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Abstract

:

In this paper, we address the problem of forest fires’ early detection and segmentation in order to predict their spread and help with fire fighting. Techniques based on Convolutional Networks are the most used and have proven to be efficient at solving such a problem. However, they remain limited in modeling the long-range relationship between objects in the image, due to the intrinsic locality of convolution operators. In order to overcome this drawback, Transformers, designed for sequence-to-sequence prediction, have emerged as alternative architectures. They have recently been used to determine the global dependencies between input and output sequences using the self-attention mechanism. In this context, we present in this work the very first study, which explores the potential of vision Transformers in the context of forest fire segmentation. Two vision-based Transformers are used, TransUNet and MedT. Thus, we design two frameworks based on the former image Transformers adapted to our complex, non-structured environment, which we evaluate using varying backbones and we optimize for forest fires’ segmentation. Extensive evaluations of both frameworks revealed a performance superior to current methods. The proposed approaches achieved a state-of-the-art performance with an F1-score of 97.7% for TransUNet architecture and 96.0% for MedT architecture. The analysis of the results showed that these models reduce fire pixels mis-classifications thanks to the extraction of both global and local features, which provide finer detection of the fire’s shape.
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1. Introduction


Statistically, forest fire accidents and arsons result in frightful damage. They are the cause of human and financial losses, the death of animals, and the destruction of woods and houses. Fires also affect 350 million to 450 million hectares every year [1]. Thus, several researchers focused on reducing this negative impact number by developing systems for fire detection at an early stage.



The first existing fire detection systems employed numerous fire sensing technologies such as gas, flame, heat, and smoke detectors. While these systems have managed to detect fire, they have faced some limitations related to coverage areas, false alarms, and slow time response [2]. Fortunately, the aforementioned problems were partially solved by using vision sensors that detect visual features of fire such as shape, color, and dynamic texture of flame.



In recent years, Deep Learning (DL) approaches have been proposed to replace hand-crafted techniques in computer vision applications. They showed impressive results in various tasks such as autonomous vehicles [3], pedestrian detection [4], and video surveillance [5,6]. DL approaches are used in forest fire segmentation tasks to extract the geometrical characteristics of the fire, such as height, width, angle, and so forth. These models, especially Convolutional Neural Networks (ConvNets), were also successfully employed to predict and detect the boundaries of fire as well as to identify and segment each fire pixel [7,8]. Their impressive results help to develop metrology tools, which can be used in modeling fire preparation as well as providing the necessary inputs to the mathematical propagation models. Nonetheless, due to the intrinsic locality of convolution operators, ConvNets remain limited when modelling the long-range relationship between elements in the image. In order to overcome this problem, vision Transformers, designed for sequence-to-sequence prediction were explored. Based on the self-attention mechanism, they determine the global dependencies between input and output sequences. Transformers witnessed a considerable success in the field of machine translation [9] and Natural Language Processing (NLP) [10,11,12]. This explains the multiple attempts of researchers to adapt them to several image recognition tasks such as object detection [13], text-image synthesis [14], image super-resolution [15], and medical imaging [12,16,17]. Indeed, these models proved their robustness and accuracy and outperformed the ConvNets in several applications [18].



In this paper, we present the very first study exploring the potential of Transformers in the context of forest fire segmentation using visible spectrum images. Two vision-based Transformers are considered—TransUNet [17] and MedT [16]. In order to exploit their strengths, these models were adapted to our problem. We used the Dice loss [19] as a loss function and the CorsicanFire dataset [20]. We show the feasibility of Transformers for fire segmentation under different settings, varying input size and backbone models that are either pure or hybrid Transformers, which combine a Convolutional Neural Network (CNN) and a Transformer. Then, we evaluate the two Transformers based approaches with state-of-the-art models U-Net [21], a fusion color space method [22], U   2  -Net [23], and EfficientSeg [24], which provided excellent results for object segmentation.



The remainder of this work is as follows: Related works are reviewed in Section 2. Then, employed models are presented in Section 3. In Section 4, experimental results are presented. In Section 5, results are discussed. Finally, Section 6 draws the conclusions of this study.




2. Related Work


In this section, we present state-of-the-art fire detection and segmentation methods that we divided into four categories: feature-based, deep learning-based, vision Transformers-based methods, and post-fire mapping based satellite remote sensing imagery. Table 1 summarizes the reviewed fire detection and segmentation methods.



2.1. Feature-Based Fire Detection and Segmentation Methods


Initially, color features were the most used techniques to identify fire from the background and to detect its pixels. Different color spaces were employed to represent fire pixels such as HSI (Hue, Saturation, Intensity) [25], YCbCr [26], and RGB (Red, Green, Blue) [27,28]. However, these methods fail to efficiently detect fire due to their sensitivity to illumination changes and the difficulty of setting the exact range of fire pixels’ color. Other methods were proposed to combine several color spaces to detect the fire [22]. The obtained results confirmed that color feature alone is insufficient for this task.



