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Background

é

Escalating Wildfires

Wildfires are increasing in frequency and intensity due to
climate change, causing significant loss of life, ecological
harm, and massive CO, emissions.

System Limitations

Current detection systems are slow, resource-intensive, and
prone to delays and inadequate risk assessment.
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Motivation

Q

Early Detection

Develop a system that identifies wildfires and smoke at their
earliest stages to prevent escalation and minimize damage.

Risk Classification

Classify risks into low, medium, or high levels, enabling
teams to allocate resources effectively.

Sustainability

Reduce dependency on expensive manual monitoring to make
wildfire detection affordable and sustainable.
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Demonstrated the adaptability of YOLO models for detecting smoke and wildfire
across diverse ground and aerial environments.

Leveraged YOLOvV7 with UAV imagery to capture high-resolution data over vast
areas for early smoke detection.

Introduced YOLO-NAS, utilizing neural architecture search to balance wildfire
detection accuracy with model efficiency.

Enhanced smoke detection in UAV imagery by applying transfer learning to an
improved YOLO v5 model.

Developed an optimized YOLO v8-based model specifically designed to detect
subtle wildfire smoke features in UAV footage.



Dataset Description

01

02
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LANDSAT-8 : Captures wildfire imagery using its Operational Land
Imager (OLI) and Thermal Infrared Sensor (TIRS), providing 15-30
meters spatial resolution for detecting fire-affected areas.

GOES-16 :The Geostationary Operational Environmental Satellites
(GOES)-16 Launched in 2017, is a NASA and NOAA weather
satellite providing high-frequency Earth imagery every 5 minutes
across 16 spectral bands.

Preprocessing: Masking, calibrating and Annotating 3,771 Landsat-8
and GOES-16 satellite images into 2 classes: wildfire and smoke
which is
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Proposed Pipeline

INPUT MODULE

Data Ingestion & Preprocessing

=

Landsat-8/9

©

Standard Preprocessing Pipeline

calibration, masking,
normalization, tiling

Processed
image
tiles
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DETECTION CORE
Object Detection Backbone

Feature Pyramid Backbone
o
u

Detection Head

Detected Objects (sample)

[] Fire Zone

[] Smoke Plume

Detection Outputs

- Bounding boxes (x, y, w, h)
Dﬂﬂ - Confidence scores € [0, 1]
O - Object classes {Fire, Smoke}

® + Timestamp & geolocation

Structured
detections

{JSON}

Inputs

Prompt Query

Detected Objects
(boxes, classes,
scores, location)

. Contextual Cues
(weather, topography,
vegetation, season,
historical priors)

@ +
Vision-Language Model

Outputs
Risk assessment
{Low | \ |
High | thrcmc}

Analytical insights—
drivers, trends

QI

Actionable
recommendations
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RISK & OUTPUT MODULE

Storage, Analysis & Reporting

Historical Fire Database

detections, risk records,
contextual data
(spatiotemporal storage)

Temporal Pattern Analysis

trend, hotspot evolution,
seasonality, escalation
tracking

Risk Reports &
Visual Summaries
maps, time-series,
key findings,

| recommendations

LLM-as-Judge
Evaluation Service
performance metrics,
anomaly detection,
bias check
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Input Detection

——— Bounding Boxes W

N Data Pr‘eprocessing} ; ] 1
| Object Detection Confidence Score |
Object Classes ‘

Report Generation

S == LLM Analysis \
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= é‘ Risk Assessment w
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e GPT-4 / Claude 3.5
Historical Data it Analysis e Natural language queries
: « Contextual understanding
I I T - Risk assessment reasoning
I :lm:::::lpz TIMESTAMP
Past Fire Events s cowle
wiltfine_coverage: DOUBLE H H
Patterns, Trends [Gi'mmeon v Insight Action

claude_analysis: TEXT
vizualization: TEXT

bounding_boxes: TEXT

frame_size: JSONB.
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e YOLO V11 : Robust performance Model mAP (%) Precision (%) Recall (%) F1-score (%)
in terms of localization
YOLO v8 721 60.7 67.6 64.0
 YOLOV12: less false YOLO 11 84.1 517 89.8 65.6
positive.
YOLO-NAS 541 56.0 571 56.6

YOLO v12 74.7 81.1 74.8 77.8



W UMBC

Risk Assessment

Wildfire: 0.89
L]

4

Wildfity/ i gfire: 0.70

Wildfire: 0.45 dfire: 0.57

GPT-40 Assessment

Level 2 (Moderate) | 85% Conf.
Detections: 5 wildfires (conf. 0.45-0.89) «
No smoke

Coverage: 9.81%  Scattered pattern
Growth: Moderate rate, dispersed ignition

Recommendations:

° Deploy Resources: Immediate
firefighting action.

