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Abstract

:

Accurate precipitation forecasting is essential for emergency management, aviation, and marine agencies to prepare for potential weather impacts. However, traditional radar echo extrapolation has limitations in capturing sudden weather changes caused by convective systems. Deep learning models, an alternative to radar echo extrapolation, have shown promise in precipitation nowcasting. However, the quality of the forecasted radar images deteriorates as the forecast lead time increases due to mean absolute error (MAE, a.k.a L1) or mean squared error (MSE, a.k.a L2), which do not consider the perceptual quality of the image, such as the sharpness of the edges, texture, and contrast. To improve the quality of the forecasted radar images, we propose using the Structural Similarity (SSIM) metric as a regularization term for the Conditional Generative Adversarial Network (CGAN) objective function. Our experiments on satellite images over the region 83° W–76.5° W and 33° S–40° S in 2020 show that the CGAN model trained with both L1 and SSIM regularization outperforms CGAN models trained with only L1, L2, or SSIM regularizations alone. Moreover, the forecast accuracy of CGAN is compared with other state-of-the-art models, such as U-Net and Persistence. Persistence assumes that rainfall remains constant for the next few hours, resulting in higher forecast accuracies for shorter lead times (i.e., <2 h) measured by the critical success index (CSI), probability of detection (POD), and Heidtke skill score (HSS). In contrast, CGAN trained with L1 and SSIM regularization achieves higher CSI, POD, and HSS for lead times greater than 2 h and higher SSIM for all lead times.
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1. Introduction


In recent years, rapid climate change and global warming have led to catastrophic weather events, such as heavy rainfall and flash floods in various parts of the world [1]. Heavy rains, followed by strong winds, can cause significant economic and social losses. “Precipitation nowcasting” refers to forecasting rainfall intensity in a region over a relatively short period (between 0 and 4 h). Precipitation nowcasting provides multiple sectors, including emergency management services, flood warning systems, and flight and marine operations, with warnings before heavy rainfalls. Additionally, short-term weather forecasts are critical for outdoor activities, such as construction, roadworks, sports, and community gatherings.



Deep Learning (DL) has revolutionized the field of computer vision due to its ability to capture semantic information from images and videos [2]. Despite the promising performance of current state-of-the-art models in predicting future radar echoes, the quality of the predictions generated by these models is poor, often referred to as blurry predictions in the literature [3,4]. For instance, using Mean Squared Error (MSE, a.k.a L2) or Mean Absolute Error (MAE, a.k.a L1) losses in image-to-image prediction problems produces low-quality images due to uniform distribution assumption, which is not valid for multi-modal data distribution. In addition, both L1 and L2 losses force the model to generate a mean prediction of all possible outcomes, thereby losing sharp details such as edges and color transitions between pixels.



The main contribution of this study is to improve the quality of forecasted images by introducing an image quality metric, Structural Similarity (SSIM), as a regularization term for the objective function of the Conditional Generative Adversarial Network (CGAN). The SSIM is a visual image quality metric that measures structural changes such as local structure, luminosity, and contrast between the ground truth and generated images. This study conducts several experiments to demonstrate the superiority of the SSIM regularization over other pixel-wise regularization approaches, such as L1 and L2, measured in terms of the critical success index (CSI), false alarm ratio (FAR), Heidtke Skill Score (HSS), probability of detection (POD), and SSIM.



The rest of the paper is organized as follows. Section 2 reviews the relevant literature on precipitation nowcasting. Section 3 describes the data and preprocessing, followed by the proposed methodology in Section 4. Finally, Section 5 discusses the experimental results, and Section 6 concludes the paper with a summary of findings and future directions.




2. Literature Review


Both theoretical [5,6] and practical [7,8,9,10,11] application of ML in forecasting and predicting spatial–temporal phenomena has been underscored in the literature. Random forest and decision tree performed better in rainfall forecasting for shorter lead times [12,13]. Prudden et al. [14] comprehensively reviewed existing methods in radar-based nowcasting. This study sheds light on the limitations of optical flow-based and persistence-based methods and the scope of ML methods in precipitation nowcasting.



