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ABSTRACT

Forest fires are one of the most destructive natural disasters to global ecosystems, and accurate and rapid fire point

positioning is crucial for forest fire management. In this study, we propose an accurate fire point positioning technology

based on aerial photography. This method uses a high-accuracy Global Positioning System and an inertial measurement unit

to record the flight attitude and location information of an aircraft, and then it employs precise correction to convert camera

coordinates to the aircraft body coordinate system. Finally, this method utilizes a weighted error correction algorithm to

fuse the information from multiple images, thereby achieving accurate fire point positioning. To verify the effectiveness of

the fire point positioning method proposed in this research, two fire points in the Greater Khingan Region of Heilongjiang

Province are selected for verification. AYun-12 aircraft equipped with a high-accuracy positioning and image-recording

sensor was used for fire point observations. The longitude, latitude, flight altitude, roll angle, pitching angle and yaw angle

of the aircraft are recorded in real time during image capture. Images of fire points at different angles were captured from

multiple flight routes, and they are used to verify the performance and accuracy of the fire point positioning model. The

comparison of the latitude and longitude information between estimated and observed fire points indicates that the errors of

fire point positioning are reduced to less than 160 m in the model. This represents a 5–6 fold improvement in positioning

accuracy over current meteorological-satellite-based kilometer-scale fire point positioning methods, highlighting the notable
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potential of this technique for precise forest fire positioning.

Keywords: Fire Point Positioning; Coordinate Conversion; Error Correction; Measurement

1. Introduction

Forest fires are among the most severe natural disas-

ters affecting global ecosystems, leading to the destruction

of biodiversity, soil degradation, reduced water source, and

intensified carbon emission, thereby contributing to climate

change [1,2]. Early identification and precise monitoring of

fire points are crucial for improving the efficiency of forest

fire emergency response [3,4].

Satellite remote sensing technology, with the obser-

vational advantages of multiple sensors across the visible

and infrared spectra, can achieve near-real-time fire detec-

tion [5–8]. However, this technology is susceptible to cloud

cover and smoke/dust, which have been proven to greatly

affect the accuracy of fire point monitoring [9,10]. In addition,

the relatively low spatial resolution of current meteorological

satellites easily leads to the mixed pixel effect [11–13], which

can further affect the accuracy of fire point monitoring [14,15].

Aerial photography, which uses advanced sensors and high-

resolution cameras, can effectively capture surface variations

and provide real-time and high-resolution fire images, even

over complex terrain [16–18] and under low visibility condi-

tions caused by smoke [19–21]. Additionally, unlike satellite-

based observations constrained by orbits, aerial photography

offers greater flexibility, allowing adaptive monitoring strate-

gies and flight path adjustments in real time according to

fire situations to achieve dynamic monitoring. Multi-angle

image acquisition enhances the ability to accurately assess

fire location, burned area, fire line length and spread direc-

tion [22,23]. Aerial photography provides crucial support for

the precise extraction of fire points and the enhancement of

fire monitoring capabilities.

In recent years, aerial photogrammetry technology has

made remarkable progress in forest fire research. Structure

from Motion (SfM) by unmanned aerial vehicles and direct

georeferencing (DG) are commonly used methods in the posi-

tioning detection of forest fires by aerial measurement. The

SfM method reconstructs the three-dimensional structure of

fire scenes and camera trajectories by analyzing multi-angle

fire images [24–26], enabling accurate fire source positioning

without relying on the Global Positioning System (GPS) and

inertial measurement unit (IMU) data [27,28]. Using the SfM

method to reconstruct the three-dimensional model of a fire

scene can effectively determine the fire scope and the influ-

enced area [29]. However, the accuracy of the SfM is highly

dependent on the quality of input images, i.e., factors such

as shooting conditions and lighting variations—which affect

image quality—may reduce model performance and thus af-

fect the accuracy of fire source positioning [30]. In comparison,

the DG method directly geolocates fire sources in acquired

images [31,32] using the position and attitude data of aircraft ob-

tained by the airborneGPS and IMUduring aerial photography.

