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ABSTRACT 

The spatial structure building is a type of building system; it is necessary to monitor 
deformation to determine its stability and robustness. Under the dynamic deformation of structures, 
it is challenging to determine appropriate zero image (the reference image) if we use the PST-IM-
MP (photograph scale transformation-image matching-motion parallax) method to obtain the 
deformation of structures. This paper offers the Z-MP (zero-centered motion parallax) method to 
solve these problems and offers PDMS (Photography Dynamic Monitoring System) based on the 
digital photography system to monitor the dynamic deformation of the tennis stadium located in 
Jinan Olympic Sports Center. The results showed that the spatial structures of the tennis stadium 
were robust, and the deformations were elastic and within the permissible value. Compared with 
the PST-IM-MP method, the Z-MP method is more suitable for deformation monitoring structures 
under real-time deformation. This paper indicates PDMS has advantages of the simplicity of 
operations, automation, and the ability of non-contact dynamic deformation monitoring for multiple 
points in a short period. In the future, it will have broader application prospects. 
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INTRODUCTION 

Over the last decade, space structures have evolved and found their usefulness in the 
modern world, since they are aesthetically appealing and architecturally flexible. They have 
lightweight profiles that reduce construction costs, stability, and strength, and cover large areas of 
uninterrupted spans [1]. The large-span spatial structure has been widely used in various large 
sports venues, theatres, exhibition centers, airport terminals, and various industrial plants. Such 
buildings are usually places where people gather, and large-scale activities occur, so the safety of 
the large-span spatial structures is particularly important. 

Large-span spatial structures using a large number of new materials such as steel 
membranes, high strength steel bundles. However, corrosion of materials, uneven settlement of 
the aging foundation, and coupling effects of complex load fatigue, which will inevitably lead to 
damage accumulation and resistance attenuation of the structural system, and in extreme cases 
lead to catastrophic emergencies [2]. For example, the multifunctional stadium in Kuala Lumpur, 
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Malaysia collapsed caused design and construction quality in June 2009 [3]; overloading of the 
main roof structure caused the roof to collapse during the expansion of De Grolsch Veste FC 
Twente stadium in the Netherlands In July 2011 [4]; due to the accumulation of rain, the platform of 
the roof structure is thicker than the original design, and the greening vegetation laid by hall 
exceeds the load, finally leading to the city university of Hong Kong on the roof of the Chen dahe 
collapse in May 2016 [5]. The above examples show that although the spatial structure belongs to 
the statically indeterminate structure, the spatial force is relatively complex. When the damage 
occurs in the structure's critical parts, the whole structure may be destroyed quickly [6]. According 
to the collapse accident, the space structure will collapse in a few minutes, even seconds. 
Therefore, it is important to regularly monitor the deformation of large-span spatial structure and 
evaluate the structure's status timely. 

There are various established methods used in experimental testing to conduct dynamic 
deformation monitoring. The conventional method used is the attachment of contact sensors such 
as strain gauges, accelerometers, and Fiber Bragg grating sensors on the structure [7, 8]. Among 
them, the fiber Bragg grating sensor abandons the traditional measurement method of the 
electrical signal. It adopts all-optical measurement, which has the advantages of substantial anti-
electromagnetic interference, good anti-corrosion ability, excellent reliability, and long service life. 
However, this method can only obtain the 1-D deformation of specific points within a limited 
measurement range and cannot provide the overall deformation data of the structure [9]. The more 
sensors are used in theory, and the more accurate the obtained results will be. Therefore, it is 
necessary to reasonably allocate the number of installed sensors in the actual measurement. How 
to balance effectiveness and economy is a critical problem to be solved in the arrangement of 
measuring points of this method [10]. Undoubtedly, the problem increases the sensor layout time, 
and this method has many limitations of contact measurement. Relevant scholars have conducted 
extensive research on contactless deformation monitoring technology to solve the above problems 
and overcome these defects. 

The optical technology as a non-contacting measurement technique has gained more 
attention in the last few decades, mainly because of its non-destructive imaging characteristics with 
high precision and sensitivity [11-13]. It has seen many advances in recent years that have 
manifested itself because of the exceptional advances in computer technology and camera 
sensors. Generally, the optical measurement techniques can be classified into two main 
categories: (a) approaches that use laser beams and (b) approaches that use white light. Laser 
surface scanners are based on laser beams, which move across the scanned surface and reflect 
to a light sensor [14]. The second class works by using white light and is called image-based 
systems. The photogrammetry technique falls into the second group and leverages rays of light 
that are reflected from a structure [9]. 