DL models are widely used in precipitation nowcasting. U-Net is a convolutional neural network (CNN) commonly used for precipitation nowcasting [15]. A Small Attention U-Net (SmaAt-UNet) was developed by adding an attention module and depth-wise convolutions to the original U-Net architecture [16]. Although SmaAt-UNet performs the same as U-Net, the number of trainable parameters is reduced to one-quarter. RainNet, another member of the U-Net family, is inspired by SegNet and used in radar-based nowcasting [17]. The attention mechanism in deep learning has shown promising results in computer vision. Yan et al. [18] proposed multi-head attention in a dual-channel network to highlight the critical areas of precipitation. Results indicate that the addition of multi-head attention and residual connections to the CNN can precisely extract the local and global spatial features of the radar image.



Some studies have used ConvLSTM for precipitation nowcasting [19,20,21]. Shi et al. proposed two DL models, Trajectory Gated Recurrent Unit (TrajGRU) [22] and ConvLSTM [23], for precipitation nowcasting. TrajGRU overcomes the location invariance problem in ConvLSTM using fewer training parameters. Most recent studies have applied generative adversarial networks (GANs) [24] for weather forecasting [25]. For instance, Choi and Kim [26] trained Radar CGAN on radar images with a spatial resolution of 128 × 128 km and a temporal resolution of 10 min. They showed that Rad-CGAN outperforms U-Net and ConvLSTM in terms of CSI. Few studies use satellite images for precipitation nowcasting. Hayatbini et al. [27] used satellite images and applied CGANs to generate forecasts over the contiguous United States for up to four hours of lead times. Their model outperformed Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks for Cloud Classification System (PERSIAN-CSS) in terms of CSI, POD, FAR, MSE, bias, and correlation coefficient. Despite the use of advanced DL models, such as U-Net, and GANs in precipitation nowcasting, the predicted images often turn out to be blurry due to the L1 or L2 losses [3,4].




3. Data Description


The dataset used in this study was collected from the National Aeronautics and Space Administration’s (NASA’s) Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG) algorithm [28], which provides precipitation estimates with a spatial resolution of 0.1° × 0.1° (10 km × 10 km) all over the globe. We used half-hourly final IMERG data from 1 January 2020–31 December 2020, positioned over the east coast of the United States (−83° W–76.5° W, 33° S–40° S) with a spatial resolution of 0.1° × 0.1° (10 km × 10 km) and precipitationCal as the variable of interest.



Our dataset is multidimensional, with latitude, longitude, and timestamp as dimensions. Our program reads through the dataset for each timestamp and constructs a two-dimensional matrix (also called a rain map) based on latitude and longitude. A rain map represents the snapshot of the precipitation collected over the study region. The rain maps have a dimension of 64 × 64, with each pixel representing average rainfall in the last 30 min over 10 km × 10 km. Most rain maps contain pixels with low or no rain, so we created two balanced datasets, Dataset-A and Dataset-B, by ensuring that each rain map has a minimum number of rainy pixels, following a similar approach to that shown in [24]. Dataset-A contains at least 50% of pixels with rain, while Dataset-B contains at least 20%. Both datasets have gaps in the timestamps because the rain maps that do not qualify for the threshold were dismissed. We handle the gaps in both datasets by creating an empty set and adding samples to it sequentially until the first gap is identified. We follow the same process through the end of the dataset, generating several small subsets. Finally, we treat each subset as a separate dataset and create input and output sequences. The input to the model is a sequence of four rain maps (past 2 h) stacked along the channel dimension, and the output from the model is a single rain map at a lead time of 30 min, 1 h, 2 h, or 4 h. Therefore, the input and output dimensions are (64 × 64 × 4) and (64 × 64 × 1), respectively.



