Quantum-Circuit Optimization



Native Basis Gate Set
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"universal’

l.e. approximate any computation to arbitrary precision
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Optimization Objectives
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High-level problem

Given a circuit and optimization objective, output an equivalent circuit
that minimizes the optimization objective.

Optimising quantum circuits is generally hard

John van de Wetering' and Matthew Amy?

*University of Amsterdam

2Simon Fraser University
July 28th 2024



General Approach
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General Approach

Circuit

Transformations
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Quantum-Circuit Optimizer
Optimizations Scheduling Algorithm

+ = Optimizer
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Quantum-Circuit Optimizer Landscape

Optimizations Scheduling Algorithm

>—Quqrtz—<
A

- beam search
synthesized A/QUESO

(PLDI "23)

A———Quar|—— > reinforcement learning

A ahead-of-time



Quantum-Circuit Optimizer Landscape

Optimizations Scheduling Algorithm

BQSMt

beam search

synthesized A
A reinforcement learning

A ahead-of-time @ compile-time



Quantum-Circuit Optimizer Landscape
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Quantum-Circuit Optimizer Landscape

Optimizations Scheduling Algorithm
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Rewrite Rules



Rewrite Rules

‘peephole optimization®

Program 1 > Program 2

|

rewrite rule
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Circuit Equivalence

Circuits are unitary matrices: U'U = UU" =1
Cl — C2 — UCI — UC2
‘global phase’

Cl — C2 — 3(p l]C1 — eiqﬂUcz

Hard for even a quantum computer to verify

(QMA-Complete)
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Simple Rewrite Rules
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Synthesis!

Arbitrary gate set




Naive Synthesis

rules = []
-

circuitsb‘3= enumerate (max qubits, max size)
for ¢l in circuits: }
| . | uh oh...
for c2 in circuits:
1f verify(cl, c2):

ﬁrules .append (cl — c2)
empawma



QUESO Schwartz-Zippel Lemma for
polynomial identity testing (PIT)

N

Feynman's path integral formulation

for guantum mechanics

"

: Polynomial
(Symbolic) . S
Circuit — Polynomial — Identity Filter
(PIF)

Synthesizing Quantum-Circuit Optimizers

AMANDA XU, University of Wisconsin-Madison, USA

ABTIN MOLAVI, University of Wisconsin-Madison, USA
LAUREN PICK, University of Wisconsin-Madison, USA
SWAMIT TANNU, University of Wisconsin-Madison, USA

AWS ALBARGHOU THI, University of Wisconsin-Madison, USA

@ PLDI '23

16




Schwartz-Zippel Lemma
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Schwartz-Zippel Lemma
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Schwartz-Zippel Lemma

x € C
P1(X) = xx, finite]f c C

pz(X) — .XI.XZ —+ X3.X2

pi(@) = Xy, Oy,

Pr(@) = Oy Oy, T Oy Oy,
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Schwartz-Zippel Lemma

x € C
P1(X) = xx, finite]f c C

pz(X) — X1x2 —+ X3.X2

Check p(a) = p,(a)

pi(@) = Xy, Oy,

Pr(@) = Oy Oy, T Oy Oy,
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Schwartz-Zippel Lemma

x € C°
pi(%) = X1, f'f‘}fc\@‘ p(@) = a.a,
Pr(X) = XX, + X3x, a, a, p pr(a) = A Ay, T A A
1 2 A3

Check p (@) = p,(a)

.ro : d (max total degree)
If p, # p,, then the probability that p,(a) = p,(a) iIs at most W e

17



Schwartz-Zippel Lemma

x € C?
P1(X) = xx, wlfc\(i pla) = 0y Ay,
Pr(X) = XX, + X3x, a, a, a, pr(a) = A Ay, T A A
1 2 3

Check p (@) = p,(a)

!

.ro : d (max total degree)
If p, # p,, then the probability that p,(a) = p,(a) iIs at most W e

verylorge”



QUESO's Improvements

rules =

[

]

v bi
circuits = enumerate (max qubits, max size)

for ¢l i1n circuits:
c o . .

'}uhoh

bonus:

0
R

S

S

Efficient equivalence check between circuit pairs!

