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A B S T R A C T

More physical qubits and qubit connections integrated on a superconducting quantum processor can improve
the ability to execute quantum programs, but on the other hand, they might increase the probability of
frequency collisions. Considering a performance and frequency collisions trade-off, it is a feasible method
to optimize processor architecture aiming at running specific quantum programs. To this end, we propose a
method for designing superconducting quantum processor architectures for the purpose of running specific
quantum programs. Different from existing methods, our method is mainly based on graph theory to optimize
processor architecture design. First, we convert the trade-off problem into the optimization of the distance
between two points as well as the maximum degree in the processor architecture graph. Second, we consider
the actual physical routing constraints and build a mathematical model for the optimization problem. Finally,
we propose an automatic processor architecture design flow based on the mathematical model, which is
implemented with an improved genetic algorithm. To show the effectiveness of our method, we selected sixteen
quantum programs with different qubit numbers and different functions for comparison. Simulation results
show that the architecture schemes of our method outperform IBM’s general-purpose square lattice architecture
schemes. Compared to the general-purpose architecture schemes, the architecture schemes of our method have
an average performance improvement of 15.61% and a minimum reduction of 21.33% in the probability of
frequency collisions. Furthermore, in most of the selected quantum programs, our architecture schemes perform
better than the eff-5-freq’s architecture schemes, with an average 6.58% improvement in performance and
a minimum 6.45% reduction in the probability of frequency collisions. Therefore, our method can provide
superconducting quantum processor architecture design with better performance and lower probability of
frequency collisions for quantum programs.
Introduction

As a new generation of information processing technology, quantum
computing (QC), by using superposition, entanglement, and other quan-
tum mechanical phenomena, makes it possible to deal with quantum
simulation [1], quantum chemistry [2], combinatorial optimization [3],
machine learning [4], cryptography [5] and some other complex prob-
lems with unparalleled acceleration advantages over classical comput-
ing. Up to now, superconductors [6], trapped ions [7], optics [8],
semiconductor quantum dots [9], and other physical systems have
been used for the realization of physical quantum computers. Among
them, the superconducting quantum system has become a leading
candidate in the quantum computing commercial space due to its high
compatibility with existing integrated circuit technologies in terms of
design, fabrication, and measurement [10,11]. In particular, Google
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and IBM have recently made breakthroughs in solving the quantum
noise problem of superconducting quantum systems [12,13]. This will
further advance superconducting quantum systems to realize universal
quantum computation [14–16].

To make the superconducting quantum computer run efficiently,
researchers have not only worked on improving qubit structure [17,18],
coupling control [19], measurement and control devices [20,21], and
software compilation [22–26], but also tried to add more physical
qubits and qubit connections [14–16] on a single processor to in-
crease the diversity and scale of problems that the processor can solve.
However, more qubits and connections will increase the probability of
frequency collisions between physical qubits on the processor, leading
to an increase in gate error rate and a decrease in yield rate (an eval-
uation metric to estimate the probability that no frequency collisions
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Table 1
Comparison of design methods for superconducting quantum processor architecture.

Reference Performance
improvement

Frequency collisions
reduction

[33] × ×
[34,35] ✓ ×
[32] ✓ ✓

occur) [27,28]. Therefore, there exists a trade-off between performance
and yield rate to ensure that the processor has strong computational
power together with a low probability of frequency collisions.

Currently, most studies have focused on the improvement of the
physical device, fabrication technology and frequency allocation
method to solve the above problem [19,28–32]. On the other hand,
the trade-off between performance and yield rate could be well solved
if one can optimize the architectural design of the superconducting
quantum processor. Scholars have also conducted some related studies.
In Ref. [33], the authors compared the influence of different general-
purpose architectures on the performance of various quantum programs
and proposed the idea of designing processor architectures combined
with quantum programs. However, they do not give a specific design
method. In Ref. [34], the authors firstly proposed an optimization
algorithm for the connections of general-purpose processor architec-
tures to reduce the mapping overhead of different quantum programs
and improve the overall performance of general-purpose processor
architectures. Secondly, they proposed a method of designing processor
architecture combined with quantum programs to make the quantum
program better match the processor architecture. Ref. [35] integrated
architecture optimization with an optimal compiler to provide per-
formance guarantees for given quantum programs. Unfortunately, the
optimization ideas of the two works [34,35] do not take into account
the actual physical factors such as frequency collisions. In Ref. [32], a
heuristic processor architecture design algorithm that balances perfor-
mance and the yield rate was proposed based on the coupling strength
matrix of the quantum program and the practical constraints of physical
wiring. Compared with IBM’s general-purpose design schemes, the
processor architecture designed by this algorithm has better Pare-to-
optimal results. However, in its algorithm, qubits with the same weight
are not further discussed in the processor architecture design. There
is still room for optimization in its designed architecture scheme. The
comprehensive comparison of Ref. [32–35] is shown in Table 1. It
can be seen that designing processor architectures based on quantum
programs can improve performance. But for most previous works, they
did not consider the actual physical factors such as frequency colli-
sions in the processor architecture design, which will affect the actual
effectiveness of the processor architecture. It could be further opti-
mized in processor architecture design method that consider frequency
collisions. Therefore, we should systematically build mathematical
model for the design problem of superconducting quantum processor
architecture that trade-off performance and frequency collisions to find
better automated design methods.

Focusing on the shortcomings of the existing research, in this paper,
we propose a method to optimize the superconducting quantum proces-
sor architecture design by building the mathematical model based on
graph theory technology, to better solve the performance and frequency
collisions (yield rate) trade-off problem. Currently, in qubit mapping,
scholars have used graph theory techniques to optimize mapping al-
gorithms in order to reduce the mapping overhead of quantum pro-
grams on processor architectures and improve processor performance
[23,36–38]. However, these are not the same as our method. They
improved the mapping algorithm and took the architectures as in-
variant. While we consider the actual physical wiring constraints and
design special-purpose processor architectures for quantum programs
based on graph theory to reduce the mapping overhead of existing
mapping algorithm, improve the performance, lower the probability
2

of frequency collisions and enhance the reliability of the architectures.
The basic ideas of our method are shown in Fig. 1. First, we convert
the improvement of performance and yield rate into the optimization
of the distance of two points and the maximum degree in the processor
architecture graph, respectively. Then, we design the objective function
based on the converted metrics and establish all the constraints for
the processor architecture design, modeling the problem of super-
conducting quantum processor architecture design as an optimization
problem that trades off performance and frequency collisions. Lastly,
based on this mathematical model, we improve the genetic algorithm
and propose an automatic processor architecture design flow. The
automatic design flow iteratively optimizes the processor architecture
by an improved genetic algorithm (improving selection, crossover and
mutation operations) and finally outputs an optimal processor archi-
tecture. To show the effectiveness of our method, we selected sixteen
quantum programs with different qubit numbers and different functions
for the simulation experiments of architecture comparison. In addition
to the architecture schemes of our method, the compared architectures
also include four general-purpose square-lattice design schemes of IBM
and the design schemes of the eff-5-freq algorithm [32]. Through the
comparison of simulation experiments, it is proved that the architecture
schemes of our method can improve the performance and yield rate.

