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Quantum computers:
game changers in the
field of computing

Quantum computing Is not
just a faster or better version
of classical systems—it Is

an entirely new branch of
computing.

Quantum computing tfollows

the laws of nature to represent
data in ways that mimic the
randomness and unpredictability
of the natural world.

Ultimately, GPUs and classical
hardware are not built for this.

© 2025 IBM Corporation
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: . Quantum-centric Supercomputing for
Simulati ng nature Materials Science: A Perspective on

> Batteries Challenges and Future Directions
https://arxiv.org/abs/2312.09733
> Solar cells

> Cata[ygtg Quantum Computing for High-Energy
: Physics: State of the Art and
» Drug discovery Challenges
A p p “ Cat | O ﬂ U S e > High-energy physics https.//arxiv.org/abs/2307.03236
cases tor quantum
comp U] ng O[] A Mathematics and processing data
AOC with complex structure
B JAN > Factorization Towards quantum-enabled cell-
» Unstructured search centric therapeutics

> Classification problems https.//arxiv.org/abs/2307.05734

X Search and optimization
(% X

> Logistics [
: : Quantum optimization: Potential,
00O > Electronic deS|gn challenges, and the path forward

> Finance https://arxiv.org/abs/2312.02279
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Quantum Algorithms:

wIithin reach

Grover’s Search
General search algorithm with
polynomial speed-up.

Caveats: requires quantum
oracle construction

Quantum Phase Estimation

QPE can be used ftor general eigenvalue
problems such as finding energy states.

IBM Quantum

HHL

Usetul for solving problems
described by a linear system of
equations, such as in machine
learning and engineering.

Caveats: only sparse systems

Quantum Fourier Transform

General subroutine used In
other quantum algorithms (e.g.
Schor) for Fourier analysis and
period-finding.



Quantum

Algorithms:

implementable

today

Sample-based Quantum
Diagonalization (SQD)

Solve eigenvalue problems by
using quantum computer to
sample from a quantum state,
then using classical HPC to
recover valid configurations
and diagonalize in reduced
subspace.

Krylov Subspace Methods

Solve many-body eigenvalue
problems using combination of
guantum computer and
classical computer with
subspace methods.

Variational Quantum
Eigensolver (VQE)

Usetul tor eigenvalue problems
described by or mapped to a
Hamiltonian operator

Caveat: poor scaling for large
Hamiltonians. Consider SOD.

IBM Quantum

Time evolution (Trotterization)

Dynamics simulation over time
of a quantum mechanical
system described by a
Hamiltonian operator. Includes
real-time and imaginary time
(QITE) algorithm variants.

Quantum Kernel Estimation

_everage quantum-enhanced
feature space tfor machine
learning methods such as
support vector machines and
clustering

Quantum Approximate
Optimization Algorithm (QAOA)

Usetul tor solving
combinatorial quadratic
optimization problems that can
be mapped to the Ising
Hamiltonian



The era or
quantum utility

i . e
= Theinternational journal of science/ 15 e 2023 ¥ I
natur '. Utility

We are here

CUTTING .
THROUGH™ T T
I.l

- Classical computer

Computational resources

Error mitigation empowers quantum
processor to probe physics that classical
methods can’treach "

Problem complexity
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A noisy quantum computer
produces accurate
expectation values

on 127 qubits and 2880
gates, outside of brute torce
classical computation.

Y. Kim, A. Eddins, et al, Nature. 618, 500-505 (2023)
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Quantum Utility

Gates = 3K 5K 100M
PRE-UTILITY ERROR MITIGATION ERROR CORRECTION
Year =
2023 2024 “ 2029
e

Only approximate classical Era of tault tolerance
e brute force solutions exists and is the

‘un on classical | regime tor exploring quantum

nardware advantage

All circuits can
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-xamples of other utility-scale results (1/2)

Eiae  Evidence for the utility of quantum

computing before fault tolerance
Nature, 618, 500 (2023)
127 qubits

simulation

CUTTING
THROUGH

Characterizing quantum processors using
discrete time crystals
arxXiv:2301.07625

80 qubits

simulation

Simulating large-size quantum spin chains
on cloud-based superconducting quantum
computers