This method can provide near-real-time and high-accuracy

geographical information, which is crucial for rapid response

to forest fire disasters, fire impact assessment and firefighting

strategy formulation. The adoption of the DG method can

improve the responsiveness of the mobile mapping system

for real-time monitoring of forest fires, and offers remarkable

advantages in the accuracy and timeliness of fire monitor-

ing [33]. Moreover, DG technology plays an essential role in

the application of forest fire models, especially in the aspects

of rapid positioning and fire behavior prediction [34]. Never-

theless, DG technology typically relies on fixed-wing aircraft

and unmanned aerial vehicles, which are easily affected by

complex terrain and meteorological conditions. As a result,

there is some drift in the positioning accuracy [35].

Aerial fire point positioning has greatly simplified

field operations [36], but real-time fire information extrac-

tion and precise fire localization remain significant practical

challenges [37]. Here, we introduce a novel DG positioning

method that leverages the dynamic monitoring capabilities

of airborne platforms. Our approach integrates a ground tar-

get coordinate solution model, a precise camera-to-airframe

coordinate system transformation, and an unknown point

coordinate solving algorithm. Using fixed ground features

as Ground Control Points (GCPs), we estimate the camera’s

effective position and mitigate the impact of camera atti-

tude angle errors through accurate coordinate transformation.

We also designed a multi-image weighted error correction

algorithm to further refine fire point localization accuracy.
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We validated the proposed method using two test

fire points in the Greater Khingan region of Heilongjiang

Province. Experimental results show that compared with

satellite remote sensing-based forest fire monitoring meth-

ods [38], our approach delivers clear improvements in both

timeliness and positioning accuracy, with errors consistently

below 160 meters. This work offers a practical approach for

rapid and accurate forest fire monitoring, enabling faster and

more targeted fire suppression efforts.

2. Materials and Methods

2.1. Study Area

The study area in this research is the Greater Khingan

Region, Heilongjiang Province, Northeast China (Figure 1).

As an important component of the Khingan Mountains, the

Greater Khingan Region is located in the northeast of the

Inner Mongolia Autonomous Region and the northwest of

Heilongjiang Province (43.0° N–53.5° N, 117.3° E–126.0°

E), with an east-west distance of 1,400 km, a south-north

distance of 200–400 km, elevations of 1,100–1,400 m, and a

total area of about 327,200 km2. Among them, the area of

the Greater Khingan Region within Heilongjiang Province

is about 84,800 km2. The Greater Khingan forest acts as a

natural green barrier of the Songnen Plain and Hulunbuir

Grassland, and is one of the important forestry bases in China.

2.2. Study Methods

In this study, the fire point positioning model is estab-

lished by integrating a ground-target coordinatemeasurement

model, a transformation from the camera coordinate system

to the aircraft-body coordinate system, and a solution for

the coordinates of unknown target points. In order to im-

prove positioning accuracy, a multi-image-based weighted

error correction algorithm is proposed to achieve the precise

geolocation estimation of target fire points.

Figure 1. Study area.

2.2.1. Establishment of the Ground-Target Co-

ordinate Measurement Model

The ground-target coordinate measurement model

serves as the core component for accurate fire positioning.

Based on the positioning information from the GPS and the

attitude information from the IMU onboard aircraft during

image acquisition, six exterior orientation parameters are

determined, i.e., three-dimensional location coordinates of

aircraft (X, Y, Z) and its attitude angles (yaw, pitch and roll),

which are used in the collinearity equations for geolocation.