Other studies explored the merge of spatial and temporal features. for instance, Chino et al. [29] proposed a method called “BoWFire” (Best of Both Worlds Fire detection) to identify fire. They combined color and texture features to reduce the false positive rate [30]. Jamali et al. [31] combined the same features to detect fire. They used the HSV (Hue Saturation Value) color space as a color descriptor and LBP-TOP (Local Binary Pattern on Three Orthogonal Planes) to model the texture of fire. Ko et al. [32] also merged multiple features. They used color and motion features to detect fire pixels. Their method proved to be robust to noise [32]. The number of features to combine varied among researchers with the aim of finding the best representation of fire pixels. Foggia et al. [33] combined three features: color, motion, and shape variation, to detect fire in a video surveillance network. Using large data of real fire videos, the experiment’s results proved the reliability of this method in terms of accuracy and false alarms [33]. Recently, Khondaker et al. [34] used the same features to solve this problem. While chromatic segmentation and shape analysis extracted visual features of fire, optical flow analysis determined its motion. This combination of features succeeded in reducing the false alarm rate compared to past state-of-the-art models. Moreover, Emmy et al. [35] developed a method that integrated color, motion, and both static and dynamic textures. The results showed an accurate performance to detect fire with the presence of fire-like colored moving objects. Teng et al. [36] used flame color dispersion and the similarity of consecutive frames in a region to detect fire in a video. In [37], spatial, motion, and temporal features are extracted from different regions to identify smoke and fire in IR (Infra-Red) videos.
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Table 1. Fire detection and segmentation methods (Seg. represents the segmentation techniques and Det. represents the detection techniques).






Table 1. Fire detection and segmentation methods (Seg. represents the segmentation techniques and Det. represents the detection techniques).





	Ref.
	Methodology
	Object Segmented
	Dataset
	Results





	[25]
	HSI color
	Flame
	Private: 7 videos
	Det. accuracy = 96.97%



	[26]
	YCbCr color
	Flame
	Private: 751 images
	Flame Det. rate = 99%



	[29]
	YCbCr color, LBP, KNN, Naive-Bayes
	Flame
	BowFire: 226 images
	Det. precision = 80%, Det. recall = 65%



	[38]
	AlexNet, simple CNN
	Flame
	Private: 560 images
	Seg. accuracy = 94.76%, Seg. F1-score = 90.31%



	[35]
	YCbCr color, 2D DWT, 3D DWT, ELM classifier
	Flame
	VisiFire, VisionFire: 85 videos
	Det. accuracy = 95.65%



	[21]
	U-Net
	Flame
	CorsicanFire: 419 images
	Seg. accuracy = 97.09%, Seg. F1-score = 91%



	[22]
	RGB, HSV, HSL, HWB color
	Flame
	CorsicanFire: 500 images
	Det. accuracy = 93%, Det. F1-score = 79%



	[39]
	RGB, YCbCr, optical flow
	Flame
	Private: 30 videos
	Det. accuracy = 96.09%



	[37]
	SIFT Flow, optical flow, GMM, K-means, MRF, GMRF
	Flame, smoke
	Private: 10 IR videos
	Seg. accuracy = 95.39%



	[40]
	Lightweight CNN based on the SqueezeNet
	Flame
	BowFire, MIVIA: 68457 images
	Det. accuracy = 94.50%, Det. F1-score = 91%



	[31]
	HSV color, LBP-TOP
	Flame
	Firesense: 27 videos
	Det. accuracy = 98.5%



	[34]
	YUV color, LKT optical flow
	Flame
	Zenodo, Mivia, web
	Det. accuracy = 97.2%



	[41]
	DeepLab V3
	Flame
	FlickFire, Firesense, Visifire, private: 7561 images
	Seg. accuracy = 98.78%, Seg. mean IoU = 70.51%



	[42]
	DeepLab V3+
	Flame
	CorsicanFire: 1775 images
	Seg. accuracy = 97.67%, Seg. mean IoU = 89.64%



	[43]
	wUUNet
	Flame
	Private: 6250 images
	Seg. accuracy = 95.34%



	[44]
	Yolov3, R-FCN, Faster R-CNN, SSD
	Flame, smoke
	Public smoke/fire: 29180 images
	Det. accuracy = 83.7%



	[45]
	Yolov5, efficientDet, efficientNet
	Flame
	BowFire, VisiFire, FD, ForestryImages: 10581 images
	Det. accuracy = 99.4%








Dang-Ngoc et al. [39] presented a two stages method to detect and segment fires in aerial videos. At first, fire color information is extracted using multi-color spaces, RGB, HSI, and YCbCr. Then, optical flow is used to detect forest fire motion features from a dynamic background. Using a large aerial video dataset, which includes 9070 frames, this method showed high performances and low false alarm rates in detecting forest fires.



