Noise-Resilient Near-Term
Algorithms with Quantum Error
Detection Codes

Dawei Zhong, 11/27/2023
Weekly MURI meeting



Near-Term Algorithms with Exponential

e Example algorithms
o Simulating Time Evolution of Physical System

exp(—iHAt) = | [ e ', where H = ) ~ H; and Vi, j, [H;, Hy] =0
J J

Nielsen & Chuang (2010)



Near-Term Algorithms with Exponential

e Example algorithms
o Simulating Time Evolution of Physical System

exp(—tHAt) = H e At where H = ZH]- and Vi, j, [H;, H] =0
j j
o UCC Ansatz in VQE algorithms for Quantum Chemistry
U(e) — H Ulm(elm) — He’ielm Zj H},jmo”}iz ~ H eiellllﬂimo’ljl, O—,Z?I E {I, X, Y, Z}®n
Iom

l,m lam’j

arXiv: 2007.14384



Near-Term Algorithms with Exponential

e Example algorithms
o Simulating Time Evolution of Physical System
exp(—tHAt) = H e Hi where H = ZH]- and Vi, j, [H;, H] =0
j j
o UCC Ansatz in VQE algorithms for Quantum Chemistry’
U(e) — H Ulm(elm) — He’ielm Zjﬂ{,,ﬂ"jz ~ H ei()zmu{ma‘f;, O.,ZL = {I, X, Y, Z}®n
lm

Lm Lm,j
o QAOA, with problem and mixer Hamiltonian
U("Y, ﬂ) = e_i'BPHi‘Ie_i’YPH]’e_iﬂplei\Ie_i’Yp~lHl’ . e—iﬁlHﬂ]e—i’)’al

arXiv: 2007.14384



Near-Term Algorithms with Exponential

e Example algorithms
o Simulating Time Evolution of Physical System
exp(—iHAt) = | [ e &, where H = ) ~ Hj and Vi, j, [H;, Hy] =0
j j
o UCC Ansatz in VQE algorithms for Quantum Chemistry’
UO) = | [ Uim(0im) = [ 2 b 11 emitin®, o1 € {I,X,Y, Z}°"
lm

Lm Lm,j
o QAOA, with problem and mixer Hamiltonian
U(77 ,B) — e_pr—Me_i’ypiPe_iﬂP*IHi‘Ve_i’leHP e WPHM—imHP
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o Simulating Time Evolution of Physical System
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o QAOA, with problem and mixer Hamiltonian
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Hamiltonian -> Pauli Operation!

Jordan-Wigner, Bravyi-Kitaev and parity mapping, arXiv: 2111.05176



Near-Term Algorithms with Exponential

e General Protocol

|r¢0> // 6—2'91771 6—i92732 . aee — e_wnpn

With n-qubits core operation

exp(—i0P;), P; = {I,X,Y, Z}°®"



Two types of “Fault-Tolerance”

e Algorithm Type. Fault-tolerance quantum simulation.

o Lessor nosystematicerror, e.g., Trotter error. arXiv: 2105.12767
e—zzjzl Hjt _ H e—ijt/r s O(m2t2/'r),
j=1

e Noise Type. Fault-tolerance quantum computation.
o Lessornoerror fromhardware



Error Reduction Techniques

e FTQC: Protect logical operation by error correction code on
below-threshold device a
e Challenges:
o ‘“above-threshold” device
o Limited amount of qubits
o ?all-to-all connectivity?

Distance 5 code with 25 data qubits
and 24 measurement qubits
Google’s paper

arXiv: 2207.06431




Error Reduction Techniques

e FTQC: Protect logical operation by error correction code on
below-threshold device

e Challenges for application: Accelerating your path
o “above-threshold” device to fault-tolerant quantum computing
© LI m Ited amou nt Of q u blts Quantinuum’s System Model H2,
o ?all-to-all connectivity? Dotk foxtures that atitass e P
types of quantum computers, including: l \4'5*11 / J'
32 65,536 (2'°) i ;
fully-connected qubits Quantum Volume

99.997% 99.8% Ready to

single-qubit gate fidelity two-qubit gate fidelity learn mor ?




Error Reduction Techniques

e FTQC: Protect logical operation by error correction code on
below-threshold device

e Challenges:

“above-threshold” device MAGIC STATE DISTILLATION

lelted amount Of qublts NOT AS COSTLY AS YOU THINK

? all-to-all connectivity?

non-Clifford gate

O O O O

arXiv: 1905.06903



Error Reduction Techniques

e Error Mitigation: Use quantum information processing to reduce noise

quantum error correction

_—— Wewantto get here!

