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The PCOAST framework - in a nutshell

- Toolchain for Pauli-based Cirucit Optimization, Analysis and Synthesis.

- Based on commutative properties of Pauli strings.

(Recall: unitary circuits can be decomposed into Clifford and non-Clifford
gates represented by Pauli rotations)

- Technique is adapted to mixed unitary and non-unitary circuits.
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Full PCOAST optimization pass
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Classical-quantum states
—>  Operate over mixed classical-quantum states (cq-states)
M n n
vyeCQ™ =M - C"xC
m = Ym
/A =
quantum state
meM partial density matrix with
classical state 0 < a(m) {1
k./\/\)

Semantics of a quantum circuit C

can be described by a classical- I[C ]] . CQMl — CQM2 "~ P‘Oﬁr' 07[,
quantum channel 0 oe/mr\ét nme
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Optimization variants

Hold outcome: " Release outcome:
- optimization preserves the - More aggressive optimization
semantics of the original circuit can be applied
precisely - Preserve same measurement
result during the optimization
1 hod 2 E,M \_ e ; 9 P
S = y & Ym Im=Tm . strategy

- Drop unitary gates that can be
delayed after the measurement

- Produce measurement results
that are statistically equivalent

Y =" ¥me M
tr(pt )=t (i)
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Recap on density matrices

p - UpUT

Quantum state Unitary transformation
(positive semi- (conjugation by unitary)
definite, hermitian,

complex matrix with

trace 1)

» Can formulate the behaviour of a quantum circuit
over density matrices as a quantum channel
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Pau II g rOu p Commutativity of a Pauli p given by:

X = (1 0) Y= (z o) 4 = (o —1) A(p1,p2) = b
1 p1 i po

l Generalize to n-qubit Paulis

P =a(po,.-.ypn-1) € Pn «ae{l,-1,i,-i}

Commutativity p-pP = (- pl.p with MNP, P")e{0,1}
n—1

Ma(po, .- yPn-1), & (Pos -y Ppe1)) = > A(pi,p;) mod 2 Binary function
i=0

—— PLPifANP,P)=0and P L P'if \(P,P') =1
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Pauli tableau / Pauli frame
Cﬁ#ﬂr{i _ {CNOT, 4 Sf

— Use this compact representation to represent Cliffords gom net

U € Clif fords, P € Paulis = UPUT € Paulis

j|U'Z,u UX;Uu UYU

0| Zo  XoXi YoXi

1| 2021 X1 = ZoYs

\ J
|

Compact representation of a Clifford unitary U = CNOT, ;
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Pauli tableau / Pauli frame
Cﬁﬂo«i _ {CNOT, 4 Sf

— Use this compact representation to represent Cliffords gom et

U € Clif fords, P € Paulis = UPUT € Paulis

ilv'z,u U'X;Uu UY,U.— "=714k
0 20 XoX1 Yo X4
1| ZoZ, X, mne
\ J
|

Compact representation of a Clifford unitary U = CNOT, ;
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Pauli tableau / Pauli frame

— Use this compact representation to represent Cliffords

U € Cliffords: P € Paulis = UPUT € Paulis

; T, Ty . Ty Y=—iZ-X
ilUzu Ux,u Wy ———
0| Zo XoX1 X1
1 2021 X1 0

| J
|
Compact representation of a Clifford unitary U = CNOT, ;
Zy  XoXi
ZoZ1  Xq
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ggib#()/;i = {CNOTI H, Sf
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n - qubit Clifford is
represented by a
n x 2 Pauli frame

effZg eff Xo
- . .

effZ,-1 effX,_1
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Pauli tableau / Pauli frame

— n - qubit Clifford is represented by a (n x 2) Pauli frame

effZ,  effX,
F = z s
effZ, | effX,

N

Respect the follwing commutativity relations:

M(effZ;, effZ;) = A(effX;,effX,) =0 commute
NeffZ;,eftX ;) = AeftX,,effZ;) =0, ; anti-commute
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Pauli tableau / Pauli frame 7, effXe

o . . F = : :
— n - qubit Clifford is represented by a (n x 2) Pauli frame ) )
: g yanx2) off Z, | effX,

A lookup actionon F on P = a(py, ..., Px—1) Written ﬁ(P), IS given by:
—
F(a(po,.--,pn-1)) = [ ] effp,
J

with effl; = I and effY; = effZ; © eft X

For every Pauli frame F there is a Clifford unitary Uf unique up to an
overall phase satisfying F(P) = (UF)t P UF for any Pauli P.

— The semantics of a Pauli frame is given by the Pauli map: [F](Q) =U*Q(U*)"
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Types of PCOAST nodes and
the PCOAST data structure

PCOAST nodes

0 Quantum gates ]
- ST Un1ta1:y gates [ Measurement |
1Tord gates
_ g. Pauli rotationg Space
Paulis | | Pauli frames Rot(P,0) = ¢~i5F functions
XoZ1Ys) | F:P->P My =~ My
Pauli preparations Pauli measurements

Prep(Pz, Px) Meas“(P)

\

[n] : Pr - CQ pw:Myp— Moy

PCOAST nodes as Pauli maps Measurement space functions are
(can be lifted to cg-channels) direcly defined as cq-channels
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PCOAST data structures

PCOAST nodes
Quantum gates

Er)e—| & —
. . [ — e Measurement space functions
Pauli rotation [P o] [Pt e

— ) 4 p: My = Ma
[Rot(P,0)[(Q) — [l CQM QM

= [Rot(P,0)]Q[Rot(P,-0)]

Pauli measurement

[Meas®(P)[(Q)

i ; i peu sy mld=o |
Pauli preparation T BU-PQU-P) ml] =1 Pauli frames

[Prep(Pz, Px)](Q) ()

- i ((I+P2)Q(I + Py) + Px(I - P;)Q(I - P;)Px) effZn-1 effXyy
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PCOAST graph
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.......................................................................... Exemplary PCOAST graph

Directed acyclic graph with vertices V that are PCOAST nodes

For any nodes n, and n, that do not commute, there is a edge
from n,; to n, or vice versa

There are no edges between commuting vertices
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PCOAST optimization techniques

Compiling circuits to PCOAST graphs

l

Internal optimization on PCOAST graphs

l

Synthesizing circuits from PCOAST graphs
(depending on whether hold or release is chosen)
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Performance Evaluation:
Gate count vs. Compile time

| + PCOAST o giskit -02 A giskit -03 m tket 1 tket 2
UCCsSD QFT Grover's Diffusion HEA QAOA-MaxCut
A . R [ — e -
" . .
_ 0.6 gy, M 0.50 0.6
£ A 0.5 1 -~ 05 - 3
S P 0.45 u ’
g L4 A o 2 *
‘g‘ 0.4 -~ 0.4 fA o Ma® 0.4 -
g = \ & . 0.40 .0 0.4 A a
3 i i .
& 0.2 £ 0.3 . 0354 . 0.2- .rf‘?,‘
* . r p *
s 0.2 1 v 0.30 . y 034
0.0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Compile Time (Norm) ompile Time (Norm) Compile Time (Norm)  Co mpile Time (Norm) Compile Time (Norm)

Evaluated against Qiskit and t|ket): reduces total gate count
by 32.53% and 33.33% on average, two-qubit gates by 29.22%
and 20.58%, and circuit depth by 42.02% and 51.27%.
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Summary

- A novel optimization framework for mixed unitary and non-unitary
quantum circuits is presented.

- Adapts the commutativity properties of Cliffords and Pauli strings to
preparation and measurement gates in the PCOAST graph.

- Good performance is shown by evaluation against Qiskit and t|ket).

- Implemented as core optimization of the Intel SDK, it can be enabled via
the (-O1) flag.
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Thank you!

Are there any questions?
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