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Santiago 2026 — a three-lecture series

1. Demystifying Quantum Computing quantum computing 101
2. Quantum Circuit Analysis with #SAT model counting
3. Knowledge Representation for Quantum Computing knowledge representation

Alfons Laarman 1/23



Classical SAT solvers already crack open problems in math

. Ehe New Jork Times
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fripe et 4 For thousands of years, mathematicians have
adapted to the latest advances in logic and
reasoning. Are they ready for artificial intelligence?

Nature New York Times

[1] M. J. Heule and O. Kullmann, “The science of brute force,” Communications of the ACM, vol. 60, 2017

[2] M. J. Heule, O. Kullmann, and V. W. Marek, “Solving and verifying the boolean pythagorean triples problem
via cube-and-conquer,” in International Conference on Theory and Applications of Satisfiability Testing,
Springer, 2016.

[3] M. Heule, “Schur number five,” in Proceedings of the AAAI Conference on Artificial Intelligence, vol. 32,
2018.
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The same classical SAT /| #SAT solvers
now simulate, verify, and synthesize quantum circuits.

How can that possibly work?
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The same classical SAT /| #SAT solvers
now simulate, verify, and synthesize quantum circuits.

How can that possibly work?

Spoiler: one Boolean encoding — going quantum only changes the weights.
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SAT-based Quantum Circuit Simulation

Encoding Quantum Circuit Semantics in SAT

» SAT encoding of Clifford circuits [1] V'scalable / Xnon-universal

[1] L. Berent, L. Burgholzer, and R. Wille, “Towards a SAT Encoding for Quantum Circuits,” in SAT, vol. 236,
2022

[2] F. Bauer-Marquart, S. Leue, and C. Schilling, “SymQV: Automated symbolic verification of quantum
programs,” in Formal Methods, 2023.

[3] J. Mei, M. Bonsangue, and A. Laarman, “Simulating quantum circuits by model counting,” in CAV, 2024.
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SAT-based Quantum Circuit Simulation

Encoding Quantum Circuit Semantics in SAT
Vscalable / Xnon-universal
Xnon-scalable / vuniversal

V'scalable / vuniversal

» SAT encoding of Clifford circuits [1]
» SMT encoding of universal circuits [2]
» #SAT encoding of universal circuits [3]

H#SAT

Quantum circuit non-equivalence

Circuit non-equivalence

Circuit evaluation (simulation) Q o cuit simulati
uantum circuit simulation

L. Berent, L. Burgholzer, and R. Wille, “Towards a SAT Encoding for Quantum Circuits,” in SAT, vol. 236,

(1
2022.

[2] F. Bauer-Marquart, S. Leue, and C. Schilling, “SymQV: Automated symbolic verification of quantum
programs,” in Formal Methods, 2023.

[3] J. Mei, M. Bonsangue, and A. Laarman, “Simulating quantum circuits by model counting,” in CAV, 2024.
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Roadmap

» SAT and #SAT (model counting)
» Encoding quantum circuits in logic
» Application: Simulation, Equivalence checking, Verification, Synthesis

» Different encodings and performance
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SAT = DPLL + CDCL

1: procedure DPLL(y in CNF)
2: UnitPropagation(y)

3 if ¢ is empty CNF then
4 return SAT

5: if empty clause in ¢ then
6 return UNSAT

7 Select x € vars(yp)

8 Select v € {0,1}

9: if DPLL(p[x := v]) then

10: return SAT

1L else

12: return DPLL(p[x :=1 — v])

[DPLL = Davis, Putnam, Logemann & Loveland]
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<1 < g 3 53 %
VoSt N
{192 13, 234, 45 846 56 }

Alfons Laarman



Implication Graph

<1 7] g <4 53 3
AN AN A A S
{192, 13, 234, 35, 836 56, }

Alfons Laarman /23



Implication Graph

8 Yo
S,

Alfons Laarman /23



Implication Graph

Alfons Laarman /23



Implication Graph

Alfons Laarman 5/23



Implication Graph

Alfons Laarman 5/23
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Implication Graph

We may ‘learn‘ a clause C =5V 60orC =4V 6
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Constraint-Driven Clause Learning

@ := @ A c where c is a ‘learned clause’
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Constraint-Driven Clause Learning

@ := @ A c where c is a ‘learned clause’

Proof theoretical results show exponential gains

(1

[1]  J. M. Silva and K. A. Sakallah, “GRASP-a new search algorithm for satisfiability,” in Proceedings of
International Conference on Computer Aided Design, |IEEE, 1996
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SAT Solvers Are Fast in Practice
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Weighted Model Counting (#SAT)

Model counting (#SAT) is the counting version (#P) of satisfiability (SAT).
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Model counting (#SAT) is the counting version (#P) of satisfiability (SAT).

