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Abstract—Quantum error correcting codes (QECC) are es-
sential for constructing large-scale quantum computers that de-
liver faithful results. As strong competitors to the conventional
surface code, quantum low-density parity-check (qLDPC) codes
are emerging rapidly: they offer high encoding rates while
maintaining reasonable physical-qubit connectivity requirements.
Despite the existence of numerous code constructions, a notable
gap persists between these designs—some of which remain purely
theoretical—and their circuit-level deployment.

In this work, we propose Auto-Stabilizer-Check (ASC), a
universal compilation framework that generates depth-optimal
syndrome extraction circuits for arbitrary qLDPC codes. ASC
leverages the sparsity of parity-check matrices and exploits the
commutativity of X and Z stabilizer measurement subroutines to
search for optimal compilation schemes. By iteratively invoking an
SMT solver, ASC returns a depth-optimal solution if a satisfying
assignment is found, and a near-optimal solution in cases of solver
timeouts. Notably, ASC provides the first definitive answer to one
of IBM’s open problems: for all instances of bivariate bicycle (BB)
code reported in their work, our compiler certifies that no depth-6
syndrome extraction circuit exists.

Furthermore, by integrating ASC with an end-to-end evalua-
tion framework—one that assesses different compilation settings
under a circuit-level noise model—ASC reduces circuit depth by
approximately 50% and achieves an average 7x-8x suppression
of the logical error rate for general qLDPC codes, compared
with as-soon-as-possible (ASAP) and coloration-based scheduling.
ASC thus substantially reduces manual design overhead and
demonstrates its strong potential to serve as a key component
in accelerating hardware deployment of qLDPC codes.

Index Terms—quantum computing, quantum error correction

I. INTRODUCTION

Quantum computing harnesses the unique principles of quan-

tum mechanics and holds the potential to deliver significant

speedups for various hard problems [1]–[4]. While there is

no “free lunch” in quantum computer development—given

the inherently noisy environment and the fragility of qubits—

quantum error correction (QEC) enables reliable quantum

computing by using redundant physical qubits for logical

encoding [5]–[7], thereby enabling the high-fidelity storage and

processing of quantum information [8].
Building a robust, fault-tolerant quantum computer depends

not only on high-performance QECCs [9]–[12] and efficient de-

coding architectures [13]–[18], but also on the effective design

of syndrome extraction circuits, which is a compiler optimiza-

tion task serving as a crucial bridge between code abstraction

and physical gate execution. While bespoke and experimentally

validated [11], [12], [19], hand-designed syndrome extraction

circuits exist for specific codes—such as the depth-4 surface

code or depth-7 BB code—these require substantial manual

efforts and experience. Consequently, a compiler capable of

generating optimal circuits for arbitrary qLDPC codes remains

a critical missing piece in the field.

Previous compilers designed for NISQ are not tailored for

QEC circuits. Compilers such as Qiskit [20] and TKet [21]

utilize peephole optimization based on gate cancellations and

commutativity rules within local subcircuits and schedule

gate sequences in the as-soon-as-possible (ASAP) approach.

However, they cannot lead to non-trivial optimization effects

for syndrome extraction circuits, as they only consider local

commutativity optimization opportunities. Tremblay et al. [22]

observed the commutativity within the same-type stabilizer

checks and introduced a coloration-based method to schedule

X and Z stabilizer checks of the CSS code separately. However,

the applicability of this method is limited: (1) It is only

specified for CSS code, rather than general qLDPC codes which

may contain both X and Z components in one stabilizer check.

(2) Although it gives optimal scheduling for X and Z stabilizer

checks separately, the compiled circuit is about 2× deeper than

the optimal solution. For example, an X-Z separated scheduling

of the surface code leads to a depth-8 circuit, which is 2×
compared with the best manually designed depth-4 circuit.

Exploiting the sparsity and structural regularity of qLDPC

codes, we show that the general constraints of syndrome

extraction circuits can be readily expressed as a satisfiability

modulo theories (SMT) problem and solved efficiently using

modern SMT solvers. Based on this observation, we propose

ASC for compilation and end-to-end evaluation of arbitrary

qLDPC codes. In summary, our key contributions are:

• We analyze and derive a set of general rules for the

syndrome extraction circuits of arbitrary qLDPC codes,

providing the theoretical foundation of our compiler.

• Utilizing the SMT solver, we implement a lightweight



yet efficient compiler based on our general rules. This

compiler not only significantly reduces human-design

overhead but also, for the first time, resolves an open

problem in [12] by providing a definite answer that no

depth-6 circuit exists for their listed BB codes.