In summary, our contributions can be concluded as the following:

• We convert the improvement of performance and yield rate into
the optimization of the distance between two points and maxi-
mum degree based on graph theory. And considering the actual
physical wiring constraints, the superconducting quantum proces-
sor architecture design problem that trades off performance and
frequency collisions is constructed as a mathematical model and
systematically described as an optimization problem.

• Based on this mathematical model, we improve the genetic al-
gorithm and propose an automatic processor architecture design
flow. It can automate the design of superconducting quantum
processor architectures that trade off performance and frequency
collisions according to quantum programs.

• Comprehensive simulation results show that the architecture
schemes generated by our method outperforms not only IBM’s
general-purpose design schemes based on the square lattice, but
also the schemes of the eff-5-freq algorithm [32] in most quan-
tum programs. Compared to the general-purpose architecture
schemes, our architecture schemes in terms of performance show
an average improvement of 15.61% and a minimum reduction of
21.33% in the probability of frequency collisions. Compared to
the architecture schemes generated by the eff-5-freq method, in
most of the selected quantum programs, our architecture schemes
demonstrate an average performance improvement of 6.58% and
a minimum reduction of 6.45% in the probability of frequency
collisions.

Our work can be applied to design superconducting quantum processor
architectures for quantum programs with high performance and low
probability of frequency collisions. Moreover, our processor architec-
ture design method can be integrated into superconducting quantum
processor design automation, which could promote development of
quantum electronic design automation (QEDA) [39,40].

Preliminaries

In this section, we will briefly review the necessary QC and genetic
algorithm basics related to our research.

Qubit layout and connections

The qubits on superconducting quantum processors are mostly fab-
ricated on a 2D planar substrate. Although qubits can be placed at

any position on the planar substrate, to facilitate the scalability and
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Fig. 1. Overview of basic ideas of the method.
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Fig. 2. Three types of qubit buses.

feasibility of qubits, researchers mainly choose to design the processor
architecture based on square lattice topology [14–16]. As for the qubit
connection, it has been proved in Ref. [41] that any multi-qubit gate
in a quantum program can be decomposed into a series of single-qubit
gates and two-qubit CNOT gates. Therefore, this paper mainly considers
two-qubit connections. One of the most widely used approaches is
to couple two qubits with qubit buses (i.e., resonators). Fig. 2 shows
three types of buses, where columns (a) and (b) show the physical
connection structure and the logical connection structure, respectively.
The first row is a 2-qubit bus, which connects two physical qubits. The
second and third rows are the 3-qubit bus and the 4-qubit bus, which
connect three and four physical qubits in a square lattice, respectively.
From Fig. 2, it is obvious that the 4-qubit bus can support two-
qubit gates not only for four qubit pairs on the edges but also for
diagonal two-qubit pairs. In this paper, we focus on superconducting
quantum processors based on fixed-frequency transmon qubits and all-
microwave cross-resonance two-qubit gates [42,43] and describe the
processor architecture using logical connections.

Qubit mapping

If a quantum program (i.e., quantum circuit) is executed on an
actual superconducting quantum processor, the logical qubits must
be mapped to the physical qubits of the processor. In the quantum
circuit, users can perform a two-qubit gate operation for any two
defined logical qubits and do not need to consider any physical con-
straints. However, in the actual superconducting quantum processor,
it is quite difficult to perform a two-qubit gate operation directly
between any two qubits due to limited qubit connections. A common
way to deal with this problem is to add the SWAP gate operations
[23–26]. For example, Fig. 3(a) is a quantum circuit, which contains
five CNOT gate operations (g1–g5). Fig. 3(b) is the logical architecture
of a superconducting quantum processor (vertices represent qubits and
edges represent logical connections), which is now used to execute
the quantum program in Fig. 3(a). By mapping each logical qubit 𝑞𝑖
directly to the physical qubit 𝑄𝑖, the first four CNOT gate operations
can be supported. In contrast, the CNOT gate operation g5 cannot be
supported because the connection between Q2 and Q3 does not exist.
For this, an additional SWAP gate (the red operation in Fig. 3(c)) can
be added before g5 to transfer the quantum state in Q2 to Q0 and the
CNOT gate operation of q2 and q3 can be realized using the connection
between Q0 and Q3. However, additional gate operations increase
the execution time of quantum programs and reduce the fidelity of
the whole execution process. Therefore, if more qubit connections
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Fig. 3. Example of qubit mapping.
Table 2
Frequency Collision Conditions (𝛿 = −340 MHz).

Conditions Thresholds

1 𝑓𝑗 ≅ 𝑓𝑘 ±17 MHz
2 𝑓𝑗 ≅ 𝑓𝑘 − 𝛿∕2 ±4 MHz
3 𝑓𝑗 ≅ 𝑓𝑘 − 𝛿 ±25 MHz
4 𝑓𝑗 > 𝑓𝑘 − 𝛿
5 𝑓𝑖 ≅ 𝑓𝑘 ±17 MHz
6 𝑓𝑖 ≅ 𝑓𝑘 − 𝛿 ±25 MHz
7 2𝑓𝑗 + 𝛿 ≅ 𝑓𝑘 + 𝑓𝑖 ±17 MHz

are added to the processor architecture, it will help to improve the
overall performance of the processor. However, more connections could
increase the probability of other problems which we will explain in the
next subsection.

Frequency collisions and yield rate

Due to the limitation of current fabrication technologies, the fre-
quency of the qubit will have some uncontrollable deviations during
the fabrication process. For example, if the designed frequency of
the qubit is f, then the actual frequency after fabrication could be
𝑓 + 𝑁(0, 𝜎𝑓 ). 𝑁(0, 𝜎𝑓 ) is a fabrication error conforming to Gaussian
istribution, and the parameter 𝜎𝑓 is the standard deviation. Due to the
ncertainty variation of qubit frequencies after fabrication, frequency
ollisions occur when two or three qubits are connected and their
requencies satisfy some specific conditions. Table 2 summarizes seven
ubit frequency collision conditions proposed by IBM [44], where the
econd column is the mathematical expression, the third column is the
hreshold that the expression must satisfy with the anharmonicity of
ubit 𝛿 = −340 MHz. Conditions 1–4 are used to judge whether a
requency collision occurs when two qubits j and k are connected and

conditions 5–7 are used to judge the three-qubit case of qubits i, k
onnected to qubit j.
4

The parameter ‘yield rate’ is proposed to estimate the probability
that no frequency collisions occurs [27,28]. The detailed calculation is
as follows: First, allocate a fixed frequency to each qubit in a given
processor architecture as the design frequency f, and then repeat the
Monte Carlo simulation more than 1000 times. In each Monte Carlo
simulation, 𝑓 +𝑁(0, 𝜎𝑓 ) is simulated as the frequency after fabrication,
and it is judged whether 𝑓 + 𝑁(0, 𝜎𝑓 ) satisfies any of the conditions
in Table 2. If the judgment condition is satisfied, then the frequency
collision is considered to occur. The yield rate is defined as the ratio
between the number of times that no collisions occur and the total
number of simulation runs. That is, the higher the yield rate, the lower
the probability of frequency collisions. In this paper, we make use of the
frequency allocation algorithm of Ref. [32] to calculate the yield rate,
and the optional frequency range is taken from the IBM’s 5-frequency
scheme [27].

