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Abstract—In this paper, we introduce Surf-Deformer, a code
deformation framework that seamlessly integrates adaptive defect
mitigation functionality into the current surface code workflow.
It crafts several basic deformation instructions based on fun-
damental gauge transformations, which can be combined to
explore a larger design space than previous methods. This enables
more optimized deformation processes tailored to specific defect
situations, restoring the QEC capability of deformed codes more
efficiently with minimal qubit resources. Additionally, we design
an adaptive code layout that accommodates our defect mitigation
strategy while ensuring efficient execution of logical operations.

Our evaluation shows that Surf-Deformer outperforms previ-
ous methods by significantly reducing the end-to-end failure rate
of various quantum programs by 35× to 70×, while requiring
only about 50% of the qubit resources compared to the previous
method to achieve the same level of failure rate. Ablation studies
show that Surf-Deformer surpasses previous defect removal
methods in preserving QEC capability and facilitates surface
code communication by achieving nearly optimal throughput.

Index Terms—Quantum Error Correction, Dynamic Defect

I. INTRODUCTION

Device errors significantly hinder the advancement of quan-
tum computing [3], obstructing its capability to fulfill its vast
potential [4]–[6]. Consequently, Quantum Error Correction
(QEC), a technique that protects quantum information by using
redundant qubits, is pivotal to achieve scalable fault-tolerant
quantum computing (FTQC) [7].

Among current QEC code proposals [8]–[14], surface
code [10], [14]–[16] is a leading candidate to achieve FTQC
due to its simple 2D-lattice topology and high tolerance to
physical qubit errors. Due to their practicality, small-scale
surface codes have been successfully demonstrated on several
quantum computing platforms [17]–[20].

However, scaling surface codes still presents several chal-
lenges, especially dynamic defects that emerge on quantum
hardware during computation. Events like cosmic-ray strikes
on superconducting devices can induce multi-bit burst errors
(MBBEs) during computation, leading to defects with local-
ized error rate spikes as high as 50% in affected regions [21]–
[24]. Leakage errors in all platforms remove the qubit states

from the computation space, rendering them inoperable and
triggering high-weight correlated errors [25], [26]. Various
factors [27]–[29] can cause error drift that increases the qubit
error rate on different quantum platforms.

These defects can persist for thousands of QEC rounds
before their effects go away [22], severely compromising the
error correction capability of surface codes. Without mitiga-
tion, the logical error rate could potentially increase by a
factor of 100 on average [2], [17]. Hence, it is imperative to
develop appropriate mitigation strategies for dynamic defects
to maintain surface codes’ error correction ability.

Dynamic defects are an inherent aspect of quantum device
physics, rendering them insurmountable through hardware mit-
igation alone [24], [30]. Thus, mitigation at the software level
is crucial. Current hardware detectors [31], [32] can swiftly
and accurately detect these defects using statistical methods.
Using these defect data, software-level solutions can be de-
veloped to effectively manage dynamic defects. Currently, the
two main software approaches for defect mitigation are defect
removal and code enlargement, although each method comes
with its own challenges.
A. Defect Removal excludes defective qubits from syndrome
measurements during QEC cycles to ensure the accuracy
of decoding and subsequent correction. One leading defect
removal technique is the state-of-the-art Adaptive Surface
Code [1](ASC-S) with the boundary transformation of rotated
surface code [33], which performs a simple transformation
(known as super-stabilizer [34]–[38]) for defect removal.
Defect removal methods such as ASC-S face two issues:
(1) Lack of Distance Recovery: Defect removal methods re-
move defective qubits without introducing new ones, leading
to a permanent reduction in code distance (Section II-A)
and increasing program failure rate. Preemptively selecting a
larger code size could mitigate this issue to some extent, but
accurately allocating the right qubit resources for all defect
patterns is a challenge, often resulting in either insufficient
resource allocation or wastage of qubits.
(2) Inability to Address Different Defect Types: Defects in sur-
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Fig. 1. Comparison of Surf-Deformer with existing dynamic defect mitigation methods. (a) Illustration of dynamic defects induced by cosmic rays or error
drift. (b) Adaptive Surface Code (ASC-S) [1] employs fixed deformation operation that leads to bad code distance. (c) Q3DE [2] utilizes fixed-scale enlargement
on a fixed layout, resulting in poor resource utilization and communication efficiency. (d) Surf-Deformer enables adaptive defect removal, enlargement, and
layout optimization, providing a more versatile and efficient response to dynamic defects.

face codes appear as either defective syndrome or data qubits
and they can be further categorized by their spatial location as
boundary, corner, and interior qubits. Current methods apply
a uniform transformation to all defects, hindering them from
addressing specific defect types, which leads to suboptimal
error correction capability in the resulting code.
B. Code enlargement preserves the code distance under
defects by scaling up the code size. As an example, Q3DE [2],
a leading enlargement method, initially spaces surface code
patches by the code distance d (Fig. 1(c)). It then enlarges the
code to a fixed size of 2d after defect detection (Fig. 1(c)),
borrowing the “growth” transformation designed for lattice-
surgery based logical operations [39]. Despite its simplicity,
the Q3DE approach suffers from several drawbacks:
(1) Increased Logical Error Rate: Q3DE’s fixed-size enlarge-
ment cannot accommodate defect removal, allowing defects
to persist and their errors to spread through surface code
syndrome measurements, which leads to a significant increase
in logical error rates (as detailed in Section II-A).
(2) Qubit Resource Inefficiency: Due to the lack of guarantee
of the logical error rate, Q3DE pessimistically doubles code
size after defects are detected, irrespective of their specific
patterns. This often results in excessive enlargement beyond
what’s needed for code distance restoration, leading to poor
qubit resource efficiency.
(3) Communication Impediment: Q3DE focuses on recovering
single code patches but overlooks the fact that doubled-
size codes occupy the space between surface codes. This

space is crucial for logical qubit communication in logical
operations. This limitation results in significantly limited end-
to-end system efficiency.

At a high level, the challenges faced by current defect
removal and enlargement approaches arise from their simple
application of existing deformation methods, such as super-
stabilizer and fixed-size enlarging. This rigid application limits
their capacity to handle various defect types, enlarge incre-
mentally, and integrate with each other effectively, resulting
in high logical error rates.

Prompted by these challenges, we introduce Surf-Deformer,
a code deformation framework that extends the current sur-
face code instruction set [40]–[43](detailed in Section II-D)
to include adaptive defect mitigation capabilities. Surf-
Deformer meticulously crafts four deformation instructions
(Section IV) that provides superior granularity and versatility
compared to fixed operations in ASC-S and Q3DE.