Based on the above parameters (Figure 2), the spatial

relationship among camera coordinates, image pixel points

and corresponding ground points can be expressed using the

collinearity equations:

x−x0=

−f
a1 (XA−XS) + b1 (YA−YS) + c1 (ZA−ZS)

a3 (XA−XS) + b3 (YA−YS) + c3 (ZA−ZS)

(1)

y−y0=

−f
a2 (XA−XS) + b2 (YA−YS) + c2 (ZA−ZS)

a3 (XA−XS) + b3 (YA−YS) + c3 (ZA−ZS)

(2)
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Where x and y indicate the coordinates of image pixel

points; x0 and y0 represent the abscissa and ordinate of the

principal point on the phase plane, respectively; f denotes

camera focal length and XS, YS and ZS represent the spatial

coordinates of aircraft positions provided by the airborne

GPS; XA, YA, and ZA are the spatial coordinates of corre-

sponding ground points; ai, bi and ci (i = 1, 2 and 3) are

the elements of the rotation matrix used to convert ground

coordinates to the camera coordinate system.

Among interior orientation parameters, the accuracy

of x0 and y0 can affect the photogrammetric accuracy, and

thus, accurate camera calibration is essential. In this study,

the checkerboard calibration method provided by the Open

Computer Vision Library is applied for camera calibra-

tion [39]. The calibration for interior and exterior orientation

parameters is accomplished by open-source library functions.

Through calibration, the calibrated interior orientation pa-

rameters are [x0, y0, f ] = [ 316.2778, 232.4590, 45].

Figure 2. Schematic diagram of fire point positioning by aircraft.

2.2.2. Transformation from the Camera Coor-

dinate System to the Aircraft-Body Coor-

dinate System

During flight, the GPS module onboard the aircraft

continuously records its real-time longitude. Combined with

the attitude sensor data from the airborne IMU, the attitude

information of the aircraft corresponding to the geographic

coordinate system can be obtained (Figure 3).

In practice, there are measurement errors in the rotation

angle of the camera relative to the aircraft body. Therefore,

in this study, the optimal transformation matrix is estimated

by using the least square method based on the GCPs with

known coordinates. Based on this, we can calculate the angle

and attitude of the camera relative to the aircraft body.

Figure 3. Schematic diagram of the airborne Global Positioning System (GPS) and inertial measurement unit (IMU).
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XA −  XC

YA −  YC

ZA −  ZC

 = Cc
bC

b
e

x − x0

y − y0

−f

 (3)

Where XA, YA and ZA denote the coordinates of ground

points; XC, YC and ZC indicate the origin coordinates of the

auxiliary coordinate system; Cb
e and C

c
b represent direction

cosine matrices from the geodetic coordinate system to the

aircraft coordinate system and from the aircraft-body coordi-

nate system to the camera coordinate system.

Cb
e can be established by the Euler angles between the

geodetic coordinate system and the aircraft-body coordinate

system. Rotate in the sequence of yaw(ψ), pitch(θ), roll(ϕ)
angles, namely Z-Y-X sequence (Z-Y-X Euler Angles) (4).

Cb
e = CX(ϕ) · CY (θ) · CZ(ψ) (4)

Where rotating about the Z-axis (ψ).

CZ(ψ) =

cosψ − sinψ 0

sinψ cosψ 0

0 0 1

 (5)

Rotating about the Y-axis (θ).

CY (θ) =

 cos θ 0 sinθ

0 1 0

−sinθ 0 cosθ

 (6)

Rotating about the X-axis (ϕ).

CX(ϕ) =

1 0 0

0 cosϕ − sinϕ

0 sinϕ cosϕ

 (7)

The rotation matrix from the geographic coordinate sys-

tem to the aircraft-body coordinate system can be expressed

as:

Cb
e =

 cos θ cosψ cos θ sinψ − sin θ

sinϕ sin θ cosψ− cosϕ sinψ sinϕ sin θ sinψ+ cosϕ cosψ sinϕ cos θ

cosϕ sin θ cosψ+ sinϕ sinψ cosϕ sin θ cosψ− sinϕ sinψ cosϕ cos θ

 (8)