Some scholars have successfully applied photogrammetry technology to the deformation 
monitoring of engineering structures such as steel structures [15], bridges structures [16], 
regulating sluice structures [17], and shuttle steel shelves [18]. The DLT (direct linear 
transformation) method and the MP (motion parallax) method are two conventional methods used 
to obtain the deformation of the monitoring points. The DLT method is only suitable for a small 
range of measurements, and this method has high requirements for control points. The MP method 
is mainly used for obtaining the 2-D plane deformation and the relative variation of monitoring 
points. However, internal and external orientation elements are always changing during the 
measurement process. The IM-MP (image matching-motion parallax) method is used to correct the 
influence of this phenomenon on the measurement results and to improve the measurement 
accuracy, the PST-IM-MP (photograph scale transformation-image matching-motion parallax) 
method to solve the problem of the reference points and the monitoring points are not on the same 
plane [18]. However, since the algorithm is based on the comparison between the successive 
image and the zero image to obtain the deformation of monitoring points, the visualization results 
are not user-friendly. For the buildings that have been in dynamic deformation, we obtain 𝑋 − 𝑍 
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plane deformation by using the 𝑋  and 𝑍  direction deformations is inappropriate. This paper 
proposed the Z-MP method will solve the above problems and conducted a monitoring dynamic 
deformation test on the tennis stadium of Jinan Olympic Sports Center in China. In this paper, the 
test results of the two methods were compared. 

 

PHOTOGRAPHY DYNAMIC MONITORING SYSTEM 

PDMS consists of two parts: information acquisition and information processing. The 
information acquisition consists of a digital camera, a distance finder and two tripods. The 
information processing is a computer with the photography dynamic monitoring software installed. 
The software can process images and output of deformation results. Figure 1 shows the view of 
PDMS. The view and parameters of the distance finder are shown in Figure 2 and Table 1, 
respectively. 

 

 
Fig. 1 – Photography dynamic monitoring system 

 

 
Fig. 2 – Images of the distance finder 

Tab.1 - Parameters of the distance 
finder 

model Bushnell PRIME 1200 

range 7-1200Y 

accuracy ±1Y 
 

 

Camera and its distortion 

In this paper, we used a Sony-α350. The view and parameters of the camera are shown in 
Figure 3 and Table 2, respectively. 

 

 
Fig. 3 – Images of the Sony-α350 camera 

Tab. 2 – Parameters of the Sony-α350 camera 

Model ID DSLR-A350 

Image Sensor CCD 

Image Sensor 
Dimension 

23.5×15.7mm 

Image 
Dimension 

4592×3056（14.0MP） 

Lens Type 
Minolta / Sony AF DT 18 - 
70mm F3.5 - 5.6 (D) 
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Because the sensitive element of the non-metric digital camera used in this paper is CCD, 
the camera parameters are unknown and unstable, which leads to the instability of the imaging 
process, so there is a large lens distortion in the digital image. In order to reduce the interference 
caused by lens distortion, it is necessary to correct the lens distortion. The correction method used 
in this paper is a grid-based method [19]. Figure 4 (a) is the nine × nine grid used in this paper, 
which is printed on ISO-A0 matte paper. Figure 4 (b) is the analysis diagram of the distortion 
difference obtained after the analysis of the distortion difference of the grid. Through the analysis 
and comparison of several groups of distortion errors, the change rule of distortion difference is 
explored to correct the image distortion. The specific implementation process is as follows:  

Step 1: fix the grid on the vertical plane, 
adjust the digital camera mode to "manual" to 
ensure constant exposure in the subsequent 
shooting process, and set it up at a specific 
distance S from the grid. 

Step 2: control the digital camera to 
shoot the grid many times and record the 
distance at the same time; 

Step 3: take the image with excellent 
image and the actual grid for careful 
comparison, through the observation of image 
feature points, analysis of the digital camera 
image distortion law; 

Step 4: change the distance S before 
and after without changing the direction, repeat 
steps 2 and 3. 

Step 5: obtain the mathematical relation 
of image distortion and complete the distortion 
correction. 

  
(a) 9*9 grid (b) Distortion analysis 

Fig. 4 – Camera calibration 
 

Photography dynamic monitoring software 

Figure 5 shows the software screenshot. The software can obtain the deformation value of 
multiple monitoring points through the PST-IM-MP method, the Z-MP method, and the MP method. 
It can also provide sufficient and reliable deformation data, finally forming user-friendly visualization 
results. 

 
Fig. 5 – Photography dynamic deformation software 
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Import the data from the information acquisition part into the computer of the information 
processing part, and batch process the pictures: Import the images into software and carry out the 
unified preprocessing of the images as the case may be, such as cutting and drawing. Image 
processing operations such as binarization, sharpening, and improving contrast or clarity. Input 
scale deformation values, and then get the pixel position and pixel correction of monitoring points 
and reference points in the corresponding images, pixel displacement and all other images relative 
to the reference image the actual displacement of the monitoring point in mm. 

The zero-centered motion parallax method 

In Figure 6, suppose there are three planes, image plane, reference plane, and object 
plane. Image plane is the image of the camera, reference plane is formed by a pair of tripods, 
object plane is the side of the tennis stadium. And Figure 5 shows the number and distribution of 
points on a reference plane and a object plane. There are six control points distributed on the 
reference plane, namely C0-C6, twelve monitoring points on the object plane namely U0-U12. If 
monitoring point on the object plane is moved from 𝐴  to 𝐵 , its deformation 𝛥𝑥  and 𝛥𝑧  on the 
reference plane are: 

 𝛥𝑥 =
𝑦

𝑓
𝛥𝑃𝑥

𝛥𝑧 =
𝑦

𝑓
𝛥𝑃𝑧

} (1) 

Where 𝑓 is the principal distance of photo, where 𝑦 is the distance of the image plane and 

the reference plane. 𝛥𝑃𝑥 and 𝛥𝑃𝑧 are the horizontal and vertical deformations of monitoring point on 

the image plane. 𝛥𝑥 and 𝛥𝑧 are the horizontal and vertical deformations of monitoring point on the 

reference plane. 
 