• We develop a comprehensive compilation and evaluation

framework, comprising an SMT-based scheduler, a circuit-

level noise simulator, and a decoding pipeline for logical

level evaluation. Our evaluation demonstrates that ASC

can effectively reduce the depth of syndrome extraction

circuits and logical error rates, providing further support

for theoretical analysis and experimental demonstration.

We note that recent works [23], [24] explore more compre-

hensive fault-tolerant circuit compilation frameworks or adopt

more advanced techniques such as ancilla bridge. Our work is

developed independently and instead focuses on a more concise

framework, which enables future integration of constraints from

different fault-tolerance considerations or hardware platforms.

To facilitate future research, we open-source both our im-

plementation and evaluation data at https://github.com/iqubit-
org/Auto-Stabilizer-Check.

II. BACKGROUND

A. Stabilizer Formalism

The concept of stabilizer is fundamental to QEC and a

certain class of QECCs—stabilizer codes. Rooted in the math-

ematical frameworks introduced by Gottesman [25], the stabi-

lizer formalism enables describing and manipulating quantum

states and operations via a group-theoretic approach. Herein we

briefly introduce the stabilizer formalism:

Definition 1 (Pauli Group). The Pauli group Pn is composed
of n-fold tensor products of I,X, Y, Z, with the global phase
of ±1 or ±i.
Definition 2 (Stabilizer Group). Let S ⊆ Pn be a subgroup of
the n-qubit Pauli group that does not contain −I . The subspace

VS := {|ψ〉 ∈ H2n | s |ψ〉 = |ψ〉 , ∀s ∈ S} (1)

is stabilized by S, and S is referred to as the stabilizer group.
Accordingly, a stabilizer code C is defined as the codespace
stabilized by a corresponding stabilizer group.

Definition 3 (Normalizer). The normalizer of a stabilizer group
S ⊆ Pn is defined as

N(S) = {n ∈ Pn | ns = sn, ∀s ∈ S}. (2)

Now we can consider all Pauli errors E ∈ Pn occurring on

stabilizer codes. An error E is detectable if it anti-commutes

with some s ∈ S (Es = −sE), thus producing a non-

zero syndrome measurement outcome. On the other hand, if

E ∈ N(S) \ S, E commutes with all s ∈ S and acts as a

logical operator on the codespace, making it undetectable by

any syndrome measurement. The code distance d is therefore

the minimum weight of such operators in N(S) \ S, ensuring

errors of weight less than �d/2� can be corrected.

TABLE I
STABILIZER GENERATORS OF THE STEANE CODE

g1 X X X X I I I
g2 X X I I X X I
g3 X I X I X I X
g4 Z Z Z Z I I I
g5 Z Z I I Z Z I
g6 Z I Z I Z I Z

B. Quantum Low-Density Parity-Check Codes

We use the notation [[n, k, d]] to denote the physical qubit

number n, logical qubit number k and code distance d of a

stabilizer code. A stabilizer code C has n−k independent gen-

erators {gi}n−k, also known as stabilizer checks. For example,

the [[7, 1, 3]] Steane code [26] has the stabilizer generators in

Table I, and can be represented as the Tanner Graph [27].

This representation naturally leads to the parity check matrix
formulation of the Steane code

HX = HZ =

⎡
⎣
1 1 1 1 0 0 0
1 1 0 0 1 1 0
1 0 1 0 1 0 1

⎤
⎦ (3)

where an entry of 1 indicates a non-identity Pauli operator in

{gi}. Since the Steane code is a CSS code, its stabilizer check

can be specified by two independent parity-check matrices HX

and HZ . More generally, a stabilizer code can be represented

in the Binary Symplectic Form (BSF) as a single matrix H that

encodes X, Z or X-Z crossed stabilizers. The shape of H is

(m, 2n), denoting m stabilizer checks on n data qubits, where

2n is used to represent both X and Z components.

qLDPC codes are also a family of stabilizer codes, with the

weight of stabilizer checks bounded by a constant [27]. In other

words, the Hamming weight of each row and each column in H
is bounded by a constant factor, corresponding to the maximum

degree Δ(G) of the Tanner Graph G.