Khan et al. [46] also presented a real time fire detection method based on video processing. This method integrated color information and spatiotemporal features to distinguish between fire areas and moving backgrounds. Experimental results showed a high accuracy of 97.7% and outperformed some previous state-of-the-art models.



While the aforementioned methods showed their ability to detect fires, they still suffer from false alarms, mainly in the case of small fire portions and fire-like objects that get confused with a real fire.




2.2. Deep Learning Based Fire Detection and Segmentation Methods


In the last decade, Deep Learning methods witnessed exploding success in many computer vision tasks such as object detection [47], satellite image analysis [48,49], road monitoring [50], medical diagnosis [51], and object segmentation [52]. This is due mainly to the rich feature map extracted using convolutional layers. As for the task of object segmentation, DL methods were able to efficiently classify each pixel in the whole image and determine the exact shape of the objects. They exceeded the performance of classical machine learning models [52].



Through the years, many studies addressed the problem of fire detection based on deep learning techniques. For instance, Gonzalez et al. [38] proposed the SFEwAN-SD (Simple Feature Extraction with FCN AlexNet, Single Deconvolution) for the UAV (Unmanned Aerial Vehicle) fire monitoring system. Two convolutional neural networks, AlexNet [53] and a simple CNN, were employed to find fire features. While AlexNet extracts the shape and texture of input images to identify the fire regions, the second CNN, composed from numerous convolutional layers of size 3*3 each, and using the ReLU (Rectified-Linear Unit) activation function, handles the color and texture features of fire. This method outperformed state-of-the-art methods, at that time, in terms of processing time and accuracy. Muhammad et al. [40] presented an energy-friendly CNN method based on the SqueezeNet [54] model for fire localization and detection in closed-circuit television (CCTV) networks. This model was selected thanks to its portability to be deployed on FPGAs (Field-Programmable Gate Arrays). Using two benchmarks containing videos or images of fire and fire-like objects, a reasonable performance was obtained.



Recently, Encoder–Decoder architectures become one of the most used models for semantic segmentation. The encoder first extracts a high dimensional feature map of input images. It consists of convolutional and pooling layers. Then, the decoder decodes generated features and determines the mask of objects. It includes Upsampling blocks that contain unpooling and/or deconvolution (transpose convolution) layers [55]. Thanks to their performance in various tasks such as medical image segmentation, plenty of works were based on the Encoder–Decoder structure to segment objects. As an example, U-Net [56], the Encoder–Decoder applied for segmenting biomedical images, won the ISBI cell tracking challenge in 2015. While, the encoder consists of a 3*3 convolutional layer, ReLU activation function and a max-pooling layer, the decoder contains Upsampling layer, 3*3 convolutional layer, ReLU activation function, and up-convolution layer. Finally, a 1*1 convolutional layer produced the mask of the input. In 2018, Akhloufi et al. [21] integrated this Encoder–Decoder into a Deep-Fire model due to its great performance when applied to the task of forest fire detection and segmentation. Using a small data (419 images of the CorsicanFire dataset) as learning data and Dice loss as a loss function, this model reached an F1-score value of 97.09% and 91% for training and testing, respectively. It also showed its excellent efficiency in segmenting wildfire in a non-structured environment, which is affected by uncontrolled forest fires [21].



Bochkov et al. [43] proposed a novel model, wUUNet (wide-UUNet concatenative), to detect fire regions and flame areas. This method includes a UUNet model as a modernization of U-Net, with maximum skip connections number between encoder and decoder. The UUNet model consists of two UNet networks. The first detects fire areas as binary segmentation. The second identifies fire colors (orange, red, yellow) as a multiclass segmentation, using input images and the output of first U-Net. Using VGG16 [57] as a backbone collected learning dataset, cross-entropy and soft-Jaccard as a loss function, this model outperformed the UNet by 3% and 2% in the case of multiclass segmentation and binary segmentation, respectively.