Dataset-A and Dataset-B are balanced datasets containing 944 and 3736 samples, respectively. Although they have fewer samples than the original dataset (17,548), they are suitable for this study to predict rainfall. Therefore, we evaluate our proposed model on these two datasets. In the results section of this paper, we provide a detailed comparison of CGAN’s performance on both datasets.




4. Methodology


4.1. Problem Statement


The radar echo extrapolation task can be viewed as a sequence-to-sequence prediction problem as it considers the historical radar echo maps to forecast future radar echo maps. The radar echo map/rain map at any time t is a tensor  χ  of shape   A × B  , where A and B represent a rain map’s height (rows) and width (columns). In this study,   A = B = 64  . The sequence of tensors from   t = 1   to T is obtained by collecting rain maps at fixed time intervals over T. Therefore, the spatial–temporal prediction problem can be obtained by finding a function F to forecast a rain map at l time steps ahead given the sequence of j rain maps, as shown below:


    χ  t + 1   =  F θ   (  χ  t − j + 1   ⋯  χ t  )   



(1)




where  θ  denotes model parameters. In this study, the temporal interval between rain maps is 30 min. The size of the rain map is 64 × 64, the value of j is empirically chosen to be 4, and l is varied up to 8. For example, when j = 4 and l = 8, the past two hours of rain maps are used to forecast a rain map after four hours.




4.2. Conditional Generative Adversarial Network (CGAN)


This study applies CGANs for precipitation nowcasting. GANs are generative models that learn a mapping from a random noise vector z to output image y, G: z → y [29]. In contrast, CGANs learn a conditional generative model, i.e., instead, CGANs learn a mapping from both an auxiliary information x and noise random vector z to output image y, G: {x, z} → y [30]. The following equation gives the objective function of CGAN:


    G *  = a r g  min G   max D   L  C G A N    



(2)




where the generator (G) tries to minimize the objective against its opponent discriminator (D), whereas D tries to maximizes the objective against its adversary G, and the loss function of CGAN denoted as   L  C G A N    is given by


    L  C G A N   =  E y   [ log D  ( y )  ]  +  E  x , z    [ log  ( 1 − D  ( x , G  ( x , z )  )  ]  .   



(3)







The use of pixel-wise loss functions such as L1 or L2 in the objective function of CGAN is common in precipitation nowcasting literature [25,26,27]. This allows the generator to produce images with pixel values close to the ground truth. However, a common limitation of L1 or L2 loss functions is blurriness in the forecasts. This is because L1 or L2 loss functions assume that noise is independent of the local image characteristics, whereas the sensitivity of the Human Visual System (HVS) depends on the structural changes such as local contrast, luminance, and structure. Other studies [4] support this argument, suggesting that L1 or L2 loss functions assume global similarity but do not capture local structures or intricate characteristics of the HVS, such as edges and color transitions between pixels.




4.3. CGAN with SSIM Regularization


To improve the quality of forecasted images, this study introduces the SSIM loss as a regularization to the objective function of CGAN, which is given by the below equation.


   G *  = a r g  min G   max D    E y   [ log D  ( y )  ]  +  E  x , z    [ log  ( 1 − D  ( x , G  ( x , z )  )  )  ]   + λ  [ 1 −  1 M   ∑  k = 1  M  S S I M  (  y k  ,  y k    ′  )  ]  .  



(4)




where   S S I M (  y k  ,  y k    ′  )   is the SSIM of the kth kernel window of the output image (y) and generated image (  y   ′   ), respectively, and M is the number of kernels. The penalty factor  λ  is set empirically. When  λ  is set to zero, CGAN is trained using only the adversarial loss. If  λ  is set to one, both the adversarial loss and SSIM loss are used in equal proportions during training. However, if  λ  is set to a much larger value, the training of CGAN is primarily optimized to minimize errors caused by the loss of structural information.



