
    
      Fig. 1 
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        Flow chart of the three shallow U-Net models. Photospheric intensity and vertical magnetic field (Bz) data are from the numerical simulation detailed in the main text. Three models are illustrated in this flow chart. Model 1 (intensity model) takes three consecutive frames of the photospheric intensity as input. Model 2 (magnetic model) takes three successive frames of the photospheric vertical magnetic field strength as input. Model 3 (hybrid model) combines the inputs and outputs of Model 1 and Model 2 as its input. The outputs of the three models are images with two channels; the first channel is the velocity field along the x direction (vx) and the second channel is the velocity field along the y direction (vy). Here, δt represents the cadence of the data (10 s). Subscripts i, m, and h denote outputs of the intensity, magnetic, and hybrid models, respectively.

      

    

  
    
      Fig. 2 
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        Architecture of the shallow U-Net. This figures is a modification of Figure 2 in Liu et al. (2024). See Sect. 2 for a detailed description of the shallow U-NET architecture.

      

    

  
    
      Fig. 3 
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        Example velocity fields by the shallow U-Net models. Panels in the first column are the ground-truth vx (a1) and estimated vx by the intensity model (b1), magnetic model (c1) and hybrid model (d1), respectively. Panels in the second column are similar to panels in the first column, but for the velocity field along the y direction (vy). The background in panel (a3) shows the photospheric intensity with the black arrows depicting the vector velocity field. Panel (a4) represents the photospheric vertical magnetic field strength. Backgrounds in panels (b3)–(d3) are the cosine of the angle (θ) between the estimated and ground-truth velocity field by the three shallow U-Net models, with the black arrows depicting the estimated vector velocity fields by the models. Panels (b4)–(d4) are the distributions of the velocity differences between the ground-truth and estimated velocity fields by the three shallow U-Net models.

      

    

  
    
      Table 1 

      Evaluation metrics for the intensity model.

      
        


	Loss function
	Learning rate
	RMSE (PPF)
	MAE (PPF)
	COS
	CC
	SSIM





	MSE
	0.1
	1.124
	0.872
	0.997
	0.751
	0.781



	MAE
	0.1
	1.076
	0.821
	0.997
	0.772
	0.786



	MASE
	0.01
	1.042
	0.79
	0.997
	0.784
	0.791



	LCOS
	0.01
	1.062
	0.809
	0.997
	0.776
	0.790





      

      
Notes. The four loss functions are MS E for the mean square error, MAE for the mean absolute error, MAS E for a combination of MS E and MAE, and LCOS for a customized loss function. The evaluation metrics contain the RMS E (root mean square error), MAE, COS (average cosine of the angle between the reconstructed velocity field and the ground truth), CC (correlation coefficient), and S S IM (structural similarity). See the main text for the definitions and formulas of the loss functions and the evaluation metrics. Values in red are the best ones of each evaluation metric.




    

  
    
      Table 2 

      Evaluation metrics for all presented models in this work.

      
        


	Model
	Loss function
	Learning rate
	RMSE (PPF)
	MAE (PPF)
	COS
	CC
	SSIM





	Model 1 (intensity model)
	MASE
	0.01
	1.042
	0.790
	0.997
	0.784
	0.791



	Model 2 (magnetic model)
	MASE
	0.01
	0.961
	0.745
	0.998
	0.806
	0.799



	Model 3 (hybrid model)
	MASE
	0.01
	0.842
	0.639
	0.998
	0.851
	0.826



	FLCT-I
	/
	/
	1.712
	1.339
	0.993
	0.229
	0.655



	FLCT-M
	/
	/
	1.669
	1.077
	0.995
	0.517
	0.669



	Original DeepVel
	MSE
	0.0001
	3.174
	2.566
	0.980
	0.592
	0.485



	Retrained DeepVel
	MSE
	0.0001
	1.505
	1.201
	0.994
	0.533
	0.665





      

      
Notes. Models 1,2, and 3 are the intensity, magnetic, and hybrid models built on a shallow U-Net architecture. FLCT-I and FLCT-M are the velocity fields derived from the photospheric intensity and vertical magnetic field strength, respectively, using the FLCT method (e.g. Fisher & Welsch 2008). The last two rows are results from the original DeepVel (Asensio Ramos et al. 2017) and the retrained DeepVel (Sect. 4.2). See the main text for the definition of the loss functions and evaluation metrics.




    

  
    
      Fig. 5 
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        Example velocity fields by FLCT. Panels are similar to their corresponding panels in Figure 3. FLCT-I (FLCT-M) represents the resulting velocity fields by the FLCT with the photospheric intensity (vertical magnetic field strength) as the input.

      

    

  
    
      Fig. 6 
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        Correlation between the FLCT velocity fields and the ground truth. Panels are similar to panels in Figure 4 but for the results of FLCT-I (top) and FLCT-M (bottom).

      

    

  
    
      Fig. 7 
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        Example velocity fields by Model 2 and their correlation with the ground truth derived from CO5BOLD simulation. Panels (a) and (b) are similar to their corresponding panels in Figures 3 and 5. Panels (c) are similar to panels in Figures 4 and 6 but for the results of Model 2 applied to the CO5BOLD simulation data.

      

    

  
    
      Fig. 8 
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        Evaluation parameters of Model 3 (the hybrid model) with different cadences. The bottom x-axis represents the number of the interval frames used to increase the cadence (see the main text), and the top x-axis is the corresponding cadence. The definition of the evaluation metrics (RMS E, MAE, CC, and S S IM) can be found in the main text. RMS E and MAE have units of pixel per frame (PPF). CC and S S IM are unitless.

      

    

  
    
      Fig. 10 
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        Correlation between the Shallow U-Net velocity fields from the generated noisy test data and the ground truth. Panels are similar to panels in Figure 4 but for the results of the Shallow U-Net models from the noisy test data.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Evaluation parameters of Model 3 (the hybrid model) with different pixel sizes. The bottom x-axis represents the downsampling factor of the velocity field in the validation set, and the top x-axis is the corresponding pixel scale at different downsampling factors. The definition of the evaluation metrics (RMS E, MAE, CC, and S S IM) can be found in the main text. RMS E and MAE have units of pixel per frame (PPF). CC and S S IM are unitless.
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