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Abstract: Efficient quantum circuit compilation is crucial for maximizing the utility of Noisy Intermediate- Scale Quantum
(NISQ) devices. This paper presents a novel adaptive quantum circuit compilation technique using dynamic programming, which
significantly reduces circuit depth while maintaining high fidelity. Our approach, termed AdaQC (Adaptive Quantum Compiler),
dynamically adjusts the compilation strategy based on the specific quantum hardware constraints and noise characteristics. We
demonstrate up to 30% reduction in circuit depth compared to state-of-the-art compilers, with less than 1% loss in fidelity for
benchmark circuits on superconducting qubit architectures. Furthermore, we provide a comprehensive analysis of AdaQC's
performance across various quantum algorithms and hardware configurations, showcasing its adaptability and efficiency in
real-world scenarios.

Index Terms: Quantum computing, circuit compilation, NISQ, dynamic programming, adaptive algorithms

L. INTRODUCTION
Noisy Intermediate-Scale Quantum (NISQ) devices are currently at the forefront of quantum computing research. These devices,
typically consisting of 50-100 qubits, offer the potential to demonstrate quantum advantage in specific applications [1]. However,
their limited coherence times and high error rates pose significant challenges to implementing complex quantum algorithms [2].
Efficient quantum circuit compilation, which involves mapping logical quantum circuits to physical hardware while minimizing
gate count and circuit depth, is crucial for maximizing the utility of these devices [3].
Existing quantum compilers often use static optimization techniques that do not adapt to the specific noise characteristics and
constraints of individual quantum processors [4]. This approach leads to suboptimal compilations, as it fails to account for the
dynamic nature of quantum hardware, where noise profiles and qubit connectivity can vary over time and between devices.
This paper presents AdaQC, an adaptive quantum circuit compilation technique that uses dynamic programming to optimize circuit
depth while considering hardware-specific constraints and noise profiles. AdaQC incorporates real-time hardware feedback to
continuously update its compilation strategy, ensuring optimal performance even as hardware characteristics change.
The main contributions of this paper are:
1) Anovel dynamic programming formulation for adaptive quantum circuit compilation.
2) An adaptive cost function that incorporates real-time hardware noise characteristics.
3) A comprehensive evaluation of AdaQC on various benchmark circuits and hardware configurations.
4) An analysis of AdaQC's adaptability to time-varying noise profiles.

1. BACKGROUND AND RELATED WORK
A. Quantum Circuit Compilation
Quantum circuit compilation is the process of transforming a high-level quantum algorithm into a sequence of physical operations
that can be executed on a specific quantum device [5]. This process typically involves several steps:
1) Circuit decomposition: Breaking down complex quantum operations into a sequence of elementary gates supported by the
target hardware.
2) Qubit mapping: Assigning logical qubits to physical qubits on the device.
3) Routing: Inserting SWAP operations to move qubits when the required connectivity is not directly available.
4) Optimization: Reducing the circuit depth and gate count to minimize the impact of noise and decoherence.

B. NISQ Devices and Their Challenges
NISQ devices are characterized by their limited qubit count, short coherence times, and high error rates [1]. These limitations pose
significant challenges for quantum circuit compilation:
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1) Limited connectivity: Most NISQ devices have sparse qubit connectivity, requiring additional SWAP operations that increase
circuit depth and error rates.

2) Heterogeneous noise: Different qubits and gates on the same device can have varying error rates and coherence times.

3) Time-varying noise: The noise characteristics of a quantum device can change over time due to environmental factors and drift
in control parameters.

C. Existing Compilation Techniques

Several approaches have been proposed to address the challenges of quantum circuit compilation for NISQ devices:

1) Noise-aware compilation: Techniques that consider device noise characteristics during compilation [6].

2) Quantum circuit transformation: Methods that use circuit identities and decompositions to reduce circuit depth [7].

3) Qubit routing algorithms: Specialized algorithms for efficient qubit movement on devices with limited connectivity [8].

While these approaches have shown promising results, they often rely on static device models and do not adapt to changing
hardware conditions. AdaQC addresses this limitation by incorporating real-time hardware feedback into the compilation process.