Example (Weighted Model Counting)

Formula: F=aV b
Weights: W(a) = 1,

3
@=35 _
W(b) = W(b) =1
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Weighted Model Counting (#SAT)

Model counting (#SAT) is the counting version (#P) of satisfiability (SAT).

Example (Weighted Model Counting)

Formula: F=aVvb

Weights: W(a) = 1,
w(@) =35,
W(b) = W(b) = 1

INw)|

Satisfying assignments: _
SAT(F)={{a+ 0,b<+1},{a<+ 1,b<«0},{a<+1,b+ 1}}={3b,ab,ab}

ab | —

3 | 2/3-1
ab | 3-1
ab | 1/3-1
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Weighted Model Counting (#SAT)

Model counting (#SAT) is the counting version (#P) of satisfiability (SAT).

Example (Weighted Model Counting)

Formula: F=aVvb

Weights: W(a) = 1,
w(@) =35,
W(b) = W(b) = 1

INw)|

Satisfying assignments: _
SAT(F)={{a+ 0,b<+1},{a<+ 1,b<«0},{a<+1,b+ 1}}={3b,ab,ab}

ab | —

3 | 2/3-1
ab | 3-1
ab | 1/3-1

4
ModelCounty,/ (F) = 5
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Weighted Model Counting (#SAT)

Model counting (#SAT) is the counting version (#P) of satisfiability (SAT).

Example (Weighted Model Counting)

Formula: F=aVvb

Weights: W(a) = 1,
w(@) =35,
W(b) = W(b) = 1

INw)|

Satisfying assignments: _
SAT(F)={{a+ 0,b<+1},{a<+ 1,b<«0},{a<+1,b+ 1}}={3b,ab,ab}

ab | —

ab | 2/3-1

ab | 3-1

ab | 1/3-1

satisfying assignment weight of assignment
4 ——
ModelCounty/(F) = ~ = 1T w)

3 XeF—1(1) x; €EX
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Component caching

1. procedure #DPLL(¢p)

2: ¢ < UNITPROPAGATION(¢)

3 if o =0 then

4 return 1

5: if 0 € ¢ then

6 return 0

7 if CACHED(¢p) then

8 return LOOKUP(y)

9: if ¢ = 1 A 2 with disjoint variables then
10: return #DPLL(p1) - #DPLL(p2)

11 X <= SELECTVARIABLE(p)

12: ¢ + #DPLL(p[x :=0]) + #DPLL(¢[x :=1])
13: STORE(p, ¢)

14: return ¢
(1]

[1] M. Thurley, “Sharpsat—counting models with advanced component caching and implicit bep,” in
International Conference on Theory and Applications of Satisfiability Testing, Springer, 2006.
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Roadmap

»> SAT and #SAT (model counting)
» Encoding quantum circuits in logic

» Application: Simulation, Equivalence checking, Verification, Synthesis

» Different encodings and performance
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Encoding quantum states as Boolean formula

|0)
1)
|10)
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Encoding quantum states as Boolean formula

» Step 1: Encode each term as an assignment to a set of variables

» Step 2: Encode assignment as formula F.

|0) {{x«o0}} F(x) = x
1) x <11 F(x) £ x

|10) {{x < 1,y < 0}} F(x,y) £ x Ay, abbreviated xy
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Encoding quantum states as Boolean formula

» Step 1: Encode each term as an assignment to a set of variables

» Step 2: Encode assignment as formula F.