 
Fig. 6 – Principle of the Z-MP method 
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Correction of system errors in the Z-MP method on the reference plane 

Strictly speaking, the photos before and after deformation are always taken under different 
elements of interior and exterior orientation, the interior orientation elements in a photo are the 
elements for restoring the shape of the photographic beam, the exterior orientation in a photo are 
the elements for determining the position and orientation of the photographic beam in the space 
coordinate system. In the test, we keep the camera as stable as possible and set the digital 
camera mode to ' manual '. Therefore, the error caused by the inconsistency of elements of interior 
and exterior orientation will have a slight impact on the monitoring results; we weaken the 

theoretical error to a certain extent by setting control points. To be exact, we weakened 𝛥𝑥𝑝
0; the 

specific process is as follows. 
On the reference plane, if corresponding monitoring points in the zero image and 

successive image are (𝑥1, 𝑧1) and (𝑥2, 𝑧2), compared with the ideal image which without errors of 
camera external and internal parameters, systematic errors of corresponding monitoring point are 
(ⅆ𝑥1, ⅆ𝑧1) and (ⅆ𝑥2, ⅆ𝑧2), respectively. The equations can be expressed as Equation (2): 

 (𝑥2 − 𝑥1) − (ⅆ𝑥2 − ⅆ𝑥1) − 𝛥𝑥 = 0
(𝑧2 − 𝑧1) − (ⅆ𝑧2 − ⅆ𝑧1) − 𝛥𝑧 = 0

} (2) 

If there are errors of camera external and internal parameters between the zero image and 
successive images, the control points located on the reference plane will generate parallax 𝛥𝑥𝑝 

and 𝛥𝑧𝑝 as Equation (3): 

 
 
𝛥𝑥𝑝 = (𝑥2 − 𝑥1) = (ⅆ𝑥2 − ⅆ𝑥1)

𝛥𝑧𝑝 = (𝑧2 − 𝑧1) = (ⅆ𝑧2 − ⅆ𝑧1)
} (3) 

The parallax 𝛥𝑥𝑝  and 𝛥𝑧𝑝  of the control point must be caused by the errors of camera 

external and internal parameters in successive zero images, we take parallax 𝛥𝑥𝑝 for example, it 

can be expressed as Equation (4), the detailed derivation process is shown in the reference[21]: 
𝛥𝑥𝑝 = (𝑥2 − 𝑥1) = (ⅆ𝑥2 − ⅆ𝑥1)

= − [
𝑓

𝑌
ⅆ𝑋𝑠2 +

ⅆ𝑌𝑠2
𝑌
𝑥2 + (𝑓 +

𝑥2
2

𝑓
)ⅆ𝜑2 +

𝑥2𝑧2
𝑓

ⅆ𝜔2 − 𝑧2 ⅆ𝜅2 +
𝑥2
𝑓
ⅆ𝑓2 + ⅆ𝑥02]

+ [
𝑓

𝑌
ⅆ𝑋𝑠1 +

ⅆ𝑌𝑠1
𝑌
𝑥1 + (𝑓 +

𝑥1
2

𝑓
)ⅆ𝜑1 +

𝑥1𝑧1
𝑓

ⅆ𝜔1 − 𝑧1 ⅆ𝜅1 +
𝑥1
𝑓
ⅆ𝑓1 + ⅆ𝑥01] 

(4) 

Where (ⅆ𝑋𝑠2 , ⅆ𝑌𝑠2 , ⅆ𝜑2,⋯ ) and (ⅆ𝑋𝑠1 , ⅆ𝑌𝑠1 , ⅆ𝜑1,⋯ ) are errors of zero image and successive 

images. From Equation (4), we notice 𝑥2 = 𝑥1 + 𝛥𝑥𝑝, assume the difference between the errors of 

zero image and successive images as Equation (5) shows: 

 𝛥𝑋𝑆 = ⅆ𝑥𝑠2 − ⅆ𝑥𝑠1
𝛥𝑌𝑆 = ⅆ𝑌𝑠2 − ⅆ𝑌𝑠1
𝛥𝜑 = ⅆ𝜑2 − ⅆ𝜑1
𝛥𝜔 = ⅆ𝜔2 − ⅆ𝑤1
𝛥𝑘 = ⅆ𝑘2 − ⅆ𝑘1
𝛥𝑓 = ⅆ𝑓2 − ⅆ𝑓1

𝛥𝑥0 = ⅆ𝑥02 − ⅆ𝑥01}
 
 
 

 
 
 

 (5) 

Then, Equation (4) can be expressed as Equation (6)： 

 
𝛥𝑥𝑠 = −

𝑓

𝑌
 𝛥𝑋𝑆 −

ⅆ𝑌𝑠
𝑌
𝑥1 − 𝑓𝛥𝜑 −

𝑥1
2

𝑓
𝛥𝜑 −

𝑥1𝑧1
𝑓

𝛥𝜔 + 𝑧1𝛥𝜅 −
𝛥𝑓

𝑓
𝑥1 − 𝛥𝑥0 − 𝛥𝑥𝑝

ⅆ𝑌𝑠2
𝑌

− 𝛥𝑥𝑝
2𝑥1
𝑓
ⅆ𝜑2 −

𝛥𝑥𝑝𝑧1

𝑓
ⅆ𝜔2 −

𝛥𝑧𝑝𝑥1

𝑓
ⅆ𝜔2 +  𝛥𝑧𝑝 ⅆ𝜅2 − 𝛥𝑥𝑝

ⅆ𝑓2
𝑓

 

