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Introduction to IBM's perspective on
guantum computing and the mitigation of
assoclated risks
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Uniquely quantum

Some problems are classically intractable and will
never be solvable with traditional computers

Superposition

A quantum system existing in
a complex linear combination
of two states until it is
measured
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Entanglement

Information shared jointly
between entangled pairs or
groups

nterference
nteraction that affects
Ikelihood of solutions
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of transistors in a classical
Integrated circuit doubles

about every two years

| #87 & ! 5& | 33
end due to physical limitations

Approaching the physical limit:

F?J $5&!'7&% 7+& : 2"

node chip in 2021, with transistors

as small as 10 silicon atoms
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Bits and classical logic circuits IBM Quantum

0
1
A bit Is a controllable classical A classical logic circuit Is a set of gate
object that Is the unit of operations on bits and is the unit of

iInformation computation

IBM Quantum © 2024 IBM Corporation



Quantum bits (qubits) and guantum circuits IBM Quantum

|10
A guantum bit or qubitis a A guantum circuit Is a set of guantum gate
controllable quantum object operations on qubits and Is the unit of

that Is the unit of information computation

IBM Quantum © 2024 IBM Corporation



Bits and qubits IBM Quantum

116 1
> 4 8 #tate iy @combination of |0 aand |1a When we measure a qubit, it becomes
aloa+ b |1a 0 or 1 based on probability.

This means that a single qubit contains
two pieces of information.
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Quantum computing Superposition is creating a quantum state

uses essential ideas from that is a combination of |0aand |1a
guantum mechanics a |06+ b |16
Superposition These conditions allow us to map the qubit

onto the Bloch Sphere

Note that iIf a and b are non-zero, then the
48#, 7v6e 67! 7 &oafd217! , 16

This I1s what people mean when they say that
I 48#, 7 $!'1 #& wX 1%
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Quantum computing
uses essential iIdeas from
guantum mechanics

Measurement

IBM Quantum © 2024 IBM Corporation

Measurement, 6 ' 25%, 1( 7+ &

a|0a+ b |la
to |0aor |1aby observing it, where

'a|” is the probability we will get |0 when we
measure

Ib|” is the probability we will get |1 &when we
measure

For example,

Y06+ ¥ |14

has an equal probability of becoming
|0cor |16 and

Y |0Gi —i |18

has a 75% chance of becoming |Oa



Quantum computing
uses essential iIdeas from
guantum mechanics

Entanglement
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With two qubits we get combinations like
a 000+ b |01a+ c|10a+d [11G

where

|01 ameans the first qubit is |0 aand
the second is |1a

a b c and d are complex numbers and

[a]? + |b]= + |c|* + |d]* =1

If two or more of the a, b, ¢, and d are non-
zero, and we cannot separate the qubits, they
are entangled with perfect correlation and are
no longer independent.



Quantum Computing For example,
uses essential iIdeas from

. v |00 i+ £\01 a not entangled
guantum mechanics
£\Ol&i £\106( entangled
Entanglement
0 v |00 a+ £|11 a entangled
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Quantum computing
uses essential iIdeas from
guantum mechanics

Entanglement
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We can write
Y_ 1006+ 018
as
08 106+ X118
but we cannot write
Y1006+ (115

' 6 7+& w352 %8 $ 7 X
gubit states.

They areentangled!

Once you measure the first qubit,
the second Is uniquely determined.
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Quantum computing
uses essential iIdeas from
guantum mechanics

Gates / operations

IBM Quantum © 2024 IBM Corporation

Classical logical circuits use operations like
and, or, not, nand, and xor. We also call these
gates.

Quantum circuits use reversible gates that
change the quantum states of one, two , or
more qubits.

w0 10— ——— B mp) =10) or 1)
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Quantum computing
uses essential iIdeas from
guantum mechanics

Gates / operations

Classical logical circuits use operations like
and, or, not, nand, and xor. We also call these
gates.