The Structural Similarity (SSIM) [31] is a perceptual metric that measures the quality of an image. Unlike other metrics, SSIM requires both a reference image and a processed image to calculate the similarity between the two. We use the following formula to compute the SSIM value for two equal sized windows i and j of reference and processed image. For simplicity, we use the notations i and j instead of   y k   and    y k    ′   .


   S S I M  ( i , j )  =    ( 2  μ i   μ j  +  C 1  )   ( 2  σ  i j   +  C 2  )     (  μ i 2  +  μ j 2  +  C 1  )   (  σ i 2  +  σ j 2  +  C 2  )     



(5)




where the symbols   μ i  ,   μ j  ,   σ i  , and   σ j   represent the mean and standard deviation of pixel values within windows i and j, respectively. The symbol   σ  i j    represents the covariance between the pixel values of windows i and j. The constants   C 1   and   C 2   are given by    (  k 1  L )  2   and    (  k 2  L )  2  , respectively, where   k 1   and   k 2   are default values of 0.01 and 0.03, and L is the dynamic range of pixels, which is    2  N u m b e r o f b i t s   − 1  .



Studies show that training deep learning models with a combined SSIM loss function and pixel-wise losses such as L1 or L2 loss can improve the quality of forecasts for image-to-image translation problems [32,33]. This is because L1 or L2 loss functions preserve colors and luminance (local structure), whereas the SSIM loss function preserves contrast. Therefore, we analyze the performance of CGAN by training the generator using different combinations of SSIM and L1 or L2 loss functions. Excluding random noise (z) from Equation (4), the generator can still learn a mapping from x to y, but it is highly sensitive to randomness because slight changes in x can significantly vary y. Our experimental results found that the noise vector z has no impact on generator training because the same results were produced with and without the noise vector. Therefore, we ignore the noise vector z from the generator and instead use dropout as noise in the layers of the generator during training and testing [30]. In pix2pix CGAN, U-Net is used for the generator and Patch-GAN is used for the discriminator. It is worth noting that we utilized the pix2pix version of CGAN [30], but with a slightly modified U-Net generator designed to fit the size of our input image (64 × 64). Adam is the optimizer used with a learning rate of 0.0002, and momentum parameters are 0.5 and 0.99. We determined the optimal hyperparameter values for epochs, batch size, and penalty factor ( λ ) through hyperparameter tuning on the validation set. The resulting values are as follows: 100 epochs, a batch size of 16, and a penalty factor of 100. The patch size of the discriminator (a.k.a discriminator receptive field) is set to 1 × 1 (PixelGAN).




4.4. Baselines (U-Net and Persistence)


To compare the performance of CGAN, we utilized two state-of-the-art baselines: U-Net and Persistence. The architecture used for U-Net is identical to that of the CGAN generator. We optimized U-Net for 100 epochs using Adam with a learning rate of 0.001 and implemented an early stopping algorithm that halts the training process if the validation loss fails to improve in the last ten epochs. We performed several experiments to train U-Net using all combinations of loss functions for a fair comparison. However, due to space constraints, we only reported the best values in Figure 1. Another commonly used baseline in nowcasting is Persistence. It assumes that rainfall after a few hours is the same as the present rainfall. Unfortunately, this baseline is challenging to surpass because it aligns with the fact that weather does not change much in the span of few hours. In other words, there is a possibility that rainfall remains the same during the observed and forecasted periods.




4.5. Evaluation Metrics


We evaluate all models in this study using several metrics, including CSI, FAR, POD, HSS, and SSIM. To accomplish this, we begin by rescaling the pixel values of both the predicted and ground truth images. Then, we convert these values to binary values using a rainfall rate of 0.5 mm/h as a threshold, as outlined in previous research [19,23]. The SSIM equation is already shown in Equation (5), while the mathematical formulas for the other metrics are given in [21].





