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‘ Why Quantum Computing? "jll

Fundamentally change what is computable

o The only means to potentially scale computation exponentially with the number of devices
Solve currently intractable problems in chemistry, simulation, and optimization

o Could lead to new nanoscale materials, better photovoltaics, better nitrogen fixation, and more

A new industry and scaling curve to accelerate key applications

o Not a full replacement for Moore’s Law, but perhaps helps in key domains
Lead to more insights in classical computing

o Previous insights in chemistry, physics and cryptography

o Challenge classical algorithms to compete w/ quantum algorithms




‘ Why Now?

Now is a privileged time in the history of science and technology, as we
are witnessing the opening of the NISQ era (where NISQ = noisy
intermediate-scale quantum).

— John Preskill, Caltech

~

IBM Infleqgtion Quantinuum
\ 133 superconductor qubits 100+ neutral atom qubits 56 atomic ion qubits /




g The EPiQC Goal

Co-design algorithms, software, and hardware to close the gap between
u algorithms and devices by 100-1000X, accelerating QC by 10-20 years.
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| EPIQC NSF Expedition (2018-2024)

s Many optimizations, each 2-10X, up to 10000X
s 150+ papers, 9 best paper awards
s 21 PhDs -> 7 faculty

s 7 patents pending

-
SUPER.TECH

s 1 startup o

s 1 textbook, 5 EdX courses — ax

s Techniques integrated into IBM QISKit, Google Cirq, Intel Quantum
Compiler, Rigetti Pyquil, CQC TKET, ORNL XACC and QCOR

OAK

(intel>‘ rigetti C@: RIDGE

National Laboratory
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| Quantum Bits (qubit) R

® ! — 1)
Classical Bit Qubit
= 1 qubit probabilistically represents 2 states
a> = Co|0> + Cy|1>
= Every additional qubit doubles # states
[ab> = C;,(|00> + C,,|01> +
Ciol10> +Cyy[11>

= "Parallelism" on an exponential number of states

s But measurement collapses qubits to single classical values
m Noise in computation and measurement

F. Chong -- QC



‘ Neutral Atom Quantum Computer
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Swurface code

X. Fu et al. (2017)
arXiv:1708.07677

Shortcut

Quantum Software: Please break absiraction layers!

> Stack:rigid layers + interfaces

[> Benefits
« Taming
complexity

[> Problems

* Lost opportunities for optimization

* QC stack + layers change

> We should compile to

hardware primitives.
Physics first.

© Infleqtion 2023
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‘ Scalability vs Deep Op

Quantum Computing in the Cloud: Analyzing job and machine characteristics. ISWC 2021: 39-50

Gokul Subramanian Ravi, Kaitlin N. Smith, Pranav Gokhale, Frederic T. Chong:



‘ Hybrid Quantum-Classical Computing:
Contest of Exponentials

A A

Net Gain

Quantum Advantage

Tim
e

Classical Computation

v

Problem Size
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The Secret Menu of Quantum Hardware

© Infleqtion 2023



Enchirito g#ifgﬂle?‘ Quesarito
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4 MENU )

Item Price

1. NOT 0.1% error

2. RZ(0) 0.01% error
3. CNOT Market price

No substitutions permitted.

| SECRET HARDWARE PRIMITIVE MENU ‘

4. CR(0O) 0.4% error
5. Parametric ei®%Z ~10% * 6/n
6. |1>-> |2> qutrit transition 0.3% error

Cddi‘rional options available—ask your friendly physicist.

© Infleqtion 2023



1. Swap Gates and ECA

Optimized SWAP networks with equivalent circuit averaging for QAOA, Akel
Hashim , Rich Rines, Victory Omole, Ravi K. Naik, John Mark Kreikebaum,
David |. Santiago, Frederic T. Chong, Irfan Siddiqgi, and Pranav Gokhale.
Physical Review Research 4, 033028

A @ Inflegtion
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| Advanced Quantum Testbed (AQT)

Single-qubit gates: Xr/2]— (Rabi, 30ns)

—.— (virtual)

Entangling gates: Parallel gate performance:

9 CZ;5: 200ns © CZg7: 200ns
I\ CSLE,: 150ns | CSgJ: 150ns
®© O
CZs6: 200ns
o o CSs6: 150ns

gate time 30ns 200ns 200ns 150ns  150ns

€r (102)  0.19(8) 1.09(9) 2.3(1) 0.68(9) 1.07(9)

Photo: A. Hashim, et al., Randomized compiling for scalable quantum computing on a noisy superconducting quantum
processor, arXiv:2010.00215 (2020).