In order to reduce the excessive downsampling as a result of pooling operations, Chen et al. [58] proposed a DeepLab model, which employs the atrous convolution (dilated convolution), fully connected Conditional Random Field (CRF), and atrous spatial pyramid pooling (ASPP). The atrous convolution controls the resolution of feature maps and extracts objects at multiple scales. The ASPP computes multiple scales feature maps. The CRF overcomes the invariance of the combination of downsampling and pooling operation, and improves localization performance [58]. DeepLabV3 [59] outperformed DeepLab model. It applies four parallel dilated convolutions with various atrous rate to extract multi-scale features [59]. Recently, DeepLabV3+ [60] applies an Encoder–Decoder structure. It employs the atrous separable convolution, which consists of depth-wise convolution followed point-wise convolution (1*1 convolution). This model reached a better performance than DeepLabV3 [60]. Two models of the DeepLab series, DeepLabV3 [41] and DeepLabV3+ [42], were explored to detect and segment fire pixels. According to the experiments, the two detectors showed efficient results thanks to the multi-scale and rich feature map. These networks proved to be suitable for fire segmentation. The first model was trained using a learning dataset, which contains a 1775 fire images and non-fire images from the SUN397 dataset [61], data augmentation techniques such as rotation, Hue, saturation, brightness, and flip, and three pre-trained backbones, ResNet152, ResNet101, and ResNet50. This model reached an accuracy of 98.78% and a mean IoU (Intersection Over Union) of 70.51% [41]. The second was tested using three loss functions, which are Tversky loss, Dice loss, and Cross-entropy loss, and the CorsicanFire dataset, which contains RGB and IR images. Experiment results showed that DeepLabV3+ with Dice or Tversky loss function and ResNet50 presents the best mean boundary F1 (BF) contour matching score value of 92.23% [42].



Li et al. [44] presented novel image fire detection methods based on the advanced object detection CNN models. Four CNNs, R-FCN [62], SSD [63], Yolov3 [64], and Faster R-CNN [65] are used to detect and localize fire and smoke. Using a large dataset, which contains 13,400 fire images (7742 smoke and 9695 fire objects) and 15 780 non-fire images, Yolov3 achieved the highest accuracy with 83.7% and the best detection time with 28 FPS compared to other models. It proved its ability to detect and localize fire and smoke with lower false alarms (fire/smoke-like objects) [44].



Xu et al. [45] proposed CNN techniques to detect and localize forest fire. Their approach integrated two object detectors, Yolov5 [66] and EfficientDet [67], and a classifier based on EfficientNet [68]. Using a dataset containing 2976 forest images and 7605 non-fire images, the proposed method achieved a higher detection accuracy with 99.4%. It outperformed some state-of-the-art models such as Yolov3, EffcientDet, Yolov5 and SSD. It also showed its ability to detect forest fires in different scenarios and reduce the false-positive rate [45].




2.3. Methods Based on Transformers


During the last decade, researchers have developed a plethora of ConvNets models for image segmentation. These models rely on the convolution operator, which extracts the local features of the image. However, they are still limited at modeling global context and have the limitation of an expensive computational cost.



Recently, Transformers were proposed to avoid this limitation and to model the long-range interactions between input patches using self-attention mechanism, which is at the core of Transformers. This mechanism models the relevance of each input element to other elements. It determines the global contextual information of each item by capturing its interaction amongst all items. At first, Transformers showed great performances in NLP tasks. Then, Transformers were applied in computer vision tasks such as video processing [69], image super-resolution [15], object detection [13] and segmentation [70], and image classification [71] thanks to their excellent performance.



Various Transformers were developed. They are divided into pure Transformers and hybrid Transformers, which combine a ConvNets and a Transformer. The size of learning data is the main element, which affects the performance of Transformers. Vision Transformer (ViT) [72] showed an excellent performance compared to state-of-the-art ConvNets. However, it still depends on pre-trained models in very large-scale dataset like JFT-300M [73], which contains 300 million labelled images. DeiT (Data-efficient Image Transformers) [74] showed the ability of Transformers to perform well using only a mid-sized dataset. More recently, Medical Transformer (MedT) [16] also reached an excellent performance to segment objects from scratch with no need for pre-training models.




2.4. Post-Fire Mapping Based Satellite Remote Sensing Imagery


Thanks to its ability to monitor large areas, satellite remote sensing imagery is used to determine and report post-fires, which defines the perimeter of fire areas and the severity of the damage [8]. The damage level is defined by five levels, which are unburned areas with no damages, burned areas with negligible damage, burned areas with moderate damage, burned areas with high damage, and burned areas destroyed. Numerous solutions were developed to map and date the burned areas such as the FireCCI51 [75], the Global Fire Emission Database [76], and the MCD64A1 Collection 6 [77].



Various techniques are used to compute the degree of change in soil and vegetation caused by wildfire, for example, the Composite Burned Index (CBI) [78], the Normalized Burn Ratio (NBR) [79], the delta Normalized Burn Ratio (dNBR) [80], and Normalized Difference Vegetation Index (NDVI) [81]. These techniques compute the features from pre and post-fire acquisitions to determine the severity of burned areas. Machine learning methods are also adopted to predict the damage severity using pre and post-wildfire satellite imagery such as Support Vector Regressor (SVR) [82] and Random Forest [83].



Zanetti et al. [84] proposed a multitemporal automatic and unsupervised method to detect burned areas using image time series acquired by Sentinel-2 and Landsat-8. At first, the normalized fire index method detected the candidate burned areas in each input image. Then, the temporal harmonization method was used to confirm the burned areas and reduce the false alarms. Experimental results proved the ability of this method to correctly detect the burned areas and reduce false alarms [84].