Quantum circuits use reversible gates that
change the quantum states of one, two , or
more qubits.
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Quantum computing
uses essential iIdeas from
guantum mechanics

Interference

IBM Quantum © 2024 IBM Corporation

probability amplitude

Interference allows us to increase the
probability of getting the right answer

and decrease the chance of getting the wrong
one.

|000> 001> 010> 011> |1100> |1101> 110> 111>




Quantum computing
uses essential iIdeas from
guantum mechanics

Interference

IBM Quantum © 2024 IBM Corporation

ale

probability amplitude

Interference allows us to increase the
probability of getting the right answer

and decrease the chance of getting the wrong
one.

000>  |001> 011>  |100>  |101>  |110>  |111>




Quantum computing
uses essential iIdeas from
guantum mechanics

Interference

IBM Quantum © 2024 IBM Corporation

~0.88

~0.18

probability amplitude

Interference allows us to increase the
probability of getting the right answer

and decrease the chance of getting the wrong
one.

000>  |001>  |010>  [011>  |100>  |101>  |110>  [111>




Computing with caffeine IBM Quantum

If our best classical computers are so .
32:&5"8/ n 6+28/ %1v/ & #& ! #] & 72
perfectly simulate molecules and

chemical reactions?

This would allow us to accelerate

discovery of new compounds and TT—
processes for healthcare, materials,
alloys, and sustainable energy CH
creation.
| &7v6 $216, %&5 $! ' ' &, 1& | < \(
CH3
H3C 0O
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Computing with caffeine

We would need approximately 10 *°
bits to represent the energy
configuration of a single caffeine
molecule at a single instant in a
classical computer.

This i1s 1 to 10% of the total number

of atoms In the Earth.

10*° = 1,000,000,000,000,000,
000,000,000,000,000,000,
000,000,000,000,000

IBM Quantum © 2024 IBM Corporation




Computing with caffeine I8V Quantim

>/ 7+28(+ ,7ve , 0326606, #
completely represent the molecular

$21', (85! 7,21 2' $!"" &
most powerful super computers, we

could represent it using 160 logical

qubits.

IBM Quantum © 2024 IBM Corporation
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Our IBM mission

Bring usetul quantum
computing to the world



The practical path to useful quantum computing

01

Run guantum circults
accurately on guantum
hardware

02

Map interesting problems
to quantum circuits

100+ qubit Methods that
systems and provide execution
software of quantum circults

on hardware with
higher accuracy

Computational
tasks that use
those circuits

© 2025 IBM Corporation

Industry and
sclence
applications that
use those tasks

21



There Is a rich seam of problems that cannot be solved by classical and Al supercomputing, and never will.

These are the trillion-dollar problems that guantum computing was designed to solve.

. =
N i

Hard problems

(NP) Easy problems Quantum easy
(polynomial)

/

© 2025 IBM Corporation



Our formula for bringing useful qguantum computing to the
world includes:

Maintaining the industry's largest fleet of utility-scale
guantum computersn the cloud for our clients and the

guantum community to experiment with.

Building and updating a development and innovation roadmajat
will help us scale quantum computing, from the hardware to the
software necessary for guantum advantage.

Nurturing a community of clients and partnettat includes 300+
Fortune 500 companies, academic institutions, national labs and
startupsi all working to solve real scientific and business problems

with quantum computing.

Developing Qiskit, an open source toolkit and world-class user experience
that makes quantum computing easy to learn and use by bringing resources

together in one place.

Making the world quantum safewith technologies that will secure enterprises
In the quantum future.

© 2025 IBM Corporation
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Investment in guantum computing IS
accelerating at an unprecedented pace

Accelerating adoption and usage

48%
$55B
62%

Customer spend CAGR

Global investment 2

Early users spending $1M+
annually h 11% increase

since 20223

Enterprise use case activity

Number of active PoCs in industry by year

150
Energy

Logistics & Operations
Finance
Healthcare
B Materials
Aerospace & Automobile

B High tech
Other

2018 2019 2020

+50%

since 20224
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The Quantum Insider

$1T Economic Impact by 2035
With $70B by 2030
38% Cost Savings

62%

New Revenue

1'1%$&n wQ+& N8!/1780 F16, %&5 M52-&%$76 U[ Q5,//,21 ,1 B$2120,



IBM gquantum hardware
and software enables the
majority of quantum
computing research