0) {{x < 0}} F(x) = x
1) {{x < 1}} F(x) & x
[10) {{x+ 1Ly« 0}} F(x,y) £ x Ay, abbr

% |0) + % 1) {{X « 0, “weight \15”}7 {x + 1, "weight %}}

Alfons Laarman 10/ 23



Encoding quantum states as Boolean formula

» Step 1: Encode each term as an assignment to a set of variables
» Step 2: Encode assignment as formula F.
> Step 3: Incorporate weight by adding additional variable h with

%1 if z=nh
W(z) = -5 if z=nh
1 if z represents any other literal
|0) {{x < 0}} F(x) & %
1) {{x < 1}} F(x) = x
|10) {{x + 1,y < 0}} F(x,y) £ x A ¥, abbreviated xy

S0+ 51 {{x< 0,0 0} {x1,h < 0}}
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Encoding quantum states as Boolean formula
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Encoding quantum gates

Goal: find formula Fpy(x, x/, ) for the gate H = % {1 ' }
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Encoding quantum gates

Goal: find formula Fy(x,x’, hi.ho,... ) for the gate H = 1 {1 1 }
—_———

auxiliary variables

H(|x), [x")) =
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Encoding quantum gates

Goal: find formula Fy(x,x’, hi.ho,... ) for the gate H = 1 {1 1 }
—_———

auxiliary variables

H(|x), [x")) =

Solution: Fyy(x,x',h) 2 he (x Ax') with W(h) = —1/va, W(h) = 1/v2

Similarly, we can find formulae for other gates (including fixed rotations).

(For H,CNOT and T is sufficient as these are universal; Solovey-Kitaev Thm)
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Sequential and parallel composition of gates

Using Fy, FenoT, Fr for encoding the output state of a circuit C:
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Sequential and parallel composition of gates

Using Fy, FenoT, Fr for encoding the output state of a circuit C:

o {0
g F—

lpo) =100)  |p1) |p2) |#3)

where and t are Boolean variables.
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Sequential and parallel composition of gates

Using Fy, FenoT, Fr for encoding the output state of a circuit C:

o {0
g F—

lpo) =100)  |p1) |p2) |#3)

where and t are Boolean variables. We copy x, y for every time step:
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Sequential and parallel composition of gates

Using Fy, FenoT, Fr for encoding the output state of a circuit C:

o {0
g F—

leo) =100) |1} [ep2) |3)
where and t are Boolean variables. We copy x, y for every time step:
Fc =Xy N
N~
l¢o)
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Sequential and parallel composition of gates

Using Fy, FenoT, Fr for encoding the output state of a circuit C:

o {0
g F—

leo) =100)  [p1) [w2) |3)
where and t are Boolean variables. We copy x, y for every time step:
Fc = X% N Fu(xo, 1, h) A
N~
l¢o)
le1)
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Sequential and parallel composition of gates

Using Fy, FenoT, Fr for encoding the output state of a circuit C:

o {0
g F—

leo) =100)  [p1) [w2) lo3)
where and t are Boolean variables. We copy x, y for every time step:
Fc =%y A Fu(xo,xi, h) A Fenot(x1,y1, %2, ¥2) A
N~
l¢o)
le1)
l¢2)
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Sequential and parallel composition of gates

Using Fy, FenoT, Fr for encoding the output state of a circuit C:

o {0
g F—

leo) =100) |1} [ep2) |3)
where and t are Boolean variables. We copy x, y for every time step:
Fc = Xo70 N Fr(xo,x1, h) A Fenot(x1,y1,x2,¥2) A Fr(y2,ys,t)
l¢o)
le1)
le2)
le3)
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Sequential and parallel composition of gates

Using Fy, FenoT, Fr for encoding the output state of a circuit C:

o {0
g F—

leo) =100)  [p1) [w2) lo3)
where and t are Boolean variables. We copy x, y for every time step:
Fc = Xo70 N Fr(xo,x1, h) A Fenot(x1,y1,x2,¥2) A Fr(y2,ys,t)
l¢o)
le1)
l¢2)
le3)
#SATw(Fc N x3=a AN y3=b) = (ablps)
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The Model Counter Computer Path Sums

0)
lvo) 1) |w2) l@3) lwa)
Hy CNOT; 2 CNOT1 2 Hy Final amplitude:
) > 00) > |00) > 100) - —»j00)  —i+i=1
) .. =
jo1) V2 jo1) jo1) jo1) S Vj jo1) —o0
1~ ~
|10) |10) 1 |10) 1 |10) = = = = = ? - -p |10) —~3i-1=o0
v
1) |11>\ \11>/ 1) v 1) o0

