QC4HEP Working Group

arXiv:2307.03236

Healthcare & 

Life Sciences

Towards quantum-enabled 

cell-centric therapeutics.

arXiv:2307.05734

IBM Quantum helps facilitate working groups to bring together the best scientists across 

domains to accelerate our path to achieving Quantum Advantage by 2026.

Sustainability

Collaborative projects in the 

fields of Materials and 

Energy leveraging quantum 

computers.

mailto:vrpascuzzi@ibm.com


Quantum Algorithm 
Engineering (QAE)
Guidance, best practices, benchmarking, 
and collaboration

1. Project design 

and mapping

1. Strategic positioning

2. Scaling tactics and evaluation

3. Qiskit patterns

4. Approx. resource estimation

5. Algorithm design 

(e.g., subspace methods)

2. Workload 

optimization

1. Circuit transpilation

2. Circuit cutting and LOCC

3. Operator backpropagation (OBP)

4. Multiproduct formulas (MPF)

5. Dynamic circuits (DC)

3. Error suppression 

and mitigation

1. Error suppression: 

• Dynamical decoupling

• Twirling 

2. Error mitigation:

• TREX

• ZNE (Folding and PEA)

4. Validation and 

benchmarking

1. Result validation:

• Circuit cliffordization

• Statistical emulation

2. Benchmarking:

• RB, EPG and EPLG

• Pauli-Lindblad noise

5. Quantum-centric 

supercomputing (QCSC)

1. Middleware and building blocks

2. Quantum serverless and high-

performance computing 

integration (HPC)

3. Large throughput post-selection 

and configuration recovery

6. Frontiers of 

quantum computing

1. Latest methods in quantum 

computing research

2. New technologies and software 

product capabilities

3. Strategic alignment with most 

recent advancements in the field

23vrpascuzzi@ibm.com | IBM Quantum
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Era of Utility Using today’s quantum computers serve as 

tools to explore calculations beyond brute-

force classical simulation.

Pushing the 
limits of quantum

Continual developments and innovations 

will drive quantum computing forward. 

Cross-cutting expertise from industry and 

academia aim to find and solve difficult 

problems.

Quantum-centric 
Supercomputing

Architectures that can provide 

computational capabilities to address 

problems too difficult for isolated machines.
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Evolution of computer 
architectures
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Error resilience time scales 
on QCSC architectures
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The era of quantum 
utility

arXiv:2306.17839
arXiv:2411.00765



Different 

Types of Users

Quantum Physicist

Who they are

Quantum physics experts with 

practical experience testing and 

tuning quantum hardware

Skills

System capability discovery for 

using quantum systems at larger 

scales and complexities

Pain points

Access to powerful tools for 

configuring capabilities

Quantum 
Computational Scientist
Who they are

Research Scientists that started with 

quantum early and have experience 

designing quantum algorithm for 

domain problems

Skills

Focus on algorithms that generate 

circuits, not on optimizing the 

quantum execution for our hardware

Pain points

Keeping up with new relevant 

capabilities for improving result 

quality on quantum hardware

Data Scientist

Who they are

Industry research scientists that 

understand the limits of current 

state of the art solutions for key 

application areas

Skills

Focus on problem domain, not on 

circuits

Pain points

Knowing how/which quantum 

approach to incorporate into 

application use case

29

Data Scientist
Quantum  Computational

Scientist
Quantum 
Physicist

IBM Quantum



IBM Quantum 30

Two main components of Qiskit

Circuit and operator building APIs

with circuit.if_test((c0, 0b1)) as else_:

    circuit.x(q0)

with else_:

    circuit.z(q0)

Z = SparsePauliOp('Z')

X = SparsePauliOp('X')

Id = SparsePauliOp('I')

ZZ = Id ^ Id ^ Id ^ Z ^ Z

XX = Id ^ Id ^ Id ^ X ^ X

Optimizing transpiler

Abstract Virtual Physical QISA

Synthesis

Basis 

translation, 

layout and 

routing Scheduling

Start with Abstract End with QISA

Qiskit SDK for high performance

Client Process Application (C++)

OpenQASM 3.0

cxx::bind

Qiskit SDK (Rust)

Server Process
Direct Access API

QPU

serialized metadata
S3

2. High performance application compiling

serialized input

serialized output

1. Continued “oxidation” (conversion to Rust) of Qiskit SDK’s core

100+ transpiler passes in Qiskit

~10% converted to Rust



[4Fe-4S] circuit structure
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Robledo-Moreno et al. arXiv:2405.05068

LUCJ circuit used to simulate the ground state of 

the [4Fe-4S] cluster, compiled into single-qubit 

(red, purple blocks) and CNOT (light blue symbols) 

gates.

Magnified views (left to right) of gates from the first 

orbital rotation, density-density interaction, and 

second orbital rotation.

3590 2-qubit gates (10,570 gates total)
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