Application: QAOA for Weighted Max-Cut

Problem: Max-cut on a fully connected graph, edge weights € {-1, 1}

\
|O> H et1Jo1 etridis Xﬁl o / +1
0) 1 H : . X,
62’71J03 61’71J12
|0> H iy1J2s iy1Joz2 Xﬁl -
o) {EH- e Xoul— - |+
| 4 A
et : : e = ZZ-SWAP(0)
1 0 0
o . _ |0 o €? 0
= Efficiently mapped to linear topology ~ lo e? 0 o
0 0 0 1




| Equivalent Circuit Applications

Optimized Scheduling:

® [teratively select decompositions to maximize
prior gate cancellation

Equivalent Circuit Average
(ECA):

® Randomly select decompositions to generate M
logically equivalent circuits, to mitigate coherent
error

ECA + Optimized scheduling:

® Only randomize over decompositions minimizing
critical path depth

X/ . L fr/2|
—IJX,.,T/-J JX'.,T/Q’—I—Z yv—| X,-r/_. n/-

32 unique CZ-CZ-CZ decompositions

X /2 (X 7/2] Zsr/a
—Pﬁw/z X7 /2 |-o— 2y sHZsmja- X }—
64 unique CZ-CZ-CS decompositions

0 — - eiG

P P

F—  —Zo—Z-p—
Jn
L/

—Z, 7 g

2 commutation rules




QAOQOA, p = 1:
0){H i X,
i N N E X
|0> H :I:e - i :[e - X,
|0> I :[e 1 ]:e 1 Xﬂl

+ Gate/schedule opt.: 30% error reduction
« ECA-OPT (M=20): 60% error reduction (TVD)

QAOQOA, p = 2:
10){H - i Xp, i e X,
0) 1 H ]:e - ]: -im1 ]:e - :[ iy Xon :[e - I -2 :[e - ]: -2 X |—
08 P P o P P o iy
07 € e X5 e e X,

« Gate/schedule opt.: 7% error reduction
« ECA-OPT (M=20): 30% error reduction

| ECA + Optimized Scheduling on the AQT
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2. Supersta()

»  SuperstaQ: Deep Optimization of Quantum Program, Colin Campbell,
Frederic T. Chong, Denny Dahl, Paige Frederick, Palash Goiporia, Pranav
Gokhale, Benjamin Hall, Salahedeen Issa, Eric Jones, Stephanie Lee,
Andrew Litteken, Victory Omole, David Owusu-Antwi, Michael A. Perlin,
Rich Rines, Kaitlin N. Smith, Noah Goss, Akel Hashim, Ravi Naik, Ed
Younis, Daniel Lobser, Christopher C. Yale, Benchen Huang, Ji Liu. In the
IEEE International Conference on Quantum Computing and Engineering,
2023.

@) Inflegtion A&T < AIDE | QC >




‘ Context-aware DD Approach

» The device graph informs the schedule of dynamical decoupling sequences
« DD pulses are limited to fixed points at constant intervals, determined by graph
coloring, to mitigate unwanted qubit-qubit interaction (i.e. parasitic ZZ coupling)

© Infleqtion 2023



Superstaq Case Study: :

6q BV

Superstaq improvements:
» 2.62x fidelity
« 24.63x relative strength

Superstaq
3200
3200 A1
Fidelity
~80%
2400 -
—
[ =
3
8 1600 -
800 -
186
110 135
ol 1126221171143 9611044 %245 4
ONNONONONONONONONONONONONONON
SO0C 000000000 OSSOSO
QONONOONNOONNOO~NNOONNOONNOONN
S RS S S S S S5 SR
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Note: distribution 5|Esfr|ng differences due o Ioglcal fo pl in|caI QUBIE mapping

© Infleqtion 2023
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3 SuperstaQQ: Bring Your Own Gates

Unitaries for Native Gates

|

superstal)

\V/

B~ SKit

1.0
0.5 4
-0.5
-1.0 T T T T T
0 1 2 3 4 5

1.0
0.5 1
-0.5 4
-1.0 T T T
0 1 2 3
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| Quitrit Swap (73.5% Fidelity)
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1.

