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Scaling arXiv:2209.06841
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Number of qubits

The era of
quantum
utility

(c. 2022)

Quantum simulation
beyond classical
brute-force.

Estimated mean number of qubits used on hardware
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2036

2041

Evidence for the utility of guantum
computing before fault tolerance
[Nature, 618, 500 (2023)]

1277 qubits / 2880 CX gates

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

larXiv:2402.10265]

127 qubits / 113 CX layers
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RORORO ORI HONOH
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- #0E #0E HOW A

Efficient long-range entanglement
using dynamic circuits
larXiv:2308.13065]

101 qubits / 504 gates + meas.

Dynamic circuit

lg) - - Tz—
o g
10) [H4-H= 1
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QUANTUM EASY QUANTUM HARD 40&

<+

QUBITS
CLASSICAL HARD

CLASSICAL EASY

TOY SOLVED

DEPTH
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“Getting ‘very useful qguantum computers’
to market could take 15 to 30 years.”

https://science.osti.gov/-/media/QIS/pdf/DOE_QIS_Roadmap_Final.pdf

vrpascuzzi@ibm.com | IBM Quantum
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“Getting ‘very useful qguantum computers’
to market could take 15 to 30 years.”
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NISQ DEVICES
& SMALL DEMOS OF QEC

0=5 Yealrs

TECHNOLOGY ) 1,000 physical qubits
MILESTONES with error rates 10x

below threshold

ENABLING new algorithms for scientific
RESEARCH hardware-efficient QEC apprc

basic research in theory, mat
AND INFRA- interdisciplinary collaborative

STRUCTURE -

benchm
process

SCIENCE 9 demonstrate 10x suppressior
RESULTS logical error rates with QEC

) quantum simulation
& APPS with NISQ systems

COMPUTERS WITH QEC
510 Years

scale to 10,000 physical qubits
while maintaining low error rates

) quantum interconnects for
modular architecture

lications

hes and architectures

ils, devices, systems integration, architect
search across all areas

1ck development: compilers, toolflows, co
ing and verification methodologies
ign kits and foundries for processor desig

widely accessible quantum user fac

prototype (

demonstrate quantum advantage
in scientific computing

LARGE QUANTUM
OMPUTERS WITH QEC
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) large-scale architecture solutions

> for scaling and error correction

sign tools

ind fabrication
es and testbeds

| develop quantum data centers

VERY LARGE
FAULT-TOLERANT
QUANTUM COMPUTERS

204 Yealrs

) realize transformative science applications

https://science.osti.gov/-/media/QIS/pdf/DOE_QIS_Roadmap_Final.pdf
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TECHNOLOGY ) 1,000 physical qubits ) scale to 10,000 physical qubits

\ /] al) with error rates 10x while maintaining low error rates e . .
ecture solutions

“orrection

My Prediction:

Quantum Advantage will happen within
the next 2 years.

a centers

Jtive science applications

https://science.osti.gov/-/media/QIS/pdf/DOE_QIS_Roadmap_Final.pdf
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to market could take 15 to 30 years.” & SMALL DEMOS OF QEC OMPUTERS WITH QEC QUANTUM COMPUTERS
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TECHNOLOGY ) 1,000 physical qubits ) scale to 10,000 physical qubits
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1\ /|

' “ecture solutions

“orrection

My Prediction:

Quantum Advantage will happen within
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1 centers
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But only it HPC and Quantum community
work together

https://science.osti.gov/-/media/QIS/pdf/DOE_QIS_Roadmap_Final.pdf
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& At Pasqal, we are proud to lead the charge in advancing quantum computing with real-
world impact. Today, we're sharing insights from Georges-Olivier REYMOND, Co-CEO
and Co-founder, and Loic Henriet, Co-CEOQ, as they address the predictions from
NVIDIA's CEO around 'useful quantum computers'.

B Ut O n I'y If _| PC a n d Q u a n t u m CO m m u n lty Read on for their full statements and join us in the conversation about the future of
WO rk tOget ,] e r quantum innovation.

At Pasqgal, we appreciate Jensen Huang's remarks on the timeline for fault-tolerant
quantum computing (#FTQC). As he rightly acknowledges, FTQC remains an area of
intense academic exploration and is still far from practical applications, however we
remain more optimistic about the short-term potential of quantum computing.

Firstly, the predictions concern the very last generation of general-purpose fully fault
tolerant quantum computers, while our latest advancements make us believe that we will
be able to deliver value on specific use cases much sooner.

Secondly, during the next ten years new applications will emerge as error correction
techniques improve. At Pasqal, we have an ambitious roadmap toward early fault-tolerant
quantum computing addressing quantum error correction, partnering with renowned
organizations to advance hardware design and refine algorithms.

