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Our mission Is to make quantum computers useful sooner

A One of the biggest challenges is dealing with noise in qguantum systems.
A We are tackling the hard problem of implementing QEC in réiahe.

Quantum Computing <>deltaflow 2 R OO OO Hardware
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Our mission Is to make guantum computers useful sooner.
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QEC Research at Riverlane

Hardwareaware Research

oDevel oping QEC strategies t ha addr es
|l di osyncrasi es of quantum hardwar e
1. Directional
codes
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1. Gyor gy Ge Dieectipnal €odes: aanéw, family of quantum LDPC codes on hexageaald squareqgrid connectivity hardwaré , ar Xi v : 2!
2. StasiuWo | a nAutomated ©ompilation Including Dropouts: Tolerating Defective Components in StabiliserCdédes ar Xi v: 2512 . 01¢

3. Mar k Wal t er s aNMnidmui®Weight Déaoding & the ColourcodeisNfarddb, ar Xi v: 2603. 042314.
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Hardwareaware Research at Riverlane

1. Directional Codes
A QLDPC codes:
A Good QLDPC codes havefkn, d® n.
A Encode multiple logical qubits per code block
A Typically higher weight stabilisers than surface code.

A Require longrange connectivity. Eg: BB codes.

A But engineering longange couplers/interactions is hard for superconducting

A Motivation:

A Can we exploit the native gate set of SC hardware to measure high weight stabilisexL.@fPCcodes?
Aéwithout requiring long range coupl ers?

A Gyorgy P. Geher, David Byfield, Archibald Ruban, arXiv:2507.19430.
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Hardwareaware Research at Riverlane

A Inspired by the use of ISWAP gates for surface coéles
A ISWAP gate ~ Clifford equivalent to a CXSWAP or CZSWAP gate (henceforth CPSWAP).

A ISWAP is a native gate for superconducting qubits.

Qubits interact and then their states get swapped,
effectively allowing interactions with a new set of qubits after each gate.

CXSWAP S C1LSWAP

—®
—& .-

P—X —— —K
_%_ $ X

1. M. Mc E we nRelaxing Hardware. Requiements for Surface Code Circuits using THlyj@amicsd, Quant um 7, 1172 (20
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Hardwareaware Research at Riverlane

Using CPSWAP to enable longnge interactions on square grid connectivity

A Data qubits, /\ Xancilla qubits, A Z-ancilla qubits, CPSWAP gate

riverLane | QEC26 tutoriak 7t June 26
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Hardwareaware Research at Riverlane

Discovery of new families of QLDPC codes?HWN? code
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Comparison to Toric and BB codes

Logical Error Rate
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Hardwareaware Research at Riverlane;,-. e
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Hardwareaware Research at Riverlane

1. Directional Codes: Summary

Gyorgy Geher, David Byfield, Archibald Ruban, arXiv:2507.19430.

A A new paradigm for designing QLDPC codes tailored to platforms with local connectivit |
A Future scope: |

A Embedding the codes on a plane instead of a torus.
A Logical architectures based on Directional Codes.

A Checkout the poster presentatio#49 by Archibald Rubaron Tuesday for more details!
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Hardwareaware Research at Riverlane

2. Automated Compilation Including Dropouts

A Motivation:

A Deal with fabrication defects (dropouts) in fixequbit hardware,eg: superconducting qubits.
A Design syndrome extraction circuits for QEC codes in the presence of defective qubits or couplers.
A Inspired by LUCI for the surface code with dropoutsgeneralisedto arbitrary CSS codes.

A StasiuWolanski, arXiv:2512.01943.

A Automates the design of syndrome extraction circuits for general CSS codes given some qubit connectivity and
dropout configuration.

A First study of thecolour code and the BB code3subiject to defects.

1. D. De b r obUCI inethe Surface Code wath Dropouwts, Quant um 9, 1936 (2025) .

2. S.Bravy] e t Highthreshald and lowoverhead faulttolerant quantum memory , Nat ur e ( 20 24 |)QEC26 tutoriak 7 June 26 14



Hardwareaware Research at Riverlane
|. Dealing with defective qubits

A Defects turn stabilisers into antcommuting gauge operators.
A Can still construct product operatorssuperstabiliserg that commute with the originastabiliser group.
A Measure the gauge operators, and multiply outcomes to obtasuperstabilisermeasurements.

AThe resulting subsystem code can still protect | ogl

a Product stabilisers Gauge operators

Construct product stabilisers and gauge operators

riverLane | QEC26 tutoriak 7t June 26 15



Hardwareaware Research at Riverlane

ll. Taking advantage of the morphiigperspective of syndrome extraction

MX

1.