Genetic algorithm

Genetic Algorithm is a random global search optimization algo-
rithm, which is designed and proposed according to the evolution
law of organisms in nature [45]. It simulates the selection, crossover,
variation and other phenomena of heredity and evolution in nature, and
converts the process of solving problem into the evolutionary process
similar to chromosome (individual). Here, a chromosome (individual)
is encoded using multiple genes with each gene being a part of the
solution. The algorithm starts from the initial population containing
multiple random individuals (candidate solutions) and performs genetic
operations such as selection, crossover and mutation. After a number
of iterations, it finally converges to a group of individuals which are
the most suitable for the environment (problem), thus obtaining a
high-quality solution of the problem.

Motivation

In the previous section, we introduced the background knowledge
involved in this paper. In this section, we will compare several proces-

sor architecture examples to illustrate the motivation of our research.
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Fig. 4. Four different square lattice processor architectures.

Fig. 5. Example of 𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟏.

We select four different square lattice processor architectures (see
ig. 4) and compare the execution performance of two 6-qubit quantum
rograms (QAOA and Deutsch–Jozsa Algorithm) as well as the yield
ates on four architectures. The comparison results are shown in Ta-
le 3. The total post-mapping gate count is used as the performance
etric [23–26,32]. A lower gate count indicates that the program

an complete the computation with a shorter execution time and a
ower error probability, meaning higher performance. The yield rate is
alculated according to the methods introduced in Section ‘‘Frequency
ollisions and Yield Rate’’. Fig. 4(a) and (b) show grid-shaped and ring-
haped general-purpose architectures, respectively. Fig. 4(c) and (d) are
ptimized architectures. As can be seen from Table 3, in terms of perfor-
ance in 6-qubit QAOA, the optimized architecture shown in Fig. 4(c)

utperforms the general-purpose architectures shown in Fig. 4(a) and
b) by 13.1% and 16.9%, respectively. As for the yield rate, the re-
ult obtained in Fig. 4(c) is only 4.4% different from Fig. 4(b). The
ptimized architecture shown in Fig. 4(d) has better performance in
-qubit Deutsch–Jozsa Algorithm and a better yield rate than those in
ig. 4(a) and (b). That is to say, the processor architecture optimization
as great importance of improving the performance and yield rate
f a superconducting quantum processor. However, Fig. 4(c) and (d)
ave differences in performance of different programs, as well as in
ield rate. Therefore, to achieve higher performance and yield rate,
he processor architecture should be optimized for running specific
uantum programs.

In addition, Ref. [32] suggests that before the realization of the
niversal quantum computer, it is more likely to adopt an array
f QC accelerators customized for quantum programs (i.e., Special-

Purpose Quantum Processor). At present, researchers have begun to
optimize the processor architectures closely compatible with quantum
programs [32,34]. In particular, Ref. [32] proposed a processor archi-
5

tecture design method that balances the performance and yield rate t
Table 3
Performance and yield rate comparison of four processor architectures.

Processor
architecture

Total Post-Mapping gate count Yield rate

QAOA Deutsch–Jozsa Algorithm

Fig. 4(a) 153 22 0.2788
Fig. 4(b) 160 32 0.3227
Fig. 4(c) 133 28 0.3085
Fig. 4(d) 165 22 0.5027

according to quantum programs. Different from Ref. [32], we use a
graph theory based technique to solve the performance and yield rate
trade-off problem. Specifically, we improve the performance and yield
rate by adjusting the distance of two points and the maximum degree
in the processor architecture graph. In most simulation experiments of
quantum programs, our architecture schemes perform better than the
eff-5-freq’s [32] architecture schemes.

Our method and simulation experiments will be explained in the
next sections in detail.

Method

In this section, we will introduce the main idea and specific im-
plementation of the superconducting quantum processor architecture
design method. First, we convert the improvement of performance and
yield rate into the optimization of the distance between two points
and maximum degree based on graph theory. Then, we construct a
mathematical model of the optimization problem with actual physical
wiring constraints. Finally, based on this mathematical model, we
improve the genetic algorithm and propose an automatic processor
architecture design flow with the joint optimization of performance and
yield rate. This will be explained in detail below.

Conversion of two metrics’ improvement

In this subsection, we will explain the conversion corresponding to
each metric improvement based on graph theory.

Conversion of performance improvement
Since our work is based on the square lattice structure for laying out

qubits and the actual physical wiring with 2-qubit bus, 3-qubit bus, and
4-qubit bus, we first introduce the relevant physical wiring constraints
and then illustrate the coping strategy and the performance-improved
conversion with a specific case.

𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟏 Limited by the square lattice, qubits can only be con-
ected to the neighboring qubits. As shown in Fig. 5, the blue qubit can
nly be connected with the orange qubits.
𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟐 When two diagonals within the square lattice are con-

ected, a 4-qubit bus is used to connect four qubits.
𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟑 There cannot be two physical connections between two

hared qubits in adjacent square lattices [32]. The reason is shown
n Fig. 6. Taking Fig. 6(a) as an example, when both adjacent square
attices adopt 4-qubit bus, there are two physical connections between
ubit i and qubit j. When one of the connections is used, the other
ill bring unexpected effects [32]. Similarly, when the 4-qubit bus is
djacent to the 3-qubit bus or the 3-qubit bus is adjacent to the 3-qubit
us, it may also make the case that there are two physical connections
f qubit i and qubit j occur, as shown in Fig. 6(b) and (c).

In the following, a specific quantum program is used to illustrate
processor architecture wiring strategy that satisfies the physical con-

traints and the optimized conversion of performance. First, we extract
he connections of logical qubits from the quantum circuit describing
he quantum program, and represent it with an upper triangular matrix,
enoted by 𝐀, see Fig. 7(a), Fig. 7(b). In this paper, it is assumed that

he gate operations in the quantum program have been decomposed
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Fig. 6. Example of qubit mapping.
Fig. 7. Example of generating superconducting quantum processor architecture.
into a series of single-qubit gates and two-qubit CNOT gates, and the
connections are only related to the CNOT gates, so Fig. 7(a) only shows
the two-qubit gates. 𝐀(i, j)=1 represents that there exists a two-qubit
gate between the logical qubit 𝑞𝑖, and 𝑞𝑗 . Then, the logical layout
of physical qubits is randomly generated. That is, a plane coordinate
𝑝𝑖(𝑥𝑖, 𝑦𝑖) is allocated to each physical qubit 𝑄𝑖 (for convenience, the
coordinates are taken in a range of natural numbers), as shown in
Fig. 7(c). Since the processor architecture is designed according to the
quantum program, 𝑞𝑖 corresponds to 𝑄𝑖 one-to-one. Finally, wirings
are formed according to three constraints. The specific strategy is as
follows:

1. If 𝐀(i, j)=1, and 𝑄𝑖, 𝑄𝑗 satisfy 𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟏, then connect 𝑄𝑖 and
𝑄 . If 𝐀(i, j)=1, and 𝑄 , 𝑄 violate 𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟏, then 𝑄 and 𝑄
6

𝑗 𝑖 𝑗 𝑖 𝑗
are not connected. The corresponding pseudo code is shown in
Algorithm 1;

2. If two diagonals in a square lattice are connected, use a 4-qubit
bus in the physical wiring, and modify the logical connection in
the square lattice. That is, connect the unconnected edges in the
square lattice to satisfy 𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟐. The corresponding pseudo
code is shown in Algorithm 2;

3. If two adjacent square lattices violate 𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟑, the diagonal
in one of the square lattices will be pruned. The detailed strategy
determining which square lattice should be selected for diagonal
pruning will be explained in detail in Section ‘‘Fitness Function’’.