Recently, Deep Learning models were used in various remote sensing applications such as land cover classification [85,86], reconstruction of missing data [87], segmentation of small objects [88], and identification of clouds [89]. Motivated by their high performance, numerous contributions adopted deep learning to compute the severity of the damage. Pinto et al. [90] proposed a deep learning method, which integrates CNNs and the Long Short-Term Memory (LSTM) [91] method with an architecture based on U-Net. This method showed excellent results in dating and mapping burned areas. It also proved its ability to overcome the limitations of traditional methodologies such as the filtering of lower quality and no shadows and clouds mask [90]. Farasin et al. [92] also developed a novel deep learning model, Double-Step U-Net, to estimate the wildfire damage severity from the sentinel-2 satellite. Two subtasks, Binary Classification U-Net and Regression U-Net, are proposed. The first task identifies affected areas by fire. The second provides the severity level estimation. This model is validated across five European regions. It also showed a comparable result to the threshold of the delta Normalized Burn Ratio method [92].



Rahmatov et al. [93] proposed a fire prevention method over large forest areas. At first, a CNN detected the fire and its geographic location. Then, an intelligent agent determined the optimal path to reach the forest fire’s location at the optimal time. The analysis of the results showed the efficiency of this method to help in controlling disaster situations and reduce the damage caused by the fire [93].



Khennou et al. [94] also proposed a forest fire spread prediction model based on U-Net called FU-Netcast. This method predicted the next burned forest areas over a time frame of 24 h using Landsat images. Using Digital Elevation Model maps, weather data, satellite images, and 120 consecutive wildfire perimeters, the proposed approach achieved an accuracy of 92.73% and proved its efficiency in forecasting the spread of fires [94].





3. Methods


In this section, we describe the models employed for our wildfire segmentation task and we also present the training dataset, and the evaluation metrics used in this work.



Vision transformers, designed for sequence-to-sequence prediction, have emerged as alternative architectures to ConvNet models, which still show some limitations in explicitly modeling long-range dependency. In the previous section, we reviewed some of the most used visual transformers. Two of them, TransUNet [17] and MedT [16], used for medical imaging, have shown interesting performances in medical image segmentation. In this section, we will analyse these two vision Transformers since we will explore their performances when applied to our problem. We propose, here, the very first study using visual Transformers in forest fires segmentation task.



Furthermore, we present U   2  -Net [23] and EfficientSeg [24], two models used to carry a comparative study with the two aforementioned Transformers. It is worth mentioning that, nowadays, both U   2  -Net and EfficientSeg achieved excellent performances and outperformed the state-of-the-art object segmentation methods based on Convolutional Neural Networks [23,24]. These models are fed with RGB images, which are used to segment fire pixels and detect the exact fire areas’ shape. The result is a binary mask, which defines the segmented forest fire area in the input image.



3.1. TransUNet


TransUNet [17] is a hybrid CNN-Transformer model, which integrates both the Transformer and U-Net network. It adopted a high resolution of local features extracted by a CNN and the global information encoded by Transformers.



This model employs a Hybrid CNN-Transformer as an encoder. The CNN model is the first to extract the features. Then, patch embedding is employed to encode the positional information. The Transformer encoder contains twelve Transformer layers, which include a normalization layer, a Multi-Layer Perceptron (MLP), and a Multihead Self-Attention (MSA). The skip-connections from the encoder and the output of the Transformer are feeding the decoder, which consists of multiple 3*3 convolutional layers, upsamling operator, and ReLU activations. All feature extractors were pretrained on a very large dataset, namely, ImageNet [95], which provides numerous images [17]. Figure 1 illustrates the TransUNet architecture.




3.2. Medical Transformer (MedT)


The majority of vision Transformers require large-scale learning data for a better performance. MedT [16] is proposed to avoid this problem. This transformer adopts two concepts, Local-Global (LoGo) learning strategy and gated axial transformer layer. LoGo methodology is made up of two branches, global branch and local branch. The first branch uses the original resolution of the input image. The second employs the patches of the input image.



Figure 2 shows the MedT architecture. At first, the feature map is extracted from the input images using two convolutional blocks. Each block contains three convolutional layers, batch normalization layer, and ReLU activation. Then, the extracted feature map feeds local and global branches. The two branches include, respectively, five Encoder–Decoder blocks and two Encoder–Decoder blocks, connected by skip connection. The encoder consists of 1*1 convolutional layer, normalization layer, and two layers of multi-head attention, which operate on both width and height axis. The decoder also contains convolutional layer, batch normalization layer, and ReLU activation.