(6) 

After sorting out Equation (6), it can be expressed as Equation (7): 
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 𝛥𝑥𝑝 = 𝛥𝑥𝑝
0 + 𝛿𝑥𝑝

𝛥𝑥𝑝
0 = [(−

ⅆ𝑌𝑠
𝑌
−
𝛥𝑓

𝑓
)𝑥1 + 𝑧1𝛥𝜅 + (−

𝑓

𝑌
𝛥𝑋𝑆 − 𝑓𝛥𝜑 − 𝛥𝑥0)] −

𝑥1
2

𝑓
𝛥𝜑 −

𝑥1𝑧1
𝑓

𝛥𝜔

𝛿𝑥𝑝 = −(
𝛥𝑥𝑝 ⅆ𝑌𝑠2

𝑌
) −

2𝛥𝑥𝑝𝑥1
𝑓

ⅆ𝜑2 −
𝛥𝑥𝑝𝑧1
𝑓

ⅆ𝜔2 −
𝛥𝑧𝑝𝑥1
𝑓

ⅆ𝜔2 +  𝛥𝑧𝑝 ⅆ𝜅2 −
ⅆ𝑓2
𝑓
𝛥𝑥𝑝

}
 
 

 
 

 (7) 

Because motion 𝛥𝑝𝑥
0 is caused by the change of camera external and internal parameters 

 (𝛥𝑋𝑠, 𝛥𝑍𝑠, 𝛥𝜑, 𝛥𝜔, 𝛥𝜅, 𝛥𝑓, 𝛥𝑥0)  in the successive and zero images, we can correct 𝛥𝑝𝑥
0  with a 

sufficient number of control points. Differently, motion 𝛿𝑝𝑥 is caused by the interaction of 𝛥𝑥𝑝 , 𝛥𝑧𝑝, 

and camera external and internal parameters (ⅆ𝑍𝑠2 , ⅆ𝜑2 , ⅆ𝜔2 , ⅆ𝜅2, ⅆ𝑓2) in the successive image. 

However, 𝛥𝑥𝑝 and 𝛥𝑧𝑝 are different at each point, control points cannot be used to correct 𝛿𝑥𝑝, so 

we only discuss 𝛥𝑥𝑝
0 as follows: 

 
𝛥𝑥𝑝

0 = (−
𝛥𝑌𝑠
𝑌
−
𝛥𝑓

𝑓
)𝑥1 +  𝛥𝜅𝑧1 + (−

𝑓

𝑌
 𝛥𝑋𝑆 − 𝑓𝛥𝜑 − 𝛥𝑥0) −

𝑥1
2

𝑓
𝛥𝜑 −

𝑥1𝑧1
𝑓

𝛥𝜔 (8) 

We can express Equation (8) as Equation (9): 

 𝛥𝑥𝑝
0 = 𝑎𝑥 + 𝑏𝑧 + 𝑐 + ⅆ𝑥2 + ⅇ𝑥𝑧 (9) 

If there are more than five control points, each unknown coefficient (𝑎, 𝑏, 𝑐, ⅆ, ⅇ) can be 

obtained according to their 𝛥𝑥𝑝
0. We assume the correction of 𝛥𝑥 is 𝑣, so the error equation is: 

 𝑣 = 𝑎𝑥 + 𝑏𝑧 + 𝑐 + ⅆ𝑥2 + ⅇ𝑥𝑧 − 𝛥𝑥 (10) 

For convenience, we selected the linear part of the Equation (10) for processing, as 
Equation (11) shows: 

 𝛥𝑥𝑝
0 = 𝑎𝑥 + 𝑏𝑧 + 𝑐 

𝛥𝑧𝑝
0 = 𝑎′𝑥 + 𝑏′𝑧 + 𝑐′

}  (11) 

In this case, we only need three or more reference points to obtain (𝒂, 𝒃, 𝒄)  and 
(𝒂′, 𝒃′, 𝒄′).Take 𝛥𝑃𝑥

0 as an example, when 𝛥𝑃𝑥
0 contains only occasional errors, Equation (11) can 

express as Equation (12): 

 𝑝𝑥
′ + 𝑉 = 𝑎𝑥′ +b𝑧′ (12) 

Where 𝑝𝑥
′  is the differential coefficient of 𝛥𝑃𝑥

0. the error equation is: 

 𝑉 =  𝑎𝑥′ + 𝑏𝑧′ − 𝑝𝑥
′  (13) 

The equation of the composition method is: 

 𝑎∑𝑥′
2
 + 𝑏∑𝑥′𝑧′  −∑𝑥′𝑝𝑥

′ = 0

𝑎∑𝑥′𝑧′  + 𝑏∑𝑧′
2
 −∑𝑧′𝑝𝑥

′ = 0
} (14) 

Calculate barycentric coordinates by control points on the reference plane. 