01+6
Rzl 2

~ (advanced symbolic rules)
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Circuit Resynthesis



Circuit Resynthesis
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Circuit Resynthesis
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Unitary Synthesis

Circult C
\ Unitary U,

RN

/

Optimization objective

Synthesis
Algorithm

Circuit

Guarantee C = ("

21



Approximate Circuit EqQuivalence

|0)
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Hilbert-Schmidt Distance

‘eqasy to compute

| | Tr(UTU) |?
N;‘\’— q\k\b"\'s
O \
S ——
not
eqr\ v;:,uo\\

Upper bound on total variation distance
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Why Approximate Circuits?

ldeal

Circuit C + No noise = U,
Reality

Circuit C + Noise = U,

noisy

The hope: U,

noisy

Noise from k gates > ¢

closer to U, than U,

FTQC requires
approximations for
arbitrary angle rotations

Circuit
C'=.C

k fewer gates than C

noLSY

24



Unitary Synthesis

Circuit C

\ Unltory UC
[. Synthesis

Algorlthm

Errore — Q —> Circuit C’

Optimization objectlve
Guarantee C =,

25



Rich Research Area

Synthesis of Quantum-Logic Circuits
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Scheduling Transformations




Scheduling is hard

In what order to apply??? -

Circuit

= big

Transformations

‘Phase-ordering problem®

28



Two Disparate Techniques

Rewrite Rules

Circuit Resynthesis
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Two Disparate Techniques

Rewrite Rules Circuit Resynthesis
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Revisiting The Landscape

Optimizations Scheduling Algorithm

Quilc, VOQC, Nam, PyZX
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A——F———Quarl—— > reinforcement learning
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(ASPLOS 25)

A ahead-of-time @ compile-time

30



Unifying Framework

Circuitc —

transformation z,

Circuit C
Circuit
C'=,C

CircuitC —»

rewrite rule

Circulit

C'=.C

6 —> €

\ Umtary U
Synthesis
Algorlthm

Errore —— a — Circuit ¢’ =, C

Optimization objectlve

resynthesis
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The GUOQ Algorithm

Optimizing Quantum Circuits, Fast and Slow

Amanda Xu
Liniversity of Wiscensin-Madisen
Madison, WT. TISA
aveadiwise.odu

Swamit Tannn
Uribversity of Wisconsin Madisen
Madison, WL US4
swamitifcs. wisc.edu

Abhstract

Optimixing qusmtum cirewits is eritienl: the number af quan-
lwin epetations noeds o Le adnimized Jor & sueocsstl oval-
vation of g cacuit on a guentua preecsses, ln Qus paper we
unify two disparate ideas for o plinbzing quantu clrewdts,
rewrite neles, which are fast standard ootimizer passes, and
unttary synthesis which is slow, requiring a search threngh
the apree nf ermuits. We preaent 5 elean. umifying, Ssmeanck
For thinking of rewriting and resynthesic ac abateact et
tarsfonmations. We thea present a tedically siople alge-
rithun, coog, o optimizing guanium cireuits that exploits
the: gvnergies of rewriting and iesynthesia, O extensive

evaluation domenstaies the abllicy of Grog w stongzly cul-

perloan existing oplimizers on o wide range of benclucarks.

Ablin Molavi
Lniversity of Wisconsin-Madisan
Magisen, WT.TI5A
amplavi@wisr.edn

Aws Alharghouthi
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Madisen, WL USA
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Tigure 1. Summary of Gong compared to state-af-the-art
an 2 qubit-pate rechastion far the meagzne gate set. cuee and

ROSK s allowed W approzimate the cirenit up toe = 1005,

*Qruzul tequires an NVIDLA A 100 (20CB) GPU 1o ruu.
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Optimizing for FTQC

discrete
O
Clifford + T gate set: {T,T], S, S", H, CX}

C

‘'magic state distillation’

Eastin—-Knill theorem: no transversal universal set

BQSKit GUOQ VOQC TKET

Qiskit Quarl Quartz QUESO

Blocked gate

(CNOT g, 4g5)

Routed gate
(CNOT gy q))
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Optimizing for FTQC

Reducing T-count with the ZX-calculus

Aleks Kissinger and John van de Wetering

Radbaud University Nijmegen
January 20, 2020

Yy QS ITTT7N7N

Y V7 NI Y7o a=

Linear and Non-linear Relational Analyses for Quantum
Program Optimization
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