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Key milestones in bringing usetul guantum computing to the world

2023 2026 2029

Deliver the first large-
scale, tault-tolerant
quantum computer

Establish quantum utility Demonstrate quantum
advantage
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Utility vs. Advantage ) 1M €A

Theory Utility Advantage

g

oy e I
Quantum Utility (2023) 9 Quantum Advantage (TBD) ==
Demonstration that a quantum computer can Demonstration that a quantum computer can
‘un quantum circuits beyond the ability of a solve a problem more accurately, cheaper, or
classical computer simulating a quantum more etticiently than classical computing alone
computer
Contirmation via research, papers, & theory Contirmation via real-world usage

i IBM’s 2023 research paper (“Evidence for
sz the utility of quantum computing betore
fault tolerance”) provided evidence and
CUTTING . . @ methods to move the industry into the

THROUGH Utility era

Advantage will come at different times in
different domains and depends on the
continued advancement of quantum
algorithm implementations across
Industries

https://www.nature.com/articles/s41586-023-06096-3
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What is quantum advantage?

Performing an information
processing task more
efficiently, cost-etfectively,
or accurately using quantum
computers than is known to
be possible with classical
computers alone

We must establish trust
IN the outputs of a real
and noisy quantum
device.

A scientitic experiment
s only as good as
confidence in methods.

Quantum advantage Is

N0t SO
nappe
mome

mething that will
N at asingular

Nt In time.

It 1s a hypothesis that Is
subject to talsification.



Development Roadmap

Applying algorithms
to applications

Discovering new
algorithms for
advantage

Orchestrating
workloads for
quantum + HPC

Accurately
and efficiently
executing on
quantum
computers

Hardware -

@& Completed
W) On target

2016-2019 @

Ran quantum circuits on
IBM Quantum Platform

IBM Quantum Experience

Early

Canary
5 qubits

Albatross
16 qubits

Penguin
20 qubits

Prototype
53 qubits

2020 @

Released multi-
dimensional
roadmap publicly
with initial focus
on scaling

Falcon

Benchmarking

27 qubits

2021 @

Enhanced quantum
execution speed
by 100x with

Qiskit Runtime

Qiskit Runtime

OpenQASM 3

2022 ®

Brought dynamic
circuits to unlock
more computations

Dynamic
Circuits

Eagle

Benchmarking

127 qubits

2023 ®

Enhanced quantum
execution speed

by 5x with Quantum
Serverless and
execution modes

Resource Management

Qiskit
Serverless

Execution

modes

Error
mitigation

2024 @

Demonstrated
accurate execution
of a quantum circuit
at a scale beyond
exact classical
simulation (5K gates
on 156 qubits)

Code assistant
Functions
Advanced

classical
transpilation tools

Plugins ©)

for HPC

200K CLOPS

Heron
(5K)

Error mitigation

5K gates
133 qubits

2025

Deliver quantum +
HPC tools that will
leverage Nighthawk,
a new higher-
connectivity
quantum processor
able to execute more
complex circuits

Advanced )
classical
mitigation tools

Utility-scale D)
dynamic
circuits

Nighthawk %)
(5K)

Error mitigation

5K gates
120 qubits

2026

Enable the first
examples of
quantum advantage
using a quantum
computer with HPC

Use case
benchmarking
toolkit

Utility mapping tools

Profiling tools

Nighthawk
(7.5K)

Error mitigation

7.5K gates
120 qubits

Up to 120x3 =
360 qubits

2027

Improve quantum
circuit quality to
allow 10K gates

Computation
libraries

Nighthawk
(10K)

Error mitigation

10K gates
120 qubits

Up to 120x9 =
1080 qubits

2028

Improve quantum
circuit quality to
allow 15K gates

Workflow
accelerators

Nighthawk
(15K)

Error mitigation

15K gates
120 qubits

Up to 120x9 =
1080 qubits

2029

Deliver a fault-
tolerant quantum
computer with

the ability to run
100M gates on 200
logical qubits

Circuit libraries

Fault-tolerant ISA

Starling
(100M)

Fault-tolerant

100M gates
200 logical qubits

IBM Quantum

2033+

Beyond 2033,
quantum computers
will run circuits
comprising a billion
gateson up to

2000 logical qubits,
unlocking the full
power of quantum
computing

Blue Jay
(1B)

Fault-tolerant

1B gates
2000 logical qubits




IBM fault-tolerant quantum computing roadmap

Loon (2025)

h—_ _—J

7

2 logical qubits

6-way connectivity
c-coupler demo

Automated design

© 2025 IBM Corporation

Kookaburra (2026)

