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Abstract: The frequency and intensity of wildfires are increasing worldwide due to the accelerating pace of global
warming, leading to an exponential rise in greenhouse gas emissions and air pollution. As wildfires become more
severe, their social and environmental impacts, such as carbon emissions, air quality deterioration, ecosystem
destruction, and health hazards, are expected to worsen dramatically . To mitigate these challenges, various studies
have actively explored artificial intelligence (AI) technologies, particularly deep learning (DL) and computer vision,
for early wildfire detection. However, conventional vision-based fire detection systems typically rely on a single
signal, either flame or smoke, or focus on detecting fires in later stages, making it difficult to capture subtle visual
cues during the early ignition phase.

To address these limitations, this study proposes an Al-based dual-detection framework that can simultaneously
identify flame and smoke signals. The proposed framework employs a hybrid DL architecture that combines
specialized flame and smoke detection models to effectively recognize faint early-stage signals. Experimental results
demonstrate that the dual-detection model substantially improves detection accuracy and environmental generalizability
compared with conventional single-signal detection models. The findings suggest that the proposed framework has
strong potential to serve as a core technology for real-time wildfire monitoring and prevention systems.
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Table 1 Roboflow dataset composition.
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Data Subset Number of Data Ratio
TEST 3,216 4.97%
. TRAIN 54,271 83.90%
Fire & Smoke Data
VALIDATION 7,195 11.12%
TOTAL 64,682 100.00%
Table 2. Fire 3D dataset composition.
Data Type Description File Format Quantity
Raw Data FDS input files fds 46
Fire Video 3D Raw Data Plot3D plot3D 28,051
Object Data Source Data Simulation result videos mp4 138
Source Data Fire 3D object data fea 2,440
Raw Data LiDAR scan data LAS, E57 93
Indoor 3D Space Raw Data Indoor space photos (ZD.images) ipg 932
Data Source Data Indoor 3D space modeling data fbx, max, mb 78

fbx, .png, jpg, .tga, .obj, .tx, .tif,

Source Data Object texture files lies, .dds, jfif, bmp, gif 27,894

Fire Video 2D . . .
Image Data Source Data Fire/Smoke images ipg 153,930
Total 213,602
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Table 3. Regional safety & disaster (Wildfire) prevention dataset composition positive data.

Data Image Type Collection Object Classification Collection Quantity Subtotal
Method
Flame 57,600
Ground Black Smoke 76,800
iti White/Gi ki 153,600
Positive Real 1te/Gray smoke Js 360,000
DB Flame 14,400
Drone Black Smoke 19,200
White/Gray smoke 38,400
» Flame 22,400
P(]))s;tge Ground Black Smoke 29,850
. . White/Gray smoke 59750
Positive Synthetic DB 140,000
Flame 5,600
Drone Black Smoke 7,450
White/Gray smoke 14950
Flame 100,000
Subtotal Black Smoke 133,300 500,000
White/Gray smoke 266,700
Cloud 64,000
Ground Chimney smoke 64,000
. Fog/Haze 32,000
Negative DB 200,000
) Cloud 16,000
Negative Drone Chimney smoke 16,000
Data
Fog/Haze 8,000
Cloud 80,000
Subtotal Chimney smoke 80,000 200,000
Fog/Haze 40,000
Ground 560,000
700,000
Grand Total Drone 140,000
Subtotal 700,000 700,000
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Figure 1. Class imbalance distribution.
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Table 4. Model performance comparison.
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Model Type Parameters (M) GFLOPs mAP50(%) Inference Time (ms)
YOLOvS5I1 1-stage 46.5 109.1 49.0 6.7
YOLOv7 1-stage 36.9 104.7 51.2 6.2
YOLOvSI 1-stage 43.7 165.2 52.9 8.4

RT-DETR-L Transformer 32.0 92.0 53.0 29.4
Faster R-CNN 2-stage 41.8 180.0 42.0 83.3
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Table 5. Hyperparameter Settings and Rationale.

Parameter Value Rationale & Effect
epochs 200 Sufficient convergence; performance improvement observed even after 150 epochs
batch 32 Balance between GPU memory (24GB) efficiency and training stability (OOM prevention)
optimizer Auto(SGD) Momentum 0.937, automatically selected for batch size 32
Ir0 0.01 Initial learning rate (YOLO standard)
Irf 0.01 Final learning rate ratio (1% of initial rate)

weight decay 0.0005

Prevents overfitting via L2 regularization
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Figure 5. SmokeyNet architecture.

Figure 6. SmokeyNet results.
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Figure 13. Confusion Matrix Comparison: YOLOvVSI vs. YOLOvS8I+SmokeyNet.

Table 7. YOLO-only vs YOLO + SmokeyNet Ensemble Performance.

Metric YOLO Only YOLO + SmokeyNet Change
Detection Rate 64.70% 43.2% -21.5%
Avg Confidence 34.70% 88.18% +53.49%
Inference Time 10.52ms 466.58ms +456.06ms
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