Phys. Rev. Research 5, 013183 (2023)
102 qubits

simulation

Best practices for quantum error
mitigation with digital zero-noise
“ | extrapolation
arxXiv:2307.05203

104 qubits

------------- " Uncovering Local Integrability in Quantum

Many-Body Dynamics
arXiv:2307.07552
124 qubits

simulation

Pl it

@ 2025 IBM Corporation

Quantum reservoir computing with repeated

Measurements on superconducting devices
arxXiv:2310.06706
120 qubits

QML

++. Realizing the Nishimori transition across the
+2#% error threshold for constant-depth quantum
circuits
Nature Physics, 21, 161-167 (2025)
125 qubits

simulation

Scalable Circuits for Preparing Ground States on
Digital Quantum Computers: The Schwinger Model
Vacuum on 100 Qubits

PRX Quantum 5, 020315 (2024)

100 qubits

COEDE

simulation

-, Scaling Whole-Chip QAOA for Higher-Order
Ising Spin Glass Models on Heavy-Hex Graphs
arxXiv:2312.00997

127 qubits

Efficient Long-Range Entanglement using
Dynamic Circuits

PRX Quantum 5, 030339 (2024)

101 qubits

D A

Quantum Simulations of Hadron Dynamics in the
Schwinger Model using 112 Qubits

Phys. Rev. D 109, 114510 (2024)

112 qubits

simulation

_ .. Unveiling clean two-dimensional discrete time
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Py@g@zgzzxww quasicrystals on a digital quantum computer

arxXiv:2403.16718
133 qubits

simulation

Benchmarking digital guantum simulations and
optimization above hundreds of qubits

using quantum critical dynamics
arxXiv:2404.08053

133 qubits

simulation

Chemistry Beyond Exact Solutions on a Quantum-
... Centric Supercomputer

0006000 000000

- arXiv:2405.05068

006000 o000
o o o

77 qubits

simulation

Towards a universal QAOA protocol: Evidence of
,;;‘g;'"»  quantum advantage in solving combinatorial
. optimization problems
L arXiv:2405.09169
109 qubits
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-xamples of other utility-scale results (2/2)
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Bias-field digitized counteradiabatic quantum
optimization

arxXiv:2405.13898

100 qubits

optimization

MRNA secondary structure prediction using
utility-scale quantum computers

arXiv:2405.20328
80 qubits

simulation

Quantum optimization using a 127-qubit
gate-model IBM quantum computer can
outperform quantum annealers for

nontrivial binary optimization problems
arxXiv:2406.01743
127 qubits

Bias-Field Digitized Counterdiabatic
Quantum Algorithm for Higher-Order Binary
Optimization

arXiv:2409.04477

156 qubits

optimization

Robust Error Accumulation Suppression for
Quantum Circuits

arxXiv:2401.16884

100 qubits

@ 2025 IBM co

Bell pairs

SRS s s Fomes e N

fef o]

MQC fidelity
(=3 =

SEEETTTTE
.....

ags

Scalable Quantum Simulations of Scattering in
Scalar Field Theory on 120 Qubits
arxXiv:2411.02486

120 qubits

simulation

String Breaking in the Heavy Quark Limit
with Scalable Circuits
arXiv:2411.05915

104 qubits )

1.0 1 Q

0.5
i

Order parameter A(t) [o]
|

simulation

Dynamical simulations of many-body quantum
chaos on a quantum computer
arxXiv:2411.00765

91 qubits

3
simulation

Conserved charges in the quantum simulation of

10°

integrable spin chains
arXiv:2208.00576

DMRG
¢ SKQD

84 qubits

simulation

Achieving computational gains with quantum error
correction primitives: Generation of long-range

entanglement enhanced by error detection
arxXiv:2411.14638

75 qubits

Efficient Online Quantum Circuit Learning with
No Upfront Training

arXiv:2501.04636

127 qubits

Realization of Two-dimensional Discrete
Time Crystals with Anisotropic Heisenberg
Coupling

arxXiv:2501.18036

144 qubits

simulation

Digitized counterdiabatic quantum critical
dynamics

arxXiv:2502.15100

156 qubits

Quantum-Centric Algorithm for Sample-
Based Krylov Diagonalization
arxXiv:2501.09702