ESEZREEEZEY

“Long” c-couplers
Real-time decoding

LPU (+~100 qubits) for
logical operations

Cockatoo (2027)

tSE3ET

[ ‘Ii-bzgiclal memory ] [ \L-o:giclal melmc.l)m; ]

Two blocks of gross code + LPU

Module-to-module logical
communication over
[-couplers

Starling (2028)

—_—

[ \L-o.giclzal memory ] [ ‘\L_égilcal mem(._)miy J

Magic state
factory

Lo

Multiple blocks of gross code + LPUs

Universal computation with magic
state distillation
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What are Dy f

Dynamic circuits are guantum circuits that incorporate

Mid-circuit Classical calculations based on Feed-forward
measurements the measurement results operations

—| X ~ ]
N

IBM Quantum / © 2024 IBM Corporation



Why Dyna fe

Dynamic circuits are guantum circuits that incorporate

Mid-circuit Classical calculations based on Feed-forward
measurements the measurement results operations
= A T
; —[x]—
« (Conditional reset: * For certain problems, quantum computers  Famous application: Error
are exptected to give an advantage Correction
W)- | | | Check tfor errors and
« But: in general, classical computations are directly correct them
- W’) much faster, have much higher fidelity and
o Nno connectivity constraints » Use classical calculations as

Information transter to
spread correlations taster

Create long-range
entanglement in a shallow
quantum circuit

Hybrid classical-quantum algorithms like
VOE etc

But measurements make the
state collapse?

IBM Quantum / © 2024 IBM Corporation



Dynamic Circults tor
Long-Range

Let us consider the following example: It we apply a conditional gate:
go [0> — H o |0> — H
q1 0> XS q1 0> —1
g: |0> - H g, |0> - H X —
cO = Yy _ c0 = *1#&1
post-measurement state either Final state B
% (100)ac + |11) ac) OF % (101)ac + [10) ac) % (100)ac + [11) ac)

actually a mixed state

using dynamic circuits we can create entanglement without a direct link in constant depth

especilally usetul for guantum devices with limited connectivity!

Post-processing only works It we can simulate the
different outcomes through the whole circuit!

But why real-time feed-forward
and not just post-processing?

IBM Quantum / © 2024 IBM Corporation



Dynamic Circults tor
Long-Range Entanglement

Implementation of long-range entangling gates due Preparation of long-ranged entangled states
to local connectivity to entangle n qubits, we need at least
to entangle two qubits that are distance n away depth O(logn)
we need depth O(n) ~ Unitary circuit Dynamic circuit
g Umenvrait Dynamic circt '°>§ v gm s o Py
- 'éiﬁ?o @T:@ X :iy:ﬁi o r—bEHm O
T = °$Jg=¢< e *}4 o— g A
G TOT$ o R dos—a=f° o>: b1 ) - IH
1 —— ||2§-?5L® éﬁ Ilvi_égij%“ - oob- g:?%i% f‘xlw

EB, V. Tripathi, D. Wang, P. Rall, E. Chen, S. Majumder, A. Seif, Z. Minev, https://arxiv.org/abs/2308.13065
Using dynamic circuits, we can create long-range entanglement in a constant depth quantum circuit

But entanglement cannot spread tfaster
than the information light-cone?

IBM Quantum / © 2024 IBM Corporation

True, but the information transter in this case Is
performed by the classical calculation!




Experimental Results

Joint work with Vinay Tripathi, Derek Wang, Patrick Rall, Edward Chen, Swarnadeep
Majumder, Alireza Seit & Zlatko Minev

PRX Quantum 5, 030339

 CNOT gates over large distances are more * Qutlook: Teleporting gates can provide a
efficiently executed with dynamic circuits than workaround tor ettective all-to-all connectivity

unitary ones
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Teleported gatefidelity
()
AN

115 __116__117__118__119 120

Total number of qubits @ System qubits

Dynamic W W, G N

924 95 96 97 98 99 100__101__102__103

20 40 60 80 100 11320114

1
|
105 \- 108

112

121122 123 124 __125__126

® Ancilla qubits
®

Dynamic circuits are a promising feature to help overcome current limitations of hardware, especially

for increasing number of qubits

IBM Quantum 2024



arXiv:2408.03064

Measurement-Based Long-Range
Entangling Gates in Constant Depth

Joint work with Stefan Worner

e Setting: n+ 1system qubits
» Constructions tor quantum s

. Int depth using dynamic circuits:

18 W g W, W, = =

“CNOT ladder”: B O=O=-O)=-O=-O=-O=-0O=C = Long-range CNOT gate:

““4

56 57 58 59 60 61 62 63 64 |

o o
o o
_..é_ = é || 75 76 77 78 79 80 81 82 83 84 l\- | |

101__102__103__104__105

(o) H -'><'|=T 2
—.69_ - 924 95 96 97 98 99 100
?
T s 008
_69 \U 113 115 116 117 118 119 120 121 122 123 124 125 126 —E

N

System qubits Ancilla qubits

13



Measurement-Based Long-Range arXiv:2408.03064
Entangling Gates in Constant Depth

Joint work with Stefan Worner

» These constructions can be combined to construct multi-qubit (parametrized) rotation gates:

Multi-qubit R,, , rotations: Parallel R,, rotations: Generalized fan-out gate:
—————9—| R,(O,) |— r R,(©,) _T_ —|(R.,©
—_ . - é R,(©)) —D-{ R,6) [-P— - UI - -G —ég— B. —%— A, |-
- —Dr—R06) -P-Rr.6)]-P- -} -[C]-P- B 1-P1A]-
- I s 8 0§ &8 3 3
4 AN § ma-b- T 1< g g -
-D-[Rr.0) -Eg—

14



Experimental Results

Fidelity of the fan-out gate

1.0
—e— Measurement-based

Unitary
0.8 1

0.6 1

Fidelity

0.4 -

0.2 1

0.0 ' 1 - - i ' . . i -
5 10 15 20 25 30 35 40 45 50
Number of system qubits n + 1

FIG. 5. Experimental results on ibm_kyiv [13] implementing the
fan-out gate on n 4 1 qubits (2n + 1 total qubits in the measurement-

based implementation).

Fidelity of the long-range CNOT gate

1.0
—— Measurement-based

Unitary
0.8 -

0.6 -

Fidelity

0.4 -

0.2 -

0.0 T 1 T T T T |
5 10 15 20 25 30 35
Number of system qubits n+ 1

FIG. 6. Experimental results on ibm_kyiv [13] implementing the
long-range CNOT gate on n 4+ 1 qubits (2n + 1 total qubits in the
measurement-based implementation).

» The measurement-based protocol outpertorms the unitary one for larger number ot qubits

IBM Quantum / © 2024 IBM Corporation



. . Phys. Rev. Lett. 133, 150602
Quantum Fourier Transform using y
Dynamic Circuits

Joint work with Vinay Tripathi, Alireza Seif, Daniel Lidar & Derek Wang Unitary circuit

» Important subroutine of many quantum algorithms, e.g. Shor’s Algorithm ::;_1_ Ho_oR:_-i-j”_R;H_1_* '
or Quantum Phase Estimation. It is often followed by a measurementand o | ® R (1 0
can then be drastically simplified using dynamic circuits. ° 1 | 0 exp(%F)
¢ ) L 4 1ooo{HHR]- =
> Instead of O(n?) two-qubit gates in the standard unitary circuit, we only &) : *oooA—*- HH=E

require O (n) mid-circuit measurements in the dynamic circuit without

Dynamic circuit
any connectivity constraints. o) [ E—
|2) Bar{H M=)
10— I S . . . . . . | o () o o
| | —o— Dynamlc(W|th DD) 1.0 l l N : : : oo
—<- Dynamic (no DD) =) beSt u ul Ul
o 0.8 AN R g U'ﬁ'i"t'é'f"y'"'('\'i\'/"ifﬁ"'D"'D') """"" § 0.8 4 eV X YEPOItEA SO ] |Y’r’,1> R, R =000 —|R,|-[H|{X |
N | 5 i ] i W
N || ' Unltary (no DD) g_ L&> R R}-0 00 —|R, R,-[H]-[=l=
2 06 b é
= 06~ 1 D2y i
e 3 1
8 041 % 041 b R e R B fH L
o L | | —— Dynamlc(W|th DD)
ol () i | s s s :
0.2 2 : : | | 5 | —-- Dynamlc(no DD)
- L R R e rE—————
0 II : | —— Umtary (Wlth DD)
< 1 | §—o— Unltary (no DD)
0.0 T T T - -t | T i \ i
5 10 15 20 25 30 35 40 0.0 5

10 15 20 25 27 30 35 40
Total number of qubits

Number of qubits n

IBM Quantum / © 2024 IBM Corporation



Experimental Results

* Tovisualize the improvement ot QFT+M with dynamic circuits, we prepare a simple periodic state on 10 qubits
and compare the ideal, unitary and dynamic circuit implementation ot QFT+M applied to that state

Before applying QFT After applying QFT
0.01 7/ 0.30
= el
0.008 - 0.25 s dynaric
= ynitany
= 0.006 =
Q Ie)
< © 0.15
O ‘
é 0004 +=F=F=——f—=—§F— -%6-————— - _§
%010
0.002 - -
0.05
0.00
3 7 11 15 19 23 27 999 1007 1015 1023 256 512 768
Final state

» Implementation with dynamic circuits resembles ideal case, while unitary circuits result in a tlatter distribution

IBM Quantum / © 2024 IBM Corporation



Approximate Quantum Fourier Transform in

Logarithmic Depth on a Line

Joint work with David Sutter & Stefan Worner

arxXiv:2504.20832

Approximate the Quantum Fourier Transform with error € in depth O (log ;2) using only O(n) qubits on a line!