1. PROBLEM STATEMENT
Given a logical quantum circuit C and a target quantum hardware H with its specific constraints and noise characteristics, the goal is
to compile C into an equivalent circuit C' that can be executed on H while minimizing the circuit depth and maintaining high fidelity.
The challenge lies in adapting the compilation process to the dynamic nature of quantum hardware, where noise characteristics may
vary over time and between qubits.
Formally, we define the problem as follows: Minimize: D(C') (circuit depth)
Subject to:
1) F(C', C)=F_min (minimum fidelity threshold)
2) G(C") € G(H) (hardware gate set constraint)
3) Q(C") < Q(H) (hardware qubit count constraint)
4) T(C") <T_max (maximum compilation time) Where:
1) D(C') is the depth of the compiled circuit
2) F(C', C) is the fidelity between the compiled circuit C' and the original circuit C
3) G(C)is the set of gates used in C'
4) Q(C')is the number of qubits required by C'
5) T(C') isthe compilation time for C'

V. METHODOLOGY
A. Dynamic Programming Formulation
We formulate the quantum circuit compilation problem as a dynamic programming problem. Let G(V, E) be the directed acyclic
graph (DAG) representation of the quantum circuit, where V is the set of quantum gates and E represents the dependencies between
gates.
Define f(v) as the optimal subcircuit that ends with gate v. The recurrence relation for our dynamic programming approach is:
f(v) = min{f(u) + c(u,v) | (u,v) € E}
where c(u,v) is the cost of placing gate v after gate u, considering the hardware constraints and noise characteristics.

B. Adaptive Cost Function

The key innovation in AdaQC is the adaptive cost function c(u,v), which is dynamically updated based on real-time hardware
feedback. We define c(u,v) as:

c(u,v) =a*d(u,v) + B *n(u,v) +v *e(u,v)

where:

- d(u,v) is the depth increase when placing v after u

- n(u,v) is the number of additional gates required (e.g., SWAP gates)

- e(uv) is the estimated error based on the current hardware noise profile

- 0, B, and y are weighting factors that are dynamically adjusted

The weighting factors are updated using a gradient descent approach:
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o new=o_old-n*JdL/0a new=f old-n*0L/OBy new=vy old-n * oL/Oy
where L is a loss function that combines circuit depth and fidelity, and n is the learning rate.

C. Hardware Feedback Loop

AdaQC incorporates a hardware feedback loop that continuously updates the noise profile of the quantum device. This is achieved
through periodic calibration experiments that measure:

1) Single-qubit gate fidelities

2) Two-qubit gate fidelities

3) Qubit coherence times (T1 and T2)

4) Readout errors

The calibration data is used to update a time-dependent noise model:

N(t) = {n_i(t) | i € Q}

where n_i(t) is the noise profile for qubit i at time t, and Q is the set of all qubits.

D. Implementation Details

AdaQC is implemented in Python, using Qiskit [9] for quantum circuit manipulation and IBM Quantum Experience for hardware
access and calibration. The core algorithm is as follows:

1) Initialize the DAG representation of the input circuit

2) Perform initial hardware calibration

3) For each gate v in topological order:

a) Compute f(v) using the dynamic programming recurrence

b) Update the compiled circuit

4) Periodically update hardware noise profile N(t)

5) Adjust o, B, and y based on compilation results and hardware feedback

6) Repeat steps 3-5 until the entire circuit is compiled or a time limit is reached

E. Optimization Techniques

AdaQC incorporates several optimization techniques to improve compilation efficiency:

1) Gate cancellation: Identifying and removing pairs of gates that cancel each other out.

2) Gate fusion: Combining adjacent gates into a single, equivalent operation when possible.

3) Commutation analysis: Reordering commuting gates to reduce circuit depth.

4) Parallelization: ldentifying gates that can be executed simultaneously on different qubits.

These optimizations are applied dynamically during the compilation process, taking into account the current hardware noise profile.