Equally important is that we're seeing tangible results already today with a
complementary approach to fault tolerant digital quantum computing, analog quantum
computing, that holds immense promise for achieving quantum advantage well before the

_ _ _ readiness of FTQC. We foresee analog quantum computing demonstrate quantum
https://science.osti.gov/-/media/QIS/pdf/DOt advantage within the next two years in multiple industrial use cases.
vrpascuzzi@ibm.com | IBM Quantum 13
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Quantum-centric

Supercomputing (QCSC)
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Orchestration

Stepl
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
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Delivering impactful qguantum 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.
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Language-agnostic: “bag of tasks” to be executed on
available resources; e.g., C/C++, Python (Qiskit) for
guantum and AI/ML

vrpascuzzi@ibm.com | IBM Quantum

Single-source application(s) part of a larger workflow
that pervade all available resources; compiled language

(C/C++), potentially with bindings

How will these systems be programmed?

Ground states and energies are computed from H k and
averaged over, which are used to calculate update
occupancies, n.

Repeat until some stopping criteria is met.

Collect lowest energy and average occupancy

&
S
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Qiskit

pip install giskit
pip install giskit-ibm-runtime

Step 1

Map classical inputs to a
quantum problem.

(:Eircuit library ::)
(:}uantum info library j:)

vrpascuzzi@ibm.com | IBM Quantum

Step 2

Translate problem for
optimized quantum
execution.

| H

S| U
S

—D

)

Transpiler

(:}I—enhanced transpiler

NN

Step 3

Execute using Qiskit
Runtime Primitives.

@ Sampler
>

Circuit (5)

Estimator
>

Circuit (6)
+ observables, O,

000101...,
110110...

Bitstrings

(0:)
Expectation
values

Step 4

Post-process, return
results in classical format.

(o)

Quantum info library

Visualization module

2\
NN
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Qiskit Functions Q'CTRL

Optimization Solver Performance Management

- - Successfully and correctly solve tough Reduce errors without overhead and achieve
SIm pl”cy and accelerate optimization problems at full device scale 1 5 6Q record-setting results at utility-scale 7242
2Q gates

u t l I- l ty - S Ca |-e a I-go rl t h m @ Turnkey, fully packaged hybrid quantum-classical solver
Input circuit successfully

d | S COVG ry a n d a p p l | C a‘t | O n ® User-defined cost function or prepackaged graph problems @ Fully automated and interoperable with no coding or configuration run after Q-CTRL efficient
® Supports arbitrary graph connectivity, not linked to device topology =2 22 ® No error mitigation overhead, compute time reductions of >10X GOIpliation

development abstracting i T e T e LY

3-regular Max-Cut

AR=100% Q @ Al-driven error suppression increases performance for any algorithm

z - ; S
m ' ' 5 ] 156 qubit random 3-regular graph —
a-\N ay p a rtS Of 1: h e q U a n 1: u Your quantum @ Iterative optimization loop 01 .g —F —r @ — E — — — ¥
\  applications ! : AT : A
: : : it P : - more qubits
: : ; Hj‘«.\rdvlvare efﬁc{:ent / . ' 5 0 Brute Force @ Quantum Circuit  Depth Reduction/ Error-Aware Eliminate Circuit Optimized Gate Run Measurement q
IngEMENtatoss i Zf (QASM) Logical Transpilation Hardware Mapping Crosstalk Replacement Experiment Error Mitigation :
¢ e Q-CTRL Correct results exceeding
l»_’J P e—— - Bhasioal iiBeim I : | previous 6Q record demo
k f l ; optimizer hardware —
W O r O \N Your high-value % o i i i “Tensor-based quantum phase difference Mitsubishi
° answer : Solution S AUtomated error Suppl‘ESSIon W|th Fire Opal' from @ O_CTR L estimation forla(rlgesucale demor:sl/alion' Chemical
: : ; " ; Ry P o R - o arXiv:2408.04946v1 Cororstion

