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Abstract: Objective Phase unwrapping is a signal processing technique for recovering actual continuous phase values
from phase information constrained by a periodic range and affected by noise. It represents a fundamental step in high-

precision structured light 3D imaging, playing a pivotal role in ensuring the accuracy and robustness of the reconstruction
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process. This technique finds broad application in fields such as optical interferometry, synthetic aperture radar, and mag-
netic resonance imaging. Owing to the limitations of the measuring principle, the phases captured in real-world scenarios
are “wrapped” into multiple cycles. When the variation in the measured phase exceeds 2, the excess phase is “wrapped
back” to 0, known as the wrapping phenomenon. Phase unwrapping techniques aim to restore the wrapped phase data,
which span multiple cycles, to their original true phase. This restoration allows for the accurate retrieval of spatial informa-
tion needed for precise analysis and computation. Because of equipment errors and environmental interference, the mea-
sured phase is often contaminated by noise in practical scenarios, sometimes even exhibiting noncontinuous phase jumps,
which poses a significant challenge to accurate phase unwrapping and 3D imaging. If the unwrapping method cannot effec-
tively model the phase globally, local jumps can lead to error propagation and result in significant unwrapping errors. Diffu-
sion models based on denoising mechanisms have demonstrated impressive performance in high-quality image generation
and shown potential in phase unwrapping. By iteratively denoising noisy images, diffusion models can effectively model
large-scale phase relationships and mitigate the impact of local errors on the overall result. However, as generative models
primarily designed for generating natural images, existing diffusion models focus on balancing clarity and diversity, making
it challenging to ensure the precision of geometric models. Moreover, phase unwrapping is a rigorous mathematical problem
governed by periodic and physical constraints, which diffusion models are not inherently equipped to handle. Therefore,
the direct application of diffusion models to phase unwrapping and 3D imaging remains problematic, which requires accu-
rate recovery of continuous phase values under strict physical constraints. Existing phase unwrapping methods also rely
solely on a single-frequency wrapped phase, which struggles to simultaneously recover large-scale information and fine
details of the true phase, thus affecting the high-precision reconstruction of 3D scenes. Obtaining wrapped phase at addi-
tional frequencies incurs minimal cost in many scenarios. Low-frequency wrapped phases capture large phase jumps but
lose local details, while high-frequency wrapped phases preserve details but struggle with large jumps. To address the
above issues, this study proposes DiffPhase, a multifrequency phase unwrapping method based on a conditional diffusion
model. The proposed method can take any number of different frequency wrapped phases as input and uses multifrequency
phase features as conditions. Leveraging the powerful generative capabilities and global modeling ability of the diffusion
model, DiffPhase can precisely restore the phase values. In combination with 3D imaging, DiffPhase enables accurate
reconstruction of the absolute phase and scene depth information. Method We model phase unwrapping as a conditionally
guided image generation task. By incorporating multiscale feature conditioning and diffusion-based generative mecha-
nisms, DiffPhase enhances robustness against noise and occlusions. DiffPhase consists of a feature extraction module and a
generation module. In the feature extraction module, we design a multiscale feature extraction module aligned with the dif-
fusion network architecture to extract hierarchical semantic information from the input wrapped phase. The features
extracted are progressively integrated into each stage of the diffusion process by leveraging a cross-scale cross-attention
mechanism based on multihead attention, thereby enhancing the local accuracy and global consistency of the generated
results. The generation process is guided by the conditions provided by the feature extraction part, progressively denoising
the initial Gaussian noise and generating the predicted true phase. Then, the denoising process is performed step by step
on the reduced features to learn the reverse noise distribution. The interaction between feature extraction and generation
parts is realized through the cross-attention layer in the diffusion model. A two-stage training strategy is adopted to improve
training stability and generalization capability. The feature extraction module is first pretrained to learn structural priors,
followed by end-to-end joint optimization to enhance phase prediction performance. To optimize computational efficiency,
DiffPhase reduces the high-dimensional input of the diffusion model using UNet structure to obtain a compact low-
dimensional representation. By introducing the stepwise denoising mechanism of diffusion models, the method can effec-
tively handle phase unwrapping in strong noise environments and mitigate error propagation in complex scenarios. Addition-
ally, an adaptive multifrequency input mechanism is introduced, enabling the network to flexibly process an arbitrary num-
ber of wrapped phase inputs at different frequencies. By integrating low-frequency global contours with high-frequency
local details, this approach effectively suppresses error propagation and enhances the accuracy and robustness of the
unwrapping results. Result Experiments are conducted to compare the proposed method with eight state-of-the-art deep

learning and traditional approaches on two simulated datasets and two real datasets. For the two simulated methods, three
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wrapped phases with different frequencies are generated for each absolute phase to simulate multifrequency data collected

in real scenarios. All training data are randomly corrupted with noise ranging from 0 dB to 30 dB to train the model’ s

denoising ability. The test sets are corrupted with noise at different levels to evaluate the model’ s performance under vari-

ous noise conditions. The NYU Depth V2 and Middlebury Stereo datasets are also considered as real data for comparative

testing. On the RME-multi and MoGR-multi simulation datasets, the normalized root-mean-square errors of phase unwrap-

ping are 0.23% and 0.24%, respectively. On the NYU-phase and MS-phase real datasets, the normalized root-mean-

square errors of phase unwrapping are 4. 69% and 7. 50%, respectively. The comparison experiments demonstrate that Dif-

fPhase, using only a single-frequency phase, outperforms other methods in phase unwrapping performance. With addi-

tional frequency wrapped phases, DiffPhase achieves a stable improvement in accuracy. In real-world 3D scene reconstruc-

tion, DiffPhase demonstrates high depth reconstruction accuracy under varying levels of noise interference , exhibiting supe-

rior precision and robustness, particularly in regions with fine edges and complex structures. Furthermore, occlusion recov-

ery experiments are conducted on the MoGR-multi dataset, which verifies the superior image restoration ability and accu-

rate phase unwrapping capability of DiffPhase in complex occlusion scenarios. Conclusion In this paper, a multifrequenc
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phase unwrapping method based on a conditional diffusion model is proposed. Experimental results show that DiffPhase out-

performs several state-of-the-art methods and achieves accurate and robust unwrapping results in high-noise and complex

phase scenarios, effectively improving the accuracy of 3D reconstruction.
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Fig. 1  An example of phase unwrapping ((a) absolute phase;
(b) wrapped phase; (c¢) unwrapped phase)
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((a) instance image; (b) absolute phase; (¢) wrapped phase; (d) experiment visualization)
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