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Presenter Notes
Presentation Notes
My goal today is to convince you that quantum computing is at a historic time, that there are exciting problems to be solved, and that computer architects are critically needed to solve those problems.

Many of the ideas I will talk about today come from discussions with the EPiQC team, a new NSF Expedtion in Computing
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‘ Why Quantum Architecture? |
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‘ Quantum Ecosystem
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Presenter Notes
Presentation Notes
Why focus on quantum computing?  Perhaps the largest potential impact of quantum computation is to fundamentally change what is computable.  Quantum computing is the only method by which we can potentially scale computation exponentially with the number of devices.  This scaling may allow us to soon solve currently intractable problems in chemistry, simulation, and optimization.

Successful demonstration of practical quantum computation would also lead to a new quantum computing industry and provide a new means of scaling computation for specific key applications.  As Moore’s Law slows, quantum scaling may become an important technique for some applications.

Research in quantum computing also has led to insights in other sciences, notably chemistry, physics, and classical cryptography.  Furthermore, progress in quantum algorithms challenges classical algorithms to do better.

Quantum algorithms also promote a healthy competition with classical algorithms, spurring improvements on the classical side


B
‘ Why Quantum Computing? "'/l‘l

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



Presenter Notes
Presentation Notes
Why focus on quantum computing?  Perhaps the largest potential impact of quantum computation is to fundamentally change what is computable.  Quantum computing is the only method by which we can potentially scale computation exponentially with the number of devices.  This scaling may allow us to soon solve currently intractable problems in chemistry, simulation, and optimization.

Successful demonstration of practical quantum computation would also lead to a new quantum computing industry and provide a new means of scaling computation for specific key applications.  As Moore’s Law slows, quantum scaling may become an important technique for some applications.

Research in quantum computing also has led to insights in other sciences, notably chemistry, physics, and classical cryptography.  Furthermore, progress in quantum algorithms challenges classical algorithms to do better.

Quantum algorithms also promote a healthy competition with classical algorithms, spurring improvements on the classical side


| 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 Inflegtion Quantinuum
\ 133 superconductor qubits 100+ neutral atom qubits 56 atomic ion qubits /




i The EPiQC Goal

Co-design algorithms, software, and hardware to close the gap between
\ algorithms and devices by 100-1000X, accelerating QC by 10-20 years.

) Shor’s Algo (FT): ~10°,~107°
\ Grover’s Algo (FT): ~10°,~10~°
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| EPIQC NSF Expedition (2018-2024)

= Many optimizations, each 2-10X, up to 10000X

= 150+ papers, 10 best paper awards

« 21PhDs->7faculty (@) Inflegtion %

= 1 startup SUPER.TECH
-

= 1 textbook, 5 EdX courses aj}{

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

OAK

 Cirq (I@ rigetti (L %‘RIDGE

1al Labor

8



0)

| Quantum Bits (qubit) 0 A

) 0+ 1)

S

® ! 1)
Classical Bit Qubit
= | qubit probabilistically represents 2 states
2> = C,j0> + C,[1>
= Every additional qubit doubles # states
lab> = C,,|00> + C,,|01> +
Ciol 10> +Cyy[11>

= "Parallelism" on an exponential number of states
s But measurement collapses qubits to single classical values
= Noise in computation and measurement

F. Chong -- QC



‘ Neutral Atom Quantum Computer

a b o
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X. Fu et al. (20] 7) Shortcut
arXiv:1708.07677

Quantum Software: Please break abstraction layers!

> Stack:rigid layers + inferfaces
[> 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
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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

Classical Computation

v

Problem Size

13



The Secret Menu of Quantum Hardware

© Infleqtion 2023
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Presentation Notes
Some of you are who are visiting from abroad...


Enchirito gﬁgﬂg Quesarito

© Infleqtion 2023



4 MENU )

Item Price
1. NOT 0.1% error
2. RZ(©) 0.01% error
3. CNOT Market price
No substitutions permitted.
( SECRET HARDWARE PRIMITIVE MENU |
4. CR(O) 0.4% error
5. Parametric e ®ZZ ~1.0% * 6/«
6. |1> -> |2> qutrit transition 0.3% error

Cddiﬁonal options available—ask your friendly physicist.

© Infleqtion 2023


Presenter Notes
Presentation Notes
In first half of this talk, I have 7 examples

 so rather than try to cram all 7, I'm going to do a deep dive on 1 of them and then cram in 6.