IBM
Google
Xanadu
D-Wave
IonQ
Quantinuum
Amazon
Rigetti
Microsoft
IOM
QuEra

PsiQuantum

|
|

3 H

0

Number of documents on arXiv referencing vendor’s quantum hardware and/or software

8

1156

2041

5701

Data is current as of 10/8/25. The data was obtained by (1) c ollecting all arXiv papers mentioning quantum computing related phrases; (2) cleaning up the corresponding LaTeX files and removing bibliographie s/citations/formatting; and (3) searching
for SW and service keywords found in the 2024 Unitary Foundation Survey I 1 %

© 2026 IBM Corporation
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https://unitary.foundation/posts/2024_surveyresults/

What are these
problems?
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Developing lighter, longer-
lasting batteries for electric
vehicles, electronics, and
energy grid storage

© 2025 IBM Corporation

Modeling molecules, atoms, electrons,

Designing lighter, stronger
materials to allow planes to
be more efficient and to
need less maintenance

and guarks with unprecedented accuracy

Discovering new classes of
antibiotics to counter the
emergence of multidrug -
resistant bacterial strains

Designing optimal
superconductors for MR,
electromobility, and
renewable energies

27



What are these
problems?

Improving understanding
of physical and chemical
properties of materials

© 2025 IBM Corporation

Solving algebra in [exponential] spaces.
Finding hidden patterns In structured problems.

Improving
outcomes
optimal ce

patient
oy designing

| -centric

therapeutics
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Strengthening risk
management through
better time series and
sequence prediction

Optimizing vehicle routing
and scheduling for large-
scale logistics networks

28



Utility vs. Advantage A

Theory Utility Advantage
Quantum Utility (2023) Quantum Advantage (TBD)
Demonstration that a quantum computer can Demonstration that a guantum computer can
run quantum circuits beyond the ability of a solve a problem more accurately, cheaper, or
classical computer simulating a quantum more efficiently than classical computing alone
computer
Confirmation via research, papers, & theory Confirmation via real-world usage

K & 1 $ARvantdy®will come at different times in
different domains and depends on the

$ &contirluéd advancement of quantum
algorithm implementations across
Industries

il F?Jv6e \X\] 5&6&! 5%+ 3! 3&5 =
: the utility of quantum computing before
| '8/ 7 72/ &5! 1$5&Xx¥ 3529, &%
CUTTING . methods to move the industry into the
(101 R Utility era

Error mitigationem powers quantu m
rocesso icst i

© 2025 IBM Corporation 29


https://www.nature.com/articles/s41586-023-06096-3
https://www.nature.com/articles/s41586-023-06096-3
https://www.nature.com/articles/s41586-023-06096-3
https://www.nature.com/articles/s41586-023-06096-3
https://www.nature.com/articles/s41586-023-06096-3
https://www.nature.com/articles/s41586-023-06096-3
https://www.nature.com/articles/s41586-023-06096-3

IBM Quantum

Leading
Innovation

Propelling us into
the quantum
computing frontier

© 2025 IBM Corporation

The international journal of science/ 13 e2023

natur

CUTTING ,

THROUGH™

Error mitigation empowers quantum
processor to probe physics that classical

methqucantreach * ‘

2023 h Demonstrating quantum utility over brute
force classical computing regarding optimization

Source: 1.
Source: 2.

outline
Cancer
vaccines

Code cutsoverhead
for quantum error
correction by 90%

2024 h Charting a path towards quantum error
correction, demonstrating high -threshold, low-
overhead fault-tolerant guantum memory



https://www.nature.com/articles/s41586-024-07107-7
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https://www.nature.com/articles/s41586-023-06096-3
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We predict that quantum
advantage will be found



What Is quantum advantage?

The abllity to execute an information processing
task on quantum hardware in a way that satisfies
two essential criteria:

1 This correctness of the output can be
rigorously validated.

2 The calculation is performed with a quantum
separation that offers superior efficiency,
cost-effectiveness, or accuracy than what can
be obtained with classical methods alone.