85 qubits

simulation



Quantum state ot play
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THROUGH

Error mItIZation empowers quantum
Processor to probe physacs that classical

methods can't reach
. ®

Estimated mean number of qubits used on hardware

190.- b O AllQPU vendors
External Eagle users
O Utility-scale experiments
100 °

b
Qo 80-
>
O
°
o 60
@)
&
>
pd

40 A

20 -

O
OooooO°
2016 2021 2026 2031 2036 2041
Year

IBM Quantum / © 2024 IBM Corporation
13



Roadmap tor scientific

breakthroughs with today's

guantum computers

0. Keep scaling in mind.

Scale: necessary to go to a
regime where classical
computers cannot compete

1. Problem choice

Select the right problems

When to use a quantum computer

Sweet spot

o
for QC fault-tolerant QC

Arithmetic Shor’s Algorithm
video games Grovers Algorithm

IBM Quantum

2. Requirements for
useful QC

To get the best out of
performant software and
hardware, pick efficient
mappings to quantum
hardware.

3. Practice makes
perfect

To learn execution on quantum
hardware: start early and use it
extensively.

4. Scaling towards
breakthroughs

Going to ~100+ qubits takes us
to a regime that is ripe for
scientific breakthroughs.

15



Error mitigation with Qiskit

Noise In guantum systems

Error suppression techniques

Error mitigation techniques

Combining techniques

IBM Quantum



Noise In guantum systems

qL@] .

q[1] é

i(2 GTD ekl N __
i[5 é-&-&é-
c3

_ , Bath/system coupling
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|
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petalls sparse circuits @ e
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Noise In guantum systems
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Noise In guantum systems
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Fighting noise In quantum systems

Before fault
tolerance...

Fault
tolerance

IBM Quantum

P

Crror suppression techniques minimize the Before or during execution (typically)
Impact of noise by either preventing errors = Additional cal .
from happening or modifying the noise Additional classical resources dominate

¥

structure.
* Dynamical decoupling (DD)
« Pauli Twirling (PT)

Error mitigation techniques allow errors to

occur and reduce their eftect by modeling the -

device nolse that was present at the time of After or during execution (typically)
execution. o | Additional quantum resources dominate
 Twirled Readout Error eXtinction (TREX)

« Zero Noise Extrapolation (ZNE)

Error correction builds up redundancies that

allow us to detect and correct errors when they

occur, leading to essentially error-free logical
its!

q U b I tS . “Well, your quantum computer is broken in

every way passible simu/mneously. ”

https://www.ibm.com/quantum/blog/quantu
M-error-suppression-mitigation-correction
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Fighting noise In quantum systems

Dynamical decoupling (DD) Readout errors

Environmental noise

|

qle] .
ql1] & &

“T'RY =
OEEO = OHO EON

o3 v v ¥ ¥

Twirled Readout
Gate errors Error exXtinction
(TREX)
Pauli Twirling (PT) Zero Noise Extrapolation (ZNE)

IBM Quantum



Dynamical decoupling (DD) .. wnmssmomsesanscesmmcr:

Jo

Crosstalk can be
suppressed by applying
gates which add up 02

to the identity.

01

Q3
0 459 918 1377 1836 2295
Such gates will also
Introduce errors, so there Is
a balance to be found. qQo
J1
9z
No need to apply gates /
to qubits which are not 4
Initialized. | | | | | |
0 459 918 1377 1836 2295

IBM Quantum



Dynamical decoupling (DD)

Options Sub-options Sub-sub-options Choices Default

dynamical_decoupling | enable True/False False
sequence_type XX/ T XpXm' [ P XY4! 'XX!
extra_slack_distribution ‘middle’ / "edges’ ‘'middle’
scheduling_method ‘asap’' / 'alap’ ‘alap’

from qiskit_ibm_runtime import SamplerOptions, EstimatorOptions

SamplerOptions(default_shots=1024) # or...
EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0)

options
options

## Configure Dynamical Decoupling
options.dynamical_decoupling.enable = True

options.dynamical_decoupling.sequence_type = 'XX'
options.dynamical_decoupling.extra_slack_distribution = 'middle’
options.dynamical_decoupling.scheduling_method = 'alap'

https://docs.quantum.ibm.com/api/giskit-ibm-runtime/
IBM Quantum qiskit_ibm_runtime.options.DynamicalDecouplingOptions
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Paull Twirling (PT)

can be converted Into
Paull nolse.

