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ABSTRACT 

 

MODAL IDENTIFICATION OF STRUCTURES USING EULERIAN-PHASE 

BASED VIDEO MOTION MAGNIFICATION AND ANALYSIS 

 

Ismailov, Kadyrbek 

Master of Science, Civil Engineering 

Supervisor: Prof. Dr. Ahmet Türer 

 

January 2020, 72 pages 

 

Structural identification (St-Id) and dynamic analysis have been crucial in civil 

engineering structures, mainly buildings and bridges. In order to observe the 

vibrations of structures, networks of high-sensitivity sensors have been used. There 

are several limitations of such monitoring systems including cost, labor, number of 

sensors, and installation. A recent method called phase-based video magnification can 

be utilized in civil engineering to have a practical visual approach instead of array of 

sensors. This method will be useful especially for tall and long structures like 

skyscrapers and long span bridges where distance between sensors is a problem for 

data acquisition. Furthermore, video based modal testing is more convenient; number 

and spatial distribution of pixels is advantageous. Use of HD video as an input and 

magnification of tiny motions, which are not seen by naked eyes, are studied in this 

thesis. The phase-based video magnification algorithm is used and improved to obtain 

resonant mode shapes and frequencies of simple structures through video based 

spectral analysis. Simple ruler and cello wire vibrations and two pedestrian bridges 

were used as test structures to validate results directly obtained from video recordings. 

Keywords: Modal identification, phase-based video magnification  
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ÖZ 

 

EULERİAN-FAZ TABANLI VİDEO BÜYÜTME KULLANILARAK 

YAPILARIN MODAL TANIMLAMA VE ANALİZİ 

 

Ismailov, Kadyrbek 

Yüksek Lisans, İnşaat Mühendisliği 

Tez Danışmanı: Prof. Dr. Ahmet Türer 

 

Ocak 2020, 72 sayfa 

 

İnşaat mühendisliğinde Yapısal belirleme (St-Id) ve dinamik analiz, özellikle köprü 

ve binalar açısından çok önemlidir. Yapıların titreşimlerini gözlemlemek için yüksek 

hassasiyetli sensör ağları kullanılmaktadır. Bunun gibi izleme sistemlerinin maliyet, 

işçilik, sensör sayısı ve kurulum gibi birçok dezavantajları vardır. Faz tabanlı video 

büyütme adı verilen yeni bir yöntem ile çok sayıda noktadan ve sensörlerin 

kullanılmasını engelleyerek inşaat mühendisliğinde kullanılabilir. Bu yöntem, 

özellikle sensörler arasındaki mesafenin veri toplama için bir sorun olduğu 

gökdelenler ve uzun açık köprüler gibi yapılar için yararlı olabilir. Ayrıca, video 

tabanlı mod testi piksellerin sayısı ve uzamsal dağılımından dolayı daha avantajlıdır. 

Bu tezde HD videoyu bir girdi olarak kullanarak çıplak gözle görülemeyen küçük 

hareketlerin büyütülmesi incelenmiştir. Faz tabanlı video büyütme algoritması, video 

tabanlı spektral analiz yoluyla rezonant mod şekilleri ve basit yapıların frekanslarını 

elde etmek için kullanılmıştır ve geliştirilmiştir. Cetvel ve çello teli gibi basit yapıların 

ve iki yaya köprüsünün rezonant mode şekilleri ve frekansları doğrudan video 

kaydından elde edilmiştir.  

Anahtar Kelimeler: Modsal tanımlama, faz tabanlı video büyütmesi 
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CHAPTER 1  

 

1. INTRODUCTION 

 

1.1. Importance of structural health monitoring (SHM) 

Structural decay is a big problem faced by many developed countries in the 

world. After years of service, many structures, such as bridges, tunnels, dams, and 

power plants, are showing severe deterioration. The structural condition or “health” 

needs to be periodically monitored, in order to guarantee safety of these structures and 

to perform proper maintenance over time. 

The main reason to apply SHM is to improve reliability of the existing 

structures. It is important that structures are designed to be cost effective and have 

long service of life.  It is reported in ASCE infrastructure report cart for year 2017 that 

almost 56000 bridges in USA, which is 10% of all existing bridges in the country, 

suffer from structural or functional deficiencies (ASCE, 2017). Such deficiencies 

require immediate attention, otherwise they may lead to serious damages. The 

dramatic example of Morandi Bridge in Italy shows that proper maintenance should 

be done at early stage of structural deficiency, before the damage occurs.  

The Ponte Morandi, also known as Morandi Bridge, was a bridge engineered 

by Riccardo Morandi. It connected two districts across the Polcevera valley, Italy, and 

more importantly served as a link between Italy and France on European route E80. 

In August 2018, during the torrential rainstorm, 210 m section of the bridge collapsed, 

taking away 43 human lives. It is believed that collapse occurred due to structural 

weakness of the westernmost cable-stayed pillar of Ponte Morandi, where collapse 

was centered. 
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Therefore, proper SHM should be applied in order to improve reliability of the 

structure together with achieving lower cost condition maintenance, anticipating 

possible damage, and lastly but more importantly, avoiding catastrophic outcomes. 

1.2. Modal identification as SHM method  

One of the mostly used techniques for health monitoring and model 

characterization of the structure is dynamics-based vibration method, using modal 

identification (Shang & Shen, 2017). The main idea is that the damage and 

deterioration of the structure causes physical change in mass, damping, and stiffness 

which can be detected by measuring the abnormal responses of structural vibrations 

(Farrar & Jauregui, 1998).  

Vibration measurements can be divided into two categories, contact and non-

contact methods. The contact method involves wires and transducers, shown as small 

squares in Figure 1, that are located at a place of interest which allows to see the 

frequencies and amplitudes of vibrations. There is a variety of such contact transducers 

like accelerometers, linear variable displacement transducer, and strain gages. 

Although contact transducers can detect vibrations at long dynamic range and high 

accuracy, the physical installation is a costly, time and labor-consuming process and 

sometimes even impossible (Yang et al., 2017). Besides, the natural behavior of the 

structure may change with additional mass loading during inspection which is more 

profound for the structures of low mass (Nassif et al., 2005). This makes us question 

the practicability of these contact methods.  
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Figure 1. Contact method for vibration detection 

 

More practical approach would be using non-contact measurement. At present, 

there are many different non-contact sensors such as Laser Doppler Vibrometry, 

synthetic aperture radar, ultra-sound systems, and vision systems. 