Direct-to-Pulse Compilation

Optimized Compilation of Aggregated Instructions for Realistic Quantum
Computers, Yunong Shi, Nelson Leung, Pranav Gokhale, Zane Rossi,
David I. Schuster, Henry Hoffman, Frederic T. Chong, International
Conference on Architectural Support for Programming Languages and
Operating Systems (ASPLOS '19)

Partial Compilation of Variational Algorithms for Noisy Intermediate-Scale
Quantum Machines, Pranav Gokhale, Yongshan Ding, Thomas Propson,
Christopher Winkler, Nelson Leung, Yunong Shi, David I. Schuster, Henry
Hoffmann, Frederic T. Chong, International Symposium on
Microarchitecture (MICRO ’19)

Quantum Compilation for NISQ Algorithms with Pulse-Backed Augmented
Basis Gates, Pranav Gokhale, Ali Javadi-Abhari, Nathan Earnest, Yunong

Shi, and Frederic T. Chong. The International Symposium on
Microarchitecture (MICRO ‘20)

24



‘ Gates vs Pulses

Quantu m Gate based compilation pulses for instruction G,

Assembly

CNOT g1, g2
Quantum RZ11, q2 -

.

— My

Hiy

 Hzziyy [
\

Amplitude (GHz)

Fl ' ‘ | \} ;
Function CNOT g1, g2 ol |
SWAP q 1 ’ q2 % 16 32 48 61 80 96 112 128 144
Time (ns)
7 (c)
[ -R-.- 1717 i Optimized pulses for instruction G,

D v 6

= 4t — M=z

5 P — My

[] /11'1

. ° 0F
Dlr .g [l.,'
eCt tO Pu I 821 . ’ 1
Se 5 4l Mz +yy |
B 60 16 3l2 4‘8 6A4 8|O 9‘6 1 i2 1 58 1 1114
Time (ns)
(d)
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‘ Direct-to-Pulse Results

= 2X to 10X faster

= But it can take hours to
compile a program before
we can run it

= Thisis a problem for an
important class of
algorithms that alternates
between classical and
gquantum computing

26



| Variational Quantum Algorithms

i

. |
Loops 1000s of times
|
{ Pulse optimization ]< l[ New trial parameters ] |
I i
p = !
/ Quantum \ / Classica \ |
‘ ' H
hardware hardware :
; ! .
“Parameterized circuit” “Gradient descent” |
- _, : X —H]
Input parameters: 8 Next guess: 8’ |
|
______________ l
l T!_%a@b_f?r Emin ||

_____________________________________________________________

\Evaluate:E[é]/| ﬁ >\ (6,E[8]) j |

{ Output (5, Emin[é]) after }

sufficient iterations.




' Flexible Partial Compilation

Flexible Partial Compilation

’_ -------------- \

\

Fixed

el = = === == =

Rz (91 )

Fixed

A
[
[
[
[
I
[

/1

6,-dependent

- e o oy
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| Partial Compilation Results

= 2X pulse speedups

= 10-80x faster compilation than
previous method

= 2 patents pending

= The key was to break the
abstraction of machine
instructions and target pulses

29



2. Qutrits instead of Ancilla

= Asymptotic Improvements to Quantum Circuits via Qutrits, Pranav
Gokhale, Jonathan Baker, Casey Duckering, Natalie Brown, Ken Brown,
and Frederic T. Chong. International Symposium on Computer
Architecture (ISCA “19) (QIP Best Poster, 3 of 480)

« Efficient Quantum Circuit Decompositions via Intermediate Qudits,
Jonathan M. Baker, Casey Duckering, Frederic T. Chong. International
Symposium on Multi-Valued Logic (ISMVL’20)

= Extending the Frontier of Quantum Computers with Qutrits, P. Gokhale,
J.M. Baker, C. Duckering, N.C. Brown, K.R. Brown, F.T.Chong. IEEE
Micro Top Picks in Computer Architecture (2020)

= Improved Quantum Circuits via Intermediate Qutrits, Jonathan Baker,
Pranav Gokhale, Casey Duckering, Natalie Brown, Ken Brown, and
Frederic T. Chong. ACM Transactions on Quantum Computing (2020).