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

17



| Advanced Quantum Testbed (AQT)

Single-qubit gates:  —{X~/2]— (Rabj,
—Z8— {iRdk
Entangling gates: ) Parallel gate performance:
9 Ccz;5: 200ns © CZsr: 200ns
o CSls: 150ms o CS{,: 150ns 1
:I: I
CZse: 200ns

: G
I I

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

) 07y 08516 : 150ns

€; (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}

. \
|0> H i xe T X,Bl — P +1
:gi H : etmdos etmdiz i iﬁl
H ) ) B1 -
|O> = erlhs einJoz XIBI ( +1
-
et E i e = ZZ-SWAP(0)
ﬁ_
1 0 0 0
0 0 €% 0
= Efficiently mapped to linear topology - (0 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

'_| *Kp-rr/'l'. *x-rr/'l '-
32 unique CZ-CZ-CZ decompositions

Z51'I.‘/4
_|er/2 :IT/Z Zx . Z5ﬂ'/4 X:

64 unique CZ-CZ-CS decompositions

Z_(p —

e?,ﬂ — 819

—Z0;

b P

$H — Zy =
T
\L/

Z_g9—

2 commutation rules




]

QAOA, p=1:

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

10)
10)
10)
10)

T R

ein ) P §ﬁ1
i cn
]:e- Y1 ;[f, Y1 X'Bl

30% error reduction

QAOA, p=2:
|U) H P i1 Xﬁl 7 -iya 2 Xﬁz
|0) H le - :[ -1 le - :[ -t X'Bl le - :[ -ty :J;e - ]: =iy Xﬁz
|O) H I -iy1 - I i - X'Gl :[ iz - I -tz - Xﬁ2
10) 4 1 E = X, —E = X5,

[T 11

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

\
4

ECA + Optimized Scheduling on the AQT
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0.

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)

22



‘ (Gates vs Pulses

Quantu m Gate based compilation pulses for instruction G,

Assembly

CNOT g1, g2
Quantum RZ t1, g2 —

Function CNOT q1, g2 » o
SWAP q1, q2 0 16 32 48 ﬁ_}iimesz]ns)% 112 128 144

Amplitude (GHz)

(c)
AR D 6 Optimized pulses for instruction G,
L 2|\ T T T T T v T
:j::]'- 4 M
T My
S 2 v
@« Hiz
. o 0O
Dj E s
rect to p =B y
UIse 5 4 T Har4wy
_60 16 32 48 64 RO 96 112 128 144 .
Time (ns)
(d)

23



‘ Direct-to-Pulse Results

= 2X to 10X faster

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

=« [hisis a problem for an
important class of
algorithms that alternates
between classical and
quantum computing

24



B ST .
| Variational Quantum Algorithms

e e —— = —

Variational Algorithm

[ Pulse optimization ]<

Iji

W

l

-

/ Quantum \
hardware

“Parameterized circuit”

Input parameters: 6

______________________

\_ Evaluate: E[f] ) >\
|

I[ New trial parameters ]

/

“Gradient descent”

{}
=

Next guess: 8’

{ Output (5, Emin[é]) after

sufficient iterations.

______________________m_ -

4

Loops 1000s of times

X

HH R0 |



Presenter Notes
Presentation Notes
Here is a schematic summary of a variational quantum algorithm. The left box describes an execution of a quantum program (for example, the circuit on the right hand side), for a choice of theta vector over the variational parameters. On the right, a classical optimizer suggests the theta vector for the next iteration. And this procedure loops 1000s of times.


- ' Flexible Partial Compilation

Flexible Partial Compilation
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Presenter Notes
Presentation Notes
We also thought about getting two or more angles in a block, but found the best results for hyperparameter tuning using single angle blocks.

So again to sum up, with flexible partial compilation, we take a variational quantum circuit and slice it into pieces that only depend on one parameter. Then we pre-compute good hyperparameters for that each slice, and that at runtime, when we know the actual parameters, GRAPE will converge very fast.


| Partial Compilation Results

s 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

27



3, 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 Quitrits, 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).

28



‘ Qutrits versus Qubits

= Store 3 values instead of 2 in each 15,
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]

29



| Qutrit Results

. Fewer devices needed

a2 Up to 70X reduction for
some programs

- A lot of interest from
hardware platforms

2 IBM OpenPulse
experiment

- Also won the “Top Picks”
best papers for 2019
award

= The key was to break the
binary abstraction

)

Ila.