 
𝑥𝑠 = 𝑥 −

∑𝑥

𝑛

𝑧𝑠 = 𝑧 −
∑𝑧

𝑛

} (15) 

Because coordinates of control points are barycentric coordinates, ∑𝑥𝑠∑𝑧𝑠 = 0  and the 
parallax coefficient in the 𝑋 direction as Equation (16) shows: 

 
𝑎 =

∑𝑧𝑠
′2 ∑𝑥𝑠

′𝑝𝑥
′ −∑𝑥𝑠

′𝑧𝑠
′ ∑𝑧𝑠

′𝑝𝑥
′

∑𝑥𝑠
′2 ∑𝑧𝑠

′2 − ∑𝑥𝑠
′𝑧𝑠
′ ∑𝑥𝑠

′𝑧𝑠
′

𝑏 =
∑𝑥𝑠

′2 ∑𝑧𝑠
′𝑝𝑥
′ − ∑𝑥𝑠

′𝑧𝑠
′ ∑𝑥𝑠

′𝑝𝑥
′

∑𝑥𝑠
′2 ∑𝑧𝑠

′2 −∑𝑥𝑠
′𝑧𝑠
′ ∑𝑥𝑠

′𝑧𝑠
′ }
 
 

 
 

 (16) 
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Where 𝑎 = 𝑡𝑎𝑛𝜑𝑥 and 𝑏 = 𝑡𝑎𝑛𝜔𝑧.Similarly, we can obtain the parallax coefficient 𝑎′ and 𝑏′ 
in the 𝑍 direction. Then, we can obtain 𝛥𝑥𝑝

0 and 𝛥𝑧𝑝
0. Finally, we figure out the value of 𝛥𝑥𝑝 and 𝛥𝑧𝑝, 

as Equation (17) shows: 

 𝛥𝑥𝑝 ≈ 𝛥𝑥𝑝
0 ≈ 𝑎𝑥 + 𝑏𝑧 

𝛥𝑧𝑝 ≈ 𝛥𝑧𝑝
0 ≈ 𝑎′𝑥 + 𝑏′𝑧

 (17) 

Obtain the deformation of monitoring points on the object plane 

 

𝛥𝑋 =
𝑌

𝑦
𝛥𝑥

𝛥𝑍 =
𝑌

𝑦
𝛥𝑧
}
 

 

 (18) 

 

Fig. 7 – Principle of the PST-IM-MP method 
 
Where 𝛥𝑋 and 𝛥𝑍 are the horizontal and vertical initial deformations of the monitoring point 

on the object plane. Equation (18) is also the core of the PST-IM-MP method [18-20] (Zhang 2018). 

Zero-centered motion parallax of monitoring points on the object plane 

If the structure is in a state of elastic deformation, the deformation of the monitoring 
structure points in all directions repeatedly changes around their respective equilibrium positions. 
That is, the deformation of each point is independent. If we take the first image as the zero image 
(the reference image), the deformation of the monitoring points is obtained based on it, 
independence of monitoring points will be ignored. Although obtained by monitoring the relative 
deformation in X and Z direction is available. However, the visual result is not user-friendly. If we 
calculate the 2-D deformation value of monitoring points on the X-Z plane by using the data 
directly, it will exaggerate 2-D deformation value monitoring points in different degrees in the X-Z 
plane. In other words, for the structure is in a state of elastic deformation all the time, the result of 
the PST-IM-MP method obtained is incorrect. Therefore, it is necessary to select an independent 
reference position for each monitoring point and improve the PST-IM-MP method. That is, the 
deformation centralization: 

 
𝛥𝑋′ =  𝛥𝑋 −

∑𝛥𝑋

𝑛

𝛥𝑍′ =  𝛥𝑍 −
∑𝛥𝑍

𝑛

} (19) 

Where 𝛥𝑋′ and 𝛥𝑍′ are the horizontal and vertical final deformations of monitoring point on 

the object plane. Because we obtained 𝛥𝑋′ and 𝛥𝑍′ their mean are zero, named zero-centered. 
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BUILDING DEFORMATION MONITORING TESTS 

Test process 

The monitoring building tennis stadium is located in Jinan, Shandong Province. Tennis 
stadium has a building area of about 31400m2. Reinforced concrete frame shear walls are used for 
the stands and functional rooms. The wall adopts the folded plate structure in the form of willow 
leaves, combined with the curtain wall steel columns of the building, to form a diamond lattice 
column. As Figure 8 shows, the valley depth of the folded plate structure of the outer wall is 3m 
and combined with the steel columns of the curtain wall to form diamond composite columns. The 
structure contributes to improving the stability of the folded plate structure out of plane. The height 
of the steel structure decreases from south to north, with the highest elevation is 31.3m, the lowest 
point is 21.3m, and the max span is 38.5m [22]. In the test, we used the PDMS to monitor the 
dynamic deformation of the southeast side of the tennis stadium. 

 
Fig. 8 – Layout of steel structure wall members 

 
Figure 9 (a) shows we set up a camera at a suitable position on the test field, set up a 

reference plane by two tripods right in front of the camera. We selected 12 points as monitoring 
points, as Figure 9 (b) shows. Then, we control the camera to shoot them continuously with 12 
times as a group, total four groups are shot. In the process, use rangefinder obtained the relative 
positions of camera and object plane, use steel ruler obtained the relative positions of camera and 
the reference plane, and the length of reference baselines. Figure 9 (b) shows the reference points 
and monitoring points used in this test. 