The latter has several advantages over others in terms of cost and 

implementation (Baqersad et al., 2017). In addition, the robustness and accuracy of 

vision-based approach has been greatly enhanced with progress of image processing 

and computer algorithms (Baqersad et al., 2017). An excellent example for non-

contact vision system is digital video camera, which are relatively not expensive and 

mobile. They can be effectively used for the vibration measurements of various 

structures when combined with suitable image processing algorithm (Caetano et al., 

2011). 

 

 

Figure 2. Video camera-based vibration detection 
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The main advantage of video-based method is that high spatial resolution can 

be obtained in a relatively efficient manner, since every pixel function as a separate 

sensor, as illustrated in Figure 2. On the other hand, in this method, high-contrast 

markers, which are placed on the surface of the structures are needed for point 

tracking. So, additional surface preparation is required, but it can be problematic when 

measurement area is large or inaccessible.  

Camera-based measurements gained more wide acceptance with the 

development of motion magnification technique, which allowed video-based 

measurements without additional structural surface preparation. Besides, it became 

possible to have appropriate visualization of resonant vibration mode shapes without 

the use of paints and markers on the surface of the structure (Chen et al., 2015). 

1.3. Motion microscopy 

Motion detection is straightforward for video-based measurements when the 

displacement is large. However, for a tiny motion which is not detected by naked eye, 

the need for additional method arises. In analogy with daily life, where tiny living 

things are observed by the microscope, in the computer vision the imperceptible 

motions can be detected by the motion microscopy. The term motion microscopy was 

introduced by MIT researchers, Freeman and Rubinstein (2014). They described new 

method of motion magnification that enables us to amplify tiny motions in video in 

specified frequency band. 

 One of the most robust method for motion magnification is phase-based 

approach, which is described in more detailed manner in Chapter 2. Phase-based 

motion magnification approach has gained more attention recently due to wide range 

of possible applications. To illustrate, phase-based motion magnification can be used 

in pulse detection, sound detection from vibrating object, breath movement detection, 

etc.  

Work done by Chen et al. (2015) can be given as in example for application of 

phase-based motion magnification in civil engineering. They have reported that by 
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using motion magnification algorithm together with phase-based motion estimation 

that resonant frequencies and operational deflection shapes can be detected. For their 

experiment they have used lab scaled benchmark structures like cantilever beam and 

pipe test specimen. They have showed that successful information about motion can 

be extracted from natural feature of the structure. Sarrafi et al. (2018) have reported 

application of phase-based motion magnification for determining resonant frequencies 

and operating deflection shapes of real-life sized wind turbine blade. In addition, they 

have used phase-based motion estimation to compare dynamic behavior of the 

structures from damaged and undamaged turbine blades. 

Although there are many examples of various application of phase-based 

motion magnification, literature still lacks in infield measurements of structures under 

exploitation.  

1.4. Aim of the study 

Inspired by many successful applications of phase-based motion magnification 

in literature, the aim of this study is to utilize this method for the modal identification 

of METU A1 Bridge deck. The main objective of this research is to eliminate the use 

of expensive equipment. For that purpose, instead of expensive video camera simple 

and more available smartphone camera was used for all video recordings. Before 

applying current method to METU A1 Bridge, method was verified by experiments 

with METU A4 Bridge cable, ruler, and cello.   

Within this thesis the phase-based motion magnification was utilized as a case 

study for modal identification of the bridge at outdoor condition. This method can be 

potentially used for modal identification of not only bridges but also large and 

complex structures where placing vibrational sensors is cumbersome. 
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CHAPTER 2  

 

2. THEORETICAL BACKGROUND 

 

In order to better understand working principle of phase-based motion 

magnification method, first, it is necessary to comprehend how the motion is detected. 

2.1. Lagrangian and Eulerian approaches 

In motion magnification just like in fluid mechanics, there are two different 

ways to track the motion, Lagrangian and Eulerian (Figure 3). The former describes 

the motion by tracking the specific object through space and time. The latter extracts 

the motion of an object by tracking the intensities of fixed pixels through the time. 

 

 

Figure 3. Lagrangian and Eulerian approaches (Rubinstein, 2014)  

 

In other words, in Lagrangian approach pixels are separated to different groups 

where each group represent different tracking objects or segments, and only after that, 

the motion vectors can be amplified to reveal small motion. The major disadvantage 

of Lagrangian method is that after amplification of the motions it may leave black 

holes, which are needed to be filled with appropriate pixels (Figure 4). However, 

filling black pixels accurately has major difficulties.  
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Figure 4. Motion magnification by Lagrangian approach  (Rubinstein, 2014)  

 

The other method, Eulerian approach is more effective in terms of 

computational expense and robustness. In this approach, after amplification there is 

no need to fill the black pixels since it works in a different way. The intensities of each 

pixel are traced and then the motion is tracked by the help of signal processing. In 

addition, there is no need for segmentation since it tracks each pixel, which increases 

stability of process. These advantages gained Eulerian approach larger application. 

2.2. Eulerian linear magnification 

Initially, Eulerian linear magnification of intensity was used to amplify the 

temporal difference of the intensities of the pixels to observe the blood flow in the 

human body through the skin. It was seen that the amplification of temporal changes 

in intensities leads motion magnification spatially. In other words, the amplification 

of difference between brightness values of each pixel in time domain is directly 

proportional to magnification of translation of brightness values in space. This relation 

of intensities can be shown mathematically.  

For the simplicity of understanding, lets first describe the process in one 

dimension. This description of the process is a review of Rubinstein work (2014) and 

derivations of the equations are taken from that work. If a single line of a video frame 

is taken, this line would have only intensity values in one spatial dimension. Then 

intensity values of translated signal can be written as 𝐼(𝑥, 𝑡), where 𝑥 is position in 
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space and 𝑡 is time. Intensity at time 𝑡 = 0 can be expressed as 𝐼(𝑥, 0) = 𝑓(𝑥). Then 

translated intensities can be written as 

𝐼(𝑥, 𝑡) = 𝑓(𝑥 − 𝛿(𝑡))    Eq. 1 

where 𝛿(𝑡) is time dependent displacement and at time 𝑡 = 0 it is zero, 𝛿(0) = 0. 

Then the magnified translation, 𝐼, can be expressed as  

𝐼(𝑥, 𝑡) = 𝑓(𝑥 − (1 + 𝛼)𝛿(𝑡))                  Eq. 2 

where 𝛼 is a magnification factor. 