Paull noise accumulates
linearly, In contrast to coherent

noise, which accumulates
quadratically!

IBM Quantum

VS

Average over
Instances
with equal
probability



Paull Twirling (PT)

Options Sub-options Sub-sub-options Choices Default
twirling enable_gates True/False False
enable_measure True/False True
num_randomizations ‘auto’
shots_per_randomization ‘auto’
‘active'/
strategy ::Etiﬁg:;i;ﬁ;%;ll ‘active-accum'’
all’ S

from qiskit_ibm_runtime import SamplerOptions, EstimatorOptions

options = SamplerOptions(default_shots=1024) # or...

options EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0) I

## Configure Twirling I
options.twirling.enable_gates = True

options.twirling.enable_measure = False

options.twirling.num_randomizations = 'auto'’

options.twirling.shots_per_randomization = 'auto'
options.twirling.strategy = 'active—accum’

https://docs.quantum.ibm.com/api/qiskit-ibm-
IBM Quantum runtime/qiskit_ibm_runtime.options.TwirlingOptions
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Twirled Readout Error eXtinction (TREX)

A — 1|

Prepared State

Measured State

cause the
wrong states to be measured.

This 1s depicted in the readout-
error transter matrix.

IBM Quantum

0.200

0.175

0.150

0.125

- 0.100

- 0.075

- 0.030

- 0.025

0.000

In scenarios when the noise Is not correlated between
qubits, measurement errors can be measured per qubit
and the full transfer matrix i1s then reconstructed as a

tensor product.
Virtual qubit #0 Virtual qubit #1 Virtual qubit #2 Virtual qubit #3

2N x 2N

|

The inverse of the transfer matrix
can be used tor error mitigation,
but It cannot be obtained
efficiently in general!




Twirled Readout Error eXtinction (TREX)

Via measurement twirling
we can diagonalize the
readout-error transfer
matrix.

Arbitrary transter matrix

Diagonal transter matrix

IBM Quantum

Average over random
,,q_b._ _ hitflips that are undone
In classical

DOStprocessing.

Then, we need to run
calibration circuits to
get the inverse of the ol
(diagonal) readout . > — <0 >
- i
error transfer matrix. Ei
l
Only valid tor

expectation values!



Twirled Readout Error eXtinction (TREX)

Options Sub-options Sub-sub-options Choices Default
resilience measure_mitigation True/False True
measure_noise_learning num_randomizations 32
shots_per_randomization ‘auto’

from giskit_ibm_runtime import EstimatorOptions

options = EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0)

## Configure TREX

options.resilience.measure_mitigation = True
options.resilience.measure_noise_learning.num_randomizations = 32
options.resilience.measure_noise_learning.shots_per_randomization = 'auto'

[uptinns.twirling.enable_measure True ]# Automatically set by TREX

https://docs.quantum.ibm.com/api/giskit-ibm-
IBM Quantum runtime/qiskit ibm runtime.options.ResilienceOptionsV2
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/ero Noise Extrapolation (ZNE)

Measures the effects of
amplitied noise to inter what
the results would look like In
the absence of noise.

1. Noise amplitication:
the original circuit unitary
1S executed at different
levels of noise.

2. Extrapolation:

the zero-noise limit Is
inferred from the noisy
expectation-value
results.