© 2025 IBM Corporation
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https://ibm.biz/QA-whitepaper
https://ibm.biz/QA-whitepaper
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https://ibm.biz/QA-blog

The advantage era
will be defined by
two parallel paths

Empirical tests of qguantum usefulness

Scientifically rigorous proofs of advantage




The advantage era
will be defined by
two parallel paths

Empirical tests of qguantum usefulness

HSBC I 3ClevelandClinic moderna  Vanguard

arxXiv:2509.17715 Communications arXiv:2405.20328 arXiv:2508.13557
Physics 8, 396 (2025)




The advantage era
will be defined by
two parallel paths

Scientifically rigorous proofs of advantage

National Laboratory National Laboratory
arXiv:2501.09702 Science Advances 11, 25 Nature Computational

Science (2025)

Flatiron Institute  €*3 BlueQubit




Validation

We must establish trust
INn the outcome of the
computation

Methods that provide provable
confidence bounds

Observable Estimation:
Perturbed
Mirror Circuits

Algorithmic approaches with
guaranteed solution bounds

Variational problems:

Sample based
Krylov Quantum
Diagonalization

Method 4

Method 3

Energy

Method 2
Accuracy

Problems with efficient
classical verification

Peaked circuits




https://quantum -advantage-tracker.github.io

= Quantum Advantage Tracker Advantage trackers

Advantage trackers

Track verifiable quantum advantage candidates across three pathways, with
current status of classical and quantum computations, supporting evidence
and contributing organizations.

Observable estimations Variational problems Classically verifiable problems

Observable estimations ul

Submissions in this tracker report expectation values for observables alongside rigorous
error bars. Validation requires mathematically provable confidence intervals over the
reported value.

View circuit options ) Open submission ticket ()

Participate

O




2025-11-12

2025-11-12

2025-11-11

2025-11-10

2025-11-09

Submission name

Submission name

Submission name

Submission name

Submission name

Global Rescaling

Belief
propagation
tensor network

Global Rescaling
+ partial PEC

Global Rescaling
+ partial PEC

Pauli propagation

Have a quantum advantage candidate? Contribute it using the provided problem instances

View CITCUIL OpPLIONS %

Exp. values...

Operator 0.7 [upper Q: 2h
Loschmidth bound, lower
Echo_49_2400 bound]

Operator 0.98 [£11,

Loschmidth -0.3] C: B6h

Echo_48_2400

Operator 0.68 [£1.1, Q: 10h
Loschmidth -0.3]
Echo_49_ 2400

Operator 0.66 [£1.1, Q: 9h Bm
Loschmidth -0.3]
Echo_ 49 2400

Operator 0.8 [+17,
Loschmidth -0.3] C: 24h
Echo_49_2400

Participate

RS SURITH 2101 LIGREL & 0

Compute resou...

Q: ibm_pittsburgh

C: Bx NVIDIA
H100

Q: ibm_pittsburgh

Q: ibm_boston

C: 32 core Intel...

or your own circuit specifications, and help expand the list of verified candidates.

Learn more >

Institution

IBM Research,
Algorithmig,
Flatiron

IBM Research,
Algorithmig,
Flatiron

IBM Research,
Algorithmig,
Flatiron

IBM Research,
Algorithmig,
Flatiron

Caltech

Activity

1

5 0




HSBC

Trade execution optimization In
corporate bond markets

- Dealer 2
[ OML ] optméligatlon ?-7-3-2--5 Ag"“
Dealer 1 l L
wai WAL :
IBM and the algorithmic trading The researchers estimator inputs . : Dealer
/i<l . . . R optimization r===s T
division of HSBC partnered to observed arelative gain A trading Bond A b0 o~ A
explore the potential for hybrid o - strateqy | g~ - Market 0
guantum algorithms to of up to ~34% In the e : wait |
.. : - ime-Uependen optimization
optimize trade execution models with access to Estimation of Trade T tmiato, TN
strategies for corporate bonds. guantum-hardware- TCanbraﬁon 2 ' P |
Process g hem--- ' A
wait
Using real production-scale tranSformeq data, Pml:;';mty §
data, they Investigated whether demonstrating that Estimator ? Online Process RFQ + market state
a form of quantum-enhanced quantum is a useful and ° observables at given
Event Matching request time

likelihood estimation could

f TPUII
obtain better estimates of trade _relevant .dlscovery tool Feature- e
fill probabilities in credit orders, In modeling complex T o Computer
testing their approach on IBM financial markets. el Guantum

Quantum Heron processors.

