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Highlights

In the UAV visual 3D deformation monitoring, the low-quality images and low-precision control
points lead to a scale difference between the survey area model and the real model, which affects the
accuracy of deformation monitoring. To address this issue, this paper develops a spatial 3D scale
ruler for providing high-precision scale information and proposes a UAV visual deformation
monitoring method with 3D scale constraint, thereby improving the deformation monitoring
accuracy of large-scale survey areas.

Abstract

Aiming at the problem of the scale difference between the measurement area model and the real
model caused by low-quality images and low-precision control points in the vision three-dimensional
deformation monitoring by unmanned aerial vehicles (UAVs), which affects the accuracy of
deformation monitoring, the paper develops a spatial 3D scale used to provide high-precision scale
information, and puts forward a 3D scale-constrained UAV vision deformation monitoring method,
which improves the accuracy of deformation monitoring in a wide range of measurement areas. The
experimental results show that, compared with the monitoring method using only control points as
constraints, the method in this paper has an improvement rate of 38.6% and 48.1% in monitoring
accuracy in the horizontal and elevation directions in the four-phase UAV operation, which verifies
the validity and reliability of the UAV-vision deformation monitoring method with three-
dimensional scale constraints.

Keywords: 3D scale; UAV; vision measurement; deformation monitoring

1. Introduction

Vision measurement is a method that uses computer vision technology to analyze and process
images and videos in order to obtain information such as the position, shape and size of target objects.
It features non-contact, low-cost and high-precision characteristics, and is often used for deformation
monitoring of structures like bridges and buildings[1,2].With the rapid development of UAV
hardware and software systems, the performance of UAV has greatly improved, and research on
methods combining UAV with visual measurement has been continuously advancing in areas such
as landslide disaster identification[3] and deep foundation pit deformation[4].Structure from Motion
(SfM)[5,6] is a method that detects and tracks feature points from a sequence of multi-view images
and reconstructs a 3D model based on the visual motion relationships between the feature points.
This method allows rapid acquisition of the 3D model of the object being measured and can be
applied to model construction and 3D inspection in scenarios such as slopes, coastal cliffs, and
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tunnels[7-10].At present, 3D deformation monitoring using UAVs combined with SfM is mostly used
for general survey-type disaster detection or for low-accuracy centimeter- to decimeter-level
deformation monitoring[11,12], which cannot meet the requirements for high-precision engineering
deformation monitoring applications. Existing studies have indicated that lower image quality[13-
15] and the limited placement of control points[16,17] are significant factors affecting the accuracy of
model reconstruction in survey areas. In UAV-based visual three-dimensional deformation
monitoring, the following issues are observed: 1) During UAV operations, complex conditions both
on the UAV itself and within the survey area (such as changes in lighting, occlusions, and short
exposure times) can lead to low-quality UAV image data, characterized by overexposure,
underexposure, blurriness, and shadow occlusion. These conditions affect the extraction of feature
information and the detection and positioning of various markers in the survey area, thereby
impacting the accuracy of the survey area models and the final deformation monitoring results;2) In
deformation monitoring scenarios, there are potential deformation risks inside the survey area, so
control points can only be arranged in stable areas at the edge of the survey area. These control points
are sparse and unevenly distributed, leading to insufficient control effects on the survey area model
and thus affecting the deformation monitoring accuracy. The impact of the above issues on the
accuracy of 3D visual deformation monitoring largely manifests as the scale difference between the
generated model and the real model. In order to make the constructed model closer to the model with
actual physical dimensions, some scholars have used high-precision rulers in the field of industrial
photogrammetry to determine the length reference of the measurement coordinate system, thereby
improving the measurement accuracy of the system[18].However, in large-scale deformation
monitoring scenarios, existing scales cannot be inclined at an appropriate position to enhance scale
information in the elevation direction; meanwhile, due to the high flight altitude of drones, existing
scales cannot accurately locate both ends in low-quality image data, which tends to dilute the high
precision of the scale itself; additionally, a single scale can easily cause random errors, while using
multiple scales increases costs.