In order to magnify intensity, firstly, change in intensity between t=0 and t=t 

should be derived. The change in the intensity, 𝐵, with respect to the 𝐼(𝑥, 0) is  

𝐵(𝑥, 𝑡) = 𝐼(𝑥, 𝑡) − 𝐼(𝑥, 0)                            Eq. 3 

By using first-order Taylor series expansion about 𝑥 and assuming that 𝛿(𝑡) is 

respectively small, 𝐼(𝑥, 𝑡) in Eq. 1 can be approximated as 

𝐼(𝑥, 𝑡) ≈ 𝑓(𝑥) − 𝛿(𝑡)
𝜕𝑓(𝑥)

𝜕𝑥
    Eq. 4 

Derived change in intensity, B, can be approximated as 

𝐵(𝑥, 𝑡) ≈ −𝛿(𝑡)
𝜕𝑓(𝑥)

𝜕𝑥
                     Eq. 5 

Amplification in intensity between 𝑡 = 0 and 𝑡 = 𝑡 can be written as  

𝐼(𝑥, 𝑡) = 𝐼(𝑥, 𝑡) + 𝛼𝐵(𝑥, 𝑡)                           Eq. 6  

Combining equations Eq.4, Eq.5, and Eq.6 gives approximated magnified intensity in 

terms of 𝛼 and 𝛿(𝑡) 

𝐼(𝑥, 𝑡) ≈ 𝑓(𝑥) − (1 + 𝛼)𝛿(𝑡)
𝜕𝑓(𝑥)

𝜕𝑥
                   Eq. 7 
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Assuming that translation of intensities and its magnification (1 + 𝛼)𝛿(𝑡) is 

not too large, it is possible to take another first-order Taylor approximation to 

magnified intensity in Eq. 7 to give Eq.8 

𝐼(𝑥, 𝑡) ≈ 𝑓(𝑥) − (1 + 𝛼)𝛿(𝑡)                   Eq. 8 

Comparing Eq. 1, which expresses motion magnification and Eq. 8, which is 

approximation for intensity magnification, it can be seen that these two magnifications 

are roughly equal. 

Figure 5 graphically shows that magnifying intensity linearly between time 0 

and 𝑡, magnifies motion linearly as well. In other words, linear approximation between 

actual and magnified motions is produced. 

 

 

Figure 5. Motion magnification with linear approximation  (Rubinstein, 2014) 

 

The major setback of this method is that large linear amplification in intensity 

values gives unclear results in reconstructed video, due to increase in noise power. To 

increase the signal to nose ratio, instead of linear amplification the alternative method 
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of phase-based motion magnification can be used which amplifies phase differences 

of the intensity values. The difference between result of two methods demonstrated in 

Figure 6, where (a) is an input noise, (b) is linearly magnified, and (c) is result of 

phase-based magnification. 

 

 

Figure 6. Magnified noise of Linear magnification and Phase-based magnification  

(Wadhwa, 2016)  

 

2.3. Phase-based motion magnification 

In order to better comprehend the phase-based motion amplification, a better 

understanding of term phase is needed.  

2.3.1. Definition of phase 

Colorful image or RGB video frame can be transformed to the grayscale image 

and image would be represented in intensity values of whiteness. Moreover, image 

can be further transformed from spatial domain to the frequency domain with Fourier 

transformation method. Fourier transformation represents a signal in terms of its basis 

functions. Basis functions has different form such as standard  form 

{𝑠𝑖𝑛 (𝜔𝑡), 𝑐𝑜𝑠 (𝜔𝑡), 𝜔 ∈  ℝ} and exponential form {𝑒−𝑖𝜔𝑡 , 𝜔 ∈  ℝ} where 𝜔 is 

frequency. Taking a Fourier transformation of a signal or function 𝑓(𝑥) in space 

domain gives us complex form of representation in frequency domain  
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ℱ(𝑓(𝑥)) = 𝐹(𝜔) = ∫ 𝑓(𝑥)𝑒−𝑖𝜔𝑥𝑑𝑥 = 𝑎(𝜔) + 𝑖𝑏(𝜔)         Eq. 9 

where a and b are some real numbers. 

 Complex form can be also expressed in polar coordinates 

𝑎(𝜔) + 𝑖𝑏(𝜔) = |𝐹(𝜔)|𝑒𝑖𝜙(𝜔) = ∑ 𝐴𝜔𝑒𝑖𝜙𝜔
𝜔      Eq. 10 

where 𝜙(𝜔) is called phase angle, 𝐴𝜔 is called amplitude and equals to  

𝐴𝜔=|𝐹(𝜔)|=√𝑎2 + 𝑏2, Figure 7.  

 

 

Figure 7. Phase representation in complex domain 

 

Phase is playing big role in construction of image. The simple example of 

phase domination can be seen in Figure 8, where amplitudes and phases swap between 

two pictures are shown. 
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Figure 8. Swap of amplitudes and phases of two different pictures  (Skurowski & 

Gruca, 2009) 

 

From Figure 8 it can be seen that when two pictures are swapped the contours 

of image that was selected as phase component is more dominant than the ones which 

was selected as amplitude component. 

2.3.2. Global magnification of motion 

To get one step closer to local phase-based motion magnification, it is helpful 

to describe global case. 

As it was mentioned before, 𝐼(𝑥, 𝑡) is intensity values of 1D image signal and 

equals to 𝑓(𝑥 − 𝛿(𝑡)), where δ is translation distance and 𝛿(0) = 0. The Fourier shift 

theorem states that translation of a signal in space can be represented in Fourier 

domain by multiplication of  𝑒−𝑖𝜔𝑥 to its Fourier transform, where x is translation 

distance in space domain. Treating intensity signal by Fourier transformation gives 

the collection of amplitudes and phases 

ℱ(𝑓(𝑥)) = ∑ 𝐴𝜔𝜔 𝑒𝑖𝜙𝜔    Eq. 11 
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Therefore, translated intensity 𝐼(𝑥, 𝑡)  can be represented as 

ℱ (𝑓(𝑥 − 𝛿(𝑡))) = ∑ 𝐴𝜔𝜔 𝑒𝑖𝜙𝜔𝑒−𝑖𝜔𝛿(𝑡) = ∑ 𝐴𝜔𝜔 𝑒𝑖(𝜙𝜔−𝜔𝛿(𝑡))   Eq. 12 

 The linearity of Fourier transform allows extraction of phase difference between t=0 

and t=t phases 

𝐼(𝑥, 𝑡) − 𝐼(𝑥, 0) = ℱ−1 [∑ 𝐴𝜔

𝜔

𝑒𝑖(𝜙𝜔−𝜔𝛿(𝑡)) − ∑ 𝐴𝜔

𝜔

𝑒𝑖𝜙𝜔] = ℱ−1 ∑ 𝐴𝜔

𝜔

𝑒−𝑖𝜔𝛿(𝑡) 