3.3. U   2  Net Architecture


U   2  -Net [23] is a deep network architecture. It is a two level nested U-structure, which employs RSU (Residual U-blocks) to extract multi scale information. The RSU block consists of a convolution layer, residual connection, U-Net structure, which contains a convolutional layer, a batch normalisation layer, and a ReLU activation function to extract the multi-scale features. U   2  -Net consists of six encoders, five decoders, and a saliency map fusion block. Each encoder and decoder are filled by the RSU. The saliency map block contains the Sigmoid function and 3*3 convolution layer [23]. Figure 3 presents the U   2  -Net architecture.




3.4. EfficientSeg


EfficientSeg [24] is a modified and scalable model based on U-Net structure and MobileNetV3 [96] blocks. It has an Encoder–Decoder structure. It proved its great performance and outperformed U-Net model [24].



As presented in Figure 4, the EfficientSeg architecture consists of different blocks, 3*3 and 1*1 convolution layers followed by a batch normalization layer and a ReLU activation function, Inverted Residual Blocks, four shortcut connections between encoder and decoder, and Downsampling and Upsampling operations.




3.5. Dataset


For the fire segmentation problem, there is still a limited number of datasets available. We use the CorsicanFire dataset [20] to train and evaluate the proposed models. The CorsicanFire dataset contains RGB and NIR (near-infrared) images. In this dataset, NIR images are captured with a longer integration/exposure time, which increases the brightness of the fire area and makes the segmentation easier with simple image processing techniques. Still, the obtained shape is less precise than with visible spectrum images, since it integrates the fire areas during the full exposure time (the fire shape covers a larger area in the image). In this work, we are interested in RGB images which provide a large number of images in the dataset and are widely used in the context of capturing fires. Our dataset consists of 1135 images and their corresponding masks. It describes the visual features of fire pixels such as color (red, orange, and white-yellow), the different weather conditions, the brightness, the distance to the fire, and the presence of smoke. Figure 5 depicts samples of the CorsicanFire dataset and their corresponding masks.




3.6. Evaluation Metrics


We evaluate the proposed approaches using F1-score and inference time.



	
F1-score combines recall and precision metrics to calculate the performance of the model (as given by Equation (1)).


  F 1 − S c o r e =   2 ∗ P r e c i s i o n ∗ R e c a l l   P r e c i s i o n + R e c a l l    



(1)






  P r e c i s i o n =   T P   T P + F P    



(2)






  R e c a l l =   T P   T P + F N   ,  



(3)




where   F N   is the false negative rate,   F P   is the false positive rate, and   T P   is the true positive rate.



	
Inference time is defined as the average segmentation’s time using our test data.








4. Experiments and Results


In this section we present the experimental settings, illustrate the implementation details and present the experimental results.



4.1. Experimental Results


The proposed Transformers were developed using Pytorch [97]. Training and testing was performed on a machine with NVIDIA Geforce RTX 2080Ti GPU. The training data were split as follows: 815 images for training, 111 images for validation, and 209 images for testing. For all experiments, we adopted Dice loss [19], which maximizes the overlap between the predicted images set and the ground truth image set as a loss function, patch size p value of 16 and simple data augmentation techniques that are a rotation of 20 degrees and a horizontal flip.



Dice loss computes the similarity between predicted image and ground truth image (given by Equation (4)).


  D i c e − l o s s = 1 −   2  Y ⋂ X     Y  +  X    ,  



(4)




where X is the predicted image, Y is the ground truth input, and ⋂ is the intersection of the ground truth Y and the predicted mask X.



The TransUNet Transformer was tested using a learning rate value of 10    − 3   , input resolution of 224*224 and 512*512, and two backbones, which were pure transformer ViT and Hybrid CNN-Transformer ResNet50-ViT, pretrained on the large-scale dataset ImageNet [95].



The MedT Transformer was tested from scratch (no pretraining) using a learning rate value of 10    − 2   , Hybrid ConvNet-Transformer as a backbone, and input resolution images of 224*224 and 256*256.



To evaluate the performance of the proposed Transformers, we first compared the F1-score values between the two Transformers, TransUNet and MedT, by varying backbones, input resolution, and the size of the dataset. Then, we compared their results with various models: U   2  -Net, EfficientSeg, U-Net [21], and a color space fusion method [22].



4.1.1. Quantitative Results


The performances of both Transformers (TransUNet and MedT) are reported in Table 2. We can see that the Transformers, TransUNet and MedT, reach F1-score values of 97.7% and 96.0% respectively, and prove their accurate and robust performance to detect and segment fire pixels. These models segment wildfire pixels well, thanks to the use of both global and local features. They provide finer details of the fire.



Transformers, TransUNet-Res50-ViT and MedT, with a hybrid backbone, extract more details from the input image due to spatial and local information extracted by ConvNets. These models show a better performance than TransUNet-ViT with a pure Transformer as backbone.