To address the above problems, this study first designs and develops a spatial 3D scale ruler for
providing high-precision scale conversion coefficients, and proposes a UAV vision-based
deformation monitoring method with 3D scale constraints, aiming to achieve higher-precision
deformation monitoring in large-scale areas. Finally, experiments are conducted to verify the
effectiveness and feasibility of the proposed UAV vision-based deformation monitoring method with
3D scale constraints.

2. Materials and Methods

2.1. Development of Three-Dimensional Spatial Ruler

In the field of UAV measurement, control points can provide high-precision position
information for model reconstruction and establish the connection between images and real-world
coordinates. However, under measurement conditions where the layout of control points is difficult,
the accuracy of model reconstruction cannot be guaranteed, failing to meet the requirements of high-
precision UAV 3D deformation monitoring. To improve the accuracy of the survey area model, a
ruler with a known length can be placed in the survey area to calculate the scale conversion
coefficient, thereby making the scale of the survey area model closer to that of the real model. Existing
rulers are mostly rod-shaped structures, which cannot be reliably and stably placed in a tilted manner
in the survey area, resulting in insufficient constraints in the vertical direction. Moreover, in close-
range photogrammetry scenarios with a flight altitude of several tens of meters, the two ends of the
ruler lack effective identification features, and the precision of the ruler itself is greatly diluted.
Therefore, based on project requirements, this study designs a spatial 3D scale ruler suitable for UAV
vision-based deformation monitoring scenarios with a flight altitude of 25 m, considering aspects
such as structural relationships, dimensions, and identification effects. The specific design is as
follows: To enable the ruler to provide constraint information in multiple directions, three rods with
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a length of 0.5 m are used to form the main body of the ruler in a pairwise orthogonal manner, and
the ruler is designed in a "two lower, one upper” structure—i.e., two rods form a supporting surface,
and one rod is placed vertically to provide height information. Meanwhile, a load-bearing platform
is built between the two rods of the supporting surface for placing weights to stabilize the ruler; visual
positioning markers for identification are fixed at the endpoints of the three rods. In this study, cross-
shaped markers with clear centers are adopted, which have good visual effects during image
processing and facilitate the accurate positioning of ruler points. Based on the above design, the
spatial 3D scale ruler model shown in Figure 1 is obtained. Through the three ruler edges arranged
in space in the ruler model, higher-precision scale information in the horizontal and vertical
directions is provided, thereby improving the accuracy of model reconstruction and deformation
monitoring.

Top Point

s

: Positioning Marker
4

" Heavy Object
:/ ~Stabilization Device|

3D caffom

Loading Platform \ i j

(a (b) (©)
Figure 1. Spatial 3D Scale Ruler. (a) Spatial 3D Bracket; (b) Spatial 3D Scale Ruler Model; (c) Ruler Edges.

As shown in Figure 1(a), the spatial 3D bracket consists of a 3D bracket main body, marker
support brackets for fixing positioning markers, and a load-bearing platform for stabilizing the ruler
model. The spatial 3D scale ruler model built with the spatial 3D bracket can realize simultaneous
constraints in the horizontal and vertical directions, and one spatial 3D scale ruler model can provide
3 sets of known length constraints, thereby achieving higher scale precision and effectively avoiding
accidental errors caused by a single ruler. In the spatial 3D scale ruler, the upper point forms the 1st
and 3rd ruler edges with the lower left point and lower right point respectively, and the lower left
point and lower right point form the 2nd ruler edge, as shown in Figure 1(c). Assuming that N
spatial 3D scale rulers are arranged in one measurement, there are 3N ruler edges in total. For the

nth spatial 3D scale ruler (0<n<N),the following relationships exist:

Snl = Lnl /lnl
SnZ = Ln2 /1n2 4 (1)
SnS = Ln3 /1n3

where L;(1€[1,2,3]) represents the actual measured length of the ith ruler edge in the nth ruler, l;
represents the length of the ith ruler edge in the nth ruler under the model coordinate system, and
Sy represents the conversion coefficient from the model coordinate system to the real-world
coordinate system calculated based on the ith ruler edge in the nth ruler. Furthermore, the average
scale conversion coefficient S, of the nth ruler is calculated according to Formula (2).