1Q Plots: |0>, |1>, |2> states

0.5 1
0.0 1
—0.5 4
—1.0

-1.54

10>

0.5 1.0 2.0

Q [a.u.]

[Gokhale+ Micro20]

2.5
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4.

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.

31



‘ 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...

32



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 Xt:; . Hy P iy

= o ya o -
=150 7 .
5 A ! -~ linear A .
= 100 » adratie ¥
= § quadratic e
= B %
= 50 1 it -~ _ » —

0 rd ::f. = —'- "’""I: ! - f?‘ T T >
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| 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 ASPLOSZ23)

« Enables ququart-qubit Toffoli (Quantum Waltz ISCA23)

5 6

d.
(o ®¥
Qubit Only Toffoli=2105 ns Mixed Radix Toffoli=412 ns

8 2-Qubit Gates 1 2-Qudit Gate
3 Physical Devices 2 Physical Devices




5. 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.

37



‘ Vlrtuahzed Loglcal Qublts

ancilla

mode 1} = |

qubit

- - - - - o } logical

mode k| = -

-—
— — — — —

cavity  cavity

Virtualize logical qubits by storing them in memory layers

Physical 2D address, virtual 2D+mode index

Load to apply error correction and to compute



Presenter Notes
Presentation Notes
Slice up the grid
Tile this image in 2D
DRAM refresh
Virtualize 3D mode coordinate
2D coordinate is the physical address used for computation

vs. embedding the 2D plane by folding.

This is the high level now I’ll go into how this is used and it’s benefits


h | Transversal CNOT

Not possible in 2D
ox faster
No measurements

Verified with process
tomography

mode z

| D

7

. e
-I-../' “-‘-"“'-_/

£ 1 y

Sle

|
|

logical
control

CNOT gate

logical
target



Presenter Notes
Presentation Notes
Move then transversal CNOT
Higher connectivity, fewer extra qubits needed for routing

*To learn about our compact variant which saves 2x transmon qubits, see the paper.


B )
| Compact Version

Use each transmon for both
data and ancilla qubits

Same hardware connectivity

Saves 2x transmons

Slower and requires more
memory accesSsSesS With adjusted coordinates



Presenter Notes
Presentation Notes
Does not affect logical operations
More details on memory access cost later
Very reasonable cost


| VLQ Summary mgﬁg"T[Tl

« 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



Presenter Notes
Presentation Notes
***Realizable quantum error correction protocols are a critical step in the path towards fault tolerant quantum computing.
***We set out to exploit memory in a 2.5D architecture and we achieved a compact scalable architecture with some nice extra benefits.

New memory architecture, beginning to separate memory from computation in quantum systems.
Allowing error correction to be realized sooner on small architectures
Promising path towards scaling
*We hope this guides further efforts in qubit-local memory technologies

Biggest downside, hopefully convinced

Correlated errors?  Not a problem.
(Cavity isolation widget)

We hope this work motivates further experimental efforts and prompts industry to adopt and scale-up this architecture.


6. 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.




‘ 7. Partial Error Correction
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“Variational Quantum Algorithms in the Era of Early Fault Tolerance,” S. Dangwal, S.
Vittal, L. Seifert, F. Chong, and G. Ravi. International Symposium on Computer
Architecture (ISCA 2025)




Hybrid Quantum-Classical
Computations

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

- - Any Available Machine
Target Circuit Noisy Diverse Q Ensemble s (paseline)
: Boosting Q Output
10> —.—I_.—I— 2
---- M g d d Fidel
- 5 Quancorde Boosted Fidelity
|0> _. 1T | = . ‘J@ :; \“ w 075
0> ——.——.—1— g “:‘ E oo 0.60
J Vo
! 5 >
A R5 3 Bitstring Ordering vs rd "06
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Gokul Subramanian Ravi, Jonathan Baker, Kaitlin
Smith, Nathan Earnest, Ali Javadi-Abhari, Frederic
Chong. ICRC, December 2022 (Selected Highlight Paper)




9. CAFQA: A classical simulation bootstrap for variational quantum algorithms

Classical Quantum

Classical discrete search: Quantum continuous search:
* |deal evaluation = Noisy 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)
Minimize: Minimize:
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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.