Eq. 13 

After phase difference 𝜔𝛿(𝑡) is extracted, which is directly proportional to translation, 

the motion can be magnified by factor of α 

𝐼(𝑥, 𝑡) = 𝑓(𝑥 − (1 + 𝛼)𝛿(𝑡)) = ℱ−1[∑ 𝐴𝜔𝜔 𝑒𝑖(𝜙𝜔−(1+𝛼)𝜔𝛿(𝑡))]        Eq. 14 

(Wadhwa, 2016) 

By using Fourier transform theorem magnified global motion can be easily 

achieved. However, in real life the objects in videos do not move globally, on the 

contrary, they move separately, i.e. locally. Local movement can be seen even at 

different parts of the same object. Thus, images need to be decomposed to local basis 

function where phases of local motion can be tracked. For that purpose, complex 

steerable pyramid is utilized, which uses local waves (wavelets) as a basis function for 

tracking local motions. 

2.3.3. Complex steerable pyramid  

Complex steerable pyramid is an overcomplete linear transform. 

Overcompleteness is concept from linear algebra where removal of one element from 

subset of a system, does not result in completeness of the system. Pyramid in image 

processing is a representation of a signal or an image in multiple scales where 

graphical representation of the process looks like pyramid. There are two types of 

pyramid low pass and band pass pyramids. Low pass pyramid usually used for 
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smoothing sharp images by using averaging filter. Band pass pyramid is used for 

decomposition of image to different levels, where each level achieved by applying 

different bandpass filters. In complex steerable pyramid the band pass pyramid 

method is used to decompose the image into different scales and orientations with the 

help of bank of steerable filters. This representation of image in coefficients of 

steerable filters allows to track local motion, since steerable filters work as 2D 

wavelets for 2D images.  

2.3.3.1. Local motion magnification of 1D image 

Before applying complex steerable pyramid to 2D image it is easier to 

comprehend its working principle by describing local motion magnification in 1D, 

since working principles of the steerable filters in 1D and 2D are similar. 

Consider 1D image having only intensity values. In this case, to track local 

phases 1D signal is decomposed into sets of wavelets, which are localized infinite 

complex sinusoids. In order to localize complex sinusoids represented as 𝑒𝑖𝜔𝑥, 

Gaussian window function 𝑒
−𝑥2

(2𝜎2) is used. Consequently, resultant wavelet is described 

as 𝑒
−𝑥2

(2𝜎2)𝑒𝑖𝜔𝑥. Graphical illustration for this process is shown in Figure 9. 

 

 

Figure 9. Gaussian windowing of complex sinusoid  (Wadhwa, 2016)  

 

   Since basis functions of complex steerable pyramid are self-similar the ratio 

between standard deviation 𝜎 of Gaussian window and frequency of complex sinusoid 
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𝜔 is fixed. In other words, to obtain similar wavelets Gaussian window can deviate so 

that 𝜎/𝜔 is constant. 

 In order to translate 1D signal by distance of 𝛿(𝑡), where 𝛿(𝑡) =
𝜙

𝜔
 , the phase 

of wavelet is shifted, which is done by multiplying the wavelet function with 𝑒𝑖𝜙 

𝑒
−𝑥2

(2𝜎2)𝑒𝑖𝜔𝑥𝑒𝑖𝜙 = 𝑒
−𝑥2

(2𝜎2)𝑒𝑖𝜔(𝑥+ 
𝜙

𝜔
) = 𝑒

−𝑥2

(2𝜎2)𝑒𝑖𝜔(𝑥+𝛿)  Eq. 15 

 (Wadhwa, 2016) 

and phase difference between shifted and not shifted wavelet is equals to 𝜔𝛿 which is 

proportional to local motion. 

Figure 10 illustrates how local motion in original signal effects composition of 

wavelets where only related wavelet response to the local motion. 

 

 

Figure 10. Decomposition of the signal into wavelets  (Wadhwa, 2016) 

 

After phase difference is derived, it can be magnified by factor of 𝛼 to 

synthesize local motion magnification which is represented by 

𝑒
−𝑥2

(2𝜎2)𝑒𝑖𝜔(𝑥+(1+𝛼)𝛿) 
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Figure 11 Motion magnification of 1D signal  (Wadhwa, 2016) 

 

Figure 11 shows the graphical illustration of overall process how motion is 

magnified using complex steerable filter in 1D. In Figure 11 input signal at t=0 is 

represented by blue color and signal frame at t=1 is shown in red. When complex 

steerable pyramid basis is applied to each frame separately the signals are decomposed 

into sets of wavelets. Respective wavelets of same frequency are chosen, and resultant 

phases are shown in complex plain in Figure 11. The difference between phases is 

calculated and multiplied by α to give magnified motion which is shown in green 

color. Reconstruction of resultant shifted wavelet clearly shows that the motion in 

frame at t=1 was magnified. 

In Figure 11 the amplification of motion by using single element of basis 

function is illustrated. However, when signal is decomposed into complex steerable 

pyramid basis there are multiple number of elements. Described process is applied to 

all of the elements in the same way. Then the combination of these elements gives 

magnified local motions.  
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2.3.3.2. Motion magnification of 2D image 

When all operations are considered in two dimensions, number of components 

of basis function increases by number of orientations. 

 Application of complex steerable filter bank to each frame of the video, gives 

amplitude and phase values for each pixel of frame. These values are different for each 

scale 𝜔 (texture frequency) and orientation 𝜃. 

Mathematical representation of extraction of amplitude, 𝐴𝜔,𝜃, and phase, 𝜙𝜔,𝜃, 

values from each frame using complex steerable filters is shown in Eq. 16. 

𝐴𝜔,𝜃(𝑥, 𝑦, 𝑡0)𝑒𝑖𝜙𝜔,𝜃(𝑥,𝑦,𝑡0) = I(x, y, 𝑡0) Ψ𝜔,𝜃       Eq. 16 

(Wadhwa, 2016) 

Here  Ψ𝜔,𝜃 is complex steerable filter or 2D wavelet which differs by scale and 

orientation. 

 Decomposition of the frames according to scale, orientation, and position is 

done in Fourier domain. Therefore, filters and frames need to be transferred to 

frequency domain. 