Surf-Deformer consists of two components: a compile-
time layout generator and a runtime code deformation unit.
The code deformation unit uses the extended instruction set
to implement a highly optimized deformation strategy that
unifies the defect removal and the enlargement approaches.
This unified approach eliminates error sources from defects
while restoring code distance, overcoming the limitations of
ASC-S and Q3DE (Issue A.(1), B.(1)). Furthermore, due to
Surf-Deformer’s instruction design, the code deformation unit
can effectively manage various defect types and facilitate
adaptive enlargement, substantially improving error correc-



tion capabilities and resource efficiency (Issue A.(2), B.(2)).
Additionally, the layout generator strategically adjusts the
spacings between logical qubit patches to ensure unimpeded
execution of two-qubit logical operations, thereby maintaining
high end-to-end system efficiency (Issue B.(3)). As a result,
Surf-Deformer resolves all issues of previous methods.

We perform a comprehensive evaluation of Surf-Deformer.
The end-to-end performance on various quantum programs
shows that Surf-Deformer considerably suppresses the pro-
gram’s failure rate by 35× ∼ 70× compared with ASC-
S in [1], [33] while maintaining nearly-optimal runtime, and
requires only ∼ 50% of Q3DE’s qubit resources. Ablation
studies show that our framework significantly outperforms pre-
vious defect removal methods in preserving code distance and
facilitates surface code communication by achieving nearly
optimal throughput.

Our contributions can be summarized as follows:
• We introduce Surf-Deformer, a deformation framework

designed for adaptive defect mitigation on surface codes.
• We propose four meticulously crafted deformation in-

structions , offering highly flexible deformation strategies.
• We establish a novel code deformation strategy based on

our instructions, which not only unifies previous defect
removal and enlargement methods but also yields more
optimized deformation processes.

• We propose a novel surface code layout that achieves
nearly optimal runtime while maintaining the target logi-
cal error rate, effectively resolving communication issues
present in existing methods.

II. BACKGROUND AND MOTIVATION

A. Surface Codes

Surface codes arrange physical qubits on a 2D grid to collec-
tively encode logical qubits. We illustrate its key components
below as well as in Fig. 2.

Pauli operators. Pauli X and Z operators are fundamental
qubit operations in QEC for describing both errors and error
detection operations [44]. Importantly, X and Z anti-commute,
i.e., XZ = −ZX , allowing QEC codes to detect X- or Z-
errors using the Pauli Z or X operator. Additionally, X or
Z errors can be corrected by applying the X or Z operator
because X2 = Z2 = I .

Data and Syndrome qubits. Physical qubits in surface codes
are either data qubits or syndrome qubits. Data qubits (black
dots) store the logical quantum state, while syndrome qubits
(white dots) are for error detection of adjacent data qubits
through stabilizer measurements.

Stabilizers. Each syndrome qubit is associated with a sta-
bilizer [45], [46], composed of Pauli operators on adjacent
data qubits which identifies the type of error and the specific
data qubits for which the syndrome qubit is accountable.
Interior and boundary surface code stabilizers measure four
and two adjacent data qubits, respectively, depicted as squares
for interiors and half-circles for boundaries. Stabilizers are
distinguished into X-type (red boxes), which detect Z errors

(a) (b)

Data qubit
Syndrome qubit

X-stabilizer

Z-stabilizer
logical X operator
logical Z operator

Defected qubit

Fig. 2. (a) A surface code logical qubit with code distance 5. (b) A defective
surface code logical qubit with code distance reduced to 2, illustrated by the
weight-2 Z logical operator.

and Z-type (blue boxes), which detect X errors. Stabilizers
are designed to commute, ensuring consistent error detection.

Code distance is the minimal number of physical errors
that induce a logical operation (error). The code distance of a
surface code equals to the number of data qubits on its edge
(Fig. 2(a)). A surface code with more physical qubits gives a
larger code distance and has better error resilience [15], [47].

B. Quantum Errors

Physical Errors. In QEC literature, physical errors typically
refer to errors with a low error rate around 10−3 ∼ 10−4

and are detected indirectly through stabilizer measurements.
Extensive research demonstrates that these physical errors
can be effectively corrected by surface codes, resulting in
an exponentially suppressed logical error rate as qubit redun-
dancy increases. This applies to various error types, including
stochastic errors (single-bit error, CNOT error, etc.) [15] and
correlated, non-Markovian errors [48], [49]. Consequently,
low-error-rate physical qubits continue to function correctly
in the surface code due to QEC protection.

Defects. In contrast, defects are errors with a high error rate
or those rendering qubits inoperable. Defects are classified as
static defects (e.g., fabrication errors [37], [50], qubit loss [36],
[51]) that happen before runtime, and dynamic defects (e.g.,
cosmic-ray events [21], [22], leakage [25], error drift [27]) that
occur during runtime. These defects significantly compromise
the functionality of surface codes. For instance, in Fig. 2(b),
defective syndrome qubits with high error rates fail to provide
accurate error information, rendering the stabilizer inoperable
and potentially reducing the code distance by half or more.
Defective data qubits consistently generate excessive errors
that can surpass the code’s QEC capability, elevating the
logical error rate by orders of magnitude [2]. Therefore, ex-
cluding defects is crucial to maintaining the efficacy of surface
codes. Fortunately, these defects can be detected directly using
hardware technologies [31], [32] or indirectly through statis-
tical methods [1], [2], enabling alternative strategies beyond
standard QEC for addressing them.

C. Gauge Transformation

This section introduces gauge transformation [52], [53], a
fundamental technique that underpins Surf-Deformer. Since
our goal is to perform runtime code deformation, it is crucial to
preserve the information stored in the logical qubit. To achieve
this, we formalize atomic gauge transformation instructions



that adjust the stabilizers to be measured while maintaining
the logical state encoded in the surface code.
Gauge operators. In classical QEC theory, introducing each
stabilizer removes a degree of freedom from the system, allow-
ing the remaining degrees of freedom to encode logical qubits.
More generally, introducing fewer stabilizers can save degrees
of freedom to encode gauge qubits in addition to logical
qubits. These extra degrees of freedom provide more flexibility
in code design and can lead to better performance [54], [55].
Operations that change the states of gauge qubits without
affecting logical qubits are called gauge operators. Notably,
gauge operators form anti-commuting pairs but commute with
the other stabilizers [53], [56]. Unlike stabilizers, they are not
measured in every QEC cycle but can be measured in different
cycles to collectively infer error information.
Gauge Transformation modifies the set of stabilizer and
gauge operators to achieve greater flexibility for the surface
code. This process can be broken down to four basic types,
serving as atomic instructions for code deformation operations:
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Fig. 3. Examples of basic gauge transformations.

