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viating more than ±20° suggests potential lowerlimb rotational malalignment or deviation of the knee joint’s 
mechanical axis.

In summary, this table establishes an angular-based quantitative classification system for gait abnormalities 
and provides a unified, repeatable and comparable set of parametric references for gait assessment in both cli
nical practice and research. It holds significant value for the diagnosis and therapeutic evaluation of gait using 
2D and 3D analysis frameworks.

Experimental results
The lightweight, small-sample MTSA-former model was trained for 2D-to-3D human pose estimation. In fig. 5 

the variations and convergence trends of key loss metrics during the training of the improved MTSA‑former 
model over 23 epochs are illustrated. Both training and validation of mean per joint position error (MPJPE) 
exhibit consistent convergence, with validation error decreasing from 90.42 mm to a minimum of 41.12 mm 
at 18th epoch, representing a 54.5 % improvement (see fig. 5, a). The total loss curve demonstrates stable 
optimisation with occasional fluctuations at 10th and 19th epochs, likely due to learning rate scheduling (see 
fig. 5, b). The epoch-to-epoch validation changes reveal that major improvements occur in early training phases 
(see fig. 5, c), while fig. 5, d, shows that the best validation performance plateaus after 18th epoch, suggesting 
model convergence at this point. Overall, plots demonstrate a stable and well-converged training process for 
the 3D pose estimation model.

Fig. 5. Variations and convergence trends of key loss metrics  
during the training of the MTSA-former model: 

a – training and validation MPJPE; b – total loss; 
c – epoch-to-epoch validation change; d – best validation MPJPE progress

In fig. 6 the small-sample scenario on the Human3.6 dataset, reflecting the comparative relationship between 
model performance (measured by MPJPE) and model parameter size among various pose estimation models, 
based on a training set of 40 thsd samples and a test set of 8 thsd samples using the MTSA-former model frame-
work is showed. The MTSA-former model achieves the lowest MPJPE of 41.12 mm with a relatively small 
number of parameters, demonstrating performance significantly superior to existing LSTM-based models such  
as PoseFormer and MHFormer [11; 12]. This indicates that the proposed method effectively reduces model 
complexity while maintaining high-precision pose estimation, showcasing a more optimised structural design 
and parameter utilisation efficiency.