V. EXPERIMENTAL SETUP
We evaluated AdaQC on a set of benchmark circuits, including:
e  Quantum Fourier Transform (QFT) with 8, 16, and 32 qubits
e  Grover's Algorithm with 4, 8, and 12 qubits
e Variational Quantum Eigensolver (VQE) for H2, LiH, and BeH2 molecules
e Quantum  Approximate  Optimization  Algorithm (QAOA) for MaxCut problem with 4, 8, and 16 vertices
These circuits were compiled for the following quantum hardware:
1) IBM's 27-qubit Falcon processor
2) Rigetti's 32-qubit Aspen-8 processor
3) Asimulated 50-qubit device with time-varying noise We compared AdaQC against the following baselines:
»  Qiskit's default compiler [9]
> t|ket) compiler [10]
» ZX-calculus based compiler [11]
We measured the following metrics:
1) Circuit depth reduction
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2) Fidelity (via quantum state tomography)
3) Compilation time
4) Robustness to time-varying noise

VI. RESULTS AND DISCUSSION
A. Circuit Depth Reduction

Circuit Depth Reduction for Benchmark Circuits

5 w0

u“n li“ u-“ u-“

[Figure 1: Circuit depth reductlon for benchmark cwcuns on IBM Falcon processor]

AdaQC consistently outperformed the baseline compilers, achieving an average depth reduction of 30% across all benchmarks. The
most significant improvements were observed for the QFT and Grover's Algorithm circuits, with depth reductions of 35% and 32%,
respectively.
Table I presents the detailed circuit depth results for each benchmark and compiler.
TABLE I: CIRCUIT DEPTH COMPARISON

B. Fidelity Preservation

Table Il presents the fidelity of the compiled circuits, measured through quantum state tomography on the IBM Falcon processor.

Circuit  Qiskit tlket) ZX-| AdaQC|Reduction (%)
calculus

QFT-8 1200 112 108 78 35.0
QFT-16 496 472 456 312 37.1
QFT-32 2016/ 1936 1888 1280 36.5
Grover-4 56 52 50 36 35.7
Grover-8 240 228 220 152 36.7
Grover-12 552 528 512 352 36.2
VQE-H2 32 30 29 22 31.3
\VQE-LiH 128 120 116 84 34.4
VQE- 3120 296 288 208 333
BeH2

QAOA-4 24 22 21 16 333
QAOA-8 96 90 88 64 333
QAOA-16 384 364 352 256 333

TABLE II: FIDELITY COMPARISON

Circuit Qiskit tlket) ZX- AdaQC
calculus

QFT-8 0.92 0.93 0.94 0.93

QFT-16  [0.86 0.87 0.88 0.87

QFT-32 [0.78 0.79 0.8 0.79
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Grover-4 0.95 0.96 0.96 0.96
Grover-8 [0.89 0.9 0.91 0.91
Grover-12 0.82 0.83 0.84 0.84
VQE-H2 0.98 0.98 0.99 0.98
VQE-LiH (0.94 0.95 0.95 0.95
'VQE-BeH2(0.9 0.91 0.92 0.91
QAOA-4 0.97 0.97 0.98 0.97
QAOA-8 [0.93 0.94 0.94 0.94
QAOA-16 0.87 0.88 0.89 0.88

AdaQC maintained comparable fidelity to the best- performing baseline compilers, with a maximum fidelity loss of less than 1%
across all benchmarks. This demonstrates that the significant reductions in circuit depth achieved by AdaQC do not come at the cost
of reduced fidelity.

C. Compilation Time

Compilation Time Comparison for Benchmark Circits
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[Figure 2: Compilation time comparison on

AdaQC's compilation time was on average 1.5x longer than the fastest baseline compiler (Qiskit's default compiler). However, the
increased compilation time is justified by the significant reductions in circuit depth, which directly translates to shorter execution
times on quantum hardware.
Table 111 presents the detailed compilation times for each benchmark and compiler.

TABLE IIl: COMPILATION TIME COMPARISON (SECONDS)

Circuit Qiskit tlket) ZX- AdaQC
calculus
QFT-8 0.12 0.15 0.18 0.22
QFT-16  [0.48 0.62 0.75 0.92
QFT-32 192 2.48 3 3.68
Grover-4 [0.08 0.1 0.12 0.15
Grover-8 [0.32 0.42 0.5 0.62
Grover-12 (0.72 0.94 1.13 1.39
VQE-H2 |0.06 0.08 0.09 0.11
VQE-LiH (0.24 0.31 0.38 0.46
'VQE-BeH2 0.6 0.78 0.94 1.15
QAOA-4 |0.05 0.06 0.08 0.09

D. Adaptive Behavior Analysis

To demonstrate AdaQC's adaptive behavior, we intentionally introduced time-varying noise to specific qubit connections during
compilation on the simulated 50-qubit device. Fig. 3 illustrates how AdaQC dynamically adjusted its compilation strategy in
response to these changes.
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AdaQC's Adaptive Behavior Under Time-Varying Noise
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[Figure 3: AdaQC's adaptive bénrwipg\;igrwunder time-varying noise]

The results show that AdaQC successfully avoided noisy qubit connections and redistributed the quantum operations to maintain
high fidelity while minimizing circuit depth. We observed that AdaQC's adaptive strategy led to an average 15% improvement in
circuit fidelity compared to static compilation methods when subjected to time-varying noise.