M. S h aw,Lowering Coankectivity Requirements for Bivariate Bicycle Codes Using Morphing Cirgujts P R L

> > XS

e BallalS
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|

A Can contract astabiliser onto any
single data qubit In Its support.

A No need for designated ancilla

gubits.
ACanot

cont riyppe&d Z bot h

type stabiliser on a single gubit at

the same time.

A Typically, needat least 2 layers or
measur e

osdmundsob

to

stabilisers of a CSS code.

134,

090602
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Hardwareaware Research at Riverlane
ll. Dealing with defective couplers

=] Al Al =
B ﬁ—LMX ‘_|_>j . T

MX

NNTNE

< b S

We can use any qubit as the measurement gl
Different possible contractions of thestabiliser can help avoid the use of defective couplers.
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Hardwareaware Research at Riverlane
ACI D: Putting these togethere

1. Deal with defective qubits 2. Deal with defective couplers 3. Find compatible schedules

Product stabilisers Gauge operators
Construct product stabilisers and gauge operators / \ Derive product measurement order constraints

/

Using a SAT solver toptimise for
low depth syndrome extraction
CIrcuits.

riverLane | QEC26 tutoriak 7t June 26 19



The IBM BB code [[144, 12, 12]] on ACID

Degree6 Qubit connectivity graph
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Hardwareaware Research at Riverlane

2. Automated Compilation Including Dropouts: Summary

StasiuWolanski, arXiv:2512.01943.

A A systematic way to design syndrome extraction circuits for arbitrary CSS codes in the
presence of dropouts.

A Future scope:
A Code specific heuristics for improved circuit desigag. for the BB codes.

A Checkout the poster presentatio##44 by StasiuWolanskion Tuesday for more details!
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Hardwareaware Research at Riverlane

3. Minimum welight decoding of the&olourcode i1s NPHard

A Motivation:
A Col our c od-bangforyoweb wanod er el ati ve of
A Fewer physical qubits for similar LERSs.

A Transversal Clifford operations.
A Permits magic state cultivation/distillation protocols. SRS
A Optimal decoding of the Colour co&f%@ww%pmmwa

L
A Mark Walters and Mark Turner, arXiv:2603.04234. s S

A Reduce the exactolour code decoding problem to SAT, provingt is NPhard.

A Keep calm, and find good heuristics for polynomiime approximate solutions)

A Checkout talk byMark Walterstomorrow @ 12pm for more details!

riverLane | QEC26 tutoriak 7t June 26
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QEC Research at Riverlane: Recap

Hardwareaware Research

oDevel oping QEC strategies t ha addr es
|l di osyncrasi es of hardwar 0

1. Directional 3. Colour Code
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1. G. P. Ge hDwectjonakQodes: a new familg of quantum LDPC codes on hexageaald squareqgrid connectivity hardwaré , ar Xi v : 2|
2. S. Wo | Automated Compilation Including Dropouts: Tolerating Defective Components in StabiliserCédes ar Xi v: 2512 . 0194
3. M

ark Walters aMnmuM®Weidht Déaoding i the ColourcodeisMNRardo, ar Xi v: 2603. 04234.
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Our mission Is to make guantum computers useful sooner.
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Our mission Is to make guantum computers useful sooner.

Algorithms

Adeltakit l

QPU Architecture

\

Logical Compiler

y

Logical Assembler

| Deltaflow Tools |

<>deltaflow

!

Quantum Computing Hardware Physical Hardware

Configuration

Qeci QEC Logic

e Route and pre-process

Vv N

Control System Readout data

e Sequence instructions

e Generate pulses
e Capture and discriminate readouts

readouts
¢ Decode syndromes
e Compute logical outputs

Real-time
feedback

Qubits

QEC Research
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Deltakit
A QEC toolkit for researchers and companies

000 What Is needed to compute interesting things?

001 Program generation in Deltakit

010 Deepdive Into a pipeline

011 Ways to improve your code/decoder/implementation/hardware

100 Spollers
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Universal computation in QEC
What It takes to compute?

V)Tt

riverLane | QEC26 tutoriak 7t June 26 29



Ri1 v er bo&waer stack Algorithms

~deltokit ~deltakit

\ 4

QPU Architecture
Simulation Logical Compiler

Result analysis Logical Assembler

Deltaflow Tools

'

Quantum Computing Hardware Configuration <>deltaflow  Physical Hardware
Control System Readout data aeci QEC Logic
| | e 3

e Sequence instructions e Route and pre-process

e Generate pulses Real-time readouts

e Capture and discriminate readouts feedback * Decode syndromes

e Compute logical outputs
Qubits
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RI1 v er bo&waee gtack
Zooming on program generation

A Compiler architecture (inspired by MLIR)

A Python framework XDSL)

A From logical programs to contredystem

Instructions

~deltaKit

Logical Circuits

Logical Compiler

Logical patch routing and optimisation

Logical Assembly

v

Logical Assembly

Logical Assembler

QEC circuit generation

Physical Circuits

:

Physical Circuits

Deltaflow Tools

Windowing, decoder config, distribution, QECI...