Alfons Laarman 13 /23



The Model Counter Computer Path Sums

o) (A}

leo) [p1) |e2) l03) [pa)
Hy CNOT; 2 CNOT1 2 Hy Final amplitude:
7 1 1 %
|00) » |00) » |00) > 100) - — [00) ~l+l=1
1 Sa. V2
Jo1) V2 Jo1) Jo1) Jo1) P Jo1) «0
1 N0
V2
o L L i
V2
[11) |11) |11) 11) |11) 0

In WMC, the circuit above has four satisfying assignments:

S o —t= _ _
{W hx1y1x0y2x373%Y, = =5 [10), K hx1y1x2y2x3y3%Xay, = 3 00)
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The Model Counter Computer Path Sums

o) (A}

lpo) |e1) 02) [¢3) |pa)
Hy CNOT; 2 CNOT1 2 Hy Final amplitude:
7 1 1 %
|00) » |00) » |00) > 100) - — [00) ~l+l=1
1 Sa. V2
Jo1) V2 Jo1) Jo1) Jo1) P Jo1) «0
1 N0
j 1 1 _
o LRI e
V2
111) 111) |11) |11) |11) «0

In WMC, the circuit above has four satisfying assignments:

S o —t= _ _
{W hx1y1x0y2x373%Y, = =5 [10), K hx1y1x2y2x3y3%Xay, = 3 00)

Each satisfying assignment corresponds to a path! So WMC computes the path sum.
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Roadmap

»> SAT and #SAT (model counting)
» Encoding quantum circuits in logic

» Application: Simulation, Equivalence checking, Verification, Synthesis

» Different encodings and performance
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Simulation

Simulation

Given an n-qubit quantum circuit C and a computational-basis measurement
specification, which is described by a state |b) on n qubits, compute the probability of
measuring |b) in state C|0...0), i.e. (b|C0...0).

lv0) lo1)  [w2) l3)

XoJo A Fc(x0, Y0, - -, x3,¥3) A X373

[1]  J. Mei, M. Bonsangue, and A. Laarman, “Simulating quantum circuits by model counting,” in CAV, 2024
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Given an n-qubit quantum circuit C and a computational-basis measurement
specification, which is described by a state |b) on n qubits, compute the probability of
measuring |b) in state C|0...0), i.e. (b|C0...0).

lv0) lo1)  [w2) l3)

XoJo A Fc(x0, Y0, - -, x3,¥3) A X373

[1]  J. Mei, M. Bonsangue, and A. Laarman, “Simulating quantum circuits by model counting,” in CAV, 2024
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Verification

Quantum Hoare Logic [1]

Given a circuit C, projectors P and Q, the Hoare triple {P} C {Q} is true if and only
if for any input state |)), we have

) EP= Cl¥) = Q,
where 1) = P iff P[t) = |1)).
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Verification

Quantum Hoare Logic [1]

Given a circuit C, projectors P and Q, the Hoare triple {P} C {Q} is true if and only
if for any input state |)), we have

Yy EP = Cl¢) EQ,
where [¢) = P iff P|y) = [¢).

9 —{H ()} 0
(T~

o) le1)  [w2) 3)

Xo A Fe(x05 Y0, -5 X3, ¥3) A Xs.

[1] M. Ying, “Floyd—Hoare logic for quantum programs,” ACM Transactions on Programming Languages and
Systems (TOPLAS), vol. 33, 2012
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(Approximate) Quantum Circuit Equivalence Checking

Definition (Approximate equivalence checking)

Let U and V be two n-qubit quantum circuits, Then U and V are e-equivalent,
written as U ~, V, if and only if the Jamiolkowski fidelity between U and V is not
less than 1 — € (e € [0, 1]).

[1]  J. Mei, T. Coopmans, M. Bonsangue, and A. Laarman, “Equivalence checking of quantum circuits by model
counting,” in IJCAR, 2024

[2] J. Mei, J. Martens, and A. Laarman, “Disentangling the Gap Between Quantum and #SAT,” in International
Colloquium on Theoretical Aspects of Computing, Springer, 2024.
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(Approximate) Quantum Circuit Equivalence Checking

Definition (Approximate equivalence checking)

Let U and V be two n-qubit quantum circuits, Then U and V are e-equivalent,
written as U ~, V, if and only if the Jamiolkowski fidelity between U and V is not
less than 1 — € (e € [0, 1]).