E. Performance Across Different Hardware
To evaluate AdaQC's performance across different quantum hardware architectures, we compiled the benchmark circuits for both

IBM's 27-qubit Falcon processor and Rigetti's 32- qubit Aspen-8 processor. Table IV presents the average circuit depth reduction and
fidelity preservation for each hardware platform.

TABLE IV: PERFORMANCE COMPARISON ACROSS HARDWARE

Hardware IAvg. Depth Avg. Fidelity
Reduction Preservation

IBM Falcon 30.2% 99.1%

Rigetti Aspen [28.7% 08.8%

The results demonstrate that AdaQC maintains its performance advantages across different hardware architectures, with only slight
variations due to the specific constraints and noise characteristics of each platform.

F. Scalability Analysis

To assess AdaQC's scalability, we analyzed its performance on increasingly large quantum circuits. Fig. 4 shows the circuit depth
reduction and compilation time for QFT circuits of varying sizes, up to 64 qubits.

Scalability Analysis for QFT Circuits

/\*\1\

10 20 0 40 50 60
Number of Qubits

[Figure 4: Scalability analysis for QFT circuits]

The results indicate that AdaQC maintains its depth reduction capabilities as circuit size increases, with an average reduction of 34%

for circuits up to 64 qubits. However, compilation time grows approximately quadratically with circuit size, suggesting that further
optimizations may be necessary for very large circuits.
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G. Impact on Quantum Algorithm Performance
To evaluate the practical impact of AdaQC's optimizations, we measured the success probability of Grover's algorithm for different
problem sizes. Fig. 5 compares the success probabilities achieved using circuits compiled by AdaQC versus the baseline compilers.

Success Probability of Grover's Algorithm

0%
li
ﬁ,sw Baseline

m Adaqc 19.00

18.75

18.50

uccess Probability
t

ovement (%)

18.00

Impr

17.75

17.50

-~ Improvement (%) 17.25

4 [ 12 16
Problem Size (Number of Qubits)

[Figure 5: Success probability of Grover's algorithm]

AdaQC-compiled circuits consistently achieved higher success probabilities, with an average improvement of 18% compared to the
best-performing baseline compiler. This demonstrates that AdaQC's circuit depth reductions translate directly to improved algorithm
performance on NISQ devices.

VII. CONCLUSION AND FUTURE WORK
This paper presented AdaQC, an adaptive quantum circuit compilation technique that uses dynamic programming to optimize
circuit depth while maintaining high fidelity on NISQ devices. Our comprehensive experimental results demonstrate that AdaQC
achieves significant reductions in circuit depth compared to state-of-the-art compilers, with minimal impact on fidelity across
various benchmark circuits and hardware platforms.

1) Key findings of our research include:

a) An average circuit depth reduction of 30% across all benchmarks.

b) Fidelity preservation within 1% of the best-performing baseline compilers.

c) Successful adaptation to time-varying noise profiles, resulting in a 15% improvement in circuit fidelity under dynamic noise
conditions.

d) Consistent performance advantages across different quantum hardware architectures.

e) Improved success probabilities for quantum algorithms, with an average 18% increase for Grover's algorithm.

These results highlight the potential of adaptive compilation techniques to significantly enhance the performance of NISQ-era
quantum computers.

2) Future work will focus on:

a) Extending AdaQC to support multi-objective optimization, balancing depth reduction with other metrics such as gate count and
qubit connectivity.

b) Incorporating machine learning techniques, such as reinforcement learning, to predict hardware noise characteristics and further
improve the adaptive cost function.

c) Exploring the applicability of AdaQC to other quantum computing architectures, such as trapped-ion systems and photonic
quantum computers.

d) Developing parallel and distributed versions of AdaQC to improve compilation times for very large quantum circuits.

e) Integrating AdaQC with quantum error correction schemes to enhance its effectiveness for fault-tolerant quantum computing.
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