C. Syndrome extraction circuit

Given a stabilizer check g ∈ Pn and an n-qubit state |Ψ〉,
syndrome extraction refers to the process of measuring the

eigenvalue of g on |Ψ〉. A standard stabilizer check is performed

by the syndrome extraction circuit, also known as a syndrome

measurement circuit [11], which is driven from a standard

Hadamard test circuit in [28]

data |Ψ〉 U

ancilla |0〉 H H

that entangles ancilla and data qubits through CX or CZ
gates to measure the eigenvalue of g on |Ψ〉, as depicted

in Fig. 1. The syndrome extraction outcomes from ancilla

qubits are then decoded to determine the subsequent logical

feedback [8], constituting one of the key components of fault-

tolerant quantum computing (FTQC). Since quantum systems

are inherently subject to noise—including decoherence, gate

imperfections, and environmental interference—that accumu-

lates over the course of circuit execution, longer syndrome

extraction circuits significantly increase the risk of introducing



q0 X

q0 Z

q0 X

q0 Z

|0〉 H H

=

q0 X

q0 Z

q0 X

q0 Z

|0〉 H H

Fig. 1. Illustration of Hadamard test and stabilizer measurement of a given
stabilizer generator g = XZXZ as an example.

additional, uncorrectable errors before error syndromes can be

accurately measured. Therefore, optimizing syndrome extrac-

tion circuits is crucial for QEC.

III. GENERAL RULES OF SYNDROME EXTRACTION

CIRCUIT FOR QLDPC CODES

Consistent with [11], [12], we define circuit depth as the

number of non-overlapping CX (CZ) layers. We exclude single-

qubit gates as they are significantly easier to implement and

typically introduce negligible error compared to two-qubit

gates. This definition motivates the following questions:

1) What is the minimum depth required for the syndrome
extraction circuit of a general qLDPC code?

2) How can we optimize the circuit depth for the syndrome
extraction of a general qLDPC code?

A. General rules

There are two rules for a syndrome extraction circuit:

• Each qubit can participate in at most one two-qubit gate

per TICK, where a TICK represents the minimum time

step in our circuit. For example, the stabilizer check

XZXZ in Fig. 1 requires at least 4 TICKs to execute.

• The stabilizer check process must align with H to ensure

correctness of the QEC process. We will show that the

CX/CZ gates cannot be performed in an arbitrary order.

B. Lower bound

It is obvious that the lower bound of the syndrome extraction

circuit equals the maximum degree of the corresponding Tanner
Graph, namely Δ(G). Taking the Steane code as an example,

Δ(G) = 6, as data qubit q0 connects 3 X checks and 3

Z checks, each edge represents a two-qubit gate between q0
and one ancilla qubit, thus the minimum number of TICKs to

execute all two-qubit gates is at least 6.

C. X-Z commutativity

As we have mentioned before, an X-Z separated scheduling

is far from optimal. Examining the depth-4 syndrome extraction

circuit of the surface code [19], we find that there is ample room

for optimization. We plot some examples in Fig. 2, where a1
and a2 denote two ancilla qubits, corresponding to XXXX
and ZZZZ stabilizer checks, respectively. It turns out that

swapping the order of CX and CZ twice results in a circuit

(Fig. 2 (b)) that is equivalent to the circuit in Fig. 2 (a). This

equivalence allows more CX and CZ gates to be executed in

parallel. In contrast, swapping their order only once yields a

q0 X Z

q1 X Z

q2 X Z

q3 X Z

a1: |0〉 H H

a2: |0〉 H H

(a) Stabilizer measurement for X⊗4 and Z⊗4

q0 X Z

q1 X Z

q2 Z X

q3 Z X

a1 H H

a2 H H

(b) Equivalent circuit

q0 X Z

q1 X Z

q2 X Z

q3 Z X

a1 H H

a2 H H

(c) Non-equivalent circuit

Fig. 2. Examples of equivalent and non-equivalent stabilizer measurement
circuits for stabilizer checks g1 = XXXX and g2 = ZZZZ.

circuit (Fig. 2 (c)) that is inequivalent to the circuit in Fig. 2 (a),

owing to their anti-commutativity. This observation motivates

the following proposition:

Proposition 1 (X-Z commutativity). For any pair of stabilizer
checks, if the parity of the inversion number in the CX-
CZ order across their shared data qubits is even, then all
corresponding syndrome extraction circuits are equivalent.