30



‘ Qutrits versus Qubits

= Store 3 values instead of 2 in each 1.5,
hardware device

= 3-level logic is not new, but makes
more sense for quantum devices

= Especially useful for programs that
need some extra quantum bits to be
more efficient (some temporary
space)

[Koch 07]

31



| Qutrit Results

. Fewer devices needed I Plots: |0 l1= |2= States

2 Up to 70X reduction for 2 . :I??,... T
some programs " R

. Alot of interest from WA+
hardware platforms 5 -os [ i, 11>
2 IBM OpenPulse = | BT
experiment o - )
. Also won the “Top Picks” 25| Finish cycle <5+ Start cycle
best papers for 2019 =
award X s

Qla.u.]
= The key was to break the

binary abstraction [Gokhale Micro20]
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3.

Ququart Gates and Compilation

Time-Efficient Qudit Gates through Incremental Pulse Re-seeding, Lennart
Maximilian Seifert, Jason Chadwick, Andrew Litteken, Frederic T. Chong
and Jonathan M. Baker. IEEE International Conference on Quantum
Computing and Engineering, 2022.

Qompress: Efficient Compilation for Ququarts Exploiting Partial and Mixed
Radix Operations for Communication Reduction, A. Litteken, L. Seifert, J.
Chadwick, N. Nottingham, F. Chong, and J. Baker. International
Symposium on Architectural Support for Programming Languages and
Operating Systems (ASPLOS), 2023.

Dancing the Quantum Waltz: Compiling Three-Qubit Gates on Four-Level
Architectures, Andrew Litteken, Lennart Maximilian Seifert, Jason
Chadwick, Natalia Nottingham, Tanay, Zigian Li, David Schuster, Frederic
T. Chong, and Jonathan M Baker. International Symposium on Computer
Architecture (ISCA), 2023.

33



‘ Motivation

. Ququarts would give more general
compression/decompression and fast qubit
operations inside a ququart

. Theory predicts quadratic scaling of gate
duration with radix

. Maybe pulse implementation would be better...

34



Quantum optimal control for qudits

« Example: QOC for X,, F = 99.9%
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Pulse duration minimization using IPR

» Time-optimized pulse duration scaling: Single-qudit gates

* Observe near-linear scaling up to d = 8 qudits

2001 Xa o X ' Hy Ty
8 gl | | lincar 7 + T
E e quadratic e P
T 307, - 1 e
0 - o y SR
2 3 4 » 67 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8d




| Qudit Conclusion

» Near-linear scaling in practical qudit regime d < 8

* Enables upcoming compiler optimizations allowing
2X device savings with comparable fidelity




| Qudit Conclusion

* Near-linear scaling in practical qudit regime d < 8

» Enables compiler optimizations allowing 2X device savings with
comparable fidelity (Qompress ASPLOS23)

» Enables ququart-qubit Toffoli (Quantum Waltz ISCA23)

:f

q d-, 4z
qo ®(q,
4z Qubit Only Toffoli=2105 ns Mixed Radix Toffoli=412 ns
8 2-Qubit Gates I 2-Qudit Gate

3 Physical Devices 2 Physical Devices




‘ 2. Virtualized Logical Qubits

. “Virtualized Logical Qubits: A 2.5D
Architecture for Error-Corrected Quantum
Computing,” Casey Duckering, Jonathan
Baker, David Schuster, Frederic T.
Chong. Micro 2020. Micro Top Pick
2021.
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| Vlrtuahzed Logical Qubits

— _ data

llllllllllllllllllllllll /\/\
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Virtualize logical qubits by storing them in memory layers
Physical 2D address, virtual 2D+mode index

Load to apply error correction and to compute




' Transversal CNOT

Not possible in 2D = [
6x faster LTl Il e

mode 2l © \ logical
No measurements i . |target

Verified with process
tomography




| Compact Version

Use each transmon for both
data and ancilla qubits

Same hardware connectivity

Saves 2x transmons

Slower and requires more
memory aCCeSSGS With adjusted coordinates




‘ VLQ Summary 'T”r

« We virtualize logical qubits with memory separate but local to
computation

=« 10x reduction in transmon qubits and control hardware

= Minimum proof of concept for 10 logical qubits requires only
11 transmons and 9 cavities.