(1) Stabilizer to Gauge (S2G): S2G converts a stabilizer to
a gauge operator. Specifically, we match the stabilizer with
an new anti-commuting operator and they both become gauge
operators. For example, in Fig. 3(b), X5 anti-commutes with
g1, g2, so stabilizers g1, g2 are converted to gauge operators
along with X5. Likewise, Stabilizer s1, s2 becomes gauge
operators by adding new Z5. As shown in in Fig. 3(c),
updated stabilizer and gauge set become S = {} and
G = {X5, Z5, s1, s2, g1, g2}. This instruction creates degree
of freedoms by introducing more gauge operators. Notably,
S2G instructions are commutative, as they only depend on the
set of newly introduced gauges.
(2) Gauge to Stabilizer (G2S): G2S converts a gauge operator
into a stabilizer by measuring it in every cycle and do
correction based on the measurement result [57]. Accordingly,
all gauge operators that anti-commute with it are removed
from the gauge set because it should commute with all gauge
operators to be a new stabilizer. G2S is the inverse process
of S2G (Fig. 3(b)(c)). This instruction eliminates degrees of
freedom by introducing more stabilizers.
(3) Stabilizer to Stabilizer (S2S): S2S multiplies two stabilizers
to form a new stabilizer. For instance, in Fig. 3(a), the product
of stabilizers s1, s2 and g1, g2, yields the stabilizers s1s2 and
g1g2. This instruction is often used to build larger stabilizers.
(4) Gauge to Gauge (G2G): G2G multiplies two gauge opera-
tors to form a new gauge operator. For instance, in Fig. 3, the
products of gauge operators s1X5, s2X5, g1Z5, and g2Z5 also

result in gauge operators. This instruction reorganizes gauge
operators, potentially separating some qubit from the code. For
example, the G2G transformation in Fig. 3(d) indicates that
qubit q5 can be separated from the code, as the only remaining
gauges operators acting on it are X5 and Z5.

In summary, these four atomic instructions offer the building
blocks for composing versatile and complex instructions to
deform the surface codes for defect mitigation. For the proof
of how the gauge transformation preserves the logical state,
we recommend referring to the appendix section in the arXiv
version [58].

D. Quantum Program Execution on Surface Codes

To execute a high-level quantum program on surface
codes [40]–[43], a compile time algorithm compiler first maps
algorithmic qubits to surface code patches and lowers the
logical operations to a native instruction schedule. During
runtime, an execution unit utilizes this instruction schedule
along with real-time data (such as syndrome measurement
results) to execute the program.

(a) (b)
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TargetControl
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Fig. 4. (a) Example of merging two code patches. (b) Perform a logical
CNOT gate on two distant logical qubits through an ancilla path. The control
(resp. target) logical qubit interacts with the ancilla logical qubit on the edge
of Z- (resp. X-) logical operators, with equal-length interacting edges.

Instruction set. Current implementations of surface code
logical operations are mainly based on the Lattice Surgery
(LS) method [39], which provides an instruction set to expand
and connect surface code patches to update and entangle
logical states [52]. These instructions, such as grow, merge,
and split, are composed of the atomic instructions introduced
in Section II-C. For example, the merge instruction connects
two arrays of physical qubit registers through a series of S2G
and G2S transformations. In Fig. 4(b), applying merge to the
blue and red lines activates syndrome measurements on the
ancillary patches between the logical surface code patches,
facilitating a logical 2-qubit CNOT operation.

Code layout. Current surface code compilers as well as Q3DE
arrange logical qubits on a grid with an inter-space of d, as
shown in Fig. 4(b). This layout ensures that activated ancillary
patches for logical operations maintain the same code distance
as logical qubits, providing same level of noise protection.
Please refer to the introductory paper [59] for more details.
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III. THE SURF-DEFORMER FRAMEWORK

The Surf-Deformer framework consists of two main compo-
nents: a compilation time layout generator and a runtime code
deformation unit. As illustrated in Fig. 5, Surf-Deformer inte-
grates seamlessly with the existing surface code components,
including the algorithm compiler and the execution unit.

The layout generator analyzes the input program to estimate
the required number of logical qubits and the necessary code
distance d to achieve a target logical error rate. It also com-
putes the additional inter-space ∆d based on the defect error
model. This extra space accommodates potential enlargements
and ensures communication between logical qubits during
the execution of operations. We discuss the adaptive layout
generator in detail in Section VI.

The code deformation unit is the core component of Surf-
Deformer. It deforms logical qubits dynamically to optimize
defect mitigation during runtime. Utilizing real-time defect
information from defect detectors and the current surface code
configuration, the code deformation unit applies our adaptive
deformation strategy. This strategy employs instructions from
our extended instruction set to effectively remove defects and
execute adaptive enlargements. The unit then forwards these
instruction schedules to the execution unit for actual updates.
Notably, despite the adaptiveness of our deformation method-
ology, actual code deformation updates can be implemented
within a single QEC cycle.

We detail the extended instruction set in Section IV and the
code deformation unit in Section V.

IV. THE SURF-DEFORMER INSTRUCTION SET

Previous methods ASC-S and Q3DE are limited by their
simplistic and fixed deformation operations for diverse de-
fect patterns. In response, Surf-Deformer introduces four
carefully crafted instructions (Table I) to extend the cur-
rent surface code instruction set (Section II-D). DataQ_RM
and SyndromeQ_RM target the removal of interior data
and syndrome qubits, respectively, while PatchQ_RM and
PatchQ_ADD modify the boundaries of code patches to
achieve adaptive boundary defect removal and code enlarge-
ment. Akin to CISC in classical computing, each instruction
is constructed from multiple atomic instructions (Section II-C)

adapted for the surface code topology, as detailed in Fig. 6.
Meanwhile, these instructions are granular enough to ensure
seamless integration and versatile enough to support a broad
spectrum of deformation operations.

TABLE I
INSTRUCTION SETS OF VARIOUS SURFACE CODE IMPLEMENTATIONS

Method Extended Instructions over LS Supported Operations

Lattice Surgery N/A Logical operations

Q3DE N/A
Logical operations,
Fixed enlargement

ASC-S DataQ_RM
Logical operations,
Fixed qubit removal

Surf-Deformer
DataQ_RM, SyndromeQ_RM,
PatchQ_RM, PatchQ_ADD

Logical operations,
Adaptive qubit removal,
Adaptive enlargement

A. Code Deformation Instructions of Surf-Deformer

Fig. 6 presents four deformation instructions introduced
by Surf-Deformer. Physical qubits are denoted by lattice
coordinates, and boundaries by a list of qubit coordinates, both
serving as input parameters of instructions.
(a) Data qubit removal (DataQ_RM): DataQ_RM removes
a single data qubit. As shown in Fig. 6(a), it first uses
four S2G to convert stabilizers s1, s2, g1, g2 into gauge op-
erators, while introducing gauge operators Z0, X0 that anti-
commute with s1, s2 and g1, g2, respectively. It then uses four
G2G to adjust gauge operators s1, s2, g1, g2 (rectangles) into
X0s1, X0s2, Z0g1, Z0g2 (triangles), effectively separating q0
from the code and enabling its removal. Notably, DataQ_RM
coincides with ASC-S’s super-stabilizer method for single data
qubit removal. However, within our framework, DataQ_RM
is constructed explicitly and could be combined with other
instructions to perform more versatile deformations, as will
be shown in Section V.
(2) Syndrome qubit removal (SyndromeQ_RM):
SyndromeQ_RM presents a novel method to remove a
single syndrome qubit. It uses four S2G to form g1 − g4.