5. Results and Discussions


Table 1 shows the test accuracy of CGAN on Dataset-A for various regularizations. The values highlighted in the bold indicate the best values for that lead time. It is noticeable that the accuracy of CGAN decreases as the lead time increases, regardless of the regularization used. However, CGAN trained using L1 and SSIM regularization outperformed other regularizations in all metrics except POD. In other words, CGAN trained with L1 and SSIM regularization has better CSI, FAR, HSS, and SSIM for all lead times than CGAN trained with other regularizations. The CGAN model trained with the L2 regularization has higher POD than models trained with other regularizations. This is unsurprising, as the L2 regularization minimizes the mean square of pixel differences between observed and forecasted images, resulting in pixel values closer to the average and fewer false negatives. However, the FAR of the L2 regularization is higher than other regularizations as it predicts the majority of non-rainy pixels as rainy pixels. Moreover, the CSI and HSS of the L2 regularization are lower than other regularizations due to more false positives. Lastly, the SSIM of the CGAN model trained with the L2 regularization is less than models trained with the SSIM regularization because L2 estimates rainfall intensity globally, while SSIM estimates it locally. The model trained with L1 and SSIM regularization has less FAR than other regularizations for all lead times. Additionally, the HSS of the CGAN model trained with L1 and SSIM regularization for a lead time of four hours is 0.25, which means the CGAN model is 25% better than the random forecast.



Table 2 shows the test accuracy of CGAN on Dataset-B for various regularizations. The values highlighted in the bold indicate the best values for that lead time. For Dataset-B, we observe similar results as Dataset-A. That is, the forecast accuracy of CGAN decreases as lead time increases, regardless of the choice of the regularization. In other words, as the lead time increases, CSI, POD, SSIM, and HSS gradually decrease while FAR rises. Furthermore, the forecast accuracy of CGAN improves when trained with combined regularization. As a result, for all lead times, models trained with combined regularization have a lower FAR than models trained with a single regularization. The CGAN model’s CSI, POD, and FAR on Dataset-B are less than those on Dataset-A for all lead times because Dataset-B has fewer rainy pixels. However, the SSIM values for Dataset-B are higher and vary slightly across lead times because 80% of pixels contain no rain. The HSS scores for both datasets are greater than 0.5 for lead times up to 2 h, suggesting that our proposed model is 50% better than the random model. Overall, the CGAN model trained with L1 and SSIM regularization performs well for four out of five metrics for both datasets. These results demonstrate that combining adversarial loss with L1 and SSIM regularization can produce quality predictions similar to previous studies [32].



Figure 1 depicts the input and forecasted images generated using different regularization terms on Dataset-A, specifically for a four-hour lead time. Both L1 and L2 losses accurately identified the rain location but lost intricate details such as sharp edges, especially for pixels with low rainfall. On the other hand, SSIM loss preserved color and brightness but fell short in predicting intensity in some pixels if used alone instead of combining L1 or L2 regularization. Finally, the combination of L1 and SSIM regularization looks close to the target, whereas adding L2 to the SSIM regularization generated smooth edges.



We compare the forecast accuracy of CGAN with the baselines U-Net and Persistence. As mentioned earlier, U-Net is also evaluated using different regularizations, but only the best values are reported in Figure 2 for space constraints. Figure 2a provides the test accuracy of models on Dataset-A. Notably, the reported results for CGAN are based on the L1 + SSIM regularization. Persistence shows a high POD, U-Net has a low FAR, and CGAN has a high SSIM on average. Persistence performs slightly better than CGAN in CSI, POD, and HSS for shorter lead times (up to one hour) because precipitation does not vary significantly in one hour, making it challenging to outperform Persistence. However, our CGAN model outperforms U-Net and Persistence in three out of five metrics for lead times greater than one hour. Additionally, CGAN and Persistence beat U-Net for all lead times in all metrics except FAR. Overall, CGAN scored 8, Persistence scored 7, and U-Net scored 5 out of 20 (five metrics × four lead times), demonstrating the capability of CGAN and the SSIM regularization.