© 2025 IBM Corporation

Offline Process

B The figure above shows the bigger picture considered when developing this solution,
where the focus in this project has been first on building better optimization inputs with
lower errors in fill probability estimates that feed subsequent trading strategies.

wS I R (K SarXivi2ad%INT 165h

wSI R (KS LINE@sdibmM\EhsSdpa S



https://arxiv.org/abs/2509.17715
https://ibm.biz/hsbc-pr
https://ibm.biz/hsbc-pr
https://ibm.biz/hsbc-pr

Woodside Energy

Workforce task execution scheduling

[ Optimization ]

Woodside Energy partnered with
IBM to tackle complex
optimization problems, particularly
how to schedule maintenance
personnel and task execution in a
way that boosts efficiency and
reduces maintenance costsi a
challenging problem for even the
most powerful classical methods.

Together, IBM and Woodside
Energydeveloped a new
optimization framework that deals
In this study with 500 h874 binary
decision variables and 1,000+
real-world constraints, with
potential scaling advantages over
classical methods.

© 2026 IBM Corporation

Maintenance workers are
currently deployed on
tasks at 35% efficiency
in oil and gas.

With maintenance costs
contributing to over half
the overhead of
production, increasing
the efficiency of task
execution could
ultimately create a more
profitable enterprise.
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Start

Break

End

T10_1

T19.1 | T9_1
IIIIII
/
T23 1 /

T18_1 | T81_1
T7_1 \

B Table depicting task scheduling considerations for maintenance personnel.

Read the paper: 2024 IEEE International Conference on Quantum
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152 1
T43_0

/ 12 1
1T74_2
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Computing and Engineering (2024): doi: 10.1109/QCE60285.2024.00045
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What can you do with a
large-scale, fault-
tolerant qguantum
computer?

Adoption of quantum
computing systems enables
new applications or use cases
to be discovered, potentially
with current or

near-future systems.

Investments in algorithm
research should enable known
applications to be realized
soonetr.
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2029 1
| arge-scale

fault-tolerant
systems




IBM Roadrunner
First supercomputer to break
the petaflop barrier in 2008

I T

[

-,

IBM System/360
Introduced in 1964

Over 80 years of
INnnovation at
Poughkeepsie

IBM Z900
Munitions manufacturing Released in
during World War Il 2000

(Photo from 1944)

© 2025 IBM Corporation



IBM Is continuing this
history by building the first
large-scale fault-tolerant
guantum computer in the
IBM Quantum Data Center
INn Poughkeepsie, NY.

IBM Quantum Data Center
Poughkeepsie, NY | April 2025

© 2025 IBM Corporation



What do we mean by alarge-scale
fault-tolerant qguantum computer?

Large-scale

Fault-tolerant

© 2025 IBM Corporation

Hundreds of qubits capable
of running hundreds of
millions of gates

>100 million operations
with broad resistance to
fallures

T+!1 7ve 7+& %, '' &5&1 % &
correction and fault tolerance?

Quantum error correction refers to a family of techniques
using quantum error-correcting codes where we encode
guantum information into physical qubits so that the
Information can be detected or corrected by post-selection
or with feedback using dynamic circuits. Some technigues
are important tests but may not reach the desired scale on
their own.

Fault tolerance Is about computing capabillities. It applies
guantum error -correcting codes so that computations scale
efficiently, without incurring an exponential overhead.



Modern laptop

30 qubits

* Logical qubits

IBM Summit
Supercomputer

48 qubits

All classical computers
on earth connected

60 qublits

2029 IBM Quantum Starling

200 qubits