Interestingly, these four gauge operators form a new stabilizer
(blue octagon in Fig. 6(b)) that doesn’t rely on q0. Meanwhile,
four gauge operators X1–X4 are introduced (red dots), and
their product forms a stabilizer X1,2,3,4. Measurement of
X1,2,3,4 can be achieved by using its constituent gauge
operators without relying on the syndrome qubit q0, which
allows the removal of q0 from the code. This novel method
maximizes the utility of adjacent intact data qubits and
achieves optimal removal of a single interior syndrome qubit.
Additionally, SyndromeQ_RM and DataQ_RM commute,
as they both exclusively utilize S2G, which commute with
themselves. This commutativity enables SyndromeQ_RM
to be optimal even for complex defect patterns, as will be
discussed in Section V.

0

0

4

S2G 1
G2S 1
S2S 3

0

0

2

1

4

3
5

0

1 2

3 4

5 6

4 4

21

43

While  or 
in 

For   anti-
commute with 

S2S 3
S2G 1
G2S 1

S2GS2G

PatchQ_RM

DataQ_RM SyndromeQ_RM

PatchQ_ADDS2G G2S S2S S2S S2G G2S

S2G 2
G2G 2

S2G 2
G2G 2

S2G 4

G2G

2

1

4

3

(b) SyndromeQ_RM Q0(a) DataQ_RM Q0

(d) PatchQ_ADD Q0, XL2(c) PatchQ_RM Q0, XL2

Fig. 6. Examples of the four deformation instructions of Surf-Deformer. Qi
is the coordinate of qubit qi and XLj is the coordinate that represents the
boundary XLj .

(3) Boundary qubit removal (PatchQ_RM): PatchQ_RM
removes defects on the boundary–e.g. the syndrome qubit q5 or
data qubits q1, q2 in Fig. 6(c). This is achieved by combining
several atomic instructions in Section II-C to deform the
boundary, thus excluding the defects from the code patch.

Fig. 6(c) presents an example where the boundary defective
data qubit q1 is removed by deforming the boundary from
XL2 to X ′

L2 (specifically, we add and fix Z1 as a stabilizer and
update the rest of stabilizers and gauge operators accordingly).

(4) New qubits incorporation (PatchQ_ADD): The instruc-
tion PatchQ_ADD introduces new qubits beyond the original
code. A new data qubit q is initialized in either the |0⟩ or
|+⟩ state, equivalent to introducing a new stabilizer Zq or
Xq . New syndrome qubits are then added along with their
associated stabilizers, which update the stabilizers and gauge
operators through a series of atomic instructions (Section II-C),
resulting in a deformed code containing additional qubits.
Fig. 6(d) presents an example of adding two data qubits
and one syndrome qubit. This instruction can be iterated to
facilitate code enlargement.

These four instructions can be combined to manage various
defect types and facilitate adaptive code enlargement. The
granularity and versatility provided by these instructions form
the basis of our highly adaptive code deformation strategy,
which will be detailed in Section V.

Algorithm 1: Defect Removal Subroutine
Input: stabilizer set S, gauge set G,

defective qubit set D
Output: stabilizer set S′, gauge set G′

1 for di ∈ D do
2 if di ∈ Interior Q then
3 if di ∈ Data Q then
4 DataQ_RM di
5 else
6 SyndromeQ_RM di
7 end
8 else
9 if di ∈ EdgeX Q and di ∈ EdgeZ Q then

10 pX , eX = find patch(di, X)
11 pZ , eZ = find patch(di, Z)
12 p, e = balancing(pX , eX , pZ , eZ)
13 else if di ∈ EdgeX Q then
14 p, e = find patch(di, X)
15 else
16 p, e = find patch(di, Z)
17 end
18 PatchQ_RM p, e
19 end
20 end
21 return Distance(S, G) - Distance(S′, G′)

V. THE CODE DEFORMATION UNIT

The code deformation unit is the core component of Surf-
Deformer for adaptive defect mitigation. Before every QEC
cycle, the code deformation unit receives the current surface
code configuration (including the shape and location of logical
qubit patches) from the last round of deformation and current



defect information from the dynamic defect detector. Lever-
aging this information, the code deformation unit executes
two subroutines sequentially, as illustrated in Fig. 5. The first
subroutine, Defect Removal, removes detected qubits from the
current code. The second subroutine Adaptive Enlargement
takes the resulting code, calculates the new code distance, and
adaptively enlarges the code.

A. Defect Removal Subroutine

The defect removal subroutine, outlined in Algorithm 1, is
crafted to strategically handle various types of defects. Below,
we detail the components of this algorithm:

Interior defect removal. The first if branch handles inte-
rior defect removal. As shown in Section IV, the optimal
removal of defective interior qubits can be achieved simply
by applying either DataQ_RM or PatchQ_RM, depending
on the qubit type. This simple strategy also achieves optimal
removal even for complex defect patterns, since DataQ_RM
and PatchQ_RM commute. This commutativity ensures that
the removal of neighboring qubits does not interfere with each
other, preserving the optimality of the strategy.

Comparison with ASC-S. ASC-S solely employs the
DataQ_RM instruction even for defective syndrome qubits.
For removing a defective syndrome qubit, ASC-S must apply
DataQ_RM four times to remove adjacent data qubits, even if
they are not defective. This can result in an unnecessary loss
of code distance. For example, the deformed code produced
by ASC-S in Fig. 7(a) has a Z-distance of only 3, while our
strategy can preserve it to be 5.
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Fig. 7. Illustration of ASC-S and Q3DE. (a) The resulting code of ASC-
S has X- and Z-distance both equal to 3, while our instruction Fig. 6(b)
leads to a code with Z-distance 5 and X-distance 3. (b) Code enlargement
of Q3DE equates to multiple PatchQ_ADD instructions.

Boundary defect removal. The removal of boundary defective
qubits is achieved through PatchQ_RM (Fig. 6(c)). However,
unlike the interior case where a larger stabilizer can be formed
to provide additional error detection capabilities (Fig. 6(a)(b)),
simply applying PatchQ_RM leads to suboptimal code dis-
tance. Thus, we have to strategically apply G2S to introduce
new stabillizers for extra protection. Especially in the corner
case, we have to carefully choose from which edge to choose
the gauge operator for conversion, to balance the distances X

and Z. For example, for the defective data qubit q0 in the
top right corner of Fig. 8, we can convert either Zq or Xq

to a stabilizer. In the balancing function, we select the one
that balances the X- and Z-code distances, reflected by the
length of the boundaries (red and blue lines) to ensure that the
deformed code remains resilient to both X- and Z-errors.