We provide a concise proof sketch here. Suppose |Φ〉 =∑2n−1
x=0 cx |x〉 is an n-qubit stabilizer state on data qubits

{q1 . . . qn} and
∑2n−1

x=0 |cx|2 = 1, where cx ∈ C are the

complex amplitudes associated with each basis state |x〉. Con-

sidering two stabilizers checked by ancilla qubits a1, a2, the

joint state of these n+ 2 qubits can be written as:

|Φ〉 |+〉 |+〉 = 1

2

2n−1∑
x=0

1∑
y1=0

1∑
y2=0

cx |x y1 y2〉 (4)

where xy1y2 denotes the concatenation of an n-bit string x =
x1 . . . xn, 1-bit strings y1 and y2, thus each basis state in (4)

can be viewed as |x y1 y2〉 = |x1 . . . xn y1 y2〉. Without loss of

generality, suppose there exists a CX gate between a1 and qk,

a CZ gate between a2 and qk. Consider exchanging the order

of this CXa1,qk and CZa2,qk , which share the data qubit qk:

• If CX operates ahead of CZ:

|x1 . . . y2〉
CXa1,qk−−−−−→ |x1 . . . (xk ⊕ y1) . . . y2〉

CZa2,qk−−−−−→ (−1)y2(xk⊕y1) |x1 · · · (xk ⊕ y1) · · · y2〉
(5)

• If CZ operates ahead of CX:

|x1 . . . y2〉
CZa2,qk−−−−−→ (−1)y2xk |x1 . . . y2〉

CXa1,qk−−−−−→ (−1)y2xk |x1 · · · (xk ⊕ y1) · · · y2〉
(6)

Note that (5) and (6) differ only by (−1)y1y2 . Therefore, an

even number of CZ-CX order exchanges will cancel out the



accumulated phase (−1)y1y2 , yielding a state equivalent to that

obtained from separate stabilizer measurements by a1 and a2.

Crucially, Proposition 1 is not limited to the CSS code and

applies generally to any type of stabilizer checks, i.e., those

involving mixed-X/Z stabilizer generators.

D. Formulated constraints

We formulate the fundamental constraints of syndrome ex-

traction circuits as follows:

Constraint 1. At each TICK, a qubit may participate in at

most one two-qubit gate =⇒ unique occupation.

Constraint 2. For each H[i][j] = 1, there must exist exactly

one corresponding two-qubit gate =⇒ integrality of stabilizer

check.

Constraint 3. For any stabilizer check pair, the parity of the

inversion number in the CZ-CX order over their shared data

qubits should be even =⇒ correctness of commutativity.

Note that these constraints serve as general rules for con-

structing and scheduling syndrome measurement circuits of

qLDPC codes, not limited to CSS codes. At this point, we

have established concise and complete theoretical guidance for

our compiler.

IV. IMPLEMENTATION

Leveraging the constraints formulated in Section III, we

propose ASC’s framework, which enables global scheduling

of all types of stabilizer checks. For most near-term qLDPC

codes, the sparsity of the parity-check matrix H allows it to

be efficiently handled by modern SMT solvers. The workflow

of ASC is illustrated in Fig. 3, comprising an SMT-based

scheduler in the central processing module, a circuit-level noise

simulator for evaluation, and an automated circuit filter.

A. SMT-based scheduler

1) Definition of variables: The SMT problem formulation

of our scheduling task is built upon the following variables:

(Boolean Variable) H has the shape of (m, 2n): the parity-

check matrix of the qLDPC code. H[i][j] = 1∨H[i][j+n] = 1
represents that the i-th ancilla qubit has to interact with the j-th
data qubit at some TICK and only once. m is the number of

ancilla qubits (number of stabilizer generators); n is the number

of data qubits.

(Boolean Variable) A has the shape of (m,n, Tmax):
A[i][j][k] = 1 if the i-th ancilla qubit has to interact with the

j-th data qubit at TICK k. Tmax will be defined later.

(Integer Variable) T has the shape of (m,n): the TICK of

each CX/CZ gate. If ancilla qubit i visits data qubit j at TICK

k, then T [i][j] = k ⇐⇒ A[i][j][k] = 1.

Owing to the low-density parity-check property, H is an

extremely sparse matrix. To further denote the empty positions

(i, j) where no CX/CZ gate is required (namely the zeros in

H) and avoid the scheduling overhead in advance, we just set

T [i][j] = −1 for all H[i][j] = 0 ∧H[i][j + n] = 0.

2) Optimization Goal: Our goal is to minimize the circuit

depth, i.e., the maximum element in T :

min max
i,j

T [i][j] (7)

qLDPC Code

Parity-Check Matrix 

Logical Operators 

Circuit-Level Noise Simulator

Constraints | 

SMT?

Query OR-Tools

Optimized Scheduling
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Decoder

N

Y
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Rate

trial-an
d
-selectio
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Fig. 3. Workflow of ASC with the evaluation pipeline.