Changing the input resolution from 224*224 to 256*256 or 512*512 shows some improvements in the F1-score value (between 0.2% and 0.7%), due to the larger number of input patches. However, larger computational capacity and time are required during training.



Using a LoGo methodology for learning, MedT extracts high level and finer features. This Transformer presents a great performance and proves its efficiency in segmenting fire pixels without pre-training.



TransUNet with a hybrid backbone obtains a better performance than MedT and proves its excellent ability to localize and segment forest fire pixels. However, it still depends on a pre-trained backbone on a very large dataset.



Table 3 presents a comparative analysis of TransUNet, MedT, U-Net, Color fusion method, U   2  -Net, and EfficientSeg, in terms of F1-score, using the CorsicanFire dataset. We can see that the results of both Transformers, TransUNet and MedT, are better than the performance of deep CNN models (U-Net, U   2  -Net, and EfficientSeg) and classical machine learning models (color fusion method).



TransUNet-Res50-ViT and MedT obtain the best F1-score values of 97.5% and 95.5%, respectively. They outperform the color fusion method and convolutional networks, U-Net, EfficientSeg, and U   2  -Net. EfficientSeg shows a great result compared to the color fusion method, U-Net, and U   2  -Net. However, it is still more limited to modeling global information than TransUNet and MedT. It also obtains an inference time of 2 s, which is higher than the inference time of TransUNet. U-Net with 1135 images, which outperforms recently developed models, U-Net with 419 images, the color fusion method and U   2  -Net, thanks to its diverse feature maps. It also shows the best value of inference time, which is 0.02 s. U   2  -Net obtains an F1-score value of 82.93%, which is better than the color fusion method. However, it has a lower performance compared to ConvNets models (U-Net and EfficientSeg) and Transformers (TransUNet and MedT).




4.1.2. Qualitative Results


Similar to the quantitative results presented in Table 3, we can see in Figure 6, that TransUNet, with Res50-ViT as a backbone, segments fire pixels even better than manual annotation. This Transformer can correctly distinguish between fire and background under different conditions such as the presence of smoke, different weather conditions, and various brightnesses of the environment. It also proves its better ability to identify small fire areas and detect the precise shape of a fire.



Figure 7 depicts the results of TransUNet with pure Transformer ViT as a backbone. We can see that this Transformer correctly segments fire pixels under various conditions. However, it misclassifies the fire border pixels (highlighted in red box) and misdetects the exact shape of the fire area.



Figure 8 shows examples of the segmentation of MedT. Similar to TransUNet-Res50-ViT, we can see that MedT proves its efficiency in segmenting fire pixels and detects the precise shape of the fire. However, it still misclassifies some small areas of fire (highlighted in red box).



The results of the U-Net model are depicted in Figure 9. We can see that the model correctly segments fire pixels and identifies the shape of a flame. However, it still misclassifies some small areas.



Figure 10 presents the results of the U   2  -Net model. We can see that this model does not identify the precise shape of the fire and misdetects some small fire areas.



Figure 11 illustrates some EfficientSeg results. We can see that EfficientSeg shows an excellent performance in segmenting fire pixels under different conditions, similar to Transformers TransUNet-Res50-ViT and MedT. It also correctly identifies the small areas of fire and their precise shapes.



In addition, we evaluated TransUNet and MedT using images downloaded from the web. We can see in Figure 12 that TransUNet-Res50-ViT accurately segments fire pixels and detects the precise shape of the fire under various conditions such as in the presence of smoke. It shows a better visual result than TransUNet–ViT, which fails to detect small fire areas. MedT also shows a great performance in identifying fire pixels. However, it misclassifies some small fire areas.






5. Discussion


Transformers techniques, TransUNet-Res50-ViT, TransUNet-ViT and MedT, achieve an excellent performance compared to deep CNNs U   2  -Net, U-Net, and EfficientSeg and compared to classical machine learning methods (the color fusion method) thanks to their rich extracted feature maps. However, they need higher inference times. For example, TransUNet R50-ViT and MedT obtain 1.41 and 2.72 s, respectively. TransUNet-Res50-ViT achieves the best F1-score with 97.7% thanks to the use of both global and local features. This Transformer proves an excellent ability to localize and segment forest fire pixels as well as small fire areas. It correctly distinguishes between forest fires and background under different conditions such as in the presence of smoke and in different weather conditions. However, it still depends on a pre-trained backbone, which requires a large computational capacity and more time during training.