Exploit reversibility: U = V if and only if UVT = |.

The Jamiotkowski fidelity between U and V can be computed by

1 _ ~ _ _ L
? . |#SATW(FU(Qim ceey qmid) A FVT(qmid: B qout) A Fl(qm: C]out))‘2

[1]  J. Mei, T. Coopmans, M. Bonsangue, and A. Laarman, “Equivalence checking of quantum circuits by model
counting,” in IJCAR, 2024

[2] J. Mei, J. Martens, and A. Laarman, “Disentangling the Gap Between Quantum and #SAT,” in International
Colloquium on Theoretical Aspects of Computing, Springer, 2024.
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[2] J. Mei, J. Martens, and A. Laarman, “Disentangling the Gap Between Quantum and #SAT,” in International
Colloquium on Theoretical Aspects of Computing, Springer, 2024.
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(Approximate) Quantum Circuit Equivalence Checking

Definition (Approximate equivalence checking)

Let U and V be two n-qubit quantum circuits, Then U and V are e-equivalent,
written as U ~, V, if and only if the Jamiolkowski fidelity between U and V is not
less than 1 — € (e € [0, 1]).

Exploit reversibility: U = V if and only if UVT = |.

The Jamiotkowski fidelity between U and V can be computed by

1 _ ~ _ _ L
; . |#SATW(FU(Qim ceey qmid) A Fv’r(qmid: B qout) A Fl(qm: QOut))‘z

(Equals 1 if and only if U = V.)

We call this the “cyclic encoding” since it equals F,+(qo, - - -, Go)

[1] J. Mei, T. Coopmans, M. Bonsangue, and A. Laarman, “Equivalence checking of quantum circuits by model
counting,” in IJCAR, 2024

[2] J. Mei, J. Martens, and A. Laarman, “Disentangling the Gap Between Quantum and #SAT,” in International
Colloquium on Theoretical Aspects of Computing, Springer, 2024.
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Quantum circuit synthesis

The synthesis problem

Inputs:
» A circuit C; is gateset G

> A gate set Go

Output:
» A minimum-depth circuit C, in gateset G, that is equivalent to C;

\
’ -

\
7z~
synthesize, in Gy

< Tnimize depth
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Quantum circuit synthesis
The approximate synthesis problem

Inputs:
» A circuit C; is gateset G

> A gate set Go
» An approximation parameter €

Output:
» A minimum-depth circuit C; in gateset Gp that is e-equivalent to G

\
’ -

\
<o~
synthesize, in Go

given, in Gy
< Tnimize depth @
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Quantum circuit synthesis
The approximate synthesis problem

Inputs:
» A circuit C; is gateset G

> A gate set Go
» An approximation parameter €

Output:
» A minimum-depth circuit C; in gateset Gp that is e-equivalent to G

\
’ -

\
<o~
synthesize, in Go

given, in Gy
< Tnimize depth @

Approach
quantum circuit synthesis — maximum (weighted) model counting [1]

D. Fremont, M. Rabe, and S. Seshia, “Maximum model counting,” in AAAI, vol. 31, 2017

[1]



Synthesis = Max#SAT over “which gate where”
Input C; is given as Fg, (X,X').
1. Encode one generic layer F (X, X', p) — selectors p choose the gate

e.g., for p € [P], the circuit L, is: - o — —
% - -
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Synthesis = Max#SAT over “which gate where”
Input C; is given as Fg, (X,X').
1. Encode one generic layer F (X, X', p) — selectors p choose the gate

e.g., for p € [P], the circuit L, is: - o — —
% - -
2. Stack d layers Co,g = L--- L, check C5 9 = C1, and

dx

?
3 € [P #SAT( For1 (50, %) A Fe, 4 (%1, %2, B) A% & )?2)) >e.2n

Cpq-Cyt

1. Increment d =1,2,... for
2. Using € = 1, we have exact synthesis.

3. { Toffoli, CX, X } is universal = some d always works for exact synthesis.

Exactly Synthesise SWAP from {CX}

d=3: count = 22 = 4,
C2 = (CXo1, CX10, CXo1). I =

>

>
[anY
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Roadmap

»> SAT and #SAT (model counting)
» Encoding quantum circuits in logic

» Application: Simulation, Equivalence checking, Verification, Synthesis

» Different encodings and performance

Alfons Laarman 18 /23



All the other gates: negative & complex weights

Gate Relation Fg Weights
X, CX, Toffoli  Boolean none
/ —_1
H h< (xAx") W(h) = 7
/ — oy — 140
T (x e x)A(w < x) W(W)_w_%
S, R:(09) (xexXYAN(wex) Ww)=i e?