3) Problem Constraints: Through this representation, a legal

syndrome extraction circuit scheduling must satisfy the follow-

ing constraints:

� Unique occupation of data qubits j at TICK k:

∀j, k
∑
i

A[i][j][k] ≤ 1 (8)

� Unique occupation of ancilla qubits i at TICK k:

∀i, k
∑
j

A[i][j][k] ≤ 1 (9)

� Integrality of stabilizer check:

∀i, j
∑
k

A[i][j][k] = H[i][j] ∨H[i][j + n] (10)

� Correctness of commutativity for all {gi, gj}:

∀i, j
∑
l

I(T [i][l] < T [j][l]) mod 2 = 0, l ∈ {l |

(H[i][l] ∧H[j][l + n])⊕ (H[i][l + n] ∧H[j][l]) = 1}
(11)

where I(·) equals 1 when the condition holds and 0 oth-

erwise. Equations (8)-(9), (10) and (11) completely enforce

Constraints 1, 2 and 3, respectively.

Instead of directly optimizing the circuit depth in (7), which

is usually inefficient, we add one more constraint to confine

the search space:

� Bound of all TICKs:

∀i, j T [i][j] ≤ Tmax (12)

where Tmax is a constant to bound all T [i][j]. We begin with the

lower bound established in Section III-B, and then search for

satisfiability, similar to the strategy in [29]. We incrementally

increase the depth step by step until we reach the estimated



Algorithm 1: Optimal X-Z crossed circuit scheduling

Input: qLDPC check matrices in BSF H
Output: CX/CZ scheduling list T of each TICK

1 Initialize: Tmax; Conditions C; SMT Solver S ;

2 for Tmax ← Δ(G) to 2Δ(G) do
3 if S(C).timeout() then
4 continue;

5 if S(C) == True then
6 return T ;

7 return False;

upper bound, i.e., 2Δ(G). Once a satisfying assignment is

found, the search loop terminates and returns the optimized

schedule, as described in Algorithm 1.

B. Circuit-level noise simulator

To further evaluate the fault-tolerant performance of the

circuits generated by the scheduler, we implement a circuit-

level noise simulator using Stim [30]. After scheduling all

CX and CZ gates, we build up a standard quantum memory

experiment circuit following [11], [12]. This circuit includes d
rounds of syndrome extraction (where d is the code distance),

and a final measurement round of all data qubits. The syndrome

outcomes are passed to the BP-OSD decoder [31], [32] for

decoding, which outputs the predicted observables for each

logical operator. By comparing these predicted observables with

the actual observables from the Stim simulator, we compute

the logical error rates of the memory experiments—values that

reflect the fault-tolerant performance of the circuit.

C. Automated circuit filter

We also integrate a simple circuit filtering module for

selecting the more fault-tolerant circuits automatically: Since

the scheduling produced by the SMT solver exhibits a certain

degree of randomness, we can run it multiple times and retain

the circuit with the lowest logical error rate, as illustrated

by the dashed line trial-and-selection in Fig. 3. This might

be useful for further theoretical or experimental analysis of

different circuit variants of a given qLDPC code.

V. EVALUATION

In this section, we evaluate the effectiveness of ASC over

four aspects: (1) its solution to IBM’s open problem regarding

the BB code; its ability to (2) reduce circuit depth and (3)

improve logical accuracy for general qLDPC codes; and (4) its

scalability when applied to larger qLDPC codes.

All experiments are conducted on a dual-socket Intel Xeon
Platinum 8358P CPU, featuring 32 cores per socket, 2 threads

per core, a base frequency of 2.60 GHz, and a maximum

frequency of 3.40 GHz. For the SMT solver, we use OR-Tools’s

CP-SAT from Google [33] with default settings, except that the

maximum SMT solving time is set to 2 hours. The circuit-level

noise model is the same as [11], where each operation of the

circuit is followed by a depolarizing channel with strength p,

TABLE II
DEPTH-OPTIMAL COMPILATION OF IBM’S BB CODES [11]

BB Code ASAP Color ASC ASC Time

[[72, 12, 6]] 15 12 7 < 1 min
[[90, 8, 10]] 15 12 7 < 1 min
[[108, 8, 10]] 16 12 7 < 5 min
[[144, 12, 12]] 16 12 7 < 5 min
[[288, 12, 18]] 16 12 7 < 5 min

[[360, 12,≤ 24]] 16 12 7 < 10 min
[[756, 16,≤ 34]] 16 12 7 < 2 hours

including the reset, measurement, idling and CX/CZ gates. All

memory experiments are conducted under p = 0.001, which is

the current hardware noise level.