 

 
(a) Sketch Map (b) Layout of points 

Fig. 9 – Test field 
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Results and analysis 

Use the PST-IM-MP method to obtain the deformation of the monitoring points U0-U11, and 
the deformations of these monitoring points in the X direction and the Z direction, as shown in 
Table 3 and 4. For the convenience of the display, only two decimal places were reserved here. 
Use the Z-MP method to obtain the deformation of monitoring points U0-U11, as shown in Table 5 
and 6: 

Tab. 3 – Deformation of U0–U11 in the X direction/mm 
Time/s U0X U1X U2X U3X U4X U5X U6X U7X U8X U9X U10X U11X 

0 12.91 6.58 -81.07 -3.89 59.20 53.59 48.06 42.97 15.13 9.34 3.56 39.24 

1 46.45 46.95 -35.10 25.50 59.79 59.91 39.55 39.63 2.49 2.53 23.14 23.09 

2 79.98 87.32 10.88 54.88 60.38 66.23 31.03 36.28 -10.16 -4.29 42.72 6.94 

3 -30.66 -24.56 -58.96 -11.81 55.72 20.63 -14.55 -9.16 -28.78 -22.59 -16.48 -51.85 

4 -9.59 -12.22 -56.18 -18.26 -13.41 24.88 -18.66 19.86 -11.20 -54.93 -57.68 -19.30 

5 19.25 5.38 -47.24 -55.26 41.88 30.20 -22.19 8.10 -12.22 -24.13 -36.20 -6.03 

6 72.85 30.15 -14.44 62.35 53.22 91.45 7.04 4.60 -17.22 20.77 17.95 15.14 

7 -30.52 -72.78 -112.42 -68.06 -5.63 35.51 -5.28 -46.01 -102.04 -60.67 -60.44 -59.85 

8 -34.57 -45.52 -94.23 -98.21 37.33 28.86 -61.28 12.80 -62.54 -30.21 -38.94 -46.36 

9 14.37 -14.43 -82.59 -66.66 50.20 43.30 -24.86 30.21 -61.04 -27.20 -34.33 -20.11 

10 63.31 16.67 -70.94 -35.11 63.07 57.73 11.57 47.61 -59.53 -24.19 -29.72 6.15 

 
Tab. 4 – Deformation of U0–U11 in the Z direction/mm 

Time/s U0Z U1Z U2Z U3Z U4Z U5Z U6Z U7Z U8Z U9Z U10Z U11Z 

0 -62.69 22.39 107.28 -12.92 17.31 -20.69 23.11 66.67 -63.44 -19.50 24.43 27.16 

1 -76.00 6.54 69.79 -50.19 18.92 -20.80 0.87 42.98 -70.56 -28.19 -6.41 -5.06 

2 -89.31 -9.32 32.29 -87.46 20.52 -20.90 -21.38 19.28 -77.68 -36.87 -37.24 -37.27 

3 -62.00 -60.59 -15.41 -90.86 -33.22 -71.36 -68.62 -24.98 -49.94 -5.72 -84.72 -81.66 

4 -31.30 -73.01 -31.10 -69.46 -13.77 -54.47 -54.25 -54.00 -64.94 -23.55 -64.21 -22.75 

5 -121.06 -117.43 -68.94 -99.20 -39.57 -74.94 -69.58 -23.50 -104.08 -57.01 -92.12 -86.33 

6 -42.26 -1.71 39.63 -82.01 7.11 7.20 -33.70 -33.62 -38.73 -38.59 -38.49 2.65 

7 -0.54 -83.38 40.18 -80.60 15.24 -25.69 -25.69 -25.65 -34.91 -34.75 -75.66 -34.44 

8 -41.49 -83.30 40.14 -80.52 15.22 -25.67 -25.67 -25.63 -34.89 -34.72 -75.59 6.53 

9 -34.68 -59.43 20.28 -61.30 28.44 -15.30 -38.59 -20.65 -45.87 -7.64 -71.94 7.62 

10 -27.86 -35.56 0.41 -42.08 41.66 -4.92 -51.50 -15.66 -56.85 19.44 -68.29 8.71 

 
Tab. 5 – Zero-centered deformation of U0–U11 in the X direction/mm 

Time/s U0X U1X U2X U3X U4X U5X U6X U7X U8X U9X U10X U11X 

0 -5.62 4.44 -22.68 15.61 17.22 7.02 48.93 25.98 46.69 28.94 20.51 46.69 

1 27.92 44.81 23.29 45.00 17.81 13.34 40.42 22.64 34.04 22.12 40.09 14.48 

2 61.46 85.18 69.27 74.38 18.40 19.66 31.90 19.29 21.40 15.31 59.67 -17.74 

3 -49.19 -26.70 -0.57 7.69 13.74 -25.94 -13.68 -26.15 2.78 -2.99 0.47 -62.13 

4 -28.12 -14.36 2.21 1.24 -55.39 -21.69 -17.79 2.87 20.36 -35.33 -40.73 -3.22 

5 0.73 3.24 11.15 -35.76 -0.10 -16.37 -21.32 -8.89 19.34 -4.53 -19.25 -66.80 

6 54.33 28.01 43.95 81.85 11.24 44.88 7.91 -12.39 14.34 40.37 34.90 22.18 

7 -49.05 -74.92 -54.03 -48.56 -47.61 -11.06 -4.41 -63.00 -70.48 -41.07 -43.49 -14.91 