The three steps of the strategy are presented in Fig. 7(d), (e), and (f),
respectively. The pruning-modified connection matrix is denoted by 𝐁,
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as shown in Fig. 7(g), where the red number 0 indicates the set of edges
pruned for 𝐂𝐨𝐧𝐬𝐭𝐫-𝐚𝐢𝐧𝐭𝟏, the blue number 1 indicates the set of edges
modified for 𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟐, and the green number 0 indicates the set of
edges pruned for 𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟑. Let us take n qubits as the vertex set

, the connections stored in 𝐁 as the edge set 𝐄, and store the logical
oordinates of each qubit with the coordinate vector 𝐏. In this way, the
rocessor architecture graph 𝐆(𝐕, 𝐄, 𝐏) is generated.

Algorithm 1 Adjusting Constraint 1 Logical Connection Algorithm
Input: quantum program connection matrix A, physical qubits logic layout

Q, number of qubits 𝑛
Output: temporary connection matrix 𝐂temp that satisfies Constraint 1
1: Initialization:𝐂temp ← A // Initialize the 𝐂temp

2: for i←1 to n-1 do
3: for j←i+1 to n do
4: if A(i, j) == 1 and 𝐐𝑖, 𝐐𝑗 are not adjacent then
5: 𝐂temp(i, j) = 0 // Violating Constraint 1 (Pruning)
6: else if A(i, j) == 1 and 𝐐𝑖, 𝐐𝑗 are adjacent then
7: 𝐂temp(i, j) = 1
8: end if
9: end for

10: end for

Algorithm 2 Adjusting Constraint 2 Logical Connection Algorithm
Input: temporary connection matrix 𝐂temp that satisfies Constraint 1,

physical qubits logic layout Q, the number of square lattices 𝐾
Output: temporary connection matrix 𝐂temp that satisfies Constraint 1

and Constraint 2
1: for i←1 to K do
2: if 𝐂temp(squarelattice(𝑖)a, squarelattice(𝑖)c) == 1 and

𝐂temp(squarelattice(𝑖)b, squarelattice(𝑖)d) == 1 then
3: /*a,b,c,d are the four vertices on the square lattice(𝑖)*/
4: /*Using the 4-qubit bus in the square lattice(𝑖) and modifying

the logical connection*/
5: 𝐂temp(squarelattice(𝑖)a, squarelattice(𝑖)b) = 1
6: 𝐂temp(squarelattice(𝑖)b, squarelattice(𝑖)c) = 1
7: 𝐂temp(squarelattice(𝑖)c, squarelattice(𝑖)d) = 1
8: 𝐂temp(squarelattice(𝑖)d, squarelattice(𝑖)a) = 1
9: end if

10: end for

The relevant background in Section ‘‘Qubit Mapping’’ shows that if
here is a direct connection between the physical qubits corresponding
o two logical qubits, a two-qubit gate operation can be performed
irectly. Otherwise, one can use SWAP gates to solve this problem.
nd in the processor architecture graph 𝐆, the number of swap gates

s proportional to the distance 𝑑(𝑖, 𝑗) between two qubits (vertices) 𝑖
nd 𝑗 (the length of the shortest path between two vertices, for the
nweighted graph [46]). When 𝑑(𝑖, 𝑗) = 1, it represents two qubits

directly connected. The number of additional SWAP gates required
for performing two-qubit gate operations is 0. When 𝑑(𝑖, 𝑗) > 1, the
number of additional SWAP gates required for performing two-qubit
gate operations is 𝑑(𝑖, 𝑗)−1 [38]. That is, as 𝑑(𝑖, 𝑗) increases, more SWAP
gates are needed, resulting in an increase in the total post-mapping gate
count and thus a decrease in performance. Therefore, we convert the
performance improvement to the case where a two-qubit gate operation
is required, but there is no direct connection between the corresponding
qubits in 𝐆. Take the sum of distances in such cases as the optimization
objective:
∑

𝑑(𝑖, 𝑗) , ∀𝑖, 𝑗 ∈ 𝐕(𝐆) ∧ 𝐀(𝑖, 𝑗)= 1 ∧ 𝐁(𝑖, 𝑗)= 0 (1)

If ∑

𝑑(𝑖, 𝑗) is minimized, SWAP gates in such cases and total post-
mapping gate count are reduced, thereby improving the overall per-
formance.
7

p

Conversion of yield rate improvement
Denser qubit connections in the processor architecture can improve

the performance but may also increase the probability of frequency
collisions and reduce the yield rate. For this reason, the number of
direct qubit connections should be optimized to improve the yield rate.
Based on graph theory, we convert the improvement of yield rate to the
optimization of vertex degree (the number of vertices adjacent to the
vertex 𝑖 [46]) in 𝐆. That is, the maximum degree (the largest vertex
degree of 𝐆 [46]) of the qubit is used as the optimization objective:

Δ(𝐆) = 𝑚𝑎𝑥{deg𝐆(𝑖)|𝑖 ∈ 𝐕(𝐆)} (2)

ere, the average degree is not chosen as the optimization objec-
ive because it does not necessarily reflect the reasonable number of
onnections for each qubit in 𝐆. For example, in a star architecture,
lthough the average degree is small, the central qubit has a higher
umber of connections. This increases the probability of frequency
ollisions occurring at the central qubit and affects the yield rate.
hile Δ(𝐆) is the maximum degree (the largest vertex degree of 𝐆).
hen Δ(𝐆) decreases, it indicates that the degree of each vertex in
(i.e., the connections for each qubit) is decreasing. As the number

f qubit connections decreases, it also reduces the probability of fre-
uency collisions occurring for each qubit. Therefore, the yield rate is
mproved.

athematical model

According to the descriptions in Section ’’Conversion of Two Met-
ics’ Improvement’’, the optimization problem can be explained as:
y extracting the connection matrix 𝐀 of the quantum program, con-
inuously iterating the coordinate vector 𝐏 of qubits, and minimizing
𝑑(𝑖, 𝑗) and Δ(𝐆) under the constraints of the actual physical wiring,

ne can obtain a processor architecture with better performance and
ield rate. The optimization problem is modeled as Eq. (3),

min
𝐏,𝐀

𝑓 (𝐆)

(𝐆) =

⎧

⎪

⎨

⎪

⎩

𝛼 ×
∑

𝑑(𝑖, 𝑗) + 𝛽 × 𝜆 × 𝛥(𝐆) ,

∀𝑖, 𝑗 ∈ 𝐕(𝐆) ∧ 𝐀(𝑖, 𝑗)= 1 ∧ 𝐁(𝑖, 𝑗)= 0 ∧𝐆 is connected

∞ , 𝐆 is disconnected

= [𝑝0, 𝑝1,… , 𝑝𝑖,… , 𝑝𝑛−1],∀𝑛 ∈ 𝐍∗

𝑖 = (𝑥𝑖, 𝑦𝑖),∀𝑥𝑖, 𝑦𝑖 ∈ 𝐍
.𝑡.