A. IBM’s open problem

We first apply ASC to solve one open problem mentioned

in [12]. The IBM team manually constructed depth-7 circuits

by leveraging code symmetries and further identified up to 935

equivalent depth-7 variants through exhaustive computational

search, yet they remained uncertain whether a depth-6 circuit

could exist. Notably, ASC generates depth-7 circuits for all

these BB code examples within 2 hours without timing out.

To our knowledge, this constitutes the first concrete evidence

supporting the conjecture that no depth-6 circuits exist for these

BB codes.

B. Reduction of circuit depth

To evaluate the capability of ASC in compiling general

qLDPC codes, we select a series of representative examples,

including 2 BB codes in [34], 2 GB codes in [31], 2 HGP codes

in [35], and 2 Color codes in [36]. We show the compilation

results in Table III. Compared with the ASAP scheduling and

the coloration-based method, ASC always returns an optimal or

near-optimal circuit compilation with depth close to the lower

bound Δ(G), which demonstrates the effectiveness of ASC in

searching for optimal syndrome extraction circuits for arbitrary

qLDPC codes automatically.

C. Improvement of logical accuracy

We conduct quantum memory experiments for all qLDPC

codes in Table III. As shown in Fig. 4, the logical error rates

of circuits from ASC achieve a 7x-8x reduction on average,

compared with the ASAP or coloration-based methods. This

improvement is primarily attributed to the substantial reduction

in idling errors resulting from the nearly halved circuit depth.

Focusing on the [[18, 4, 4]] code in [34], we also show how

to utilize our filter tool described in Section IV-C to select the

circuit with better fault-tolerant performance. As we increase

the selection time from 1 to 30 minutes, the corresponding

logical error rate of the best selected circuit decreases and

gradually converges to optimal, as shown in Fig. 5.

D. Scalability

In Table III, we find that the compilation time depends not

only on the qubit number of a qLDPC code but also on the



TABLE III
DEPTH-OPTIMAL COMPILATION OF SOME GENERAL QLDPC CODES

Code Source Parameters Δ(G) Manual ASAP Color ASC ASC Time

BB Code I [34] [[18, 4, 4]] 6 7 [34] 12 12 7 < 1 min
BB Code II [34] [[36, 4, 6]] 6 7 [34] 12 12 7 < 10 min
GB Code I [31] [[48, 6, 8]] 8 unknown 21 16 9 (< 2.1 hours) Timeout
GB Code II [31] [[126, 2, 12]] 4 unknown 8 8 4 < 1 min
HGP Code I [35] [[52, 4, 4]] 6 10 [35] 12 12 7 < 5 min
HGP Code II [35] [[65, 9, 4]] 6 10 [35] 12 12 7 < 11 min
Color Code I [36] [[19, 1, 5]] 6 unknown 12 12 6 < 1 min
Color Code II [36] [[37, 1, 7]] 6 unknown 12 12 6 < 1 min

Fig. 4. Logical error rate comparison.

Fig. 5. Improvement of fault-tolerance through the automated circuit filter,
with a fixed random seed for noise simulation.

maximum degree of its Tanner Graph (denoted Δ(G)). This is

because both factors determine the number of SMT constraints.

For example, the [[48, 6, 8]] GB code uses only 48 data qubits

yet times out during compilation, due to its large maximum

degree Δ(G) = 8.

We evaluate the compilation scalability of ASC using the

surface code: this code family is itself a subset of qLDPC codes,

and its members can be characterized by a code distance d—

all of which admit nearly identical depth-4 optimal syndrome

extraction circuits. Fig. 6 illustrates the ASC compilation time

against the total number of data qubits n = d2, which scales

approximately as a power law yet remains relatively low—

staying under one minute even when d = 21. This indicates

that ASC exploits the sparsity of qLDPC codes with low

degree, namely the low density of their parity-check matrices,

to achieve efficient SMT solving. However, like other SMT-

based approaches, ASC still faces challenges when scaling to

Fig. 6. Compilation time scaling of ASC.

larger codes—whether due to more qubits or a larger Tanner

graph maximum degree. Nevertheless, compiling large codes

could be addressed in future work by combining ASC with

localized divide-and-conquer strategies, such as the ancilla

bridge method [37], [38].

VI. CONCLUSION

In this work, we develop ASC: a lightweight yet efficient

compiler and evaluation framework for syndrome extraction

circuits in general qLDPC codes, designed around a set of

simple rules. For most near-term qLDPC codes, our compiler

generates either theoretically optimal or near-optimal solutions

within a specified time budget. Via end-to-end evaluations,

we demonstrate significant reductions in both circuit depth

and logical error rates across a diverse set of qLDPC codes.