[1] C. M. Dawson and M. A. Nielsen, “The Solovay-Kitaev algorithm,” Quantum Information and Computation,
vol. 6, 2006

[2] R. E. Bryant, “Numerical considerations in weighted model counting,” arXiv preprint arXiv:2508.06264, 2025.

[3] G. Audemard, J.-M. Lagniez, and M. Miceli, “A new exact solver for (weighted) Max#SAT,” in 25th
International Conference on Theory and Applications of Satisfiability Testing (SAT 2022), ser. LIPlcs,
vol. 236, 2022.
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X, CX, Toffoli  Boolean none
/ —_1
H h< (xAx") W(h) = 7
/ — oy — 140
T (x e x)A(w < x) W(W)_w_%
S, R:(09) (xexXYAN(wex) Ww)=i e?

H,Toffoli suffice (universal, Solovay—Kitaev [1]).
Irrational H needs approximation [2].

[1] C. M. Dawson and M. A. Nielsen, “The Solovay-Kitaev algorithm,” Quantum Information and Computation,
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[2] R. E. Bryant, “Numerical considerations in weighted model counting,” arXiv preprint arXiv:2508.06264, 2025.
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S, R:(09) (xexXYAN(wex) Ww)=i e?

H,Toffoli suffice (universal, Solovay—Kitaev [1]).
Irrational H needs approximation [2].

Tooling

No solver handled negative/complex weights — we extended d4Max [3].
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All the other gates: negative & complex weights

Gate Relation Fg Weights
X, CX, Toffoli  Boolean none
/ —_1
H h< (xAx") W(h) = 7
/ — oy — 140
T (x e x)A(w < x) W(W)_w_%
S, R:(09) (xexXYAN(wex) Ww)=i e?

H,Toffoli suffice (universal, Solovay—Kitaev [1]).
Irrational H needs approximation [2].

Tooling

No solver handled negative/complex weights — we extended d4Max [3].

Different encoding in the Pauli basis (entanglement spectrum).
[1] C. M. Dawson and M. A. Nielsen, “The Solovay-Kitaev algorithm,” Quantum Information and Computation,
vol. 6, 2006
[2] R. E. Bryant, “Numerical considerations in weighted model counting,” arXiv preprint arXiv:2508.06264, 2025.

[3] G. Audemard, J.-M. Lagniez, and M. Miceli, “A new exact solver for (weighted) Max#SAT,” in 25th
International Conference on Theory and Applications of Satisfiability Testing (SAT 2022), ser. LIPlcs,
vol. 236, 2022.
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Different encodings

In the Pauli basis: p = Zj Bj - P; for P {1, X, Y,Z}®" for B; € R,

We reserve two Boolean variables (x, z) for a Pauli, so e.g.:
21,2 =X1 AN X2 A (21 (&) 22)

Quokka#: https://github.com/System-Verification-Lab/Quokka-Sharp
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Different encodings

In the Pauli basis: p = Zj Bj - P; for P {1, X, Y,Z}®" for B; € R,

We reserve two Boolean variables (x, z) for a Pauli, so e.g.:
21,2 =X1 AN X2 A (21 (&) 22)

‘ Nr of qubit variables ‘ Gate encoding length ‘ weights

Pauli basis 2n m real (-+negative)
Computational basis | n 2m complex

Encoding equivalence checking for n qubits:

Encoding Basis Eq. Encoding ‘ Performance
Pauli basis Cyclic +/-
Computational basis  Cyclic ++
Pauli basis Choi iso. trick ++

Quokka#: https://github.com/System-Verification-Lab/Quokka-Sharp
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Practical performance

We can use any state-of-the-art weighted model counting which supports negative
weights, such as Ganak [1]!

Random-circuit simulation comparison [2]:

» solid line: WMC
» dashed line: ZX graphical-calculus based simulator

[1] S. Sharma, S. Roy, M. Soos, and K. S. Meel, “Ganak: ...,” in [JCAI, vol. 19, 2019.
[2] J. Mei, M. Bonsangue, and A. Laarman, “Simulating quantum circuits by model counting,” in CAV, 2024.
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Practical performance

We can use any state-of-the-art weighted model counting which supports negative
weights, such as Ganak [1]!