« The key was to go beyond 2 dimensions and match the
computation to the architecture




Interleaved Logical Qubits in Atom Arrays

3X faster using
transversal gates

J. Viszlai, S. F. Lin, S. Dangwal, C. Bradley, V. Ramesh, J. M. Baker, H. Bernien, and F. T.
Chong, “Interleaved Logical Qubits in Atom Arrays,” presented at the 2025 IEEE

International Symposium on High-Performance Computer Architecture (HPCA), March.
2025.




Hybrid Quantum-Classical
Computations

20:22
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Quancorde: Boosting fidelity with Quantum Canary Ordered Diverse Ensembles

H H Any Available Machine
Target Circuit Noisy Diverse Q Ensemble - eneing

Boosting Q Output

. Quancorde Boosted Fidelity
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Gokul Subramanian Ravi, Jonathan Baker, Kaitlin
Smith, Nathan Earnest, Ali Javadi-Abhari, Frederic
Chong. ICRC, December 2022 (Selected Highlight Paper)




Classical

Classical discrete search:

\

Quantum continuous search:
= Noisy evaluation

CAFQA: A classical simulation bootstrap for variational quantum algorithms

Quantum

~

« ldeal evaluation
« Fast evaluation each iteration « Fast evaluation each iteration
«  Scalable only in the Clifford space Scalable across the full parameter space
- Efficient discrete search (Bayesian Optimization) Efficient continuous search (eg. SPSA)
nimize: inimize:
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Gokul Subramanian Ravi, Pranav Gokhale, Yi Ding, William M. Kirby, Kaitlin N. Smith, Jonathan M.
Baker, Peter J. Love, Henry Hoffmann, Kenneth R. Brown, Frederic T. Chong. ASPLOS, March 2023.




Energy

Clapton: Clifford-Assisted Problem Transformation for
Error Mitigation in Variational Quantum Algorithms (VQAS)

~
4 H=3YXZY +2XXZY min: update ~ using
+5YZZX + XYXY classical optimizer
+8ZZYX+T7ZXYZ

@
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l:.n('ﬂ i
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L. M. Seifert, S. Dangwal, F. T. Chong, and G. S. Ravi, “Clapton: Clifford-
Clapton Assisted Problem Transformation for Error Mitigation in Variational Quantum
Algorithms,” ASPLOS’25.
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‘ Quantum-classical cancer biomarker discovery

+ Biomarkers are measurable features that indicate clinically relevant states or outcomes
+ E.g., cancer tissue of origin or treatment response

* Interpretable biomarkers lead to:
» Easier clinical deployment, elimination of spurious correlations, better biological understanding

Our project focuses on
measurable features from
three modalities:

His’rolog& images of
tumors (pathomics)

» Current approaches tend to focus on just a single data modality, and rely on...
1. Complex, many-parameter models leading to limited interpretability and clinical deployment, or
2. Extremely simplistic models (2 or 3 features) leading to many misses (false positives and negatives)

+ Challenge 1: Sample scarcity and need for interpretability both motivate feature selection as an approach, which
is computationally hard classically

« Challenge 2: Higher-order relationships across features (inter- and intra-modality) should ideally be accounted for
in feature selection — also computationally hard classically

A quantum computing framework allows us to design a feature selection framework that meets both challenges.
With huge potential for biomedical impact by identifying interpretable and informative features sets as biomarkers.
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Qubit Two-qubit
Coherence Gate Qubits Companfes