We further introduce a simple randomized filtering method

that automatically produces more fault-tolerant circuits. We

anticipate that ASC will serve as a concise, automated qLDPC

compilation tool to support both theoretical analysis and exper-

imental demonstrations in quantum error correction.

ACKNOWLEDGMENT

The work was supported by National Key Research and

Development Program of China (Grant No. 2023YFA1009403),

National Natural Science Foundation of China (Grant

No. 12347104), Beijing Natural Science Foundation (Grant

No. Z220002), the Major Key Project of PCL (Grant

No. PCL2024A06 and No. PCL2025A10), the Shen-

zhen Science and Technology Program under (Grant No.

RCJC20231211085918010).



REFERENCES

[1] P. W. Shor, “Polynomial-time algorithms for prime factorization and
discrete logarithms on a quantum computer,” SIAM review, vol. 41, no. 2,
pp. 303–332, 1999.

[2] L. K. Grover, “A fast quantum mechanical algorithm for database search,”
in Proceedings of the twenty-eighth annual ACM symposium on Theory
of computing, 1996, pp. 212–219.

[3] A. Peruzzo, J. McClean, P. Shadbolt, M.-H. Yung, X.-Q. Zhou, P. J. Love,
A. Aspuru-Guzik, and J. L. O’brien, “A variational eigenvalue solver on
a photonic quantum processor,” Nature communications, vol. 5, no. 1, p.
4213, 2014.

[4] C. Gidney, “How to factor 2048 bit rsa integers with less than a million
noisy qubits,” arXiv preprint arXiv:2505.15917, 2025.

[5] D. Aharonov and M. Ben-Or, “Fault-tolerant quantum computation with
constant error,” in Proceedings of the twenty-ninth annual ACM sympo-
sium on Theory of computing, 1997, pp. 176–188.

[6] A. Y. Kitaev, “Quantum error correction with imperfect gates,” in Quan-
tum communication, computing, and measurement. Springer, 1997, pp.
181–188.

[7] E. Knill, R. Laflamme, and W. H. Zurek, “Resilient quantum computa-
tion,” Science, vol. 279, pp. 342–345, 1998.

[8] D. Litinski, “A game of surface codes: Large-scale quantum computing
with lattice surgery,” Quantum, vol. 3, p. 128, 2019.

[9] E. Dennis, A. Kitaev, A. Landahl, and J. Preskill, “Topological quantum
memory,” Journal of Mathematical Physics, vol. 43, no. 9, p. 4452–4505,
Sep. 2002.

[10] M. B. Hastings and J. Haah, “Dynamically generated logical qubits,”
Quantum, vol. 5, p. 564, 2021.

[11] S. Bravyi, A. W. Cross, J. M. Gambetta, D. Maslov, P. Rall, and
T. J. Yoder, “High-threshold and low-overhead fault-tolerant quantum
memory,” Nature, vol. 627, no. 8005, pp. 778–782, 2024.

[12] ——, “High-threshold and low-overhead fault-tolerant quantum memory,”
arXiv preprint arXiv:2308.07915v2, 2023.

[13] O. Higgott and C. Gidney, “Sparse blossom: correcting a million errors
per core second with minimum-weight matching,” Quantum, vol. 9, p.
1600, 2025.

[14] J. Bausch, A. W. Senior, F. J. H. Heras, T. Edlich, A. Davies, M. Newman,
C. Jones, K. J. Satzinger, M. Y. Niu, S. Blackwell, G. Holland, D. Kafri,
J. Atalaya, C. Gidney, D. Hassabis, S. Boixo, H. Neven, and P. Kohli,
“Learning high-accuracy error decoding for quantum processors,” Nature,
vol. 635, pp. 834 – 840, 2024.

[15] Y. Wu and L. Zhong, “Fusion blossom: Fast mwpm decoders for qec,”
in 2023 IEEE International Conference on Quantum Computing and
Engineering (QCE), vol. 1. IEEE, 2023, pp. 928–938.

[16] X. Tan, F. Zhang, R. Chao, Y. Shi, and J. Chen, “Scalable surface-code
decoders with parallelization in time,” PRX Quantum, 2022.

[17] T. Müller, T. Alexander, M. E. Beverland, M. Bühler, B. R. John-
son, T. Maurer, and D. Vandeth, “Improved belief propagation is suf-
ficient for real-time decoding of quantum memory,” arXiv preprint
arXiv:2506.01779, 2025.

[18] K. Zhang, S. Wang, L. Kong, F. Zhang, Z. Ji, and J. Chen, “Learning
neural decoding with parallelism and self-coordination for quantum error
correction,” arXiv preprint arXiv:2509.03815, 2025.