° Surveillance: Continuous monitoring.

° Mobilize Units: Ready aerial & ground
units.
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Claude 3.5 Assessment

Level 2 (Moderate) | 75% Conf.

Detections: 5 wildfires (conf. 0.40—-0.90) «
No smoke

Coverage: 9.81% of total area (largest:
5.6%)

Growth: Scattered distribution, moderate
potential

Recommendations:

° Dispatch Crews: Investigate and
contain active locations.

° Enhance Monitoring: Increase aerial
imaging frequency.

° Resource Readiness: Prepare
firefighting assets.
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Risk Assessment(Cont.)
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@ 6PT-40 ] \

'] Scene [

Wildfire Coverage: 0% ) | Risk Level: High Risk General Observation: - 34.32% smoke, no fire detected;

( Smoke Coverage: 34.32%
A possible undetected/extinguished fire.

Large smoke plume without fire indicates smoldering
or obscured heat signature

Risk Level: Spread pattern unclear; smoke extent
shows potential spread risk

Risk Level: Moderately high severity; suggests
smoldering/recent extinguishment

Health risks from smoke; visibility issues for
traffic/firefighting

General Observation: - Active fire with multiple burn zones;
no smoke plumes.

Multiple fire zones (~10% area) indicate complex
burning; no smoke suggests ground-level/thermal
detection

. Fire Spread: Multiple zones suggest spot
fires/fragmented burning; high growth concern

Risk Level: Moderate-high severity: 9.88% coverage, 5
zones, fragmented pattern

g Multiple fronts need response; coalescence risk; rapid
expansion potential

Cé Action Inform local fire stations )

<¢ Action Immediate action and inform all local stations )

Wildfire Coverage: 0% General Observation: - Strong smoke without fire zones;

( Smoke Coverage: 49.81% Risk Level: High Risk

4 smoke plumes indicate multiple combustion sources;
49.81% coverage suggests actively burning system

Risk Level: Multi-directional spread; moderate-high
growth rate from extensive smoke

Risk Level: HIGH severity: ~50% smoke coverage,
multiple plumes, active burning masked by smoke

@ Poor visibility; rapid expansion potential; air quality
hazards; spot fire risk

patterns/density suggest obscured/undetected active fire areas.

General Observation: - 49.81% smoke with 4 plumes; no fire
detected; suggests recent wildfire/ongoing smoldering.

Multiple smoke plumes suggest fire moved, leaving
smoldering areas; more smoldering than flaming

Fire Spread: Multi-directional spread (wind/terrain); growth
rate unclear; extensive smoke suggests large recent fire

Risk Level: High severity from extensive smoke and
multiple plumes; significant burn area

Fire reigniting from smoldering areas; smoke hazards

(é Action Deploy aerial reconnaissance )

(‘} Action Immediate action required )
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GPT-40 Claude 3.5 Sonnet
Input A: GPT-40 | Input B: Claude
703 /10 616 /10 Assessment | 3.5 Assessment
e Higher semantic accuracy e Reliable risk analysis -
e  Stronger actionable clarity e Lower semantic accuracy & The Shared Rubric
actionable C|arity than GPT-40 1. Semantic Correctness 2. Risk Reasoning Depth 3. Actionable Clarity

e More comprehensive risk

assessment
- | Sonnet 4.5 —

~ | (The Impartial I~ o
s Grader) | &

Evaluated both models using a shared rubric for semantic correctness,
risk reasoning, and actionable clarity.

Overall: GPT-40 showed stronger alignment with the evaluation criteria.

Normalized

Quantitative

Score: 1-10 £
> &
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* End-to-end framework: Combines satellite imagery, Object detection, and VLM reasoning for
wildfire analysis.

o' Object detection: YOLO v12 achieves 81.1% precision and 77.8% F1-score on 3,771 annotated
images.

Beyond detection: VLMs transform detections into contextual risk assessments and actionable
recommendations.

Model evaluation: GPT-40 achieves a higher mean judge score (7.03 vs. 6.16) than Claude 3.5 Sonnet.
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Future Work

Lightweight MLLM Integration: Integrate lightweight Multimodal Language Models
to significantly reduce response times.

Expand expert-labeled assessments across wildfire conditions and regions.

Efficient Fine-Tuning: Fine-tune Vision-Language Models leveraging Low-Rank
Adaptation (LoRA) and Q-LoRA frameworks.

Campfire Detection: Identify and integrate unattended campfires, which account for
more than 85% of all wildfires.

Advanced Risk Metrics: Train on critical ecological factors (AQIl, PM2.5, and PM10
indices) to enhance predictive risk calculations.
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