{Sn = a’nlsnl + a’nZSnZ + q’nBSnB (2)

l=a  +a ,+o,,
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where a; represents the weight coefficient of S,; in the calculation of S;, and 0,1,0,,5,0,3 are all
set to 1/3. After obtaining the average scale conversion coefficient of each scale, the final scale
conversion coefficient S is calculated according to Formula (3).

{s =B,S, +B,S, +.-+BSy

1=B,+B, +...+B, ’ €)

where S;(JE[1,2...N]) represents the scale conversion coefficient of the jth ruler, Bj represents the

weight coefficient of S; in the calculation of S and its value is 1/N. After obtaining the scale

conversion coefficient S, the world coordinates Py(Xys,Yws,Zws) of point p after scale
conversion are calculated according to Formula (4).

st Xw
sz = S Yw 4 (4)
Zws Zw

where (X,,,Yy,Z,,) is the world coordinate of point p without scale correction. Through Formula
(4), more accurate coordinates of monitoring points can be obtained, thereby improving the accuracy
of deformation monitoring.

2.2. Workflow of the UAV Vision-Based Deformation Monitoring Method with 3D Scale Constraints

The general workflow of UAV vision-based deformation monitoring using the spatial 3D scale
ruler is as follows:

(1) Layout of points in the survey area: Arrange the spatial 3D scale rulers in unobstructed areas,
plan the UAV operation route, and conduct UAV image acquisition;

(2) Image quality evaluation: Disable low-quality images in subsequent processing and
reconstruct a rough model using UAV POS data;

(3) Locate the positions of feature points such as control points and ruler points, construct the
spatial 3D scale ruler, calculate the scale conversion coefficient according to Formula (3), and scale
the generated model to the real-world coordinate system;

(4) Export the 3D coordinates of monitoring points in the current phase. Repeat steps (1) to (4)
to obtain the 3D coordinates of monitoring points in the next phase, and calculate the difference
between the coordinates of the two phases to obtain the deformation value of the two phases of
monitoring.

Based on the above workflow, the brief steps of the conventional processing method and the 3D
scale constraint-based processing method are shown in Figure 2.
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Figure 2. Workflow of UAV Vision-based Deformation Monitoring with 3D Scale Constraints.

3. Experiment Design

This section mainly verifies the performance and feasibility of the UAV vision-based
deformation monitoring method with 3D scale constraints. The proposed method is compared with
two other deformation monitoring methods—one using only control points and the other using
control points plus a single ruler as constraints—to analyze the accuracy and effectiveness of the
proposed method. As shown in Figure 3, the experimental site is an area of approximately 10,081.8
square meters located directly south of the stadium in the new campus of Central South University.
To simulate a real monitoring scenario, 4 marked control points are arranged at the edge of the survey
area, 11 marked monitoring points inside the survey area, 2 3D sliding table deformation simulation

points, and 1 spatial 3D scale ruler.