MedT achieves an F1-score of 96%, which is better than TransUNet-ViT, thanks to spatial and local information extracted by ConvNets. This model proves its efficiency in segmenting fire pixels and detecting the precise fire’s shape without pre-training. However, it misdetects some small fire areas. It also requires larger computational capacity and more time during training using high input resolution images. TransUNet-ViT extracts fire features using pure Transformer ViT. This model shows an excellent performance compared to deep CNNs, U-Net, U   2  -Net, and EfficientSeg. It obtains a lower inference time, which is 0.13 s. It also proves its ability to segment forest fire pixels under various conditions. However, it misdetects the border pixels of the fire and the exact fire area’s shape. EfficientSeg, U-Net, and U   2  -Net show their ability to segment forest fire pixels and detect the precise fire’s shape. However, they still misclassify some small fire areas.



To conclude, vision Transformers, TransUNet and MedT, show their excellent ability to segment forest fires and detect the shape of the fire front. These models outperform current state-of-the-art architectures. TransUNet-Res50-ViT and MedT, which adopted a ConvNets and Transformer as a backbone, identify the fine details of forest fires. They prove their promising use for segmenting fire pixels under various conditions such as in the presence of smoke and with changes of brightness in the environment.




6. Conclusions


In this paper, we propose a new approach based on the use of vision Transformers for forest fire segmentation. We explore two Transformers, TransUNet and MedT, adapted to segment and identify fire pixels using the CorsicanFire dataset. We evaluate the performance of our proposed Transformers by varying backbones and input size. Then, we present a comparative analysis of the two Transformers with current state-of-the-art models: U-Net, a fusion color space method, U   2  -Net, and EfficientSeg. TransUNet and MedT with a hybrid CNN-Transformer as a backbone outperformed state-of-the-art methods and showed an excellent ability to segment fire pixels and identify the precise shape of a fire under different conditions such as different brightnesses and in the presence of smoke. For future work, we first aim to adapt our Transformers-based algorithms to detect and track wildfire in videos, which consists of a sequence of frames using the spatiotemporal features of fires. We will also work on evaluating our models for the detection and segmentation of both smoke and fire pixels in urban environments.
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Figure 1. The proposed TransUNet architecture. 
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Figure 2. The proposed MedT architecture. 
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Figure 3. The proposed U   2  -Net architecture. 
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Figure 4. The proposed EfficientSeg architecture. 
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Figure 5. Examples from the CorsicanFire dataset. From (top) to (bottom): RGB images and their corresponding masks. 
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Figure 6. Results of TransUNet-Res50-ViT. From (top) to (bottom): RGB images, their corresponding mask, and the predicted images of TransUNet-Res50-ViT. 






Figure 6. Results of TransUNet-Res50-ViT. From (top) to (bottom): RGB images, their corresponding mask, and the predicted images of TransUNet-Res50-ViT.
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Figure 7. Results of TransUNet-ViT. From (top) to (bottom): RGB images, their corresponding mask, and the predicted images of TransUNet-ViT. 
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Figure 8. Results of MedT. From (top) to (bottom): RGB images, their corresponding mask, and the predicted images of MedT. 
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Figure 9. Results of U-Net. From (top) to (bottom): RGB images, their corresponding mask, and the predicted images of U-Net. 
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Figure 10. Results of U   2  -Net. From (top) to (bottom): RGB images, their corresponding mask, and the predicted images of U   2  -Net. 
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Figure 11. Results of EfficientSeg. From (top) to (bottom): RGB images, their corresponding mask, and the predicted images of EfficientSeg. 
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Figure 12. Results of TransUNet and MedT using web images. From (top) to (bottom): real RGB images, TransUNet-Res50-ViT results, TransUNet-ViT results, and MedT results. 
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Table 2. Quantitative results of TransUNet and MedT on CorsicanFire dataset.
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	Model
	Backbone
	Input Resolution
	F1-Score (%)





	TransUNet
	Res50-ViT
	224*224
	97.5



	TransUNet
	Res50-ViT
	512*512
	97.7



	TransUNet
	ViT
	224*224
	94.1



	TransUNet
	ViT
	512*512
	94.8



	MedT
	simple CNN-Transformer
	224*224
	95.5



	MedT
	simple CNN-Transformer
	256*256
	96.0
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Table 3. Comparative analysis of TransUNet, MedT, U-Net, Color fusion method, U   2  -Net and EfficientSeg using CorsicanFire dataset with image size of 224*224.
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	Model
	Backbone
	Learning Data
	F1-Score (%)
	Inference Time (s)





	TransUNet
	Res50-ViT
	1135 images
	97.5
	1.20



	TransUNet
	ViT
	1135 images
	94.1
	0.13



	MedT
	simple CNN-Transformer
	1135 images
	95.5
	2.72



	U-Net [21]
	—–
	419 images
	91.0
	—



	Color fusion method [22]
	—–
	500 images
	79.0
	—



	U-Net
	—–
	1135 images
	92.0
	0.02



	U   2  -Net
	—–
	1135 images
	82.93
	1.41



	EfficientSeg
	—–
	1135 images
	94.27
	2.00
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