Cut Value

Abstract circuits Domain-specific inputs

l

Observables
tum Error S & Error Mitigat Tensor-network error mitigat
l PP Quan U ror suppression ror MItiIgation enNsor-network error miti2ation
Map from classical to quantum
Circuit function
(QESEM, Qedma) (TEM)
E Qiskit transpiler Transpliler service
Transpiler service Mt t l d . 5 ft t .
------------------------------------------------------------------------------ * Guaranteed accuracy: outputs unbiased expectation values of observables HPC ltigates (earned noise In sortware post-processing.
Execute on hardware ¢ Unlocks circuits up to x1000 larger than bare execution, without losing accuracy ‘ gesem -Function.rur; ) —~i
_____________________________________________________________________________ « Application-agnostic: works for any quantum algorithm @ ~IC : :
"""""""""""""""""""""""""""""""""""""""" * Scalability to large QPUs: demonstrated on IBM’s 100+ Eagle & Heron devices 2 QESEM ‘\‘) A EI_ Has Optlmal Sampllng Overhead on quantum hardware
Execute on hardware i [ Qiskit Runtime primitives : * Extended gate-set: run 2x deeper circuits with optimized fractional-angle gates Un-biased error-free results g i ;
i : * Multibase observables: mitigate sums of many non-commuting Pauli strings rror mitigation  QPU I | Experimentally demonstrated on Eagle devices. with 91
i Qiskit Runtime primitives i Post-process results QUbItS and 4095 entangllng gates to InveStIgate ChaOtIC
Achieving large active circuit volumes* in utility-scale algorithms * Quantum advantage for algorithm design on near-term hardware quantum dynamiCS in many-body phySiCS.
Post-process results Advanced error mitigation *Active volume Vj: #CNOT gates affecting the observable * HPC-QPU-QESEM integration accelerates quantum advantage timeline {E_
i i ; . ‘ 1.0 —— Exact dual unitary theory
Advanced error mitigation i i | Fitting 119 qubits, 9 steps (2,268 CNOTs; depth 54) Average magnetization (Z;) ~ ° QESEM runtime 1 3 U’I‘:;iti‘gl;*:;m ary-theory
500 T 7 > Fox=99.5% 91 CNOT layers 5 F- TEM mitigated
J l T T sl d ) AN Learned noise ‘ TEM o
0.81 Is 3 o Fex=99.9% =
B pesw 1 . 8 i = ' A _ _ HPC qubit limit Inf — l ® ‘><’0-6
. ‘ _ - F S v . ol e nformationally-complete gF X
Mitigated expectation values Domain-specific results s = 4 I { i } i g :/_/ measurements 8‘ 8
'§ 0.4 . ; rl HJ g 0.5 /E Quantum Advantage Fex=99.8% (Hybrid) b= 50»4
14 5 '+ * > & ' " . ops
‘g Ta B v, ﬁl Jesapete 4L | 2| S 4 Signal amplified 14x  100x less shots than i
02 - F 0 500 1000 1500 2000 2500 3000 — times via TEM ZNE required e :}
Active VolumeV, e ) — : ; 0.0
0.0 r r : ‘)V (0) Yunoki group ¢ — .9 . -8 — — H—5 — —n— N—ﬁ— .
3 5 7 9 controls complexity of error |1/ ¥4’ . 5 5 Trinity College Dublin
Number of Trotter steps mitigation & classical simulation y\\, algorithmiq IBM Quantum "g‘? T e e . N = " 30 -
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Qiskit add-ons

Approximate quantum compilation with
tensor networks (agc-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.

vrpascuzzi@ibm.com | IBM Quantum

aqc-tensor

Use tensor network to
compress state
preparation layers

Approximation error

¢ Trotterp=2
e MPFp=2

Fit

10 15 20

Evolution time t

25

30

35

Approximation error

¢ Trotterp=4

e MPFp=4
—— Fit
10 20 30 40 50 60

Evolution time t

0
‘ A
UQ Uc l
B T ~ ™ |
i.'.I::::'j:f:::...ff:i::.. i = 0 |
i = R :
— |
b= e ;
— —
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i — r T
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Qiskit performance

Based on Hamlib’s
larXiv: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
iInterfracing with C/C++ for HPC

applications (let’s talk!).

vrpascuzzi@ibm.com | IBM Quantum

Number of Two-Qubit Gates TKET 1.26
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5K Gates — Heron
15K Gates - Flamingo

Quantum Error Correction

g 103

102

Pauli Terms in Hamiltonian

10!

10°

10! 104 10° 10*

Number of Two-Qubit Gates Qiskit 1.1

10°

Runtime (sec.)

2q Unitary Synthesis runtime averaged over 10k random inputs

0.00175 -

0.00150 -

0.00125 -

0.00100 -

0.00075 A

0.00050 A

0.00025 -

0.00000 -

0.00175304

0.000147865

[teration

Rust numerics,
Python data-structs

B Qiskit 1.0.2
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Coming together to
solve domain-
specific problems.
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Quantum Working Groups

-rom utility to advantage

IBM Quantum helps facilitate working groups to bring together the best scientists across
domains to accelerate our path to achieving Quantum Advantage by 2026.

