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This paper addresses the challenge of constructing a robust health indicator (HI) for estimating the remaining useful life

(RUL) of components that exhibit multiple degradation rates under identical operating conditions. To handle the

nonstationary nature of vibration signals, an inverse short-time Fourier transform (ISTFT)-based filtering method is first

employed for adaptive signal denoising. Traditional hidden Markov model (HMM) frameworks often depend on manually

engineered features, which can introduce bias and omit critical degradation information. To overcome these limitations,

we introduce a deep invertible neural ordinary differential equation (Neural ODE) model to automatically extract

degradation trajectories from the denoised signals. The model operates in an unsupervised manner by implementing an

invertible transformation layer, ensuring that the transfer function matrix of degradation features with respect to input

and operating profiles remains invertible. Moreover, the proposed Neural ODE preserves the monotonic property of

degradation features by incorporating discrete first-order differential dynamics informed by the physical bearing stiffness

degradation equation. This physics-informed design enables the model to effectively learn generalized degradation

trajectories for run-to-failure bearings.

However, degradation trajectories are not always strictly monotonic due to self-healing phenomena. To capture such

fluctuations, we propose a multi-branch semi-hidden Markov model (MSHMM) with specialized state topologies that

include rollback paths. This design allows transitions to previous health states and accommodates multiple degradation

modes, thereby improving the representation of complex failure behaviors. Furthermore, the multi-branch structure

outputs posterior probabilities for different degradation modes (e.g., inner race and outer race faults), enhancing the

model’s ability to handle concurrent failure mechanisms. To mitigate the memoryless property inherent in conventional

HMMs, a hazard function is incorporated to control state-duration dynamics within the degradation process. Experimental

validation on the XJTU-SY bearing dataset demonstrates that the proposed framework is robust to noise and provides

reliable, accurate health indicators for RUL prediction.
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