1 ∶ 0 ≤ 𝛼, 𝛽 ≤ 1

2 ∶ 𝛼 + 𝛽 = 1

3 ∶ 𝐆 ⫋ 𝐒 ∩𝐆 ⫋ 𝐓 ∩𝐆 ⫋ 𝐔

(3)

here f (𝐆) is the objective function, and the optimization of perfor-
ance and yield rate is defined as an overall objective function by

he multi-objective linear weighted sum method, 𝛼 and 𝛽 are weight
oefficients, representing the level of concern to performance and yield
ate in the optimization process, whose values range in C1 and C2.
n this paper, we give equal weights to performance and yield rate.
hat is, both 𝛼 and 𝛽 are set to be 0.5. 𝜆 is an order of magnitude
djustment factor, which ensures that ∑ 𝑑(𝑖, 𝑗) and Δ(𝐆) have the same
rder of magnitude and can be optimized together. 𝜆 takes different
alues depending on different quantum programs. In this paper, the
alue range of 𝜆 is 1∼6. Note that during pruning, 𝐆 may be discon-
ected due to different coordinate vectors, which affects the calculation
f f. Therefore, when 𝐆 is a disconnected graph, the value of f is
et to be positive infinity (i.e., the maximum value). 𝐒 is the set of
rocessor architectures satisfying 𝐜𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟏, 𝐓 is the set of processor
rchitectures satisfying 𝐜𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟐, 𝐔 is the set of chip architectures
atisfying 𝐜𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟑, and C3 indicates that 𝐆 should satisfy the actual

hysical wiring constraints.
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Fig. 8. The proposed automatic processor architecture design flow.
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utomatic processor architecture design flow

Based on the mathematical model described in Section ‘‘Mathe-
atical Model’’, we improve the genetic algorithm and propose an

utomatic processor architecture design flow. The automatic processor
rchitecture design flow is shown in Fig. 8. According to the input
uantum program and initial qubit layout, the automatic design flow
inimizes the objective function value by continuously iterating the

oordinate vector 𝐏 with the improved genetic algorithm. Finally, the
utomatic design flow generates a processor architecture with bet-
er performance and yield rate while satisfying the physical wiring
onstraints.

Below, we will introduce the steps of the improved genetic algo-
ithm and the automatic processor architecture design flow in detail.

ncoding
The logical coordinates of n qubits (i.e., the coordinate vector 𝐏) are

epresented as an individual, and the coordinate of a qubit is the gene of
he individual. To accelerate the convergence process of the algorithm,
e create the search space based on the number of qubits. For example,
hen 0 < 𝑛 ≤ 4, the algorithm searches in a 2 × 2 coordinate matrix;

when 4 < 𝑛 ≤ 9 , the algorithm searches in a 3×3 coordinate matrix, and
o on. Moreover, during population initialization, the algorithm does
ot allow repeated coordinates between qubits to avoid the existence
f unrealistic individuals.
8

Fitness function
Genetic Algorithm uses fitness to evaluate an individual. The higher

fitness value, the better individual. However, in our optimization prob-
lem, the smaller value of the objective function f (𝐆), the better perfor-

ance and yield rate of the processor architecture represented by 𝐆. In
order to solve our optimization problem using the genetic algorithm,
we need to combine the fitness function with f (𝐆). Therefore, we use
f (𝐆) as the fitness function,

𝑖𝑡(𝐆) = −𝑓 (𝐆) (4)

he smaller value of the objective function, the larger value of indi-
idual fitness. The algorithm iteratively searches for individuals with
arger fitness value to find processor architecture with better perfor-
ance and yield rate. Here, according to the experimental situation,

he objective function value under the disconnected graph is set to
e 200. In addition, the pruning scheme of 𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟑 in Section

’Conversion of Two Metrics’ Improvement’’ can be selected according
o the individual fitness value. The specific strategy is as follows:

The square lattices in the search space are divided into two cate-
ories: one is the orange square lattice, denoted by ‘‘Sequence 1’’, and
he other is the green square lattice, denoted by ‘‘Sequence 2’’, as shown
n Fig. 9. It can be seen that there are two pruning schemes to satisfy
𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝟑:

1. Keep the diagonals of square lattice in ‘‘Sequence 1’’ and prune
the diagonals of square lattice in ‘‘Sequence 2’’;
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Algorithm 3 Adjusting Constraint 3 Logical Connection Algorithm
Input: coordinate vector P, the number of square lattices K, temporary connection matrix 𝐂temp that satisfies Constraint 1 and Constraint 2
Output: pruning-modified connection matrix B, processor architecture graph G(V, E, P)
1: Initialization:𝐂′1′ ← 𝐂temp, 𝐂′2′ ← 𝐂temp // Initialize the "Sequence 1" and "Sequence 2" schemes
2: for i←1 to K do
3: if square lattice(i) has Constraint 3 conflict with adjacent square lattices and square lattice(i)∈ "Sequence 1" then
4: /*Keep the diagonals of "Sequence 1" square lattice, prune the diagonals of "Sequence 2" square lattice*/
5: prune the diagonals of adjacent square lattices in 𝐂′1′

6: else if square lattice(i) has Constraint 3 conflict with adjacent square lattices and square lattice(i)∈ "Sequence 2" then
7: /*Keep the diagonals of "Sequence 2" square lattices, prune the diagonals of "Sequence 1" square lattices*/
8: prune the diagonals of adjacent square lattices in 𝐂′2′

9: end if
10: end for
11: if Fit(𝐆′1′ (V, 𝐄′1′ , P)) >= Fit(𝐆′2′ (V, 𝐄′2′ , P)) then
12: B = 𝐂′1′

13: G(V, E, P) = 𝐆′1′ (V, 𝐄′1′ , P)
14: else
15: B = 𝐂′2′

16: G(V, E, P) = 𝐆′2′ (V, 𝐄′2′ , P)
17: end if
Fig. 9. Square lattice classification examples of different search spaces, ‘1’ and ‘2’
represent ‘‘Sequence 1’’ and ‘‘Sequence 2’’, respectively.(a) is 3 × 3 search space,(b) is
4 × 4 search space.