Figure 12 shows complex steerable filters of different scales and orientations in space 

domain, Figure 12a, and frequency domain, Figure 12b. 2D filter in frequency domain 

can be also illustrated in 3D, Figure 12c. In Figure 12d idealized filet map is illustrated 

where each filter is shown in different distinctive color and each filter covers related 

area. On this map one can also see high and low pass filters which are not involved in 

magnification. Since, the basis function is complex the map shows only real part and 

imaginary part is represented in black color. 
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Figure 12. Complex steerable filters  (Wadhwa, 2016)  

 

Figure 13 explicitly shows working flow of phase-based motion magnification. 

Initially input video is transferred to frequency domain using Fast Fourier Transform, 

Figure 13, step (1). Then the images in frequency domain pass through sub band filters 

of the complex steerable pyramid basis. Sub band are sorted into three categories: high 

pass, band pass, and low pass Figure 13, step (2). High pass and low pass filters 

correspond to high and low texture frequencies that are not in range of interest, hence, 

directly added to final reconstructed video. Frames from the video in frequency 

domain filtered by band pass filters of different scales and orientations, results are 

operated by IFFT to extract amplitudes and phases of the frames Figure 13, step (3). 

In order to attenuate unwanted frequencies of phases in time domain and magnify 

target frequencies, temporal filter, FIR, is applied Figure 13, step (4). Finally, resultant 

phases are multiplied by magnification factor of α, Figure 13, step (5), and motion 

magnified video is reconstructed, Figure 13, step (6).  
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Figure 13. Work flow of motion magnification  

 

 This method can be used not only for motion magnification but also for motion 

estimation by applying modifications in source code (Wadhwa, 2013). Modified code 

takes first 3 steps of the work flow, described in Figure 13, and adds operations on 

phase values of the frames to extract vibrational frequency spectrum of target region. 

Since phase is directly proportional to translation, frequency spectrum can be 

extracted for each scale by treating phase difference as spatial displacement. In other 

word, after step (3) in Figure 13, without applying remaining steps, phase values of 

each pixel can be transferred to frequencies domain to extract frequency spectrum of 

phase change in time domain. By this way, frequency spectrum of a single pixel or an 

average of frequency spectra of target region pixels can be achieved. Averaging can 

be done with amplitude weighted, where pixels with higher amplitude are more 

valuated. In other words, pixels with good texture are assigned more weight. The 
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another of achieving averaged frequency spectrum is not by averaging spectra of 

pixels but by averaging phases of each frame of target region and then transferring it 

to frequency domain. 

2.3.3.3.  Types and bounds of complex steerable filters 

There are different types of complex steerable filters which vary in terms of 

scale, orientation, and bandwidth. All filters mentioned before have octave bandwidth, 

Figure 14a. Unlike Figure 12d, in Figure 14a the number of orientations is increased 

from 2 to 4, and the number of scales is increased from 2 to 3.  

Magnification of motion cannot be done infinitely. The limits for 

magnification are restricted by bounds of the steerable filters. The bound of octave 

bandwidth filter is introduced as 𝛼𝛿(𝑡) < 𝜎, where α is magnification factor, 𝛿(𝑡) is 

displacement of motion and 𝜎 is standard deviation of the Gaussian window. Standard 

deviation can be approximated to 4𝜎 ≈ 𝜆, where 𝜆 is special wavelength of sinusoid 

under Gaussian window. Thus, 

𝛼 <
𝜆

4𝛿(𝑡)
     Eq. 17 

However, for half-octave and quarter-octave bandwidth filters 𝜆 is 2 time and 4 time 

smaller than for octave bandwidth filter, Figure 14b and Figure 14c. Therefore, for 

half-octave filter 𝛼 is bounded as  

𝛼 <
𝜆

2𝛿(𝑡)
     Eq. 18 

and for quarter-octave filter as 

 𝛼 <
𝜆

𝛿(𝑡)
     Eq. 19 
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Figure 14. Types of complex steerable filters  (Wadhwa, 2016) 

 

From the equations Eq. 17, Eq. 18, and Eq. 19 it is understood that using sub-

octave bandwidth filters is more beneficial. Nevertheless, it has a major disadvantage, 

which is computational expense, in terms of memory and time of processing. 

2.3.4. Limitations of phase-based motion magnification 

Although phase-based motion magnification overcomes the problem with 

signal to noise ratio and higher magnification can be achieved compared to linear 

magnification, there are still several limitations of this method. 

 A major limitation is the light. It is extremely important to have constant 

illumination, otherwise the local phases would be interpreted in a wrong manner. This 

limitation is mostly valid for the lights which are powered by alternative current. To 

solve this constraint, constant light that does not flicker can be used. For the outdoor 

video captures clouds may lead to changes in lighting, but if the motion of clouds is 

slow, the effect of the change in lighting may not impact the extracting local phases.  
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Another important limitation is the camera motion. If the camera is placed on 

the vibrating base the motion identification can be misinterpreted. This is not valid for 

the motions of a lower frequencies like accidental shake of hands. Unless, this motion 

is being magnified intentionally. 

One other restraint is the texture. In order to detect the motion enough visual 

contrast is required. If the computer program cannot detect the edges of the object, 

then the motion would stay unrevealed.  

The motion displacement is also an important limitation for phase-based 

motion magnification. For an efficient amplification motion displacement should be 

in range of one pixel or smaller. To get around this limit, one can downsample the size 

of the video which would result in merging of the pixels. Consequently, large motions 

can be shrunk to face the requirement of the small motion in the range of one pixel or 

smaller. Besides, downsampling decreases the size of the video which is helpful in 

reducing processing time. 
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CHAPTER 3  

 

3. EXPERIMENTAL RESULTS 

 

3.1. Method verification 

Before applying phase-based motion magnification in the modal identification 

of the METU A1 Bridge, firstly, method was verified on several simple experiments. 

The method verification was firstly performed on bridge cable, ruler, and cello to 

ensure that theoretical and experimentally obtained magnified resonant vibration 

shapes match. 

3.1.1. METU A4 Bridge cable experiment 

To begin with, vibrations of cables for METU A4 pedestrian bridge were 

identified. For that, the video of excited cables of the bridge was captured from the 

side view on the smartphone camera. The video from smartphone was processed with 

help of existing algorithms. The range of the video from 1 to 24 Hz was magnified by 

iteration 23 times, with interval of 1 Hz. It was observed that at constant interval of 4 

Hz the shape of the cable changes, which is true only for certain frequency bands. 