IBM Quantum

EXP.
value

——0:5

Noise level




/ero Noise Extrapolation (ZNE)

Options Sub-options Sub-sub-options Choices Default
resilience zne_mitigation True/False False
(1, 1.5, 2) for
zne noise_factors PEA, and (1, 3, 5)
otherwise

'gate_folding'/
'gate_folding_front'/
'gate_folding_back'/
Ipeal

amplifier gate_folding

'‘exponential'/
'linear’/

extrapolator 'double_exponential'/
'polynomial_degree_ (1
<= k <= 7)'

( 'exponential',
'linear')

from giskit_ibm_runtime import EstimatorOptions

options = EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0)

Choosing the

## Configure ZNE right noise tactors
options.resilience.zne_mitigation = True and extrapolator
options.resilience.zne.noise_factors = (1, 3, 5) [Can have fractional noise factors, e.g. (1, 1.5, 2)] IS tricky!
options.resilience.zne.amplifier = "gate_folding’

options.resilience.zne.extrapolator = ('exponential', 'linear')

https://docs.quantum.ibm.com/api/giskit-ibm-
runtime/qgiskit ibm runtime.options.ResilienceOptionsV2

IBM Quantum
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Combining techniques

from giskit_ibm_runtime import QiskitRuntimeService, EstimatorV2, EstimatorOptions
options = EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0)

## Configure Dynamical Decoupling
options.dynamical_decoupling.enable = True

options.dynamical_decoupling.sequence_type = 'XX'
options.dynamical_decoupling.extra_slack_distribution = 'middle’
options.dynamical_decoupling.scheduling_method = 'alap’

## Configure Twirling

options.twirling.enable_gates = True
options.twirling.enable_measure = True # Needed for TREX
options.twirling.num_randomizations = 'auto'
options.twirling.shots_per_randomization = 'auto’
options.twirling.strategy = 'active-accum’

## Configure TREX

options.resilience.measure_mitigation = True
options.resilience.measure_noise_learning.num_randomizations = 32
options.resilience.measure_noise_learning.shots_per_randomization = 'auto’

## Configure ZNE

options.resilience.zne_mitigation = True
options.resilience.zne.noise_factors = (1, 3, 5)
options.resilience.zne.extrapolator = 'exponential’

service = QiskitRuntimeServicel()
backend = service.least_busy()
IBM Quantum estimator = EstimatorV2(backend, options=options)



. . . Usetul summary of all techniques:
CO m b | n I n g teC h n | q u eS https://docs.quantum.ibm.com/guides/error-mitigation-and-

suppression-technigues

from qiskit_ibm_runtime import EstimatorV2

estimator = EstimatorV2(backend=backend)

estimator.options.resilience_level = 2 ]

job = estimator.run([(transpiled_circuit, transpiled_observable)], precision=0.01)
print(f">>> Job ID: {job.job_id()}")

print(f">>> Job Status: {job.status()}")

v, 2.1s Python

)

resilience level Is

Resilience

Definition Technique :
Level | only available for
Estimator!
0 No mitigation None
1 [Default] Minimal mitigation costs: Mitigate error Twirled Readout Error eXtinction
associated with readout errors (TREX) measurement twirling
2 Medium mitigation costs. Typically reduces biasin  Level 1 + Zero Noise Extrapolation

estimators, but is not guaranteed to be zero-bias. (ZNE) and gate twirling

IBM Quantum
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Heron-R2: the latest
processor on our QEC
directed roadmap

Tunable coupler architecture with improved
calibrations

Integrated two-level system mitigation
controls

156 high quality qubits allow true utility scale
experiments and explorations of quantum
advantage

Development Roadmap

2016-2019e

Ran quartum cetwts o0
the [BM Quantum Plattorm

Data scientists

Researchers

Quantum physicists

@ Executed by IBM

%) Ontarget

© 2025 1BM Corporation
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QPU status ® Online
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Better tunable
coupler
calibrations

Improved calibrations bring
performance closer to optimal
attainable from the coherence
of device

We upgraded Torino in August
2024 tfrom median 5e-3 to
median 3e-3 for 2 qubit gate
error

This technique is now part of
all our newest Heron
deployments
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1072 -

EPG

-

Pre-Upgrade
Upgrade
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Recent update, 250000

Robust software ftor utility-scale
explorations

Speed up In execution of
Utility experiment

CLOPS progress
160000 Gen 3 runtime
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Oiskit SDK:
Bullt with a focus on
performance

Since 2024 we have focused on moving
the bulk of Qiskit’s transpilation pipelines
Into Rust.