Sliding Platform
A Control Points - Marker Monitoring Points ‘ Spatial 3D Scale Ruler . Deformation Simulation
Points

Figure 3. Schematic Diagram of Experimental Point Layout.
The various equipment used in the experiment is shown in Figure 4. Among them, the UAV

used is the DJI Phantom 4 RTK, a small multi-rotor high-precision aerial survey UAV equipped with
a centimeter-level navigation and positioning system, a high-performance imaging system, and
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professional route planning applications. It can carry out monitoring work quickly and flexibly at a
relatively low cost; the measurement markers used in the experiment are cross-shaped with a size of
25 cm x 25 cm, which have the advantages of easy layout and easy identification; the spatial 3D scale
ruler is fixed in a non-destructible area within the survey area using a weight stabilization device,
with a design accuracy of 1 mm; the main body of the 3D sliding table deformation simulation points
is a three-axis sliding table device with scales, and a platform for placing markers is designed on the
top of the sliding table. By moving the sliding table by a known distance in different monitoring
periods as the preset deformation value, this value is used as an indicator for checking accuracy
during result analysis, with an accuracy of 1 mm. The control points are measured using a Leica TS09
total station, with an accuracy of 2.2 mm.

(a) (b) (c) (d)

Figure 4. Experimental Equipment and Materials. (a) Phantom 4 RTK; (b) Markers; (c) Spatial 3D Scale Ruler; (d)
3D Sliding Table.

The lengths of each ruler edge of the spatial 3D scale ruler used in the experiment are shown in
Table 1:

Table 1. Lengths of Ruler Edges.

Name of Ruler Edge Length (m)
1 0.7185
2 0.6980
3 0.7194

A total of 3 groups of deformation monitoring operations were conducted in this experiment (4
consecutive phases of UAV operations, and each two consecutive phases of UAV operations
constitute one group of deformation monitoring operations). For each phase of UAV operation, 2
groups of dynamic displacement checks and 12 groups of static displacement checks were designed.
The dynamic displacement checks were performed using 2 3D sliding table deformation simulation
points; the static displacement checks included 11 monitoring marker points arranged in the survey
area and 1 distance check value composed of two markers (located in the center of the survey area
shown in Figure 3, with a known distance between the centers of the two markers and an accuracy
of 1 mm). The theoretical deformation displacement of the monitoring marker points is 0. In the
experimental result analysis, 14 groups of check indicators were jointly used for accuracy evaluation.

In this experiment, the sparse point cloud reconstruction step was implemented using the low-
quality alignment function of Metashape software to simulate the scenario of poor observation
conditions in real UAV operations and explore the accuracy improvement performance of the
proposed method under low image quality conditions. The information of UAV operations in each
phase is shown in Table 2:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. UAV operation information.
Flight Flight GsD Overlap Rate Camera Camera Camera Camera
Altitude Speed (Longitudinal/Lateral) Model resolution  focal length tilt angle
25(m) 2.4(m/s)  0.68(cm/pixel) 80%/75% FC6310R 5472*3648 8.8(mm) -60°

4. Results

The collected image data were processed using the control point method and the control point
+ 3D scale constraint method respectively, and the processing results of the deformation simulation
points in this experiment are shown in Table 3:

Table 3. Preset Displacement Values and Measured Values.

Deformation Simulation Deformation Simulation
L. Point 1 Point 2
Monitoring Group
Group Group Group Group Group Group
1 2 3 1 2 3
P Hori 1 Displ
reset Horizontal Displacement 7.1 14.1 10.0 5.0 100 150
(mm)
Hor1zontal.D1splacement by Control 156 121 6.6 378 290 17
Point Method (mm)
Horizontal Displacement by 8.8 13.8 6.5 218 219 130
Proposed Method (mm)
Horizontal Absolute Error by
8. 2. 3.4 32.8 1 2.3
Control Point Method (mm) > 0 ?
Horizontal Absolute Error by L7 03 35 16.8 119 20
Proposed Method (mm)
Preset Vertical Displacement (mm) -9.0 9.0 0.0 0.0 0.0 0.0
ical Di
Vertica .Dlsplacement by Control 8.8 123 30.8 20 516 01
Point Method (mm)
Vertical Displacement by Proposed 004 205 78 18.0 307 226
Method (mm)
Vertical Absolute Error by Control
17. 21. . 42. 1. 2.1
Point Method (mm) 8 3 308 0 >1.6 3