Figure 15 visualizes first five vibrational modes of the cable that were seen upon 

amplification in a magnitude of 100 times. First modal shape of the cable was observed 

in 3-4 Hz band, Figure 15b, and in interval of 4 Hz, i.e. 7-8 Hz second modal shape 

was seen, Figure 15c. Similarly, third and fourth bands were observed within constant 

interval in 11-12 Hz and 15-16 Hz, respectively, Figure 15d and Figure 15e. Small 

deviation in interval between fourth and fifth modal frequencies was seen, and fifth 

modal shape was observed in 21-22 Hz band, Figure 15f. This deviation could be as 

result of the contact between cable and handrail. 
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(a) 

(b) 

(c)  

(d)  

(e)  

(f)  

Figure 15. (a) Original frame. Magnified 100 times mode shapes of the cable: (b) 

first, (c) second, (d) third, (e) fourth, (f) fifth. 

 

From the Figure 15 it is possible to see that the shapes of the vibrational modes 

of the cable can be seen with naked eyes. 
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In theory the interval of modal frequencies of cable is constant. Therefore, 

constant interval between modal frequencies retrieved by motion magnification gives 

this method big chances that current method works properly. From the mode number 

verses mode frequency graph (Figure 16) it can be seen that the 𝑅2 ≈ 1, which means 

that the values found experimentally are theoretically true, since the natural vibration 

frequencies of a cable have linear relation to mode numbers. This relation is shown in 

Equation 20 (Lee & Chen, 2004), 

𝑓𝑛 =
𝑛

2𝐿
√

𝑇

𝑚
       Eq. 20  

where n is vibration mode, L is length of the cable, T is axial load in the cable, m is 

mass of the cable. Since length, axial load and mass of the cable is constant for certain 

cable, the mode frequency changes depending only on change in mode number. 

  

 

Figure 16. Mode frequencies of cable 
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After successful application of phase-based motion magnification algorithms 

on bridge cable and visually determining vibrational mode shapes, experiments on 

simple object were done. Modal frequencies of simple object like ruler and cello were 

extracted using phase-based motion magnification, besides modes were also 

calculated analytically and two results were quantitatively compared. In these 

experiments in addition to currently existing method new modifications to the 

algorithm were developed. By using modified algorithm, instead of searching for 

motion in magnified video manually, it became possible for the software to screen 

videos and find magnified motions automatically. 

3.1.2. Ruler experiment 

For the ruler experiment steel ruler with 94x4x0.1 cm dimension was used, 

where 6 cm fixing part is not included (Figure 17a). The smartphone was used as 

accelerometer, for that “Accelerometer Meter (version 1.32)” application was used 

(Keuwlsoft 2015). Only out of plane acceleration of the smartphone was taken into 

account.  The frequency limit for smartphone accelerometer is 200 Hz. The phone was 

placed between 65 cm and 80 cm from the top of the ruler, as shown in the Figure 17b. 

 

(a)  (b)  

Figure 17. Fixing point of the ruler 
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The ruler was excited by hitting to the bottom of the ruler, below the phone, 

with steel hummer. The measurement from accelerometer showed first three 

vibrational modes to be 0.7509 Hz, 4.702 Hz, and 12.95 Hz, as shown in the frequency 

spectrum in Figure 18. The accelerometer recorded 82 seconds of vibration, so the 

sampling rate is 0.012 Hz.  

 

 

Figure 18. Power spectral density of smartphone accelerometer measurement 

 

For the phase-based motion estimation of the excited ruler video, the video 

was taken by using simple smartphone with 30 fps and 1920x1080 frame dimensions. 

The camera was fixed on tripod and placed approximately at half-meter distance. 

While processing, to avoid noise and to reduce processing time video frames were 

cropped at the region of interest. All the processing was done by MATLAB software 

program and modified phase-based motion magnification algorithm. 

After screening many literature examples and extensively studying existing 

algorithm, it was possible to extract phases from input video and obtain the frequency 

spectrum of the motion. Resulted frequency power spectrum density of the video is 

illustrated in Figure 19. Spectrum was taken by averaging phase of each frame. As can 
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be seen from the Figure 19, strong peaks at 0.7531 Hz and 4.699 Hz represent first 

and second bending modes of the ruler, which are compared to ones that are found by 

using accelerometer.  

 

 

Figure 19. Power spectral density of phase measurement from video 

 

Placing the smartphone on the ruler causes additional damping, which 

significantly decreased third mode. In order to observe third mode of the ruler, first 5 

seconds of the video of excited ruler were taken. The spectrum extracted from 5 

second video is shown in the Figure 20. As it can be seen from the spectrum, a small 

peak with borders at 12.92 Hz and 13.11 Hz can be observed that is averaged to 13.02 

Hz. This proves that third mode can be captured on the first five seconds of the video 

before it attenuates. 
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Figure 20. Power spectral density of phase measurement from 5 seconds video 

 

There are small peaks on frequency spectra on Figure 19 and Figure 20 which 

were disregarded due to two main reasons. The first reason is that the surface of steel 

ruler is smooth and shiny, therefore, due to presence of bright light it glitters. Glittering 

is one of the limitations of the phase-based magnification method that was discussed 

in Chapter 2. The other reason for having such noise might be software related. After 

observing same pattern in frequency spectrum of bridge deck (Section 4.4.1) it was 

considered that algorithm might have produced some artefact of first resonant mode 

that repeats itself with constant intervals. 

 

Table 1. Table of comparison of theoretical and experimental results 

Mode 

numbers 

Accelerometer 

measurements 

(Hz) 

Video  

measurements 

(Hz) 

Sampling rate of 

the spectrum of 

the video (Hz) 

Error  

(%) 

1 0.7509 0.7531 0.016 0.293 

2 4.702 4.699 0.016 0.0638 

3 12.95 13.02 0.199 0.541 
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As can be seen from Table 1, the error between vibrational modes extracted 

from the video and actual values reported by accelerometer are 0.293%, 0.0638%, and 

0.541% for first, second and third vibrational modes, respectively.  It can be concluded 

that all three mode frequencies of video measurement are well precise to the 

accelerometer data and lies within the sampling rate region. Such small error verifies 

applicability of the phase-based method in the outdoor use. 

3.1.3. Cello experiment 

For the cello experiment smartphone camera with ability to capture 240 frames 

per second was used. Left two strings of the cello were calibrated to 65.4 Hz and 98.0 

Hz. Unlike ruler experiment for the cello experiment, camera was not stabilized by 

using tripod but it was stabilized by hand only. 