8 -53.10 -47.66 -35.84 -78.71 -4.65 -17.71 -60.41 -4.19 -30.98 -10.61 -21.99 26.06 

9 -4.16 -16.57 -24.20 -47.16 8.22 -3.28 -23.99 13.22 -29.48 -7.60 -17.38 27.15 

10 44.79 14.53 -12.55 -15.61 21.09 11.16 12.44 30.62 -27.97 -4.59 -12.77 28.24 

 
Tab. 6 – Zero-centered deformation of U0–U11 in the Z direction/mm 

Time/s U0Z U1Z U2Z U3Z U4Z U5Z U6Z U7Z U8Z U9Z U10Z U11Z 

0 -9.13 67.37 85.96 55.86 10.23 9.09 56.29 75.28 -5.09 4.78 78.09 46.69 

1 -22.44 51.52 48.46 18.59 11.84 8.98 34.05 51.59 -12.21 -3.90 47.25 14.48 

2 -35.75 35.66 10.97 -18.68 13.44 8.88 11.80 27.89 -19.33 -12.59 16.42 -17.74 

3 -8.44 -15.61 -36.73 -22.08 -40.30 -41.58 -35.44 -16.37 8.41 18.56 -31.06 -62.13 

4 22.26 -28.03 -52.42 -0.68 -20.85 -24.69 -21.07 -45.39 -6.59 0.73 -10.55 -3.22 

5 -67.50 -72.45 -90.26 -30.42 -46.65 -45.16 -36.40 -14.89 -45.73 -32.73 -38.46 -66.80 

6 11.30 43.27 18.31 -13.23 0.03 36.98 -0.52 -25.01 19.62 -14.31 15.17 22.18 

7 53.02 -38.40 18.86 -11.82 8.16 4.09 7.49 -17.04 23.44 -10.47 -22.00 -14.91 

8 12.07 -38.32 18.82 -11.74 8.14 4.11 7.51 -17.02 23.46 -10.44 -21.93 26.06 

9 18.89 -14.45 -1.05 7.48 21.36 14.48 -5.40 -12.03 12.48 16.64 -18.28 27.15 

10 25.70 9.42 -20.91 26.70 34.58 24.86 -18.32 -7.05 1.50 43.72 -14.63 28.24 
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Figures 10 (a)–(c) show the deformation curve of U0 - U11 point in X and Z direction 
generated by the PST-IM-MP method and the Z-MP method. The Z-MP method can shift the 

deformation curve to the X-axis without changing the relative deformation, and shape variable of 

the monitoring point fluctuates up and down around the X-axis. Figure 10 (d) shows the distribution 
of the data generated by the two algorithms. We can see that the Z–MP method not only facilitates 
the intra-group comparison of the monitoring points but also makes the deformation curve more 
reasonable and makes preparations for the next step to obtain the 2-D deformation of the 
monitoring points on the X-Z plane. 

 

  
(a) Deformation of U0–U3 in the X and Z directions/mm 

 

  
(b) Deformation of U4–U7 in the X and Z directions/mm 

 

  
(c) Deformation of U8–U11 in the X and Z directions/mm 

 
Fig. 10 – Deformation of U0–U11 in the X and Z directions/mm 
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(d) Deformation of U0–U11 in the X and Z directions/mm 

 

Fig. 10 – Deformation of U0–U11 in the X and Z directions/mm 
 

The deformations of each monitoring point by the PST-IM-MP method and the Z-MP 
method in the X direction and the Z direction are obtained as follows, the result as Table 7 and 8 
shows. 

 
𝐷𝑖𝑥𝑧

′ = √(𝛥𝑋′)
2
+ (𝛥𝑍′)

2
 (20) 

 
Tab. 7 – Deformation of U0–U11 in the X-Z plane/mm 

Time/s D0XZ D1XZ D2XZ D3XZ D4XZ D5XZ D6XZ D7XZ D8XZ D9XZ D10XZ D11XZ 

0 64.01  23.34  134.47  13.49  61.68  57.45  53.33  79.32  65.22  21.62  24.69  47.72  

1 89.07  47.40  78.11  56.29  62.71  63.42  39.55  58.46  70.60  28.30  24.01  23.64  

2 119.89  87.82  34.07  103.25  63.77  69.45  37.68  41.08  78.34  37.12  56.67  37.91  

3 69.17  65.38  60.94  91.62  64.87  74.28  70.15  26.61  57.64  23.30  86.31  96.73  

4 32.74  74.03  64.21  71.82  19.22  59.88  57.37  57.54  65.90  59.77  86.31  29.83  

5 122.58  117.55  83.57  113.55  57.62  80.80  73.03  24.86  104.79  61.91  98.98  86.54  

6 84.22  30.20  42.18  103.02  53.69  91.73  34.43  33.93  42.39  43.82  42.47  15.37  