Vertical Absolute Error by Proposed

13.4 11.5 7.8 18.0 30.7 22.6
Method (mm)

As shown in Table 3, compared with the control point method, the control point + 3D scale
constraint method has smaller measurement errors in both horizontal and vertical directions, which
verifies the effectiveness of the spatial 3D scale ruler in improving monitoring accuracy. To explore
the accuracy improvement performance of the spatial 3D scale ruler compared with a single ruler,
the data were processed using the control point + single ruler constraint method, where the single

ruler edge used was the No. 2 ruler edge of the spatial 3D scale ruler. The processing results are
shown in Figure 5:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Experimental Results. (a) Horizontal Monitoring Accuracy of Different Rulers; (b) Vertical Monitoring

Accuracy of Different Rulers.

Based on the experimental results shown in Figure 5, the accuracy improvement rate was

calculated according to Formula (5):

A, -A
AR, ==t 100%
H
, , ®)
A, -A
AR, = =5 £ x100%

E

where AIR represents the accuracy improvement rate; the subscripts H and E represent the
horizontal and vertical directions respectively; A represents the deformation monitoring accuracy
of the control point constraint method; A represents the deformation monitoring accuracy after
adding constraint conditions. The calculation results are shown in Table 4:

Table 4. Accuracy Improvement Performance of Various Methods (Compared with the Control Point Method).

Control Points + Single Ruler Control Points + Spatial 3D Scale

Ruler
Horizontal Vertical Horizontal Vertical
Group 1 32.1% 32.2% 52.9% 51.3%
Group 2 17.7% 32.8% 44.7% 50.7%
Group 3 8.5% 21.9% 18.3% 42.3%
Average 19.4% 29.0% 38.6% 48.1%

It can be seen from Table 4 that under the condition of low image quality, both the deformation
monitoring methods of control points + single ruler constraint and control points + 3D scale constraint
can improve the monitoring accuracy. Due to the certain slope of the survey area ground and the
tilted image acquisition of the UAV camera, the method of ground control points + single ruler
constraint can improve the monitoring accuracy in both horizontal and vertical directions, but the
accuracy is still at a relatively low level; the control points + 3D scale constraint method has a
significantly better accuracy improvement rate in both horizontal and vertical directions than the
single ruler constraint method, achieving the best accuracy improvement effect among the three
methods in both directions, with the vertical accuracy improvement effect reaching 48.1%, which
verifies the constraint effect of the spatial 3D scale ruler model in the vertical direction.

In conclusion, the experimental results of this study show that the proposed UAV vision-based
deformation monitoring method with control points and 3D scale constraints can effectively improve
the deformation monitoring accuracy in both horizontal and vertical directions; compared with the
control point method and the control point + single ruler constraint method, the proposed method

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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achieves better accuracy improvement effects in both horizontal and vertical directions, which
verifies the practicality and effectiveness of the proposed method in improving monitoring accuracy.

5. Discussion

Aiming at the scale difference between the survey area model and the real-world model, this
study designs and develops a spatial 3D scale ruler model for providing high-precision scale
information, and forms a set of UAV vision-based deformation monitoring methods with 3D scale
constraints. Experimental results show that the proposed method combining control points with 3D
scale constraints can effectively improve the accuracy of deformation monitoring; compared with
other methods, the proposed method has a higher monitoring accuracy improvement effect. In
addition, the spatial 3D scale ruler has the advantages of low production cost, simple on-site layout,
and strong applicability, and can meet the requirements of some high-precision engineering
deformation monitoring. In the next step, this research will focus on the UAV vision-based
deformation monitoring methods for larger survey areas, higher flight altitudes, and lower image
quality to further expand the application prospects of UAV 3D vision-based deformation monitoring
methods.
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The following abbreviations are used in this manuscript:

UAVUnmanned Aerial Vehicle
SfM Structure from Motion

3D Three-Dimensional

GSD Ground Sampling Distance
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