Before the detection of fire points, the GCPs with

known coordinates are used to solve the rotation matrix

from the aircraft-body coordinate system to the camera

coordinate system. It is assumed that there are i GCPs

with known coordinates, and the equation is constructed as

follows:XA1 XA2 · · · XAi

YA1 YA2 · · · YAi

ZA1 ZA2 · · · ZAi

−

XC

YC

ZC

 = Cc
bC

b
e


 x1 x2 · · · xi

y1 y2 · · · yi

−f −f · · · −f

−

x0y0
z0


 (9)

The above equation is simplified as A = Cc
b × B. Us-

ing the optimal estimation method, Cc
b can be solved by

Equation (10).

Cc
b =

(
ATA

)−1
ATB (10)

2.2.3. Estimation of Unknown Target Coordi-

nates

During the fire point positioning and detection using

the airborne integrated navigation system, the scale factor of

the image needs to be determined, which is calculated by the

following formula:

λ =
ZS − ZA

f
(11)

Substituting Equation (11) into Equation (10), Equation

(12) can be obtained.

XA

YA

ZA

 =

XS

YS

ZS

+λ·C

C11 C12 C13

C21 C22 C23

C31 C32 C33


x− x0

y − y0

−f

 (12)

Where Cij (i = 1, 2, 3; j = 1, 2, 3) represents the elements

of the matrix C = Cc
b × C

b
e.

The GPS adopts theWGS84 coordinate system, and the

Earth is a rotating ellipsoid close to a sphere. Thus, points

on the ellipsoid can be described by Equation (9).

X2
A + Y 2

A

a2
+

Z2
A

b2
= 1 (13)

Where semi-major axis a = 6,378,137.0 m, and semi-

minor axis b = 6,356,752.3142 m.

Solving Equation (12) and Equation (13) together

yields Equation (14).
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{
XA = XS − λC11(x− x0)− λC12(y − y0) + λC13f
YA = YS − λC21(x− x0)− λC22(y − y0) + λC23f
ZA = ZS − λC31(x− x0)− λC32(y − y0) + λC33f

(14)

Actually, the elevation of the fire point location is not

zero in general, and a similar elevation H of a fire point can

be obtained. Therefore, the fire point is located on an el-

lipse with the approximate elevation of H, and the fire point

location is about to be ZA = a + H.

It is found that the positioning accuracy based on a

single image may be influenced by multiple factors such as

attitude angle variations, flight altitude and flight stability.

In order to improve positioning accuracy, the weighted error

correction algorithm is used to achieve accurate fire point

positioning by fusing information from multiple images. Ac-

cording to the photogrammetric error theory, the closer to

the center of the fire point, the smaller the distortion errors of

images. Therefore, flight altitude is fused with phase point

coordinates, and it is considered that the higher the flight

altitude and the further the phase point is from the center, the

larger the detection error.

wi =
1

H2
i +

(√
(x− x0)2 + (y − y0)2/d

)2 (15)

Where x0 and y0 correspond to the coordinates of prin-

cipal phase point, x and y denote the coordinates of the cor-

responding fire point at the phase plane, Hi indicates aircraft

flight height of the i-th image, and d indicates the diagonal

length of phase amplitude.

Assuming n fire point images are acquired in one detec-

tion, with the corresponding coordinates solved as Xi, Yi, Zi.

The weighting coefficient, wi, can be derived from Equation

(15). Thereby, Equation (16) is established.
XA =

∑n
i=1 wiλiXi/

∑n
i=1 wiλi

YA =
∑n

i=1 wiλiYi/
∑n

i=1 wiλi

ZA =
∑n

i=1 wiλiZi/
∑n

i=1 wiλi

(16)

Where XA, YA, ZA are the weighted coordinates of fire

point targets.