Optimization

Quantum Optimization:
Potential, Challenges, and the
Path Forward

arXiv:2312.02279

vrpascuzzi@ibm.com | IBM Quantum

Materials & HPC

Quantum-centric
Supercomputing for Materials
Science: A Perspective on
Challenges and Future
Directions

arxXiv: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 &
Ife Sclences

Towards quantum-enabled
cell-centric therapeutics.

arXiv:2307.05734

Sustainability

Collaborative projects in the
flelds of Materials and
Energy leveraging quantum
computers.
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Quantum Al

gorithm

Engineering (QAE)

Guidance, best p

-actices, benchmarking,

and co.taborat'or

1. Project design
and mapping

or B W=

Strategic positioning

Scaling tactics and evaluation
Qiskit patterns

Approx. resource estimation
Algorithm design

(e.g., subspace methods)

2. Workload
optimization

or R Wi

Circuit transpilation

Circuit cutting and LOCC
Operator backpropagation (OBP)
Multiproduct formulas (MPF)
Dynamic circuits (DC)

3. Error suppression
and mitigation

1. Error suppression:
Dynamical decoupling
« Twirling
2. Error mitigation:
 TREX
« ZNE (Folding and PEA)

vrpascuzzi@ibm.com | IBM Quantum

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)

Middleware and building blocks
Quantum serverless and high-
performance computing
integration (HPC)

Large throughput post-selection
and configuration recovery

6. Frontiers of
quantum computing

Latest methods in quantum
computing research

New technologies and software
product capabilities

Strategic alignment with most
recent advancements in the field
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)

N\ |

| 1 1 1 \—/Vﬁ

0 n/8 n/4 3n/8 /2
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BM Quantum

"' HERON ._
133 QUBITS
. TUNABLE-COUPLER

Fra of Utility

Using today’s quantum computers serve as
tools to explore calculations beyond brute-

force classical simulation.

Pushing the
[IMIts of quantum

Continual developments and innovations
will drive quantum computing torward.
Cross-cutting expertise from industry and
academia aim to find and solve ditficult

problems.

vrpascuzzi@ibm.com | IBM Quantum

Quantum-centric
Supercomputing

Architectures that can provide

computational capabilities to address

problems too difficult for isolatec

machines.
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Evolution of computer
architectures
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Error resilience time scales
on OCSC architectures

QEM Unbiased

QEM Biased
Middleware Qiskit Runtime Quantum Hardware
0C0 /) F\’ : :
O % O g " .
OOO o \\’/ : L B B B :
Timescale Cloud loop time Server loop time Near-time Real-time
—
hours minutes seconds ms us-ns ns
ey Mid-circuit
Unitary parameter update Compile probabilistic circuits (M) Physical parameter Probabilistic gates ( ) measurement and
Error resilience Custom QPU info share Noise model update ( ) update Stretch.ed gqtes () feedforward (@)
related function Logical circuit schedule and compile Optimal qubit maps ( ) Decoder update (@) Dynamic logmgl ops (@) Non-local real-time
optimization Multi-QPU job optimization Decode/Correct (@) Fast decode, high BW (@)

: operations (&)
Final decode/reconstruct/correction Decode data compression (©)

Pipelining with OPUs

Low latency Parallel QPU utilization FPGA Update Fast reinitialization ( ) Local memory size
Hardware challenges i optimization Data BW AoT compiling Intra-qubit comm High-BW acquisition
Decode compute Local decode and compress  Intra-qubit latency

Final level of decoding
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The era of quantum

utility
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Ditferent
Types ot Users

IBM Quantum

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

m

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
guantum execution for our hardware

Pain points

Keeping up with new relevant
capabilities for improving result
quality on quantum hardware

Quantum Computational

Scientist

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

Data Scientist
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Two main components of Qiskit Qiskit SDK tor high pertormance

Circuit and operator building APls 1. Continued “oxidation” (conversion to Rust) of Qiskit SDK’s core
with circuit.if test((cO®, Obl)) as else : 100+ transpiler passes in Qiskit

circuit.x(qgO) ~10% converted to Rust
with else :

circuit.z(qgO)

] 2. High performance application compilin
/ = SparsePauliOp('Z") ehPp PP PG

X = SparsePauliOp('X")
Id = SparsePauliOp('I") Client Process Application (C++)
ZZ = Id A~ Id A Id ~ Z ~ Z
XX = Id ~ Id A~ Id ~ X ~ X
OpenQASM 3.0
Basis - bind

Optimizing transpiler translation, cxx..bin

layout and serialized mpUtJ Qiskit SDK (Rust)

Synthesis routing Scheduling /
[Abstract} ) [ Virtual J ) [Physmalj ) [ QISA ] = ST metadataJ J
\ Server Process
serialized OUtpUtJ Direct Access API

Start with Abstract End with QISA

' QPU
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[4 Fe _45] Cl rCU It St ru C-t u re Robledo-Moreno et al. arXiv:2405.05068
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LUCJ circuit used to simulate the ground state ot
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)

TILILIIITIIILIL
LILILILILILILITIL
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