Physical Circuits + QECI

riverLane | QEC26 tutoriak 7t June 26
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What Is a compliler?

Data representation(s) Data transformation(s)

Intermediate Representation (IR): Pass:

Representation of the state of the program at one pointf Code applied on an IR.

during the compilation. _ L _
9 P Canmodifyan IR pptimisation, lowering), orannotate after

Dialect: analysis.
Subset of an IR. Ideally small and mutually orthogonal.

Example: Examples:

stim.Circuitis an IR that could be decomposed as: A A pass on det that would try to reduce the average

. number of measurements In each detector.
1. gates: for quantum gates (Clifford)

A A pass unrolling REPEAT blocks, removing the struct

3. det: for detectors

4. obs:; for observables
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Ri v er boftwae 8tack / \

Example of a pipeline

?

START

compute-boundary-parity backpropagate-observables

S -

lower-patch-declaration

patch-to-plaquettes

N

schedule-plaquettes

|

Ry - - - .
h 4 — 1
Re [
place-observables plaquettes-to-circuits Rz -
s T
] N
f \ / Rz Qﬁ
h 4
o located-observable-to-
transversal-op-to-circuit plaquette-to-gstruct
move
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START

RI1 v er boAwae Stack

Significant changes
ControHlow awareness |
- compute-boundary-parity backpropagate-observables
| Small changes
lower-patch-declaration

patch-to-plaquettes

N

schedule-plaquettes
. place-observables plaquettes-to-circuits

o located-observable-to-
transversal-op-to-circuit Tove plaquette-to-gstruct

|

END

\ 4
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RI1 v er boAwae Stack

Example of a pipeline on ACH| compute-boundary-parity

START

™

S

backpropagate-observables

-

lower-patch-declaration

place-observables

patch-to-plaquettes

Significant changes

Small changes

| transversal-op-to-circuit |

Wol anski, S., OAutomated Compilati on
prints, Art. no. arXiv:2512.01943, 2025. doi:10.48550/arXiv.2512.01943.

located-observable-to-

move

| n c $tabitiser@ g d éasXvgp o u t |s : ENE?ol

plaquette-to-gstruct
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Ri1 v er bo&waer stack Algorithms

~deltokit ~deltakit

\ 4

QPU Architecture
Simulation Logical Compiler

Result analysis Logical Assembler

Deltaflow Tools

'

Quantum Computing Hardware Configuration <>deltaflow  Physical Hardware
Control System Readout data aeci QEC Logic
| | e 3

e Sequence instructions e Route and pre-process

e Generate pulses Real-time readouts

e Capture and discriminate readouts feedback e Decode syndromes

e Compute logical outputs
Qubits
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Logical Error Probability

Ways to improve performance?
What 0s

t he f 1 r st

step?

Benchmarking!

Logical error probability (LEP) per rounsl:

0.50 -

0.45 A

0.40 -

0.35 -

0.30

0.25 -

0.20 -

0.15 A

0.10 -

_|.

— FIt £=0.1191 + 0.0093
Fit with 2o
¢ Logical error probabilities (+30)

¥ 8 10

| |
12 14 16 18 20
Rounds

LEP per round¥)

Error suppression factotj: -6 v |

0.040 -

0.035 -

0.030 -

0.025 -

0.020 -

0.015 -

0.010 -

0.005 -

— Fit, A=2.3000 = 0.1437 (30)
¢ Logical error probabilities per round (+30)

5.0

5.5

6.0

6.5 7.0 7.5 8.0 8.5 9.0
Code distance (d)
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Ways to improve performance?
How to know what should be improved?

One benchmark per improvable quantity?

Defect rate Detector correlation matrix

0.14 -
0.12 A
0.10 A
0.08 -
0.06 - \
0-04- —— Weight-4

—— Weight-2

1 2 3 4 5 o6 7 8 9 10 11 12 13 14 15 16

riverLane | QEC26 tutoriak 7t June 26 38