2. Keep the diagonals of the square lattice in ‘‘Sequence 2’’ and
prune the diagonals of the square lattice in ‘‘Sequence 1’’.

Finally, the fitness value is calculated according to different pruning
schemes, and the pruning scheme with the largest fitness value is
selected. The corresponding pseudo code is shown in Algorithm 3.

Selection
To accelerate the optimization problem, we use the binary tourna-

ment selection method. The main idea is as follows: First, select two
individuals from the offspring each time (sampling with replacement).
Then compare their fitness values and put the individual with larger
fitness into the next generation until the next generation reaches the
current population size.

In addition, to prevent the loss of the optimal individual of the
current population in the next generation, which causes the genetic
algorithm to fail to converge globally, we need to save the best individ-
ual so far. For this, we further adopt the elite selection strategy. That
is, we compare the fitness value of the best individual in the current
population to that of the best individual in the next generation. If the
former value is larger, the best individual will be copied directly to
the next generation without crossover and mutation. There are two
approaches to realize elite selection strategy: one is to directly add
the best current individual to the next generation but expand the
population size; the other is to replace the individual with the smallest
fitness value in the next generation with the best current individual
to maintain the population size. To prevent the population size from
9

increasing, which will affect the calculation and convergence speed
of the algorithm, we adopt the second approach. The corresponding
pseudo code is shown in Algorithm 4.

Algorithm 4 Selection Algorithm
Input: current population current_pop, population size pop_size, offspring children
Output: next generation next_pop
1: Initialization:next_pop ← ∅ // Initial next generation is an empty set
2: /*Binary Tournament Selection*/
3: while length(next_pop) != pop_size do
4: i , j = random(range(1,length(children)),2) // Two individuals were

randomly selected
5: if Fit(𝐆𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛[𝑖]) >= Fit(𝐆𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛[𝑗]) then
6: next_pop.append(𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛[𝑖])
7: else
8: next_pop.append(𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛[𝑗])
9: end if
10: end while
11: /*Elite Tournament Selection*/
12: h = find_max_fit_idx(current_pop) // Find the best current individual
13: l = find_max_fit_idx(next_pop) // Find the best individual in next generation
14: if Fit(𝐆𝑐𝑢𝑟𝑟𝑒𝑛𝑡_𝑝𝑜𝑝[ℎ]) >= Fit (Fit(𝐆𝑛𝑒𝑥𝑡_𝑝𝑜𝑝[𝑙]) then
15: M = find_min_fit_idx(next_pop) // Find the worst individual in next

generation
16: 𝑛𝑒𝑥𝑡_𝑝𝑜𝑝[𝑚]= 𝑐𝑢𝑟𝑟𝑒𝑛𝑡_𝑝𝑜𝑝[ℎ]
17: end if

Crossover
We adopt the single-point crossover method and judge the child

after crossover. If there are repeated coordinates between qubits in the
child, the crossover is determined to fail, and the parent is regarded as
the child. There are two cases:

1. If only one child fails the crossover, a parent is randomly selected
to replace the failed child;

2. If both children fail the crossover, both parents are used as
children.

The corresponding pseudo code is shown in Algorithm 5.

Mutation
The mutation operation is divided into two categories:

1. If the search space does not contain unoccupied points, the
qubit’s coordinate of the mutation point is exchanged with any
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Algorithm 5 Crossover Algorithm
Input: parents parent1, parent2, number of qubits n
Output: children child1, child2
1: Initialization:child1 ← ∅, child2 ← ∅
2: cross_point = random(range(1, n), 1) //Select crossover point
3: for i←1 to n do
4: if i < cross_point then
5: child1.append(parent1[i])
6: child2.append(parent2[i])
7: else
8: child1.append(parent2[i])
9: child2.append(parent1[i])
0: end if
1: end for
2: /*Judge repeated coordinates*/
3: num = 0 //Record the number of crossover failures
4: if child1 has repeated coordinates then
5: num += 1
6: child1 = pick one of parent1 and parent2 at random
7: end if
8: if child2 has repeated coordinates then
9: num += 1
0: if num == 1 then
1: child2 = pick one of parent1 and parent2 at random
2: else if num == 2 then
3: child2 = parent is not equal to child1
4: end if
5: end if

other qubit’s coordinate. That is, the positions of the two qubits
are exchanged, as shown in Fig. 10(a);

2. If the search space contains unoccupied points, move the qubit
of the mutation point to any unoccupied point with half proba-
bility. Otherwise, the qubit position is exchanged as in category
1, as shown Fig. 10(b).

The corresponding pseudo code is shown in Algorithm 6.

Algorithm 6 Mutation Algorithm
Input: individual 𝐏m, index of the mutated qubit 𝑚𝑢𝑡𝑎𝑡𝑒_𝑖𝑑𝑥
Output: individual after mutation 𝐏m
1: /*Find unoccupied points in the search space*/
2: 𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑_𝑠𝑒𝑡 = find_unoccupied_point()
3: if length(𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑_𝑠𝑒𝑡) == 0 then
4: /* Mutation Type 1 */
5: i = choose a qubit index from 𝐏m except for 𝑚𝑢𝑡𝑎𝑡𝑒_𝑖𝑑𝑥
6: exchange(𝐏m[𝑚𝑢𝑡𝑎𝑡𝑒_𝑖𝑑𝑥] ,𝐏m[i] )
7: else
8: /* Mutation Type 2 */
9: Sel = random(range(0,1),1) // Generate a random number

between 0 and 1
10: if Sel >= 0.5 then
11: j = random(range(1,length(𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑_𝑠𝑒𝑡)),1)
12: 𝐏m[𝑚𝑢𝑡𝑎𝑡𝑒_𝑖𝑑𝑥] = 𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑_𝑠𝑒𝑡[𝑗]
13: else
14: i = choose a qubit index from 𝐏m except for 𝑚𝑢𝑡𝑎𝑡𝑒_𝑖𝑑𝑥
15: exchange(𝐏m[𝑚𝑢𝑡𝑎𝑡𝑒_𝑖𝑑𝑥] ,𝐏m[i] )
16: end if
17: end if

Based on the above improved genetic algorithm, we propose an au-
omatic processor architecture design flow. First, we take the quantum
rogram topology and randomly generated physical qubit layout as
10
Fig. 10. Mutation operation classification.

nput parameters. Then, we adjust the corresponding logical connec-
ions to satisfy the physical wiring constraints. Finally, we judge the
esign scheme according to the objective function of the optimization
roblem. Once the objective function value converges, the processor
rchitecture will be output as the final design scheme. Otherwise,
e update the physical qubit layout 𝐏 according to the rules of the

mproved genetic algorithm for the next iteration (see Fig. 8).

imulation

To evaluate each processor architecture scheme, we compute per-
ormance and yield rate metrics by using computational simulation
see Section ‘‘Parameter Setting’’ for details). Computational simu-
ation is the process of performing simulated calculations through
omputational programs, and it has been widely applied in various
ields such as physics [47,48], engineering [49–52], medical [53–
5], and mathematics [56]. Compared to analytical and experimental
tudy, computational simulation can bring several advantages. First,
omputational simulation has a lower economic cost [57–59]. If one
nalyzes processor architectures from experimental research, proces-
ors need to be fabricated for each architecture. These require a large
mount of materials, measurement and control equipment, and hu-
an resources. However, by initially evaluating processor architecture

chemes through computational simulation, only computational re-
ources and corresponding program codes are required. This greatly
educes the economic cost of research. Second, computational simula-
ion can provide faster results [32–35]. By performing computational
imulation, data and results can be obtained in a shorter period of time.
his helps to accelerate the research process of processor architecture
esign. In addition, computational simulation can be an important
ool for performing or supporting analytical and experimental study.
omputational simulation is an initial study to understand the feasi-
ility and possible results of analytical and experimental study before
erforming them [60–62]. This can help researchers better understand
he problem and develop more focused analytical and experimental
lans. Also, computational simulation can be used to support the results
f analytical and experimental study. Therefore, we use computational
imulation to evaluate different processor architecture schemes.