Currently on-going, but already two-

orders of magnitude tfaster in many areas.

Improvement

T 60X

Runtime (sec.)

2q Unitary Synthesis runtime averaged over 10k random inputs

10_31

=

9
A
I

0.00175304

arXiv:2405.08810

Rust numerics,
Python data structs

0.000147865

Rust throughout

2.92867e-05

B Qiskit 1.0.2
mw Qiskit1.1.1
B Qiskit 1.2.0
Bl Qiskit 1.3.0

2.72923e-05




Qiskit Transpiler Service and
Al Passes

With the Qiskit Transpiler Service, you can transpile on the
cloud and leverage the power of the Al transpiler passes.

Three major upgrades:
)

01

Improved stability & performance

Tested on 1000 qubits and 1M gates, 30%+ depth
Improvement on benchpress circuits.

02
New Al Synthesis Pass
Pauli Network synthesis, pertect for chemistry circuits.

03
Local Al mode
You can now use some of the Al passes locally!

IBM Quantum

We extend our earlier work on RL-based synthesis of Clifford circuits to
general Pauli Networks. We obtain reduction in circuit depth of around

1000 A
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New Qiskit 2.0
Our second major version release setting
the stage ftor efficient quantum-centric

supercom puti ng A brand-new C API to interact with the
SparseObservable class. It's the first step toward

building a robust C interface for the Qiskit SDK.

https://www.ilbm.com/quantum/blog/supercomputing-24

The biggest updates are:

Continued performance improvements by oxidizing (Rust)
Qiskit, further speedups in circuit synthesis.

Qiskit

Release Notes

Introducing boxes and stretches features for grouping
your instructions for later processing and for more
control of the timing ot gates.

https://www.ilbm.com/quantum/blog/qiskit-2-0-release-summary
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Qiskit addons:

A collection of research capabilities developed Starting with multi-product formulas (MPF),

as modular tools that can plug into a workflow to approximate quantum compilation (AQC-Tensor),

design new algorithms at the utility scale operator backpropagation (OBP), and sample-based
quantum diagonalization (SQD)*.

AQC-Tensor OBP SOD

MPF Circuit cutting M3

Qiskit Circuit Library Transpiler Primitives } Quantum Into
Input: Input: Input: Input:
Domain inputs Circuits, observable ISA circuit, observable Expectation value/samples
Output: Output: Output: Qutput:
Circuits, observable ISA circult, observable Expectation value/samples Data objects/visualizations
Q 3G ® s
Map Optimize Execute Post-Process

© 2025 IBM Corporation



Chemistry beyond the
capabilities of
brute-force classical
simulation

1BM Quantum

HERON
133 QUBITS éz?
TUNABLE-COUPLER

77 qubits
10,570 quantum gates
3,590 two-qubit gates

=
AEN

Fugaku

6,400 nodes @
32 GB

1,024 GB/s

A8 cores

IBM Quantum | © 2024 IBM Corporation

N, — Bond breaking on
large basis set

— HCI
1.2] —— Rur
1.0 CISD
+r— CCSD

—e— (Quantum

\

58 qubits are used to model the N,
dissociation (cc-pVDZ basis set)

Fe,S, — Precision
many-body physics

d x108
0.2 0.4 0.6 0.8 1.0 1.2
| B 00

—116.6 Eigenstate A  Eigenstate B Eigenstate C

0.4 ROF ||
0.3
0.2 o
D)
&
0.1
© Quantum
~— Quantum fit |
0.0¢.----... SRR :
024680 246280246 8
AH/E?*x107
=i OREI0E 2O
/ EH \ g...:.:=:.:.,..t...gn "
E | i,._E.._,.:“' " S
Fugaku :  DONE 200K 2008 |

45 qubits are used to model the
Fe,S, cluster (TZP-DKH basis set)

hardware capabilities

1 9 d 3 4 x107

@ Uniform
© Quantum
== Quantum fit

| | ®HCI
= 1 HCI fit

AH/E x10°° AH/E?x10°¢

77 qubits are used to model the
Fe,S, cluster (TZP-DKH basis set)

arXiv:2405.05068
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What are these Modeling molecules, atoms, electrons,
problems? and guarks with unprecedented accuracy