Comparison with ASC-S. ASC-S disables defective qubits
on the boundary, disregarding their impact on the X-, Z-
distances. As Fig. 8 shows, ASC-S converts the gauge operator
Z0 into stabilizer to minimize the number of disabled qubits,
leading to a smaller Z-code distance than Surf-Deformer.

(a) X-distance = 5, Z-distance = 3 (b) X-distance = 4, Z-distance = 4
Code Distance = 3 Code Distance = 4

Fig. 8. Convert the right gauge operator into stabilizer to balance the X-
, Z-distance. (a) ASC-S converts the gauge operator Z0 into stabilizer,
leading to unbalanced X-, Z-distance and a smaller code distance. (b) Surf-
Deformer converts the gauge operator X0 into stabilizer, leading to balanced
X-, Z-distance and a larger code distance.

B. Adaptive Enlargement Subroutine

This subroutine, outlined in Algorithm 2, receives the de-
formed code of the Defect Removal Subroutine and efficiently
restores the lost code distance by introducing new qubits.

Code enlargement with defective patches. After defect
removal, we evaluate the reduction in both X- and Z-code
distances compared to the ideal surface code. Calculating the
code distance for every patch added to the surface code could
be inefficient. In the find_layer function, we identify a
set of patches, denoted as a scale layer, that can increase the
code distance by at least one unit of the relevant type.

However, both boundary and new scale layers may contain
defects, which requires adaptive enlargement. For example, in
Fig. 9(a), defective qubits q1 and q2 are removed, resulting in
an irregular boundary that hinders regular enlargement. Simi-
larly, in Fig. 9(c)(d), the defective qubit q0 in the prospective
scale layer also complicates the enlargement, since it need two
scale layers to restore its ZL distance of 5.

To solve this problem, Surf-Deformer combines the in-
struction PatchQ_ADD with the qubit removal subroutine
DataQ_RM, SyndromeQ_RM, PatchQ_RM, as shown in
line 24 in Algorithm 2. Initially, defective qubits are tem-
porarily disregarded to facilitate the regular enlargement.
Subsequently, these defective qubits are excluded using our
qubit removal instructions, resulting in an enlarged code with
defects removed as the output of the Code Deformation Unit
(Fig. 9(b)(d)). To execute the deformation process, qubits are
introduced in the appropriate state all at once, and stabilizers
in the new code are measured. Importantly, this seamless



Algorithm 2: Adaptive Enlargement Subroutine
Input: stabilizer set S, gauge set G,

defective qubit set D,
original code distance Dist
current code distance distX , distZ

Output: stabilizer set S′, gauge set G′

1 Defects = ∅
2 while distX < Dist or distZ < Dist do
3 if distX < Dist then
4 layer1 = find layer(XL1)
5 for patch ∈ layer1 do
6 if Exist di ∈ patch ∩D then
7 Find X-type patch2 that di ∈ patch2

8 layer1 = layer1 ∪ patch2

9 D = D − di
10 Defects = Defects+ di
11 end
12 end
13 layer2 = find layer(XL2)
14 . . . . . .
15 layer,XL = min(layer1, layer2)
16 for patch ∈ layer do
17 PatchQ_ADD patch, XL

18 end
19 distX = distX + 1
20 else
21 . . . similar to distZ
22 end
23 for di ∈ Defects do
24 Apply Algorithm 1 to remove di
25 end
26 end

integration of qubit removal and enlargement is facilitated by
the unified gauge transformation perspective underlying these
deformation instructions.

Comparison with Q3DE. As shown in Fig. 7(b), Q3DE sup-
ports fixed enlargement only, whereas our Surf-Deformer al-
lows the introduction of only the necessary number of patches
to restore the code distance, resulting in savings in qubit re-
sources needed for incorporation into the code. Moreover, the
basic process in Q3DE lacks the capability to address irregular
boundaries caused by defects or defects occurring on newly
introduced qubits. Consequently, Q3DE may inadvertently
introduce additional defective qubits during the enlargement
process, leading to an increase in error sources that counteract
the intended function of the introduced redundant qubits. This
failure to effectively mitigate defects can result in a logical
error rate that exceeds expectations.

VI. THE LAYOUT GENERATOR

Surf-Deformer’s layout generator aims to facilitate commu-
nication between surface codes in the presence of potential
code enlargement due to defect mitigation. The key idea is to

(a) (b)

(c) (d)

Fig. 9. Enlargement while addressing defects. (a) Removed defects create an
irregular boundary. (b) Enlarging on the irregular boundary. (c) Defect can
occur on prospective scale layers. (d) Enlarging by two qubit layers.

introduce an additional ∆d inter-space, as shown in Fig. 10(a),
to accommodate enlargements of up to size ∆d (or even
2∆d if enlarging in both directions). The parameter ∆d is
determined by the defect error model, chosen such that enlarg-
ing within size ∆d can effectively restore the code distance
of the deformed code with high probability. Therefore, the
communication channel of width d will only be compromised
by code enlargement with a negligible probability.

Surf-Deformer’s layout generator. The output layout is
determined by three parameters:

(1) Logical qubit number N . The logical qubits in the layout
consist algorithmic qubits needed for the quantum program,
plus the additional qubits essential for facilitating quantum
computation (e.g. logical qubits prepared in magic states for
implementing logical T gates [41]). These logical qubits are
arranged in a lattice on a plane, with each one encoded within
a surface code and equally spaced apart from one another.

(2) Code distance d. The code distance d should be chosen
sufficiently large to maintain a sufficiently low logical error
rate, ensuring that the failure rate αfail of the program
execution remains below a certain threshold, such as 0.1%.
The failure rate can be estimated based on the logical error
rate and features of the quantum program, such as the number
of logical gates and the space-time cost of logical gates. For
further details on this estimation, please refer to [42], [60].

(3) Additional inter-space ∆d. We present an error model
for defects that allows us to estimate the probability of the
communication channel being blocked. We assume that defects
occurring on each physical qubit follow a Poisson process
with rate ρ, lasting for a time T , and with a maximal size
of D. Thus, the number of defects on a patch follows a
Poisson distribution with parameter λ = 2d2ρT , since a
surface code of code distance d contains roughly 2d2 physical
qubits. Therefore, the probability of having k defects on
a code is p(k) = λk

k! e
−λ. The additional inter-space ∆d
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Fig. 10. (a) Our proposed layout with inter-placing width d+∆d can facilitate long range logical operation with lower qubit overheads while preserving code
distance d of the communication channel. (b) The layout for Q3DE’s double-size strategy. (c) To effectively facilitate the qubit communication in Q3DE’s
method, an inter-space of 2d is necessary, introducing a significant qubit overhead.

can accommodate the enlargement for mitigating ⌊∆d/D⌋
defects without compromising the communication channel.
The probability of this protection failing and the channel
becoming blocked is:

pblock = 1−
⌊∆d/D⌋∑

k=0

p(k) (1)

A desired ∆d should be chosen as the smallest value such that
the block probability is below a certain threshold αblock, such
as αblock = 0.01.