For the video recordings Samsung Galaxy S7 Edge smartphone was used, and 

videos were captured at slow-motion mode to achieve frame rate of 240 fps as 

indicated in phone characteristics. However, details of the captured video showed that 

frame rate varies for each recording. The numerical values for two measurements for 

each string are shown in the Table 2. As it can be seen, the actual number of frames 

per second in the captured video is different for every recording (Table 2, entry 3), 

and the extracted first vibrational mode shows large deviation from the true value 

(Table 2, entry 4). However, when frame rate is adjusted to 240 fps the first mode 

frequencies extracted for each string are in agreement with calibrated frequencies 

(Table 2, entry 7).  
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Table 2. Data extracted from the cello videos 

1 String No.  1st left string 2nd left string 

2 Video No. 1 2 3 4 

3 Indicated fps 192 202 181 173 

4 1st mode frequency (Hz) 52.5 55.1 74.0 70.5 

5 Sampling rate (Hz) 0.09 0.05 0.07 0.07 

6 Modified to 240 fps 240 240 240 240 

7 1st mode frequency (Hz) 65.4 65.6 97.3 97.3 

8 Sampling rate (Hz) 0.12 0.06 0.09 0.09 

9 
Error % between 

modified & calibrated  
0.00 0.31 0.71 0.71 

 

The frequency spectrum extracted from the Video-1 before frame rate 

adjustment is given in Figure 21. Since the top of the peak was not sharp, it was hard 

to determine its exact position, therefore, frequency mode of 52.5 Hz was determined 

by averaging peak boarders, 50.9 Hz and 54.1 Hz. 

 

 

Figure 21. Power spectral density of phase measurement from 1st left string excited 

Video-1, without frame rate adjustment 
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The frequency spectrum extracted from Video-1 after adjustment of frame rate 

to 240 fps is shown in Figure 22. Averaging the peak boarders 63.5 Hz and 67.4 Hz, 

resulted as 65.4 Hz, which matches the calibrated value of the 1st left string. 

 

 

Figure 22. Power spectral density of phase measurement from 1st left string 

excited Video-1, with frame rate adjustment to 240 fps 

 

Figure 23 shows the frequency spectrum extracted from Video-4 with frame 

rate 173 fps. Spectrum shows that at such frame rate the first vibrational mode of 2nd 

left string is 70.5 Hz. 
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Figure 23. Power spectral density of phase measurement from 2nd left string excited 

Video-4, without frame rate adjustment 

 

However, when the frame rate of Video-4 was adjusted to 240 fps, the 

frequency mode changed to 97.3 Hz (Figure 24) which is closer to calibrated value. 

 

 

Figure 24. Power spectral density of phase measurement from 2nd left string excited 

Video-4, with frame rate adjustment to 240 fps 
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Entry 9, Table 2 shows the relative errors between calibrated values and values 

extracted from the videos after adjusting frame rate to 240 fps. As it can be seen, errors 

for 1st left string are 0.00% and 0.31% for two measurements, and for 2nd left string 

error is 0.71% for both recordings. Error in such a small percentile verifies that the 

actual frame rate of the camera recordings is 240 fps, even though the details of the 

videos show various information about the frame rate. 

Besides, small error verifies that method is working properly even if the camera 

was steadied by hand. Therefore, it can be concluded that camera wondering does not 

affect phase-based motion magnification. 

Original frames and magnified frames are illustrated in Figure 25 for first left 

string and in Figure 26 for second left string. For better visualization of first bending 

mode of the strings, magnified mode shapes are illustrated with green reference line, 

where line represents string position at original frame (Figure 25c and 26c).  

 

(a) (b)  (c)  

Figure 25. 1st left string motion magnification: (a) Original frame, (b) 20 times 

magnified frame, (c) magnified frame with reference line. 
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(a)   (b)   (c)  

Figure 26. 2nd left string motion magnification: (a) Original frame, (b) 40 times 

magnified frame, (c) magnified frame with reference line. 
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CHAPTER 4  

 

4. MODAL IDENTIFICATION OF METU BRIDGE  

 

4.1. Bridge Architecture 

METU A1 Bridge (Figure 27) is actively used pedestrian overpass. It connects 

shopping malls, DSI, and METU campus and lays over one of the most crowded 

highways in Ankara, Eskisehir Yolu. So, it is actively used by both university students 

and DSI workers as well as shopping mall visitors. Besides it experiences a lot of extra 

vibrations from large number of cars and heavy vehicles passing under it. Therefore, 

to assure public safety, the proper structural health monitoring of this bridge cannot 

be neglected. 

 

 

Figure 27. Side view of METU A1 Bridge (from East to West view) 
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METU A1 Bridge is a cable stayed bridge which was constructed in 2005. Two 

abutments of the bridge are made of concrete material, they serve as a support for the 

deck, which consists of steel beam and concrete cover. Deck is connected to the 43.12 

m tall tower with 12 solid steel cables, each with 60 mm diameter. The pylon is 

anchored to a concrete block from the rear side with additional 12 solid steel cables of 

same diameter. The bridge has a length of 48.45 m with 3.00 m width. The weight of 

the pylon is 100 tons, the deck and the cables are 90 tons; in total structure weights 

approximately 190 tons. The detailed side view drawing of the METU A1 pedestrian 

bridge is illustrated on Figure 28. 

  

 

Figure 28. Side view drawing of METU A1 Bridge (Özerkan 2015) 

 

The load of the bridge in longitudinal direction is carried by two pipe sections 

and three hollow sections that serve as deck support. The former is used in the edges 

of the bridge and has 300 mm outer diameter and wall thickness of 7 mm. The later 

made of steel plates with 10 mm thickness and additional 20 mm thick plates are used 

to stiffen the beam at the junctions with the transverse beams. The longitudinal pipe 

and box beams are connected by transverse beams. The transverse beams are built-up 
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I-section that varies in height, being 800 mm in the middle and gradually decreases to 

300 mm to the ends, as illustrated in cross section view (Figure 29). The web and 

flanges of I-section of these beams are in 10 mm thickness, while the width of the 

flanges is 250 mm. There are 12 transverse beams along the deck between two 

abutments, located at 1.88 meters apart from each other. The bridge floor constructed 

with 10 mm thick steel plate slab at the bottom, 5 cm thick mortar with 6 mm in 

diameter meshed reinforcement at the middle and tiles at the top.  

 

 

Figure 29. Cross section of METU bridge before addition of billboards (Özerkan 

2015) 

 

In couple of years after construction was completed, advertisement billboards 

were placed on both sides of the bridge. The steel frames of the billboards are 

connected to the circular pipe section at the end of cross section. Revised cross section 

of the bridge with addition of advertisement billboards is shown in Figure 30.  

These billboards not only provided different physical appearance to the 

overpass, but also created additional load on a bridge that already suffers large 
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pedestrian live load. Attaching advertisement billboards, influenced not only weight 

but also stiffness of the structure of the bridge.  