- o o o o O D o D

— e o o e e S S o e e o e e e P

-— e

[4Fe-4S] using an active space of 54 HY = F¥Y

electrons in 36 orbitals from the
TZP-DKH basis set

Classical exact method

63 PiB of memoryl

Classical approximate
method (DMRG)

8 hours?3

Quantum method
(QCSC)

12 min using 72 qubits
+ 1.5 hours
supercomputer timel

We are already using quantum
(Heron, 72 qubits) and HPC
(Supercomputer Fugaku) to
achieve results comparable
with the best classical
approximate methods (DMRG)
In accuracy and timing

1. arXiv:2405.05068
2. J. Chem. Theory Comp. 20 (2024): 775-786
3. J. Chem. Phys. 159, 234801 (2023)



A bx speedup In research
using the Qiskit addons

AQC-Tensor OBP

Primitives

SQD

M3

Input:
ISA circuit, observable

Qutput:
Expectation value/samples

‘ MPF ‘ Circuit cutting
Qiskit Circuit Library ‘ Transpiler
Input: Input:
Domain inputs Circuits, observable
Output: Output:
Circuits, observable ISA circuit, observable
oy D
Map Optimize

Faster research
Up to:

1 year of research

“Chemistry Beyond Exact
Solutions on a Quantum-
Centric Supercomputer”

arXiv:2405:05068

@

RIMEN

© 2025 IBM Corporation

2.5 months of research

“Accurate quantum-centric
simulations of supramolecular
iInteractions”

arxXiv:2410:09209

T 3 Cleveland Clinic

G
Execute

Quantum Info

Input:
Expectation value/samples

Output:
Data objects/visualizations

|

Post-Process

“Quantum-Centric Study of
Methylene Singlet and Triplet

States”

arxiv.org/abs/2411.04827

LOCKHEED MARTIN??
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Qi1skit Functions: abstracted services,
designed to accelerate development

In September 2024, we previewed a catalog ot
managed, utility-scale services to unlock new users:

* Circuit Functions: Enabling quantum
computational scientists to discover new
algorithms and applications, without needing to

manage transpilation, error suppression, or error
mitigation.

» Application Functions: Enabling data scientists and
enterprise developers to Integrate quantum Into
industry worktlows, while leveraging tamiliar
domain abstractions.

© 2025 IBM Corporation

l' abstract circuits
observables

l’ domain-specific inputs

Circuit Function

Qiskit Transpiler

Transpiler Service

Qiskit Runtime Primitives

Advanced Error Mitigation

l' mitigated expectation values
mitigated samples

Application Function

Mapper

Qiskit Transpiler

Transpiler Service

Qiskit Runtime Primitives

Advanced Error Mitigation

Fitting

l' domain-specific outputs
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Circult Functions —

sclentists to discover

-nable quantum com

outational

1ew

algorithms and applications

Circuit function
IBM

Generate accurate hardware results with
AI-powered circuit optimization, and
advanced error mitigation methods.

Enabled

Qedma
Accurate results for large active volumes

using characterization, transpilation, error
suppression, and mitigation.

(Not licensed)

© 2025 IBM Corporation

Performance management @
Q-CTRL

Reduce errors without sampling overhead,
with automated, AI-driven error
suppression.

(Not licensed)

Tensor-Network Error %
Mitigation
Algorithmiq

Unbiased tensor-network error mitigation
with low shot overhead and reduced
runtime usage.

(Not licensed)

l

abstract circuits

observables

Circuit Function

Qiskit Transpiller

Transpller Service

Qiskit Runtime Primitives

Advanced Error Mitigation

l

mitigated expectation values
mitigated samples

63



Applications Functions —

-nable enterprise
data scientists to |
iInto industry work’

QURI chemistry

Qunasys

Compute ground state energy and
electron configuration distribution.

CNot licensed)

Singularity Machine Learning

Multiverse Computing

developers and
ntegrate quantum
lows

Q Optimization solver @

Q-CTRL

Solve optimization problems by inputting
the high-level problem definition, and the
solver takes care of the rest.