To validate the efficiency of our method, we selected quantum pro-
rams (gate operations have been decomposed) from QASMBench [63]
nd ibm_qx_mapping [64] as benchmarks for experiments. According
o three constraints of wiring, the maximum degree of vertex in 𝐆 is 6.

Therefore, we choose the program whose average degree of quantum
program topology is less than or equal to 6 to generate a better match-
ing processor architecture. Finally, we selected 16 quantum programs
whose average degrees are shown in Table 4. These benchmarks have
different qubit numbers (6∼16) and different program functions to
verify the generality of the method. In addition, to further verify the
performance and yield rate improvement brought by the proposed
method, four general-purpose square-lattice design schemes (20 qubits)

of IBM [32,65] (see Fig. 11) and the eff-5-freq processor architecture
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Fig. 11. Four general-purpose architectures and frequency allocation.
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Table 4
Average degree of 16 quantum programs.

Program Qubits Number Ave. Degree

1 alu-v2_30 6 5
2 sym6_145 7 6
3 hwb6_56 7 6
4 cm82a_208 8 5.25
5 dnn_n8 8 2
6 rd53_138 8 4
7 qpe_n9 9 4.22
8 mini_alu_305 10 4.4
9 seca_n11 11 3.45
10 wim_266 11 5.64
11 multiply_n13 13 3.385
12 rd53_311 13 5.23
13 0410184_169 14 3
14 multiplier_n15 15 4
15 cnt3-5_179 16 3.75
16 ising_model_16 16 1.875

design algorithm in Ref. [32] are selected for comparison. Among them,
(1) is the IBM Penguin V3 architecture; (2) is the IBM Penguin V4 archi-
tecture; (3) is the all 2-qubit bus connection architecture; and (4) is the
max 4-qubit bus connection architecture. The 5-frequency allocation
scheme of four general-purpose architectures is referred to Ref. [32],
as shown in Fig. 11. Here, the heavy-square and heavy-hexagon ar-
chitectures [28,65,66] are not selected for comparison because both
architectures use a 3-frequency scheme for frequency allocation. And
the eff-full algorithm in Ref. [32] is not considered because the eff-full
does not follow IBM’s 5-frequency scheme for frequency allocation.

Parameter setting

In our design flow, the population size is set to be 200, the crossover
probability is 0.75, the mutation probability is 0.15, and the number
of iterations is 300. In the last 100 iterations, if the architecture and
objective function value of 50 consecutive iterations do not change, the
automatic design will be ended. In addition, we also record different
architectures of the same objective function value, and make a better
11

choice through the metrics of comparison. g
We use the total post-mapping gate count [23–26,32] to evaluate
the performance, which is completed by the IBM Qiskit transpiler [67].
For the parameters of IBM Qiskit transpiler, qubit mapping is realized
by the SABRE algorithm in Ref. [24], and the optimization_level is
3. Since in both of our method and eff-5-freq algorithm, processor
architectures are designed based on quantum programs, the logical
qubit 𝑞𝑖 corresponds to the physical qubit 𝑄𝑖 one by one. For general-
purpose architectures, we do not specify the corresponding relationship
between logical qubits and physical qubits.

For the calculation of yield rate, we use the frequency allocation
algorithm in Ref. [32], and the candidate frequencies are selected
according to IBM’s 5-frequency scheme [27]. The number of trials for
each architecture Monte-Carlo simulation is 100,000, which is 100
times of the IBM experiment [27], to ensure the accuracy of the
simulation. 𝜎𝑓 is the same as in Ref. [32] and is set to be 30 MHz.
For the eff-5-freq algorithm, the input of different quantum programs
may cause the algorithm to output multiple chip architectures, and we
select the processor architecture with the best performance and yield
rate for comparison.

Result comparison

The simulation results of the performance and yield rate for all
benchmarks on four general-purpose architectures and two special-
purpose architectures are shown in Fig. 12, of which each subfigure
contains the results of a benchmark tested under six processor archi-
tectures. In each subfigure, the 𝑥-axis represents the total post-mapping
gate count, and the data points on the left side indicate less total post-
mapping gate count, i.e., better performance. The 𝑦-axis represents the
yield rate, and the top data points indicate higher yield rates, i.e., lower
robability of frequency collisions. Therefore, for each benchmark, the
ata point in the top left indicates that the processor architecture has
he best performance and yield rate. The legend at the bottom of Fig. 11
hows the markers for the six architectures.

verall analysis
It can be seen that since IBM’s design scheme (4) uses the max 4-

ubit bus design, this architecture has the lowest total post-mapping

ate count in each comparison. However, the rich qubit connections
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Fig. 12. Simulation comparison of 16 quantum programs.
also result in IBM’s design scheme (4) having the lowest yield rate
among the six architectures. The general-purpose architectures (1)∼(3)
improve the yield rate by more than 100 times compared to (4), but
their performance rankings are almost always in the bottom in different
benchmark tests due to the inability to satisfy more qubit connections.

The data points of our method (red squares) and eff-5-freq algorithm
(green circles) are located in the upper left of each subfigure except
dnn_n8. This is because both algorithms are designed for quantum
programs to improve performance and yield rate. For the total post
mapping gate count, first, we calculate the percentage change in the
architecture schemes of two algorithms compared to the general ar-
chitecture schemes for each benchmark i, and obtain their arithmetic
means 𝑔̄eff𝑖 (for eff-5-freq) and 𝑔̄our𝑖 (for our method). The positive
percentage change represents the percentage decrease in the total post-
mapping gate count (i.e., the percentage of performance improvement).
Conversely, the negative percentage change represents the percentage
increase in the total post-mapping gate count, which corresponds to
the performance decrease percentage. Then, for all benchmarks, com-
pute the arithmetic means 𝑔̄eff𝑎𝑙𝑙 and 𝑔̄our𝑎𝑙𝑙 of 𝑔̄eff𝑖 and 𝑔̄our𝑖 respectively,
obtain the average percentage change in the total post-mapping gate
count for the architecture schemes of two algorithms compared to
the general-purpose architecture schemes. Compared to the general-
purpose architecture schemes, the architecture schemes of eff-5-freq
reduce the total post-mapping gate count by an average of 9.2%,
and the architecture schemes of our method reduce it by 15.61% on
average. These also represent the average percentage improvement in
performance. For the yield rate, we compare the minimum percentage
improvement in the architecture schemes of two algorithms compared
to the general-purpose architecture schemes across all benchmarks.
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Compared to the general-purpose architecture schemes, the architec-
ture schemes of eff-5-freq provide a minimum 10.67% increase in the
yield rate, and the architecture schemes of our method have a minimum
increase of 21.33%. Since the yield rate represents the probability of no
frequency collisions occurring, the percentage increase in the yield rate
also represents the percentage decrease in the probability of frequency
collisions. Therefore, under the comprehensive comparison of two met-
rics, they have better simulation results than four general-purpose
design schemes.