Time(sec) | Fidenty | Comnected
Natural Qubits
Trapped lons
Electrically charged atoms,
or lons, are held In place Very stable.
with electric fields. Qublts lonQ. Quantinuum. Highast Slow operation.
»1000 99.9% High AQT Oxford lonics, Mary lasers are
are stored In electronic Universal Quantum achieved gate needad
states. lons are pushad with fidalties. )
laser beams to allow the
qubits toInteract.
Neutral Atoms Hard to
Neutral atoms, lke lons, Very high: program and
stare qubits within elec- 1 25% low cuhflsq"gon. Ok:g‘a Many qubits, 20 control
tronic states. Laser activates Individual Pa':al ;‘i‘n Wz | 3nd maybe 30 Individual
tha electrons to craate control : o qubits: prane to
Interaction between qubits. nalse.
Photonics
Phatonic qubits are sent E’a:nprr:sglr;m
through a maze of optical Uneer optical
channels on a chip to Inter- - - - Fafuentum, gates, inte- own chip with
Xanadu unigque optical
act. At the end of the maze, grated cn-chip. channels. No
the distrbution of photans Is mema
measured as output. V-
Diamond Vacancies
A rnitrogen atomand a cOImcuI;‘tgt:‘
vacancy add an electron to a Quantum Diamond | Can cperate at s of
diamond lattice. Its quantum 0 992% Low Technologles, rcom tempeara- bits, Iimitin
spin state, along with those Quantum Brilliance tura. Lo compute J
aof nearby carbon nuclel, can - a‘:'it
be controlled with light Pacy.
Superconducting
Circuits Must be
clses back and forth Google BM.aCL | Canlayout | LT
round acivrut loos 0.00005 999% High Rigett, Oxford physical cir- High variebilty
P Quantum Creults | cults onchip. g
Injected microwave signal In fabrication. .
et e o hrmn 5 Year Update to the Next Steps in
super-position states.
oyt tum Computing Report
e p—— . o Quantum Computing Repor
These “artificlal atoms” are e Borrows N
Oxford Quantum Hust be cooled
mads by adding an electron from existing
003 -09% Very Low Ocean DIRAQ to near
to a smal plece of pure sili- i Quantum Mation. semiconductar absolute zero.
can. Microwaves control the Eerod Industry. High variabilty
electron’s quantum state. lnufabrlcanm
Topological Qubits
Quasipartkles can be seen Dest
gned to be
T n m:ee:m;;e;ec:ms = = = Microsoft mare robustto | Existence not
Time conductor structures. Thelr w':ﬂm yet confirmed.
brakded paths can encode )
quantum Information.
A summary of some of tha leading quantum Information tachnologles and thelr characteristics. Table modified from Gabriel Popkin, Quast for
qubits. Sclence 354, 1090-109(2016). DOI10.N26/science.354 6216.10 90. J




Unlocking True Commercial Advantage

Designing data center ready solutions atscale

2024 2026 2028
Error Detection Error Correction Commercial Advantage
c Dual-species crosstalk- free Logical circuit depth > 1000 ; —_ -
Log ical Performance measurement Universal quantum ga te set oG = e
logicalOperations Rate 10,000/sec 100,000/sec
Physical qubits 1600 8,000 40,000
F=) 20(CZ: 9950% 99.90% 99 .95%
© Local1Q: 9990% 99.95% 99 95%
E Global 1Q: 9999% 99.99% 99.99%
Tooling (acvv) for verifying Opiimized compilation of Exponentalspeedup
Software faull-toleraniproperies faulil- lolerantcircuits demonsiration
Enabling technoloqgi Opimized laser Advanced phoionic beam sieerin REETIE CEl)
nabling technologies pulse modulaiion p g reloading
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| Summary

« QC is at a historic time
= Physics-aware, full-stack o |
SW can greatly accelerate S / femputer
ot Systems
P rog ress PEEIES U Rescarch for Noisy
« Hybrid quantum-classical s Goirasese
compute will be key

= More info:
epigc.cs.uchicago.edu

infleqtion.com

52



| EPIQC Alum

Yongshan Ding (Yale)
Quantum RAM,
Crosstalk mitigation,
Qubit reuse,

Synthesis book

Kaitlin Smith (Northwestern)
Modular architectures,

Qudit circuits,

Information leakage

Prakash Murali (Cambridge)
Noise-aware mapping,
Design-space studies,
Resource estimation

Jonathan Baker (UT Austin)
Qudit circuits,

Memory architectures,

2.5D error correction,

Circuit mapping/sched

Gokul Ravi (Michigan)
Cross-layer optimization,
Hybrid quantum-classical,
Error mitigation

Poulami Das (UT Austin)
Error mitigation,

QEC decoding,
Variational algorithms

Saeed Mehraban (Tufts)
Complexity theory,

NISQ computation,
Holomorphic QC
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‘ Upcoming Graduates

Siddharth Dangwal 2026
Partial QEC,

Measurement error mitigation,
Scalable noise simulation

Joshua Viszlai 2026
QEC-HW co-design,
Efficient QEC decoding,
QLDPC memories
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