[19] “Suppressing quantum errors by scaling a surface code logical qubit,”
Nature, vol. 614, no. 7949, pp. 676–681, 2023.

[20] A. Javadi-Abhari, M. Treinish, K. Krsulich, C. J. Wood, J. Lishman,
J. Gacon, S. Martiel, P. D. Nation, L. S. Bishop, A. W. Cross et al.,
“Quantum computing with qiskit,” arXiv preprint arXiv:2405.08810,
2024.

[21] S. Sivarajah, S. Dilkes, A. Cowtan, W. Simmons, A. Edgington, and
R. Duncan, “tket: a retargetable compiler for nisq devices,” Quantum
Science and Technology, vol. 6, no. 1, p. 014003, 2020.

[22] M. A. Tremblay, N. Delfosse, and M. E. Beverland, “Constant-overhead
quantum error correction with thin planar connectivity,” Physical Review
Letters, vol. 129, no. 5, p. 050504, 2022.

[23] T. Peham, L. Schmid, L. Berent, M. Müller, and R. Wille, “Automated
synthesis of fault-tolerant state preparation circuits for quantum error-
correction codes,” PRX Quantum, vol. 6, no. 2, p. 020330, 2025.

[24] K. Yin, H. Zhang, X. Fang, Y. Shi, T. S. Humble, A. Li, and Y. Ding,
“Qecc-synth: A layout synthesizer for quantum error correction codes
on sparse architectures,” in Proceedings of the 30th ACM International
Conference on Architectural Support for Programming Languages and
Operating Systems, Volume 1, 2025, pp. 876–890.

[25] D. Gottesman, Stabilizer codes and quantum error correction. California
Institute of Technology, 1997.

[26] A. Steane, “Multiple-particle interference and quantum error correction,”
Proceedings of the Royal Society of London. Series A: Mathematical,
Physical and Engineering Sciences, vol. 452, no. 1954, pp. 2551–2577,
1996.

[27] N. P. Breuckmann and J. N. Eberhardt, “Quantum low-density parity-
check codes,” PRX Quantum, vol. 2, no. 4, p. 040101, 2021.

[28] M. A. Nielsen and I. L. Chuang, Quantum computation and quantum
information. Cambridge university press, 2010.

[29] D. B. Tan, M. Y. Niu, and C. Gidney, “A sat scalpel for lattice surgery:
Representation and synthesis of subroutines for surface-code fault-tolerant
quantum computing,” in 2024 ACM/IEEE 51st Annual International
Symposium on Computer Architecture (ISCA). IEEE, 2024, pp. 325–
339.

[30] C. Gidney, “Stim: a fast stabilizer circuit simulator,” Quantum, vol. 5, p.
497, 2021.

[31] P. Panteleev and G. Kalachev, “Degenerate quantum ldpc codes with good
finite length performance,” Quantum, vol. 5, p. 585, 2021.

[32] J. Roffe, D. R. White, S. Burton, and E. Campbell, “Decoding across
the quantum low-density parity-check code landscape,” Physical Review
Research, vol. 2, no. 4, p. 043423, 2020.

[33] Google, “Or-tools: Google’s operations research tools,” https://developers.
google.com/optimization/, 2024, accessed: 2025-04.

[34] K. Wang, Z. Lu, C. Zhang, G. Liu, J. Chen, Y. Wang, Y. Wu, S. Xu,
X. Zhu, F. Jin et al., “Demonstration of low-overhead quantum error
correction codes,” arXiv preprint arXiv:2505.09684, 2025.

[35] L. Pecorari, S. Jandura, G. K. Brennen, and G. Pupillo, “High-rate
quantum ldpc codes for long-range-connected neutral atom registers,”
Nature Communications, vol. 16, no. 1, p. 1111, 2025.

[36] A. J. Landahl, J. T. Anderson, and P. R. Rice, “Fault-tolerant quantum
computing with color codes,” arXiv preprint arXiv:1108.5738, 2011.

[37] C. Chamberland, G. Zhu, T. J. Yoder, J. B. Hertzberg, and A. W. Cross,
“Topological and subsystem codes on low-degree graphs with flag qubits,”
Physical Review X, vol. 10, no. 1, p. 011022, 2020.

[38] H. Wang, D. B. Tan, P. Liu, Y. Liu, J. Gu, J. Cong, and S. Han, “Q-
pilot: Field programmable qubit array compilation with flying ancillas,”
in Proceedings of the 61st ACM/IEEE Design Automation Conference,
2024, pp. 1–6.


	Select a link below
	Return to Previous View
	Return to Main Menu



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