Furthermore, in the comparison of the first 13 benchmarks, our
method performs better than eff-5-freq. Specifically, compared with
the processor architectures generated by eff-5-freq, our schemes have
reduced the total post mapping gate count by 6.58% on average, with
a maximum reduction of 16.67% in 0410184_169. As for yield rate,
the minimum improvement of our scheme is 6.45% in rd53_138. In
cm82a_2-08 and mini_alu_305, the yield rate is increased by 2.38× and
3.42×, respectively. This verifies the effectiveness of our method to
optimize the processor architecture from the graph theory perspective.
Therefore, the feasibility of solving the performance and frequency
collision trade-off problem is also demonstrated. However, in the sim-
ulations on alu-v2_30, dnn_n8 and ising_model_16, the optimization
results of our method are different from expectation. The reasons are
analyzed below.

Analysis of special cases
𝐚𝐥𝐮 − 𝐯𝟐_𝟑𝟎
In alu-v2_30, our method and eff-5-freq algorithm perform bet-

ter than general-purpose architectures (1)∼(4). However, in terms of
performance, eff-5-freq is even better, mainly due to the different

optimization ideas of the two methods. The specific analysis is shown



Results in Physics 53 (2023) 106944T. Yang et al.
Fig. 13. alu-v2_30 architecture optimization analysis.
Fig. 14. dnn_n8 architecture optimization analysis.
in Fig. 13. Fig. 13(a) and Fig. 12(b) show the processor architecture
generated by eff-5-freq and our method, respectively. Fig. 13(c) shows
the coupling strength matrix M (symmetric matrix) of eff-5-freq, where
𝐌(𝑖, 𝑗) represents the number of two-qubit gates between the logical
qubit 𝑞𝑖 and 𝑞𝑗 in the quantum program. Following the optimization
idea of Ref. [32], the eff-5-freq algorithm first calculates the coupling
degree of each 𝑞𝑖 based on 𝐌 with the calculation formula being
∑𝑛−1

𝑗=0,𝑗≠𝑖 𝐌(𝑖, 𝑗). Then the coupling degrees of all logical qubits are
sorted in descending order as a priority list of physical qubits. Finally,
the layout and connections are made according to the priority list. Ac-
cording to Fig. 13(c), eff-5-freq conducts qubits layout and connections
in the order of Q5, Q4, Q0, Q2, Q1, and Q3. That is, eff-5-freq gives
priority to the placement and connection of frequently-used qubits
in alu-v2_30 to reduce additional gate operations. Therefore, in qubit
mapping, architecture (a) has 45 fewer SWAP gate operations than
architecture (b). That is, the total post-mapping gate count is lower, and
the performance is better. For our optimization scheme, architecture
(a) and architecture (b) have the same calculation for ∑

𝑑(𝑖, 𝑗), and
the calculation value of Δ(𝐆) for architecture (b) is smaller, so the
architecture scheme of our method converges to (b).

𝐝𝐧𝐧_𝐧𝟖
In dnn_n8, our method and eff-5-freq obtain the optimal value in the

total post-mapping gate count and yield rate, respectively. The main
reason is that the two schemes have different qubit layout strategies,
resulting in different architectures. The specific analysis is shown in
Fig. 14. According to the coupling strength matrix 𝐌 (Fig. 14(c)),
we know that quantum program topology is a ring-shaped structure.
And the 8 qubits in dnn_n8 are calculated to have the same priority.
This leads to no discrimination in the selection of each qubit and the
placement position. Following the eff-5-freq’s qubit by qubit layout
rules, the linked architecture (Fig. 14(a)) is finally generated, so the
connectivity of qubits is reduced and the yield rate is higher. The
yield rate in eff-5-freq is 27.75%, which is higher than that in our
method. Our method optimizes the layout of all qubits according to
the encoded individual. By minimizing the objective function value,
we finally generate a ring-shaped architecture that meets the program
requirements (Fig. 14(b)), so the total post-mapping gate count is less.
In addition, (3) and (4) can match the 8-qubit ring-shaped structure
through the mapping algorithm, so they are the minimum in total
post-mapping gate count, as in our scheme.
13
𝐢𝐬𝐢𝐧𝐠_𝐦𝐨𝐝𝐞𝐥_𝟏𝟔
In ising_model_16, the total post-mapping gate count is the same

for six architectures. That is, the 6 data points for ising_model_16 lie
in one vertical line. This is because the quantum program topology
extracted by ising_model_16 is a linked structure. The qubit mapping
algorithm finds the optimal mapping without inserting additional gate
operations. Therefore, the total post-mapping gate count is the same
for all processor architectures. Our method generates the same linked
processor architecture as the eff-5-freq algorithm, so the difference
between the calculations of the yield rate in these two cases is only less
than 0.5%. This is mainly affected by the randomness of Monte-Carlo
simulation.

Conclusion and outlook

In this paper, we use a graph theory based technique to solve
the performance and frequency collisions (yield rate) trade-off prob-
lem for designing superconducting quantum processors. Specifically,
we convert the improvement of performance and yield rate into the
optimization of the distance between two points and maximum de-
gree. Furthermore, we build a mathematical model of the optimiza-
tion problem with actual physical wiring constraints. Based on this
mathematical model, we improve the genetic algorithm and propose
an automatic processor architecture design flow with the joint op-
timization of performance and yield rate. Simulation results show
that under the comprehensive comparison of performance and yield
rate, the processor architectures designed by our method outperform
IBM’s general-purpose design schemes based on the square lattice and
better than the schemes of the eff-5-freq algorithm in most quantum
programs. The effectiveness and generality of our method are verified.

In this article, we mainly consider the cross-resonance gates allowed
in both directions. In the future, we will consider one-way architecture
optimization to achieve high fidelity [34]. Moreover, a larger number
of qubits, number of operations of two-qubit gates, physical connection
crosstalk and other factors will be considered to study a more com-
prehensive and practical processor architecture design method. Finally,
we will also focus on the optimization of frequency allocation method.
By adjusting the number of candidate frequencies and the frequency
step to obtain a higher yield rate in a shorter time. Our work and next
steps also promote the research and development of superconducting
quantum processor design automation.
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