For example, in experiment [22], cosmic-rays attack a 26-
qubit superconducting device roughly every 10s, with each
attack lasting for 25ms, and the number of affected qubits up
to 24. In this case, ρ = 0.1Hz/26, T = 25ms, and D ≈ 4.
For a typical surface code of size d = 27 [60], its Poisson
parameter is λ = 0.14. Here, we can choose ∆d = 4 because
pblock = 1− p(0)− p(1) ≈ 0.0089 < 0.01 = αblock.

Comparison with Q3DE layout. Q3DE’s layout poses chal-
lenges on logical qubit communication due to its double-
size enlargement scheme, which entirely obstructs the space
between codes used for executing logical operations Fig. 10(b).
It has the following major limitations:

(1) Space-time overhead of logical operations. The blocked
channel may lead to space overhead for long-distance logical
operations. For example, in Fig. 10(b), the CNOT gate from
qubit B to C must traverse a longer path (solid line) instead
of the shorter one (dotted lines) due to the enlarged qubit
B. Moreover, the blocked channel can result in severe time
overhead. Logical operations may become unfeasible due to
blocked paths, such as the CNOT gate from qubit A to B.
In such cases, the program must be paused for a long time
(thousands of QEC cycles) until the effects of defects subside
and the code shrinks back to its original size, making the an-
cilla path available again. In contrast, our layout with an extra
inter-space ∆d effectively suppresses the block probability,
thus reducing the space-time cost of logical operations to a
nearly optimal level.

(2) Qubit resource for facilitating communication. It’s pos-
sible for the size-doubling strategy in Q3DE to achieve nearly
optimal space and time costs, but it requires a 2d inter-
space (Fig. 10(c)) to accommodate both code enlargement

and ancilla paths of distance d. However, this results in a
significant qubit resource overhead of ( 3d2d )

2 = 2.25 times.
In contrast, our layout introduces a lower overhead since ∆d
must be smaller than d. This overhead remains mild, especially
when ∆d is relatively small compared to the code distance d.

VII. IMPLEMENTATION AND EVALUATION

A. Experimental Setup

Evaluation setting. We use the Stim [61] stabilizer circuit
simulator and the PyMatching [62] decoder for our numerical
simulations. For program compilation, we employ the lattice
surgery framework described in [42], [63], along with the T
factory for implementing logical T gates using magic state
distillation strategies [40].

Benchmark programs. We have selected several quantum
programs designed to tackle real-world challenges. These
programs include Simon’s algorithm [64], Ripple Carry Adder
(RCA) [65], Quantum Fourier Transform (QFT) [66], and
Grover’s algorithm [5]. The first suffix of the name indicates
the number of logical qubits used, while the second suffix
represents the number of repetitions. For instance, ”QFT-100-
20” indicates the task of 20 QFT layers on 100 qubits, a
common scenario used in Shor’s algorithm [4].

Metric. For evaluation, we consider three key metrics. First,
the physical qubit count encompasses all data and ancilla
qubits used in the quantum program’s layout. It quantifies
the qubit resources required for the task, with lower values
being preferred. Second, the retry risk, as defined by [60],
represents the probability of an uncorrectable logical error
occurring in the program, which will lead to an incorrect task
result that necessitates retry. This metric indicates the error
rate of task results, with lower values being preferred. Third,
the throughput of non-local operations represents the average
number of operations executed in one cycle, with higher values
being preferred. This metric indicates the layout’s ability to
execute non-local operations (CNOT and T gates) in parallel,
which can significantly impact task runtime, particularly when
compared to local operations.
Physical error model. We employ a widely-used circuit-level
error model [15], [61]. We associate same probabilities p =
10−3, which is 0.1 times the surface code’s error threshold,



TABLE II
RESULTS OF Q3DE , ASC-S AND SURF-DEFORMER FOR VARIOUS PROGRAMS WITH DIFFERENT SCALE

Benchmark Q3DE ASC-S Surf-Deformer

Name # CX # T # qubit d
# physical

qubit Retry risk # physical
qubit Retry risk # physical

qubit Retry risk

Simon
-400-1000 3.02× 105 0 400

19 1.46× 106 OverRuntime 1.46× 106 53.1% 1.80× 106 1.51%
21 1.79× 106 OverRuntime 1.79× 106 7.28% 2.15× 106 0.17%

Simon
-900-1500 1.01× 106 0 900

21 3.73× 106 OverRuntime 3.73× 106 46.7% 4.49× 106 1.09%
23 4.47× 106 OverRuntime 4.47× 106 6.14% 5.30× 106 0.12%

RCA
-225-500 8.96× 105 7.84× 105 225

21 1.08× 106 OverRuntime 1.08× 106 41.9% 1.30× 106 0.98%
23 1.30× 106 OverRuntime 1.30× 106 5.63% 1.54× 106 0.11%

RCA
-729-100 5.82× 105 5.10× 105 729

21 3.07× 106 OverRuntime 3.07× 106 76.6% 3.70× 106 1.79%
23 3.69× 106 OverRuntime 3.69× 106 10.2% 4.37× 106 0.20%

QFT
-25-160 1.02× 105 1.87× 108 25

23 2.39× 105 OverRuntime 2.39× 105 61.4% 2.85× 105 1.20%
25 2.82× 105 OverRuntime 2.82× 105 7.83% 3.32× 105 0.13%

QFT
-100-20 2.30× 105 1.58× 109 100

25 0.78× 106 OverRuntime 0.78× 106 ∼ 100% 0.92× 106 1.69%
27 0.91× 106 OverRuntime 0.91× 106 12.6% 1.06× 106 0.18%

Grover
-9-80 1.36× 105 1.99× 108 9

23 1.29× 105 OverRuntime 1.29× 105 57.3% 1.54× 105 1.12%
25 1.51× 105 OverRuntime 1.51× 105 7.23% 1.79× 105 0.12%

Grover
-16-2 4.29× 105 1.13× 109 16

25 2.12× 105 OverRuntime 2.12× 105 56.0% 2.50× 105 0.93%
27 2.47× 105 OverRuntime 2.47× 105 7.01% 2.88× 105 0.10%

with the single-qubit depolarizing error channel for single-
qubit gates, the two-qubit depolarizing error channel for two-
qubit gates, and the Pauli-X error channel for measurement
and reset operations.
Dynamic defect model. We adopt the dynamic defect model
in [2], which is derived from physical experiments [22]. Each
physical qubit experiences a dynamic defect event following
an exponential distribution with an average event rate of λ =
1/(26 × 10 s) [22]. When a physical qubit is attacked, the
adjacent 24 qubits are affected, resulting in a defective region
of size 4. The physical error rate of qubits in the affected
region increases to approximately 50% and lasts for T = 25
ms, equivalent to approximately 25,000 QEC cycles [17].