Random-circuit simulation comparison [2]:

» solid line: WMC

» dashed line: ZX graphical-calculus based simulator

—e— #QUBITS =50, WMC  —e— #QUBITS = 60, WMC  —— #QUBITS = 70, WMC | —@— DEPTH =30, WMC —e— DEPTH = 40, WMC  —e— DEPTH = 50, WMC

—— #QUBITS = 50, ZX —&— #QUBITS = 60, ZX —&— #QUBITS = 70, ZX —&— DEPTH = 30, ZX —4&— DEPTH = 40, ZX —&— DEPTH = 50, ZX
102
10!
g
&
N
£ 100
107
1072
10 20 30 40 50 60 30 40 50 60 70 80 90 100 110 120 130 140
Depth #QUBIT
[1] S. Sharma, S. Roy, M. Soos, and K. S. Meel, “Ganak: ...,” in [JCAI, vol. 19, 2019.

[2] J. Mei, M. Bonsangue, and A. Laarman, “Simulating quantum circuits by model counting,” in CAV, 2024.
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Does synthesis work?

Depth-optimal TOFFOLI synthesis into {H, CX, C\/Y}

Toffoli = CvXo,0CVX1,2CX0,1CV XT02CXo,1

iteration = depth ‘ 1 2 3 4 5
Clauses 136 992 1886 2780 3674 4568
Literals 524 3760 7126 10492 13858 17224

runtime (s) 0.03 0.04 0.16 3.39 141.86

converges to the optimal 6-layer circuit.

[1]  Z. Dekel, J. Mei, J.-M. Lagniez, and A. Laarman, “Reducing Quantum Circuit Synthesis to #SAT,” in

Constraint Programming, Springer, 2025

[2] M. Amy, D. Maslov, M. Mosca, and M. Roetteler, “A meet-in-the-middle algorithm for fast synthesis of
depth-optimal quantum circuits,” /EEE Transactions on Computer-Aided Design of Integrated Circuits and
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Does synthesis work?

Depth-optimal TOFFOLI synthesis into {H, CX, GV X}

Toffoli = Cv/Xo,,CvV/X1,2CXp,1CVXT02CXo1

iteration = depth ‘ 1 2 3 4 5
Clauses 136 992 1886 2780 3674 4568
Literals 524 3760 7126 10492 13858 17224

runtime (s) 0.03 0.04 0.16 3.39 141.86

converges to the optimal 6-layer circuit.

Comparison with state-of-the-art mitms

CS = CX10T{ CX10To T

depthd | 3 4 5 6

mitms [2] | 019 160 124 846
Quokka# | 0.05 027 234 647

reaches depths 7—8 where mitms times out.

Z. Dekel, J. Mei, J.-M. Lagniez, and A. Laarman, “Reducing Quantum Circuit Synthesis to #SAT,” in

Constraint Programming, Springer, 2025
[2] M. Amy, D. Maslov, M. Mosca, and M. Roetteler, “A meet-in-the-middle algorithm for fast synthesis of
depth-optimal quantum circuits,” /EEE Transactions on Computer-Aided Design of Integrated Circuits and

Alfons Laarman
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Takeaway

Quantum circuit synthesis —> Maximum weighted model counting

» New SAT-based methods for QC <+ new applications for solvers.

» Approximate equivance (QMA) and synthesis with exact symbolic tool (#SAT).

Analyze your quantum circuits with Quokka#:

github.com/System-Verification-Lab/Quokka-Sharp [1]

Alfons Laarman
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Takeaway

Quantum circuit synthesis —> Maximum weighted model counting

» New SAT-based methods for QC <+ new applications for solvers.

» Approximate equivance (QMA) and synthesis with exact symbolic tool (#SAT).

Open problems

P Approximation algorithms for #SAT with negative weights.
> Support for sampling and noise.

» Push synthesis well beyond small qubit count and depth.

» Push open problems in Q. foundations: contextuality, MUB, non-locality, ....

Analyze your quantum circuits with Quokka#:

github.com/System-Verification-Lab/Quokka-Sharp [1]

vokka
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