Figure 2b compares the test accuracy of models on Dataset-B. These results follow the same trend as Figure 2a. Overall, Persistence has a high POD, and CGAN has a low FAR and high SSIM. Furthermore, CGAN and Persistence outperform U-Net for almost all lead times and across all metrics. CGAN scored 12, and Persistence scored eight out of 20 (five metrics × four lead times), highlighting the capability of CGAN and SSIM regularization for precipitation nowcasting. An important observation from Figure 2a,b is that the POD (recall) for Dataset-B is lower than for Dataset-A at all lead times because of the fewer rainy pixels in Dataset-B than Dataset-A. This biases the CGAN model to forecast the majority of the pixels as no rain, indicating that CGAN can achieve higher accuracy in forecasting precipitation for longer lead times if more samples from the positive class (rainy pixels) are available.




6. Conclusions and Future Directions


This study demonstrates that using SSIM and mean absolute error (MAE, also known as L1) regularization in CGAN’s objective function can result in higher-quality predicted images, as measured by CSI, POD, FAR, HSS, and SSIM. Although the CSI, POD, and HSS for Dataset-B are lower than those for Dataset-A due to the smaller number of rainy pixels in Dataset-B, the proposed model can achieve higher forecast accuracy for larger datasets with more positive samples.



To evaluate the effectiveness of CGAN, we compared it with other baselines such as U-Net and Persistence. Persistence assumes that rainfall remains constant after a few hours, making it a difficult baseline to outperform in weather prediction, particularly for shorter lead times. Therefore, for up to one hour lead times, the CSI, POD, and HSS of Persistence are greater than those of CGAN and U-Net. However, for two hours and longer lead times, CGAN outperformed Persistence in terms of CSI, POD, and SSIM, demonstrating the superiority of CGAN and SSIM regularization in rainfall forecasting for longer lead times.
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Figure 1. Input and forecasted images for various regularization terms on Dataset-A for 4 h of lead time. 
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Figure 2. Test accuracy of models trained with L1 and SSIM regularization for (a) Dataset-A, (b) Dataset-B measured using CSI, POD, FAR, HSS, and SSIM. 
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Table 1. Test accuracy of CGAN on Dataset-A for different regularizations (the values in the bold indicate the best values for that lead time).






Table 1. Test accuracy of CGAN on Dataset-A for different regularizations (the values in the bold indicate the best values for that lead time).