7 30.52  110.68  119.38  105.49  16.25  43.83  26.23  52.68  107.85  69.92  96.84  69.05  

8 54.00  94.93  102.42  127.00  40.31  38.62  66.44  28.65  71.61  46.02  85.03  46.82  

9 37.53  61.16  85.04  90.56  57.70  45.92  45.90  36.59  76.35  28.25  79.71  21.50  

10 69.17  39.27  70.94  54.80  75.59  57.94  52.78  50.12  82.31  31.03  74.48  10.66  

 
Tab. 8 – Zero-centered deformation of U0–U11 in the X-Z plane/mm 

Time/s D0XZ D1XZ D2XZ D3XZ D4XZ D5XZ D6XZ D7XZ D8XZ D9XZ D10XZ D11XZ 

0 10.72 67.52 88.90 58.00 20.03 11.48 74.58 79.64 46.96 29.33 80.74 68.05 

1 35.82 68.28 53.77 48.69 21.39 16.08 52.84 56.34 36.16 22.46 61.97 36.36 

2 71.10 92.34 70.13 76.69 22.79 21.57 34.01 33.92 28.83 19.82 61.88 24.71 

3 49.90 30.93 36.74 23.38 42.58 49.01 37.99 30.85 8.86 18.80 31.07 74.76 

4 35.86 31.49 52.47 1.42 59.18 32.87 27.57 45.48 21.39 35.34 42.08 9.59 

5 67.50 72.52 90.95 46.94 46.65 48.04 42.18 17.34 49.65 33.04 43.01 66.93 

6 55.49 51.55 47.61 82.92 11.24 58.15 7.93 27.91 24.30 42.83 38.05 33.73 

7 72.23 84.19 57.23 49.97 48.30 11.79 8.69 65.26 74.28 42.39 48.74 51.78 

8 54.45 61.15 40.48 79.58 9.38 18.18 60.88 17.52 38.87 14.89 31.06 44.52 

9 19.34 21.98 24.22 47.75 22.89 14.85 24.59 17.87 32.01 18.30 25.23 28.88 

10 51.64 17.32 24.39 30.93 40.51 27.25 22.14 31.42 28.01 43.96 19.42 32.67 
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(a) Deformation of U0–U3 in the X-Z plane/mm (b) Deformation of U4–U7 in the X-Z plane/mm 

  

 
Figure 11 shows the deformation curve 

of each monitoring point on the X-Z plane by 
two methods. (a)–(c) show the difference of the 
deformation curve of each monitoring point 
generated by the PST-IM-MP method and the 
Z-MP method. The Z-MP method can reduce 
the situation in which deformation calculated 
by the PST-IM-MP method is exaggerated to 
varying degrees.  

(c) Deformation of U8–U11 in the X-Z 
plane/mm 

 
(d) Deformation of U0–U11 in the X-Z plane/mm 

Fig. 11 – Deformation of U0–U11 in the X-Z plane/mm 
 

The observation of three deformation curves generated by the Z-MP method shows that the 
three groups of points are undergoing elastic deformation, and the monitoring structure is in a 
stable equilibrium state. The observation of three deformation curves generated by the Z-MP 
method shows that the three groups of points are undergoing elastic deformation, and the 
monitoring structure is in a stable equilibrium state. If U0-U3, U4-U7, and U8-U11 group the data, 
they correspond to the upper, lower, and middle parts of the monitoring building. By comparing the 
deformation values of these three groups of points, it can be found that: U0-U3 group is the largest, 
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U8-U11 group is the second, and U4-U7 group is the smallest. Therefore, it can be determined: for 
the whole structure, the height of the monitoring structure is correlated positively with the 
deformation range on the whole. However, according to the analysis above, the deformation value 
and deformation interval of U9 point are the smallest, indicating that there may be abnormal 
deformation near U9 point, which hinders the normal elastic deformation of this point. If the 
deformation value and deformation interval of U1 and U3 are the largest, the nearby parts of these 
points are undergoing relatively large and rapid elastic deformation, prone to damage accumulation 
and resistance attenuation. Relevant safety maintenance personnel should find out the 
deformation's reasons and further refine the deformation observation of these parts to ensure the 
healthy and safe operation of tennis courts. 

 

CONCLUSION 

(1)  If the spatial structure in a state of elastic deformation, the deformation value using the 
PST-IM-MP method obtained is available. However, the deformation curve by using these data 
generated is not user-friendly. If we obtain the 2-D deformation value of monitoring points in the X-
Z plane by directly using the data, it will exaggerate the 2-D deformation in the X-Z plane of points 
at different levels. This paper offered the Z-MP method to solve these problems effectively. 

(2)  This paper proposed the PDMS to use for non-contact dynamic deformation monitoring of 
complex structures. Moreover, PDMS is robust, easy realizing, economical, and highly automatic, 
can apply to amounts of complex scenarios.  

(3)  For the tennis stadium, the height of the monitoring structure is positively correlating with 
the deformation range.  

(4)  According to the deformation monitoring, the maximum deflection of the monitoring points is 
92.34mm, which conforms to the design standard [23]. The tennis stadium's spatial structure is 
safe on the whole, but there are still a few abnormal deformation values that need to be verified by 
relevant security personnel. 
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