B. Overall Performance

We compare our Surf-Deformer with two previous frame-
works, Q3DE method [2] and adaptive surface code (ASC-S)
[33], on benchmark programs mentioned in Section VII-A.
The results are presented in Table II. We evaluate these tasks
on surface codes of appropriate distances chosen to meet the
target retry risk levels of 1% and 0.1% in our framework.
Overall, our Surf-Deformer in Table II demonstrates a con-
sistently better performance. In particular, we highlight the
following three observations:

1) All tasks processed by Q3DE exhibit a retry risk of
∼ 100%, failing to mitigate the impact of dynamic
defects. This limitation stems from its enlargement op-
eration with a fixed layout, which causes the ancilla
space near the defective qubits to become blocked.
Additionally, the large scale of tasks necessitates high-
fidelity logical qubits, implying a large code distance d
for the surface code. With more qubits used to encode
a logical qubit, there is a higher probability of the qubit
blocks being attacked by defect events. Consequently,
most qubit blocks become enlarged in Q3DE, and a
significant portion of the ancilla paths are blocked.
Fewer or even no available ancilla paths for executing
non-local operations result in the high retry risk.

2) Without the ability to recover the decreased distance
caused by removing defective qubits, the retry risk of
tasks executed by ASC-S is 35x-70x higher than those
by our Surf-Deformer. This disparity arises from the
task’s retry risk being determined by the worst qubit
blocks during runtime, since a single logical error on
any logical qubit can lead to the failure of the entire
task. Failure to restore a low-distance logical qubit to
the original required distance d for the task significantly
amplifies the retry risk.

3) With Surf-Deformer’s layout, it requires only around
20% more physical qubits to resolve the communication
blocking issue and achieve a low retry risk. Moreover,
even with the same number of physical qubits, Surf-
Deformer still outperforms ASC-S. For example, in the
task ”QFT-100-20,” Surf-Deformer with d = 25 and
∆d = 4 and ASC-S with d = 27 both use roughly
9×105 physical qubits. However, the retry risk of Surf-
Deformer is still 6.3x lower than that of ASC-S.

C. Analysis on Sub-components

In this section, we demonstrate the superior performance of
our Surf-Deformer due to its adaptive deformation framework
and layout. Our approach excels in saving qubit resources,
maintaining the QEC capability of the deformed code, and
enhancing surface code communication compared to other
methods. We have conducted a series of experiments to
showcase these advantages.

Qubit resource saving. We demonstrate the substantial re-
source savings achieved by Surf-Deformer by comparing the
physical qubit count required for the layout to achieve a 1%
retry risk with different methods. Our comparison includes
Lattice Surgery, the revised version of Q3DE, and ASC-S. In
the revised Q3DE, we adjust the inter-space to 2d to prevent
the enlargement from blocking surrounding communication
paths, as illustrated in Fig. 10(c). As depicted in Fig. 12,
Surf-Deformer requires significantly fewer qubits compared
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to all previous methods, approximately 75% less than Lattice
Surgery, 50% less than Q3DE, and 15% less than ASC-S.

Improved logical error rate by qubit removal. In Fig. 11(a),
we compare the logical error rates of surface codes with and
without defective qubits removed by Surf-Deformer, across
different numbers of defective qubits. We didn’t present the
cases for d = 21 and d = 27 because the logical error rates are
so low that numerical simulations cannot provide reasonable
estimations. The results show that codes with defects removed
by Surf-Deformer achieve comparable logical error rates to
those without any treatment, despite having much smaller code
distances. For instance, when there are 10 defective qubits, a
distance-9 code with defects removed shows a similar logical
error rate to a distance-15 code without any treatment. This
also underscores that simply expanding the code size while
retaining defective qubits, as in Q3DE, cannot effectively
improve logical error rates as expected.

Enhanced code distance by adaptive defect removal. We
compare the cost of distance recovery of Surf-Deformer and
previous methods such as ASC-S that use oversimplified
deformation operations. Fig. 11(b) gives the code distance
of defective codes of different original sizes, w.r.t. varying
number of defective qubits. It indicates that our method can
preserve the code distance better than the previous meth-
ods, leading to a lower cost when recovering the code dis-
tance through enlargement. Additionally, the advantage of our
method becomes more significant on codes of larger size and
when there are more defective qubits.

Parallelism improvement by Surf-Deformer’s layout. In

Fig. 11(c), we compare the efficiency of qubit communication
using the layouts in three schemes: (1) Surf-Deformer, (2)
Q3DE with d inter-space, and (3) classical lattice surgery
(LS), representing optimal runtime. We consider 100 logical
qubits and three sets of tasks, each comprising 5 tasks with
25 CNOT gates on 50 distinct logical qubits. The tasks in
each set can be completed in 16, 19, and 22 time-steps on the
LS layout, respectively, indicating three levels of parallelism.
We then sample defects 100 times for each task and compute
the average throughput of each task set using the layouts in
Surf-Deformer and Q3DE.

The results indicate that as the defect rate increases, the
throughput significantly drops for the Q3DE layout, whereas
it only experiences a slight decline with our layout. This is
because expanding all the defective code to a 2d size severely
blocks the ancilla paths for long-range CNOT gates, resulting
in a much longer execution time, while the additional ∆d
space in our layout significantly reducing the probability of an-
cilla paths being blocked. Therefore, the Surf-Deformer layout
effectively facilitates the computation among logical qubits.

D. Trade-off between Qubit Resource and QEC Performance

In Fig. 13(a), we compare the trade-off lines of physical
qubit count and retry risk for Surf-Deformer and ASC-S. Our
findings indicate that the logical error rate of logical qubits
transformed by Surf-Deformer maintains the trade-off line
of the non-defective surface code’s QEC performance, with
the logical error rate decreasing exponentially with increasing
code distance. Furthermore, Surf-Deformer demonstrates a
more efficient trade-off line than ASC-S, achieving the same
retry risk with lower physical qubit overhead.

Surf-Deformer’s deformation method can also be integrated
with post-selection method in [33] to enhance the removal
of static defects and post-selection of chiplets. As shown
in Fig. 13(b), Surf-Deformer’s deformation method increases
the yield rate of the targeted distance-27 surface code, with
more significant improvements as the size of the original
patch increases. For instance, when using size-25 patches with
20 faulty qubits, the yield rate of Surf-Deformer (0.75) is
approximately double that of the original ASC-S (0.39).

E. Robust to Various Error Models and Unreliable Detection

In this section, we evaluate Surf-Deformer’s robustness
under high correlated error rates and unreliable defect de-
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tection. In Fig. 14(a), we simulate and compare the logical
error rates of the surface code and Surf-Deformer’s deformed
code under various 2-qubit gate correlated error settings, with
single-qubit error rates fixed at p = 0.001. The results show
that Surf-Deformer maintains a 10x improvement over the
original surface code as the correlated error rate increases. In
Fig. 14(b), we use an existing detection method [2] which
can achieve the false-positive and true-negative detection
probabilities being below 0.01. The green line, representing
the unreliable detection scenario, is close to the orange line,
representing the precise detection scenario, indicating that
Surf-Deformer’s QEC performance remains robust even with
unreliable defect detection.
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Fig. 14. Logical error rate of a distance-9 surface code under (a) various 2-
qubit gates correlated errors and (b) the presence of imprecise defect detection.