3. Results

3.1. Experimental Equipment and Design

In order to verify the effectiveness of the fire position-

ing model, we select two fire points occurring in the forest

region of the Greater Khingan Region within Heilongjiang

Province on October 14, 2021. AY-12 aircraft equipped with

high-precision GPS and IMU systems, which can record

real-time longitude, latitude, flight altitude, roll, pitch and

yaw angles of the aircraft during image acquisition. Detailed

configuration parameters of the onboard navigation system

are listed in Table 1. The airborne camera has 20.1 million

effective pixels and an Exmor RS CMOS (Complementary

Metal-Oxide-Semiconductor) sensor, ensuring the capture

of high-resolution aerial imagery. The camera was mounted

on the right-side window of the aircraft, with a fixed focal

length of 45 mm to optimize the search field of view and

improve image precision.

Table 1. Key parameters of the IMU of the integrated navigation system.

Sensors Parameters Value of IMU (GI510)

Gyroscope
Zero bias 0.1 h−1

Angular random walk 0.03 h−1/2

Accelerometer
Zero bias 25 mGal

Velocity random walk 0.05 ms−1h−1/2

During the test, the flight speed was maintained at

230–270 km h−1, and the flight altitude was about 2,000

m to ensure stable image capture under various conditions.

In order to reduce the measurement errors caused by rota-

tional discrepancies between the camera and the aircraft body,

five fixed locations—intersections of elevated bridges and

roads—were selected as the GCPs according to the principles

of visibility, distribution, geographical representativeness

and stability. These GCPs were precisely measured using

high-resolution satellite images, ensuring the uniform dis-

tribution of the GCPs across the images and incorporating

elevation data of the forest fire detection area. Furthermore,

several flight routes were designed according to real-time

wildfire conditions to capture fire point images from differ-

ent angles and evaluate the performance and accuracy of the

fire point positioning model (Figure 4).
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Figure 4. Flight trajectories for fire point detection, ground control points (GCPs) and actual fire point location on October 14, 2021.

Red and black triangles represent the actual fire point locations and the GCPs, respectively.

The Greater Khingan Region in Heilongjiang Province

is selected as the experimental site. As a high-risk area of

forest fires, it provides an ideal environment for testing. The

longitudes and latitudes of actual fire points are provided

by the Jiagedaqi Aerial Forest Protection Station through

on-site surveys, and the authenticity and reliability of fire

point locations can be ensured. The experiment conducted in

this area is conducive to the effective application of research

findings in forest fire monitoring operations and provides a

solid foundation for subsequent related research.

3.2. Calibration of Rotation Angles

In order to improve the accuracy of fire point position-

ing, the rotation angle of the camera relative to the aircraft

attitude is calculated based on the longitudes and latitudes

of the GCPs and the coordinate transformation algorithm in

Section 3.2 (Figure 5).

Figure 5. Aerial (left) and satellite (right) images of the GCPs.

The longitudes and latitudes of the GCPs are shown

in Table 2. The longitude, latitude and flight altitude of

the aircraft at the moment of image capture are 124.10843°

E, 50.42413° N and 1,970 m, respectively, and the roll,

pitching and yaw angles are −0.81°, 0.72° and −60.5°, re-

spectively.
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Table 2. Information on the ground control points (GCPs) for camera calibration.

GCPs Longitude (°) Latitude (°) Elevation (m)

1 124.1072722 50.3964194 218.52

2 124.104755 50.40614722 232.15

3 124.1047389 50.4088111 240.51

4 124.1220139 50.40767778 220.12

5 124.1204333 50.40438333 250.21

According to the method proposed in Section 3.2, the

coordinate matrix of the five GCPs in the aircraft-body co-

ordinate systemA is constructed based on the GCP position

information:

A =


711.35 1,371.11 −2,959.70

517.53 550.16 −2,259.25

423.08 349.17 −2,063.04

−637.87 968.86 −2,136.99

−407.51 1,190.03 −2,350.72


The coordinates of the five GCPs in the phase plane

coordinate system are used to establish matrix B:

B =


−2,219.91 1,614.45 −1,900.35

−1,482.26 837.88 −1,666.08

−1,312.04 616.42 −1,567.13

−2,257.48 404.36 −807.91

−2370.38 729.80 −978.21



The matrix Cbs is built by using aircraft attitude in-

formation, and the rotation matrix from the aircraft-body

coordinate system to the phase plane coordinate system is

solved. The specific values of the rotation matrix are shown

as follows:

Cbs =

 0.5769 0.6472 −0.4984

−0.4572 0.7614 0.4596

0.6769 −0.0372 0.7352


The three rotation angles of the camera relative to the

aircraft body, φ, θ and Ψ, are further solved, and their values

are −2.9°, −42.6°, and ‒60.4°, respectively.

To quantitatively validate the localization accuracy of

the fire detection model, we planned several flight paths ac-

cording to the actual conditions of two fire sites to acquire

fire imagery from multiple perspectives. Key parameters of

flight position and attitude are listed in Table 3.

Table 3. Locations and attitude information of the aircraft during the fire point detection.

Fire

Points
Number

Longi-

tudes (°)

Latitudes

(°)

Altitudes

(m)

Flight Speed

(km h‒1)

Heading

(°)

Roll Angle

φb (°)

Pitching

Angle θb

(°)

YawAngle

Ψb (°)

1
Aerial image A 125.10986 50.85944 2,028 235 74 1.21 1.45 26.7

Aerial image B 125.1298 50.86024 1,992 271 94 0.98 2.16 72.6

2

Aerial image A 124.54142 50.7826 2,034 208 328 2.15 1.86 121.3

Aerial image B 124.53385 50.79221 2,002 223 337 1.59 0.89 151.4

Aerial image C 124.53092 50.8157 2,077 221 25 2.16 0.72 210.4

Aerial image D 124.53835 50.823 2,063 235 39 1.92 2.05 45.3

Based on the several fire point images as shown in Fig-

ures 6 and 7, the fire point pixel coordinates in the images

are converted into the coordinates in the camera coordinate

system by the coordinate measurement model for ground tar-

gets established in Section 3.1. Applying the rotation angles

of the camera relative to the aircraft body obtained in Section

3.2 and the weighted error correction algorithm for multiple

images in Subsection 2.2.3, the estimated geolocations of

the fire points are calculated (Table 4).

Estimation results of the model show that fire points

1 and 2 are located at 125.145984° E, 50.85101° N and

124.54637° E, 50.816106° N, respectively (Figure 8). In

order to further verify the performance of the model, the esti-

mated locations of the two fire points are compared with the

actual fire point locations from the Jiagedaqi Aerial Forest

Protection Station. The result indicates that the eastward,

northward and horizontal errors are 109.5 m, 112.5 m and

156.99 m for fire point 1, respectively, and are 89.6 m, 123.1

m and 152.21 m for fire point 2, respectively. These re-

sults indicate that the proposed positioning model achieves

sufficient accuracy for fire detection in forest areas, thus

demonstrating the effectiveness of this model.
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Aerial image A        Aerial image B

Figure 6. Aerial images for fire point 1.

Aerial image A       Aerial image B

Aerial image C       Aerial image D

Figure 7. Aerial images for fire point 2.

Table 4. Solved fire point information.

Fire Points
Estimated

Longitudes (°)

Estimated

Latitudes (°)

Observed

Longitudes (°)

Observed

Latitudes (°)

Eastward

Errors (m)

Northward

Errors (m)

Horizontal

Errors (m)

1 125.145984 50.85101 125.145 50.85 109.5 112.5 156.99

2 124.54637 50.816106 124.545 50.815 89.6 123.1 152.21

Figure 8. Fire point distribution monitored by satellite remote sensing.
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4. Discussion

This study proposes an innovative fire point positioning

method based on aerial photography, which integrates multi-

ple technical modules to achieve breakthroughs in positioning

accuracy, timeliness, flexibility, and reliability. We discuss

the theoretical implications and practical merits of the pro-

posed approach, along with comparisons to existing work, its

limitations, and potential avenues for further improvement.