(Not licensed)

__
== =

Solve real-world classification problems on

quantum hardware without requiring
quantum expertise.

<H+:|t licensed)

© 2025 IBM Corporation

l’ domain-specific 1nputs

Application Function

Mapper

Qiskit Transpiler

Transpiler Service

Qiskit Runtime Primitives

Advanced Error Mitigation

Fitting

l' domain-specific outputs
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IBM has the most
perrormant quantum
computers

Key tactors

What really matters when
comparing execution on various
hardware?

Scale: Can I run the job?

Quality: Was the result correct?

Speed: How long does It take to get a result?

Cost: How much money was I charged?

Median error rate vs. number of qubits

Tensor-network | Heron R2
160+ simulatable " @ 2024
|
1 i
140 | EagleR3 i
) \‘. (2022)
a 120 \
- \\
< .|| = e S Willow1  Willow 2
O - ——— -
b 100 Utility boundary
o
Q
£ 80+ -~ C
2 Hummingbird R3
~ F e . (2021)
@ 60 A 0
I
O
¥p)
40 - Falcon R4 Falcon RS
(2020)  (2021) \
& @ N
20 - T M Q Q
N R
O "1 : __2 '-3
10 10 10

Quality (Error rate)

O -

DPrOo0TZ0

AQT

CAS

Fujitsu
Google

IBM

[onQ

IOM
Quantinuum
Quera
Rigetti

.System size and error rates sourced from publicly available system data sheets and published research papers. (utility scale defined as proven to be

ableto run a circuitlarger than can be simulated classically by brute-force)

Superconducting vs Ions

Speed

400x-2,000x

faster
@ 500 shots & 56 Qubits

Cost

1,200x-70,000x

cheaper
@ 500 shots & 56 Qubits




Qiskit 1s the most
popular open-source
quantum SDK

Key tactors
What really matters wher

choosing a development platform?

Ease of use: Is there comprehensive
documentation?

Stability: Is the code base stable and
updated on a regular cadence?

Performance: Can I run my workloads fast?

Full-stack Development Plattorms Adoption

Qiskit |G 7 /%

Qiskit Aer

PennyLane (Xanadu)

Qiskit-IBM-Transpiler N 32 %

Cirg (Google)

PennylLane Lightning (Xanadu)
Braket (AWS)

CUDA Quantum (NVIDIA)
cuQuantum (NVIDIA)

Ocean (D-Wave)

TKET (Quantinuum)

PyOuil (Rigetti)

Source: Unitary Foundation 2024 Quantum Open Source Software Survey




Qiskit 1S the most built-
upon quantum plattorm

Key tactors
What really matters when building

upon a development plattorm?

Ease of Use: Can I easily integrate the code
base into my workflow?

Extensibility: Can others use my workflow?

Performance: Can my users run their
workloads tast using my solution?

Quantum SDK Number ot Dependent Projects

PennylLane (Xanadu)

Cirg (Google)

PyQuil (Rigetti)

TKET (Quantinuum)
Braket (AWS)
cuQuantum (NVIDIA)
CUDA Quantum (NVIDIA)
Ocean (D-Wave)

0 1,000 2,000 3,000 4,000

5,000

Source: GitHub insights dependency graphs for PennyLaneAl/pennylane, quantumlib/Cirg, rigetti/pyquil, CQCL/tket, amazon-
braket/amazon-braket-schemas-python, NVIDIA/cuQuantum, NVIDIA/cuda-quantum, dwavesystems/dwave-ocean-sdk.

Qiskit data taken from GitHub Insights Dependency API, with duplicate entries within the Qiskit-terra package removed
Data as of 01/22/25




Scaling with Quantum
algorithm engineering

Our goal: provide expertise across key areas of quantum computing, including

a. problem co-design, b. mapping, c. scalability, d. hardware execution, and e. performance optimization.
What we look for: Subject matter experts looking to run classically hard problems on quantum hardware at scale.

Domains where our team has expertise: Healthcare and life sciences, High Energy Physics, Condensed Matter Physics,
Chemistry, Optimization, and Materials science.

Please get In touch: ibrahim.shehzad@ibm.com

<|l|
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