Simulation cost

quantum
error mitigation

IBM 100 x 100 circuits, 100
qgubits and 100 depths

https://qiskit.org/ecosystem/ibm-runtime/tu
torials/Error-Suppression-and-Error-Mitigati
on.html

Quantum circuit complexity



Error Reduction Techniques

e Error Mitigation: Use quantum information processing to reduce noise

e Challenges:
o ZNE and PEC is for expectation value
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Error Reduction Techniques

e Error Mitigation: Use quantum information processing to reduce noise
e Challenges:

o ZNE and PEC is for expectation value

o Sampling overhead

o DDis also bias

Methods T-REx ZNE PEC
Assumptions None Ability to scale the noise Full knowledge of the noise
Qubit overhead 1 1 1
Sampling overhead 2 Npoise-factors O(eMViyess)

Bias 0 O ( ANasise tactors) 0

https://qiskit.org/ecosystem/ibm-runtime/tu
torials/Error-Suppression-and-Error-Mitigati
on.html
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Error Reduction Techniques natur

e Error Mitigation: Use quantum
information processing to reduce noise
e Challenges:

o ZNEIand PEC is for expectation value [:UTI"NG
o Sampling overhead THRUUGH -

o DDis also bias

Error mitigation empowers quantum
processor to probe physics that classical
methods can’treach

https://www.nature.com/articles/s41586-0
23-06096-3



Error Reduction Techniques for Near-Term?

e Error Detection Code Family: H’n,, n — 2, 2“
o Qubitoverhead as 1
o No sampling overhead
o Post-selection but not recovery,
m Lessgatesrequiredin “above-threshold” hardware
m Simple toimplement
e Disadvantages: all-to-all connectivity, small distance and (perhaps) large
post-selection rate



Error Detection Code Basic

e Stabilizers: X®" Z%"

e Logical Operator X . — X Xpn 1,4 =24;4,,Y; = szzz
e 4 Qubit Example

100) = %(\ooom +]1111))
01) = %(|0110> + |1001))
110) = %(\omn +11010))
111) = %(mom + |0011))



Weakly Fault Tolerance (Weight-2)

e LogicalOperator X, =X, X, 1,72, =2,7,,Y; = zEZ
e Rotation Operation l l




Weakly Fault Tolerance (Weight-2)

e LogicalOperator X, = X, X, 1,Z = ZZn,Y i X;Z,;

e Rotation Operation

Rx,(0) = exp <—igXan_1) ,R7(0) = exp (_igZiZ”_O
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Stabilizers: X©®", Z®"

Weakly Fault Tolerance (Weight-2)

e LogicalOperator X, = X, X, 1,Z = ZZn,Y i X;Z,;

e Rotation Operation

Rx,(0) = exp (—igXan_l) ,R_Z(H) — exXp (—igZz‘Zn—1>
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Weakly Fault Tolerance (Weight-2)
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Stabilizers: X©®", Z®"

Weakly Fault Tolerance (Weight-2)

e Weak: Error from imprecise rotation cannot be detected
e Fault-tolerance: All other weight-1 and weight-2 (gate) Pauli error can be
detected by either syndrome measurement or ancilla
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By Prof. Brun and Christopher Gerhard, in preparation



General Weakly Fault Tolerance (Weight-2)?

e Canwe add a few ancilla to achieve weakly fault tolerance for general
exponential operator?

exp(—i0P;), Pi = {I,X,Y, Z}*"
Substitute by its physical operator



exp(—i@’Pi), Pz — {I, X, Y, Z}(Xm

One Observations

e Observation:
o Suppose now we already substitute the Pauli in logical exponential
operator by its physical operator
o There are multiple ways to implement a same exponential
operator, and some of them might be better than others on noise
reduction
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eXp(—iH’Pz-), Pz o {I, X, Y, Z}®n

Conclusion from Observations

e Conclusion. We might find a way to create these “candidates” and
search for the best one

e Iterative construction
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exp(—i0P;), P; = {I,X,Y, Z}°"

Add Ancilla

e How to add ancilla: Due to the limited number of qubit, we would like
to add only one ancilla. But, how to add an ancilla to
o Preserve the codespace
o Preserve our expected operation
e We can prove that, if using j-th qubit as ancilla

eXp(—lQP) Pzpl®P2®"'®Pj—1®Pj®Pj—|—1®"’®Pn

l

exp(—i0P’) P=PQP® --QP;_19P;1®---QP,




Weaker than Weakly Fault Tolerance

e Cannot find weakly fault-tolerant circuit when physical Pauli has weight
>=3
e Metric: Remaining error rate (in the unit of percentage)
o Definition: number_of _logical_error /number_of_total_error * 100%
o Example: number_of total error=2*15+ 3 =33
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Weaker than Weakly Fault Tolerance

e Remaining error rate for weakly fault-tolerant circuit: 4.76%
e Purpose: Find circuits with ancilla that with small remaining error rate



Result 1 - Logical Rotation-Y

e Two equivalent physical circuit. Remaining error rate, 4.76%
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Result 1 - Logical Rotation-Y

log10(Logical Error Rate)
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Result 2 - A More General Exponential

e One candidate for a weight-n physical Pauli. (single qubit gates less

noisy)
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Result 2 - A More General Exponential

e One candidate for a weight-n physical Pauli. (single qubit gates less

noisy)

;Y\a 20'

-

o

e 15-

€2

kS

&

29 10'

{=70)

=

= _ R AAAAAAAY

g b ™ —&— Staircase with Ancilla
& —e— No a‘ncillf.x N

—&— Best Ancilla Position
0 20 40 60 80 100

Number of Weight



Result 3 - With Mid-Circuit Measurement

e Protocol. Use in deep circuit
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Result 3 - With Mid-Circuit Measurement

e With noiseless mid-circuit measurement.

e Depolarizing error rate = 0.001
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Result 3 - With Mid-Circuit Measurement

e With noiseless mid-circuit measurement.
e Depolarizing error rate = 0.00001
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Future Work

e Noisy but weakly fault-tolerant syndrome measurement
e Testonsome real problems