Construction:

For most inputs, we require only two operations:
. Quantum Fourier state computation (QFS):
Je(0)) = 15)|e(b+ j))

ii. Fourier phase estimation (FPE):

6)|9(7)) = 16D 7)|6(5))

together with a Hadamard transtorm and SWAP gates:

PG == [0)]o()) = |6(5))]0)

)0 L5 15)]p(0)) E3

QFT];n1

1BIM Quanium / © 2uZ4 1BIVM Lorporation

|j0>Ao—
|0>BO-
|] 1>A1_
|O>BT
|0>82-

v ep—
|0>-
v )—
|0>:

=1 T )

uni
[A,B]

o)
|0>BO-
i-);
|O>BT'

iz
|0>82-

mn 7O

0

M1 0 TI

A, B]

60,



arxXiv:2504.20832

Quantum Fourier state computation (QFS)

i iy, ip—p—— 000 Y g, i,
|0>B0 Iq)(j)"*>80 |O>B.g— R, - 000 —i |¢0)n,‘>80 |O>BO— R, IG), '>BO
ik i), |j1>A1_T_—’——? 000 —t—p—1— i), i), it T ™ i),
|O>B1 |q>(.i)n.z>81 . coo j:kb(j)q_?)[31 |O>B— R, R, |(1>(j)”2>B1
5% i), 000 i), i),
0 b6, — 000 — 6., —[R [90)-),
: | : - oo : 2 d o
- 2l — co0 — 11— “lina),
o, - [0, —R, i J4—oeee—[R. 60, [0,
ioh,— i, T °cco— 11— li\. i,
), - [k, o), —[R. Ref——[R]~ 0 0 0 —[R]-[R]— K0}, [b01Y,

» Exact QFS: |[j)alo(b))B QFiAB 7)ale(b+17))B

. . . 1 0
» Approximate by neglecting small rotations, I.e. all phase gates Ry := (

0 e27i/2"

) for k > kmax = O(log 2)

N—-1M-1

> Aunitary QFS®) actingon S := {I?,D)ABE € HaBE : |Y)ABE = Z Z O*fj;m|j)z4t|0>B|’””1>E}

7=0 m=0
with dists(QFS 4 5, QFSE?B) < € can be implemented on a line of 2n qubits with nearest-neighbor

connectivity with depth O(log %)

IBM Quantum / © 2024 IBM Corporation



arxXiv:2504.20832

Fourier phase estimation (FPE)

. . FPE B . " Ij°>A_ _|0>A0 |l> an) |O>A
* Exact FPE: ‘b>A‘¢(])>B ‘b D ])A‘qb(]»B 0. ).— — o), [60), )— b 4 001,
| | | . i — oy, i — QT—GP— Q o),
» Approximation: estimate |j) by small, but exact QFTs e - o mgs,— : - o,
L . Yo —lo), . h@; —P— —lo),._
that are applied in parallel on 2k qubits each, where .. —hud, 0.5 21; g sz q Q
o} — 1), oy 2 | — o),
. 60,5 — 160, 00,5, —_© = - F —po.),
k= O(logn) - —o), e Anakim
... >— 00025 190).. >B— + ok ok — 06,
iz« >— —loy, iz )— A o —]o),
l¢u>°>B— F — 00,205, |¢<nv.,.>.“°>8:— Q Q i éP S ...
. C I (¢) ° : 2 IS - T :
> Aunitary FPEY/ with dlSt7:1(£1q) (FPE4B,FPE, ;) <€ - >>8_ E — I¢I<n>> b mabgmle Qr |¢>|<n>>
. . . o — — TR ]2k g 2k L oy
can be implemented on a line of 2n qubits with nearest- |4|>o >>_ A _,qf@m;;;em ,q[m,}f Saar $ $ _K!Uf;_ga
. o . - o ’ o o o o ) : 1o
neighbor connectivity with depth O(log ) e o g . S -
oy— — 1oy, _ - Q i Q oy
[0 h— —[00...%, U Sy - F [0
N—1M-1 o —lo\.. D QT Q - —?— B —o,
| BUT: T8} i={1¥)ase € Hase [W)ase =Y. > Bimli)alé(i))slm)e , "+~ g e e o e Pl
j=0 m=0 oy — o, Ijn)j\’r — = — o),
|Zﬁ ﬁ | . p(n)é v e} [b6) >— —|¢(J)3;n? bG). 2 — ;;( ? ;; |¢(J)>
mBrm| < =6, V7, iy — —1o, . i y— | o), .
= gl TR 00— — o), e GP ] oY,