VIII. RELATED WORK

In this section, we present a broader perspective on ap-
proaches for addressing dynamic defects in quantum hardware.
Generally, there are three main directions to consider:
(1) Hardware-level solutions. Dynamic defects can be mit-
igated at the hardware level to reduce their incidence rate.
Physical techniques such as shielding [24], [30], phonon
downconversion [67], [68], and metallic covers [69] can
help mitigate the burst of quasiparticles induced by radiation
materials and cosmic rays, which is a main source of qubit
decoherence. Various mitigation methods on chips [21], [70],
[71] are also proposed. However, although these hardware-
level solutions can improve the defect rate of physical qubit,
it is often insufficient for meaningful quantum computations,
which can take several hours [60], to be effectively executed

at low retry risk. Although preventing these defects at the
hardware level is challenging, specialized hardware detectors
[31], [32] can often locate them accurately at runtime with
statistical methods.
(2) Software-level solution. To address dynamic defects
that involve varying error rates, methods like [2], [72]–[74]
estimate modified error rates based on historical syndrome
data and then adjust the error rates in the decoders such
as MWPM [47], [48], [75]–[78]. Various error mitigation
approaches [79]–[81] based on statistical methods are also
proposed. However, these methods becomes ineffective when
the physical error rate is considerably high or the errors can
propagate, but these are often the case with dynamic defects,
where defected qubits can have error rates near 50% and affect
the integrity of adjacent qubits [22], [25].
(3) QEC-level solution. Theoretical frameworks have been
established for converting one stabilizer code to another [52],
[57], [82]–[84] by modifying the code through a series of mea-
surements. However, these methods either potentially modify
the encoded information [52], [84], or ignore the hardware
constraints on qubit connectivity [57], limiting their code
conversion procedure for practical use. On the other hand,
approaches such as [1], [2], [50] design new codes based
on the structure of the underlying hardware. However, these
methods are inefficient in utilizing the remaining intact qubits,
do not detail the specific deformation procedure, and overlook
the feasibility of communication between logical qubits.

IX. CONCLUSION

We introduce Surf-Deformer, a novel deformation frame-
work that expands the surface code instruction set to integrate
adaptive defect mitigation functionalities. With four meticu-
lously designed deformation instructions, Surf-Deformer cre-
ates a larger design space, enabling optimized deformation
processes tailored to specific defects. Combined with a new
adaptive code layout, Surf-Deformer enhances qubit communi-
cation efficiency and reduces logical error rates with minimal
additional qubit resources. Comprehensive evaluations show
that Surf-Deformer produces deformed codes with superior
QEC capabilities and more efficient qubit communication.
Surf-Deformer is a versatile tool for effectively addressing
defects in surface codes across various quantum platforms.
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APPENDIX

A. Abstract

This artifact includes the source code for the Surf-
Deformerand all necessary scripts to reproduce the key results
presented in Table II, Fig. 11, 13, 14, as well as to perform
comparisons with the baselines in our evaluation. The result
in Fig. 12 use the same data in Table II.

The hardware requirements are minimal. Software depen-
dencies are limited to commonly used Python packages.

Additionally, we provide a script to generate the benchmarks
utilized in our evaluation. Please note that the evaluation
results are averaged over multiple executions, so minor de-
viations in reproduction are to be expected.

B. Artifact check-list (meta-information)
• Algorithm: Surf-Deformer comprises three core algorithms:

– src/code deformation.py takes detected information as in-
put, deforms the code to remove the defective qubits from
the logical surface code qubit.

– src/gen surface code.py constructs the quantum circuit to
realize stabilizers and super-stabilizers, using Stim [61].

– src/layput.py implements adaptive layout and simulates the
communication (CNOT and T gates) between logical qubits
under the blocking results from defects.

• Output:
– src/code deformation.py returns the set of stabilizers,

gauges, and super-stabilizers of the logical qubit, repre-
sented as Pauli strings.

– src/gen surface code.py returns the Stim circuit, which
consists of quantum gates, error channels, and detectors.

– src/layput.py returns the physical qubit count needed by a
quantum program and its retry risk under a given defect
rate.

• Run-time environment: Python, Jupyter Notebook.
• Metric: Retry risk, logical error rate, throughput, physical qubit

overhead, code distance as explained in Section VII.
• Hardware: IntelCPU, memory size depending on the bench-

mark size (the largest benchmarks can be processed with 100
GB RAM).

• Disk space required: 100 GB is sufficient for the artifact
evaluation and all software dependencies.

• Time needed to complete experiments: The approximate
execution time for code deformation is fast, around 0.1 seconds.
However, evaluating the logical error rate of a deformed code
may take 0.5 to 2 hours, as it requires sampling a large number
of defect and noise shots. Reproducing all results in Fig. 11
could take hundreds of CPU hours. You can, however, reduce
the number of sampled defect and noise shots to speed up
the process while maintaining the overall trend. The result in
Table II may take 2 hours.

• Publicly available: Yes.
• Code licenses: Apache License 2.0
• DOI: 10.5281/zenodo.13751243

C. Description

1) How to access: This artifact can be downloaded at the
following link https://zenodo.org/records/13751243.

2) Hardware dependencies: A regular server with Intel
CPUs can run our artifact while the amount of RAM may
limit the size of benchmarks that can be executed. In our ex-
periments, we used 100 GB RAM to execute all benchmarks.

3) Software Dependencies: The artifact is implemented in
Python 3.9.6. A Jupyter notebook is required, as we have
prepared files with scripts that automatically and interactively
reproduce the results for easy validation. Other dependencies
include Qiskit, Stim, PyMatching, Sinter, NumPy, Matplotlib,
and NetworkX.

D. Installation

To use our artifact, you may download the repo to your
local machine from https://zenodo.org/records/13310351 and
install the software dependencies by running the command:
pip install -r requirements.txt

E. Evaluation and expected results

After downloading the artifact and installing all software
dependencies, you can open the following jupyter notebook
files to reproduce experimental for corresponding table and
figures.

• Main table.ipynb for Table II.
• Data Fig 11 1.ipynb, Data Fig 11 2.ipynb, generate

data for Fig. 11. You can view the figure by Fig 11.ipynb.
• througput.ipynb show the Fig. 11(3).
• Fig 12.ipynb for Fig. 12.
• Fig 13.ipynb for Fig. 13.
• Fig 14 1.ipynb and Fig 14 2.ipynb for Fig. 14.
Please refer to README.md for more detailed instructions.
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