4.1. Theoretical and Practical Implications

On the theoretical side, this work advances the fire point

positioning technical system by constructing a multi-module

integrated framework that combines ground target coordinate

measurement, coordinate system transformation, and cross-

image weighted error correction. The accurate conversion

method we established between camera and aircraft-body

coordinate systems fills a key gap in systematic coordinate

alignment for conventional aerial photography positioning,

and provides a theoretical foundation for refining aerial po-

sitioning techniques in forest fire monitoring.

In practice, our approach resolves several long-standing

limitations of traditional fire monitoring systems, including in-

sufficient positioning accuracy, slow data collection, and poor

performance under complex fire conditions. Our experimental

results show that the horizontal positioning errors for both test

fire points are below 160 m, which fully meets the operational

requirements of forest fire suppression and allows fire crews to

pinpoint fire sources quickly. Compared with satellite-based

monitoring, this aerial photography method delivers much

better real-time performance, giving decision-makers timely

access to up-to-date fire dynamics. This enables flexible ad-

justments to firefighting strategies and improves overall emer-

gency response efficiency. Additionally, the high flexibility

of aerial imaging supports multi-angle and scenario-adaptive

monitoring, making it particularly valuable for analyzing fire

spread patterns and assessing burned areas in complex terrain

such as mountainous forests.

4.2. Comparison with Previous Research

Current fire point positioning methods are largely de-

pendent on satellite remote sensing and ground-based moni-

toring. While satellite remote sensing offers broad coverage

over large areas, it suffers from low spatial resolution and

long data return intervals, leading to weak real-time per-

formance and trouble in precisely locating small-scale fire

incidents. Ground-based monitoring (e.g., surveillance cam-

eras, fire watchtowers) has high local positioning accuracy

but is restricted by geographical conditions and has a narrow

monitoring range.

The method proposed in this study complements and

optimizes the existing technical system. Compared with

satellite-based methods, it significantly improves real-time

performance and positioning accuracy for small to medium-

sized fires; compared with ground-based methods, it expands

the monitoring range and enhances adaptability to complex

terrains. Previous studies on aerial photography-based fire

positioning have rarely integrated multi-image weighted er-

ror correction algorithms, leading to significant errors caused

by camera attitude changes. This study introduces this algo-

rithm to effectively reduce such errors, improving the relia-

bility and stability of positioning, which is a key advantage

over similar aerial-based studies.

Compared with the SfM, the proposed method directly

obtains high-precision flight parameters through GPS/IMU

equipment and embeds a multi-image weighted error cor-

rection algorithm into the overall workflow. This technical

design reduces the reliance on original image quality and low-

ers relevant environmental interference sensitivity, rendering

the method highly applicable to dynamic wildfire scenar-

ios with complex and variable conditions such as smoke

occlusion.

Compared with the DG, the approach developed in this

study adopts a multi-image correction framework integrated

with a dynamic error weighting strategy, which substantially

suppresses positioning drift in complex terrain environments.

Experimental verification demonstrates that the comprehen-

sive positioning error can be stabilized within 160 m. In

contrast, the conventional DG method is primarily appli-

cable to fixed-wing platforms and high-altitude unmanned

aerial vehicles operating above 3,000 m, affording superior

overall operational safety.

4.3. Research Limitations

While the method proposed in this paper performs well

in real applications, it still has certain inherent limitations.