» need somewhat unitorm inputs

IBM Quantum / © 2024 IBM Corporation



Constructing uniform inputs

* Problem: approximate FPE works for most inputs, but not all

Constructing a somewhat unitorm input 1s guaranteed to work

Requires another operation: Quantum adder (ADD): |b)|c) — |b+ ¢)|c)

arxXiv:2504.20832

as well as a classical register C initialized with two randomly chosen numbers ¢1,¢c2 € {0,..., N—1}

Constructed an adder that can be
implemented on a line of O (n) qubits
with nearest-neighbor connectivity

INn logarithmic depth using dynamic circuits

IBM Quantum / © 2024 IBM Corporation
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Quantum Adder (ADD)

ADD: [b)]e) “B° |b

also equivalent to [¢(7))[o(€ + 7)) — [¢(7))[¢(£))

Draper et al.’s logarithmic-depth quantum carry-

lookahead adder seems to require all-to-all

connectivity

Notice that in each of the O(logn) layers, the
long-range gates are not overlapping and thus we
can use dynamic circuits to implement them in

parallel even ona 1D line

» The ADD mapping can be implemented on a line

of on qubits with nearest-neighbor connectivity

with depth O(logn)

IBM Quantum / © 2024 IBM Corporation

arxXiv:2504.20832
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T. G. Draper, S. A. Kutin, E. M. Rains, and K. M. Svore,
A logarithmic-depth quantum carry-lookahead adder
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Improved Implementation

« AQFT for uniform inputs: A unitary QFT(S). acting on uniform states with  dist ¢(») (QFT, QFT(E)) <e€

uni uni/ —

can be implemented on a line of 2n qubits with nearest-neighbor connectivity with depth O(log 8%)

» AQFT for general inputs: A unitary QFT ) yith dists(QFT 4 5, QFTS}B) < € .can be implemented on a
line of 4n qubits with nearest-neighbor connectivity with depth O(log 75 )

« Use the principle of deferred measurement on the (ideally) uncorrelated ancilla qubits for uncomputation

« Potential optimization: recursively replace small QFTs in the FPE by this approximate QFT to reduce depth

of FPE to O(loglogn) - analysis of errors and trade-offs due to larger pre-factors required

IBM Quantum / © 2024 IBM Corporation
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Conclusion & Outlook

« Dynamic circuits can help overcome connectivity constraints, reduce the depth and thereby drastically

Improve the compilation of quantum algorithms
« Theirettect will become more signiticant as we scale up the number of qubits
» Already now we can see the benefit of leveraging dynamic circuits in optimizing the compilation ot some
quantum algorithms, many more applications to explore!
» Improved compilation to overcome current limitations ot hardware

» Optimizing the resources required in the tfault-tolerant compilation

Thank you for your attention!

IBM Quantum / © 2024 IBM Corporation



	Slide 1: Dynamic Circuits for Efficient Quantum Computation
	Slide 2: Key milestones in bringing useful quantum computing to the world
	Slide 3: Utility vs. Advantage
	Slide 4: What is quantum advantage?
	Slide 5
	Slide 6: IBM fault-tolerant quantum computing roadmap
	Slide 7
	Slide 8: What are Dynamic Circuits?
	Slide 9: Why Dynamic Circuits?
	Slide 10: Dynamic Circuits for  Long-Range Entanglement
	Slide 11: Dynamic Circuits for  Long-Range Entanglement
	Slide 12: Experimental Results
	Slide 13: Measurement-Based Long-Range Entangling Gates in Constant Depth 
	Slide 14: Measurement-Based Long-Range Entangling Gates in Constant Depth 
	Slide 15: Experimental Results
	Slide 17: Quantum Fourier Transform using Dynamic Circuits
	Slide 18: Experimental Results
	Slide 19: Approximate Quantum Fourier Transform in Logarithmic Depth on a Line
	Slide 20: Quantum Fourier state computation (QFS)
	Slide 21: Fourier phase estimation (FPE)
	Slide 22: Constructing uniform inputs
	Slide 23: Quantum Adder (ADD)
	Slide 24: Improved Implementation
	Slide 25: Conclusion & Outlook