	
Metric

	
Regularization

	
Lead Time in Hours




	
0.5

	
1

	
2

	
4






	
CSI

	
L1

	
0.481

	
0.574

	
0.546

	
0.442




	
L2

	
0.562

	
0.575

	
0.547

	
0.481




	
SSIM

	
0.650

	
0.613

	
0.556

	
0.497




	
L2 + SSIM

	
0.677

	
0.624

	
0.559

	
0.495




	
L1 + L2 + SSIM

	
0.711

	
0.637

	
0.557

	
0.496




	
L1 + SSIM

	
0.713

	
0.642

	
0.598

	
0.505




	
POD

	
L1

	
0.811

	
0.775

	
0.724

	
0.634




	
L2

	
0.932

	
0.886

	
0.855

	
0.851




	
SSIM

	
0.917

	
0.880

	
0.839

	
0.837




	
L2 + SSIM

	
0.900

	
0.875

	
0.836

	
0.809




	
L1 + L2 + SSIM

	
0.822

	
0.785

	
0.738

	
0.652




	
L1 + SSIM

	
0.829

	
0.786

	
0.749

	
0.660




	
FAR

	
L1

	
0.186

	
0.238

	
0.308

	
0.405




	
L2

	
0.411

	
0.371

	
0.406

	
0.455




	
SSIM

	
0.303

	
0.332

	
0.369

	
0.446




	
L2 + SSIM

	
0.265

	
0.312

	
0.368

	
0.442




	
L1 + L2 + SSIM

	
0.163

	
0.229

	
0.305

	
0.406




	
L1 + SSIM

	
0.160

	
0.221

	
0.300

	
0.404




	
HSS

	
L1

	
0.455

	
0.578

	
0.443

	
0.239




	
L2

	
0.397

	
0.438

	
0.337

	
0.186




	
SSIM

	
0.454

	
0.510

	
0.399

	
0.212




	
L2 + SSIM

	
0.452

	
0.537

	
0.402

	
0.219




	
L1 + L2 + SSIM

	
0.702

	
0.596

	
0.455

	
0.249




	
L1 + SSIM

	
0.704

	
0.605

	
0.463

	
0.251




	
SSIM

	
L1

	
0.848

	
0.831

	
0.808

	
0.775




	
L2

	
0.835

	
0.810

	
0.780

	
0.748




	
SSIM

	
0.880

	
0.849

	
0.825

	
0.801




	
L2 + SSIM

	
0.880

	
0.847

	
0.826

	
0.803




	
L1 + L2 + SSIM

	
0.880

	
0.849

	
0.826

	
0.804




	
L1 + SSIM

	
0.880

	
0.849

	
0.826

	
0.806
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Table 2. Test accuracy of CGAN on Dataset-B for different regularizations (the values in the bold indicate the best values for that lead time).
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Metric

	
Regularization

	
Lead Time in Hours




	
0.5

	
1

	
2

	
4






	
CSI

	
L1

	
0.607

	
0.522

	
0.409

	
0.310




	
L2

	
0.484

	
0.453

	
0.382

	
0.281




	
SSIM

	
0.587

	
0.512

	
0.409

	
0.306




	
L2 + SSIM

	
0.559

	
0.512

	
0.413

	
0.292




	
L1 + L2 + SSIM

	
0.623

	
0.525

	
0.415

	
0.311




	
L1 + SSIM

	
0.624

	
0.564

	
0.428

	
0.335




	
POD

	
L1

	
0.753

	
0.668

	
0.566

	
0.421




	
L2

	
0.858

	
0.852

	
0.822

	
0.708




	
SSIM

	
0.857

	
0.785

	
0.713

	
0.632




	
L2 + SSIM

	
0.863

	
0.764

	
0.681

	
0.601




	
L1 + L2 + SSIM

	
0.766

	
0.702

	
0.598

	
0.452




	
L1 + SSIM

	
0.750

	
0.696

	
0.571

	
0.451




	
FAR

	
L1

	
0.234

	
0.297

	
0.406

	
0.549




	
L2

	
0.470

	
0.531

	
0.542

	
0.602




	
SSIM

	
0.347

	
0.422

	
0.504

	
0.592




	
L2 + SSIM

	
0.377

	
0.425

	
0.505

	
0.589




	
L1 + L2 + SSIM

	
0.235

	
0.305

	
0.422

	
0.565




	
L1 + SSIM

	
0.202

	
0.235

	
0.354

	
0.403




	
HSS

	
L1

	
0.676

	
0.581

	
0.429

	
0.218




	
L2

	
0.498

	
0.418

	
0.333

	
0.182




	
SSIM

	
0.593

	
0.521

	
0.385

	
0.206




	
L2 + SSIM

	
0.602

	
0.548

	
0.402

	
0.221




	
L1 + L2 + SSIM

	
0.691

	
0.582

	
0.433

	
0.211




	
L1 + SSIM

	
0.696

	
0.618

	
0.442

	
0.212




	
SSIM

	
L1

	
0.933

	
0.912

	
0.914

	
0.905




	
L2

	
0.928

	
0.924

	
0.913

	
0.905




	
SSIM

	
0.942

	
0.922

	
0.918

	
0.902




	
L2 + SSIM

	
0.946

	
0.921

	
0.916

	
0.903




	
L1 + L2 + SSIM

	
0.945

	
0.921

	
0.918

	
0.902




	
L1 + SSIM

	
0.948

	
0.926

	
0.918

	
0.906
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