First, the experimental validation was only conducted under
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limited airborne observation scenarios, and the adaptabil-

ity of the proposed method under extreme weather [40] (e.g.,

dense fog, torrential rain and strong gales) remains insuf-

ficiently evaluated. Harsh meteorological conditions can

degrade aerial image quality and reduce the precision of

coordinate transformation [41]. To overcome the above defi-

ciency, we will integrate multispectral and infrared fusion

strategies to achieve more stable fire monitoring amid ex-

trememeteorological conditions. Second, the current method

focuses on fire point positioning and has not yet realized the

quantitative evaluation of key fire parameters such as burned

area and fire intensity [42]. Although it has the potential for

such evaluation, additional algorithm optimization and data

calibration are needed [43,44]. Particular emphasis will be

given to enhancing positioning accuracy in complex terrain

and realizing the inversion of key fire parameters. Third, the

method relies on aerial platforms (e.g., Unmanned Aerial

Vehicles—UAVs, helicopters), and the operational range and

duration are limited by the platform’s battery life and load

capacity [45–47], which may restrict its application in large-

scale, long-duration forest fire monitoring [48,49]. Further

optimization of the IMU/GPS filtering algorithm will also be

considered to promote attitude measurement accuracy amid

drastic motion of the airborne platform.

4.4. Future Research Directions

To address the above limitations and further improve

the method’s application value, future research can focus

on the following directions: (1) Conduct experiments under

extreme weather conditions to optimize the algorithm’s anti-

interference ability, such as introducing image enhancement

technologies to improve the quality of aerial images in low-

visibility environments. (2) Expand the application scope

of the method by developing quantitative evaluation models

for burned area, fire intensity, and other parameters based

on multi-angle aerial images, realizing comprehensive fire

situation assessment. (3) Explore the integration of aerial

photography-based positioning with satellite remote sens-

ing data. By combining the large-scale coverage advantage

of satellites and the high-precision, real-time advantages of

aerial photography, a multi-level, comprehensive forest fire

monitoring system can be established. (4) Future research

can explore the development of low-cost, long-endurance

aerial platforms and intelligent flight control systems, which

will effectively improve the operational efficiency and mon-

itoring coverage of this method in large-scale forest fire

monitoring.

5. Conclusions

In this study, we’ve developed a new fire point position-

ing method based on aerial photography, which integrates

the ground target coordinate measurement model, precise

coordinate system conversion, and a multi-image weighted

error correction algorithm. We ran actual airborne tests to

validate its performance and identify its advantages over

existing methods—and after confirming its effectiveness,

we’ve drawn the following main conclusions:

1. It delivers highly accurate fire point localization. For

the two test fire points, horizontal positioning errors

were measured at 156.99 m and 152.21 m, both well

below the 160‑m threshold. By combining the ground

target coordinate measurement model with rigorous

coordinate system transformation, we effectively sup-

pressed measurement deviations, laying a solid foun-

dation for precise fire-suppression operations.

2. Our approach uses a multi-image weighted error cor-

rection algorithm that improves overall positioning

accuracy while boosting the reliability and stability

of the entire scheme. In practical use, it significantly

reduces interference from camera attitude angle vari-

ations and performs particularly well in multi-source

image fusion processing.

3. Compared with conventional satellite monitoring meth-

ods, this technique offers far better real-time perfor-

mance. It allows for fast fire data acquisition and trans-

mission, enabling timely adjustments to firefighting

strategies and improving overall emergency response

efficiency.

4. It also provides considerable operational flexibility, as

we can adapt monitoring strategies and flight routes in

real time in response to changing fire behavior. It sup-

ports multi-angle image capture of fire events and has

clear practical value in assessing fire location, burned

area, fire line length, and fire propagation trends.

Overall, the fire point positioning method developed in

this study offers a practical and effective technical solution

for real-world forest fire monitoring and emergency response.
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It helps improve the accuracy of fire point localization, min-

imize wildfire losses, and provide a sound foundation for

scientific decision-making in forest fire prevention and man-

agement. Going forward, we will focus on combining this

approach with satellite remote sensing data and improving

its quantitative assessment capabilities, which will further

enhance the comprehensiveness and efficiency of forest fire

monitoring systems and offer more reliable support for the

sustainable management of forest ecosystems.
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