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[Abstract]

In quantum computing, the output probability distribution may vary with each execution of the same
circuit due to its sensitivity to noise. In this study, 2-qubit quantum gate combinations that are expected
to produce identical output distributions under ideal conditions are designed as metamorphic test cases,
and Depolarizing, Amplitude Damping, and Phase Damping noise models are applied to analyze the
effect of each noise type on the output probability distribution. Experimental results show that in all
noise models, when the noise probability reached 0.01, the p-value dropped below the significance level,
causing the collapse of the defined metamorphic relation. It was also quantitatively confirmed through
KL-Divergence and Cosine Similarity that the divergence from the expected output distribution
accumulates with increasing noise strength. When applying metamorphic testing to quantum gate
combinations, quantum gate testing can be performed by verifying the feasibility of metamorphic
relation judgment and quantitatively tracking the process using the three proposed metrics. The results
of this study can be applied to quantum computing reliability evaluation and noise-tolerant circuit

design, and present the potential as a versatile quantum software testing methodology.

» Key words: Quantum Computing, Noise Model, Quantum Gate Combination, Metamorphic Testing,
Metamorphic Relation
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I. Introduction
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Table 1. Comparison of Quantum Computing and
Classical Computing
Categor Classical Quantum
sy Computing Computing
Inform.atlon Bit Qubit
Unit
. Logic Gate Quantum Gate
Operation )
C. (Sequential (Parallel
Principle . .
Processing) Processing)
Processing Limited Massive
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Result
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III. Test Case Design

3.1 Defining Metamorphic Relationship
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Table 2. Test Cases based on Metamorphic Relation

Case Gate Combination Configuration SGEEEE
Output
TC1 Base Combination(H + CNOT)
H(q[0])>CNOT([q0],[q1])
Logical Equivalence
TC2 | Add X gate to q[0]
X([g01)—H(a[0])>CNOT(q[0],a[1]1)
Single Phase Flip
TC3 | Add Z gate to q[0O]
Z(q[O])ﬁH(q[O])HFNOT(q[O]],qH]) 100> 50%
Double Phase Flip 11> 50%
TC4 | Add Z gate to q[0], q[1]
Z(q[0],a[1]1)—H(q[0])>CNOT(a[0],a[1])
Gate Invalidation
TC5 | Add H gate to g[0] twice
H(q[0])>CNOT(a[0],al 11)—>2H(q[0])
Swap Operations
TCé6 | Change order of base gates
H(q[11)>CNOT(a[1],a[0])
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3.2 Evaluation Metrics
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Table 3. Criteria for Determining based on p-value

p-value Description Criteria

p>0.5 Highly Similar Maintain MR
0.05<p<0.5 Uncertain Similarity Uncertain MR

p<0.05 Significant Difference MR Collapse
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IV. Experiment and Analysis

4.1 Experiment Environment
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Table 4. Experimental Environment

Category Specification
Platform Google Colab
Simulator Qiskit Aer QASM Simulator
Noise Model Depolarizing, Amplitud.e Damping,
Phase Damping
Noise Level 0.0~0.1(in increments of 0.01)
Shots 4,096 times for each noise level
Simulator 1,234
Seed (to ensure consistency of results)

4.2 Results and Analysis
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V. Conclusions
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Fig. 1. Change in Test Case Output Distribution by Noise Model
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Fig. 2. Metamorphic Relation using Evaluation Metrics
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