10. Clapton: Clifford-Assisted Problem Transformation for

Error Mitigation in Variational Quantum Algorithms (VQAS)

" @ shuffle: new populations
GA,

. R RAYAVAT I
?—{,A:G:O: 1 o 1 é@é\({
Cly) S5 A S
. : X,

‘ noN

/
H=3YXZY +2XXZY

/

N
> repeat until convergence

Initial point
Noise-free
Clifford noise model
Device (model) evaluation

baseline

noise-aware
baseline

Clapton

Energy

I closest to noiseless value

Eo 1

min: update ~ using
classical optimizer

o,

iterations

+5YZZX + XY XY
+83ZZYX +7ZXYZ

transformation ansatz ’{~)

Ayl )| SRl et

VQE ansatz A(¢ = 0)

Hiv)=3ZXXY 2ZXXXY
—hAYZY — XXYX
—RINZZ+TYINZ

transformed Hamiltonian

g H(vy) = ClnTHC ()

L. M. Seifert, S. Dangwal, F. T. Chong, and G. S. Ravi, “Clapton: Clifford-
Assisted Problem Transformation for Error Mitigation in Variational Quantum

Algorithms,” ASPLOS’25.
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Quantum Biomarker
Algorithms for Multimodal
Cancer Data



Multimodal Feature Selection

Patients samples Data extraction and preprocessing
P Features
° ] ® DNA <
w w w w w mutations W
W
o A mRNA g
expression g [
w il 2 DNA
® ° ° P e
Pathology 98¢ S Jov, RNA
images S
Sy Pathology
>
Hybrid PCBO-Tournament Training multiclass model Biomedical Disease
Feature Selection Algorithm using k features applications focus
Classical o c Diagnosis
o Cancer
181010 Identifies a small, ° w 2 5 Biological
> 110100 —  highly informative, —> I| w © discovery
multimodal set of k features /
[ ]
— by optimizing a 3rd-order - Cancer
. . w Treatment
Quantum approximation of the ® response Neuro-
=~ mutual information E prediction degenerative
E' ‘; between features and T " ; diseases
erapeutic
> class labels discovery Inflammatory
[ ] diseases
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@ Hyper-RQAOA

Hecpo = ) aPi= ) CQ)Zi+ ) CUNZZ+ ) CGj kL%
l i

i<j i<j<k
“1st-order edge” “2nd-order edge” “3rd-order edge”
Recursively Recursively
O O fix edge O O fix edge Solve this last subproblem with

O O —— classical solver (bruteforce,

O O O QBSolv, Gurobi, etc)

N=4 N=3 N=2
cutoff
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First demonstration of parameter transfer

for RQAOA and real-world problems

Because QAOA exhibits the parameter concentration’ property, we can transfer

Variational optimization is expensiv
ariational optimization is expensive parameters between problems

Energy landscape for an 8-qubit problem Energy landscape for a 10-qubit problem

* Many quantum circuit evaluations required to
traverse the loss landscape

« Limits the scalability of our classical oiﬂj » o*
L

simulations and hardware
experiments

[1] Brandao, Fernando GSL, Michael Broughton, Edward Farhi, Sam Gutmann, and Hartmut Neven. "For fixed control
: parameters the quantum approximate optimization algorithm's objective function value concentrates for typical instances." arXiv
© Inﬂeqtlon 2025 preprint arXiv:1812.04170 (2018).



Presenter Notes
Presentation Notes
Animation: This is the first example of parameter transfer for RQAOA and on real world data!


A Hybrid Path to Quantum Advantage

30 -
8

ute%orce, ds =10

N
(6]
'

-— Ground State

N
o

=
(6]
'

Energy (Zero is best)
(=]
o

Rounds of recursive quantum optimization

« We envision this hybrid approach as a viable pathway to quantum advantage
« QBSolv struggles at 20 qubits -> Gurobi struggles at 50-100 qubits

© Infleqtion 2025



Presenter Notes
Presentation Notes
We may want to simplify this slide, or maybe show 2 versions: first without the bruteforce boxplots and then with them.��Also, maybe we can avoid using the same hashing for Gurobi and for bruteforce? (Hashing in both diagonal directions for Gurobi, versus in just one direction for bruteforce.)��


Qubrt Twio-guirt

. . Qubits e
Coherence Gate . " Companies
Tme(sech | Figenty | CO"Pected
Natural Qubits
Trapped lons
Electrically charged atoms,
l:lr":?sha;Ebh?:k:ﬂ pul:i lonil. Quartinuum, veggi:ﬂe' Slow aperation.
with slactiic Tlalls. LAl 000 200% High | AGT Oxfard lanics, Mary lasers are
ara stored In electranic Universal Quantum achievad gate needad
states. lons are pushed with fidelties. :
larsar baams to allaw the
qubits toInteract.
Neutral Atoms Hard to
Hautra atoms, lke lons, Wery high: program ard
=tare qubits within alac- ! Dotk low C:flaq;:m ;fga Many qubits, 20 canitral
tranic statas. Laser activates Irdividual Pa:-qfal pr"ga'n H’l ard mayt= 30 Individual
the electrans to create cantrol . Flange qubits; prane to
Intaraction betwesn qubits. raka.
Photonics
Phiotanic qublits are sent Erach T[r:gg::sm
thraugh a maze af optical Psijuantum Linear optical mer?::hlp with
channelz an a chip o Inker- - - - Yanadu pates, Inta- unigue aptical
act. At the end of the maza, grated en-chip. charinels. Ho
the distribution of phatars 1s mama
measured as autput -
Diamond Vacancies
A nitrogen stamard & EDIffbuI':;:;-l
wacancy add an electron to a Quantum Dlamord | Can cparate at rambers of
diamand lattice. Its quantum ] 93.2% Law Techralagles, FOOTH RETmgere- bits. Imitin
] =pin state, dong with thase Quantum Brillianca tura. mmm e 8
Laser af nearby carbon nuckel, can ca apdt
= ba controlled with light pacly.
synthetic Qubits
Superconducting
Circuits Must be
-  resttance free cutart Goagle, |BM,0CL | Canlayaut | SpnedtoTear
E Dgaliites Mk 00000S 0% High Rigett, Oxfard physical cir- solute ZErm.
H around a circut keap. An Quantum Creults | cults anchip. High varizhilty
Injected mkrowsave signal In fabrization. .
sxates the curren Lot of nise ear ate to the Next Steps in
super-pasition states.
2t tum Computing Report
Stcon Quantu ot - oysi Quantum Computing Repor
These “artificlal stoms” are Onford Quantum Borrows Hust ba coalad
made by adding an electron fram existirg
H 00z -GAE Wery Low Ocean DIRAD ta rear
toa smal plece af pure sl Ouantum Mation semicorductar [
oon. Micreswaves contral the Eerol) Industry. High vartzhilty
electran's quantum stata, In!lahrballm
Topological Qubits
Quasiparticles can ba sesn
T In the behavicr of electrons Deslgniad to b
channeled though s=mmi- _ _ _ Micrascft mars rnhusm:ll Exlshenrl:ﬁrlzt
Tirme canductor structuras. Their mllr_z';;lm yet conl :
braided paths can encode )
quantum Information.
& summary of some of the leading quantum information tachnoleglas and their characteristics. Table modified from Gabriel Popkin, Quast for 53
qubits. Sclence 254, 1090-10923006) DOI0N26/scence 354 621610 90




Unlocking True Commercial Advantage

Designing data center ready solutions at scale

2024 2026 2028
Error Detection Error Correction Commercial Advantage
. Dual-species crosstalk-free Logical circuit depth > 1,000 . N -
Logical Performance measurement Universal quantum gate set Rl ElE e A e
Logical Operations Rate 10,000/sec 100,000/sec
Physical qubits 1600 8,000 40,000
Zz 2Q(cz): 99.50% 99.90% 99.95%
[0] Local 1Q: 99.90% 99.95% 99.95%
E Global 1Q: 99.99% 99.99% 99.99%
Soft Tooling (Qcwv) for verifying Optimized compilation of Exponential speedup
ortware fault-tolerant properties fault-tolerant circuits demonstration
Enablina technoloai Optimized laser Advanced photonic beam steerin Realtime atom
nabling technologies pulse modulation P 9 reloading

@ Inflegtion

© Inflegtion 2024



| Summary

= QC is at a historic time
= Physics-aware, full-stack S J” Quantum
SW can greatly accelerate Sl S

Systems

progress
« Hybrid quantum-classical
compute will be key

= More info:
epigc.cs.uchicago.edu

infleqtion.com
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| 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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