 

 

Figure 30. Cross section of the bridge with additional billboards 

 

4.2. Measurements with accelerometer 

For the modal identification of the bridge, accelerometer of the smartphone was 

used. In order to obtain main torsional mode along axial direction and bending mode 

frequencies of the bridge, accelerometer was placed in different places. The sensor 

was placed to the middle and 2/3 of the span with varying corners and middle of the 

width of the bridge deck.  
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Figure 31. Sketch of placement of accelerometer measurements 

 

First reading was measured at the middle of the span and the at the left edge of 

the width of the bridge, while the second one at the 2/3 of the span and the same edge 

of the width. For the third reading measurements at the 2/3 the span and the at the 

middle of the width were taken. As for the last, fourth reading of the accelerometer 

was located at the 2/3 of the span and the at the right edge of the width. Places of 4 

different measurements are shown in different color in Figure 31. 

 

 

Figure 32. Frequency spectrum of 4 different measurements 
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Natural vibrational frequencies can be identified by looking at frequency 

spectrum of accelerometer readings (Figure 32). Figure 32 shows frequency spectrum 

of vertical acceleration measurements that were taken from four different places on 

the bridge deck. The readings of the vertical acceleration were continued 

approximately 30 seconds which gives sampling rate of 0.0338 Hz on frequency 

spectrum. 

In order to find bending and torsional modes vertical vibrational signals are 

taken to account. To separate bending modes from torsional modes the third reading 

was taken into account, which represents data taken from accelerometer at the mid 

width of the bridge. At this location accelerometer should not detect any vibration 

coming from torsional mode. Therefore, first, second, and fourth bending modes are 

clearly seen as 2.6 Hz, 4.09 Hz, and 8.37 Hz, respectively. However, third bending 

mode is not easy to identify because of mismatching of third reading with other 

readings.  Assuming that at third reading accelerometer is placed at nodal point of the 

related bending mode and taking other readings to account third bending mode 

frequency is chosen as 5.94 Hz.  

 Since vertical resonance frequencies show only bending and torsional modes, 

it is easily possible to assign torsional modes after detecting bending modes. In Figure 

32 there are seven main peaks, each referring to resonant frequencies. Four of them 

were previously assigned for first four bending modes. Therefore, remaining three 

peaks are first three torsional modes which are 3.20 Hz, 4.83 Hz, and 7.33 Hz, 

respectively. Table 3 summarizes all modes that are extracted from accelerometer 

data. 

 

Table 3. Vibration modes of the bridge deck from accelerometer measurements 

 1 2 3 4 

Bending modes (Hz) 2.60 4.09 5.94 8.37 

Torsional modes (Hz) 3.20 4.83 7.33 - 
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4.3. Finite element model (FEM) 

To verify that modes are correctly assigned to the corresponding frequencies 

additional analysis is required. For that purpose, computer model of the monitoring 

structure, modelled using SAP2000 Finite element modeling program, was used. The 

program simulates the physical behavior of the structure by dividing the structure into 

finite number of parts and assigning the material properties, loads, and boundary 

conditions.  The main challenge of the modeling is constructing the geometry of the 

structure and calibrating the model with measured data.  

The FE model of the bridge is found in the literature (Özerkan 2015). However, 

it did not consider the billboards placed on two sides along the bridge. In order to 

obtain more precise results, available FE model was used with addition of 

advertisement panels. The model consists of four main parts: tower, deck, cables, and 

billboards as shown in Figure 33. 

 

 

Figure 33. FEM of the bridge 

 

Tower was modeled with 60 mm and 30 mm thick shell members. The sharp 

corners were strengthened with 10 mm thin triangular shell member to simulate 

transitions between walls and the base was assumed to be fixed (Figure 34). 
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Figure 34. FEM of the tower of the bridge 

 

Deck was constructed with 30 mm, 5 mm, 7 mm, 12 mm, 10 mm thick shell 

members and 2 frame members, as shown in Figure 35. Shell members are shown in 

red color, and frame members are illustrated in blue. The frame members were used 

because shell members were not aligned properly.  

 

 

Figure 35. FEM of the deck of the bridge 
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Cables are constructed as a frame member with 48 mm in diameter. They serve 

as a truss connection between deck-tower and tower-anchor block. The Figure 36, left, 

shows how the cables are linked to the deck.  While Figure 36, right, demonstrates 

connections of cables to the tower and the anchor block. 

 

 

Figure 36. FEM of the cables of the bridge 

 

The FE model from the literature did not include the advertisement billboards 

that are located on both sides of the deck.  However additional weight is present with 

the presence of that panels. So, the model of the billboards was added, in order to have 

more accurate model of the bridge. 

 Billboard was modeled both as a shell model and as frame model in order to 

compare the results and use better model (Figure 37). While meshing the members the 

dimension ratio of 1/2 was not exceeded.  

 



 

 

 

48 

 

  

Figure 37. FEM of the billboards on the bridge 

 

After modelling the geometry of the structure, the loads were assigned. Dead 

load, cover load, couplers load, and prestressing load were considered in the model. 

The dead load was taken by program itself; the cover load was applied as distributed 

load 50kN/m2, the couplers load was applied as point load 98.07 N and prestressing 

load was applied as temperature difference to achieve 1 ton for cable between deck-

tower, and 3 tons for cable between tower-anchor. 

 The material properties of members were applied as shown in Table 4. 
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Table 4. Analysis property data table  (Özerkan 2015) 

Analysis Property Data 

Material 

Steel & Cable 

mat. 

Mass Per Unit Volume 7.85E-09 N/mm3 

Weight Per Unit Volume 7.70E-05 N/mm3 

Modulus of Elasticity 2.10E+05 N/mm3 

Shear Modulus 8.08E+04 N/mm3 

Poisson’s Ratio 0.30 

Coefficient of Thermal Expansion 1.17E-05 

 

 The spring properties of supports of the deck are summarized in Table 5. 

 

Table 5. Table of spring properties of support  (Özerkan 2015) 

Supports 

of Deck 

Value of stiffness 

Ux (N/m) Uy (N/m) Uz (N/m) 

Near 

Tower  
9.81E+07 9.81E+07 9.81E+07 

Far from 

Tower 
4412993 4412993 9.81E+07 

 

 After constructing the model, the forces and natural frequencies were checked 

to make sure that they are logically possible.  

In order to have accurate data, FE model calibration is needed. Calibration was 

done in order to match accelerometer values by increasing the weight of the shell 

members of billboard panels by 1.2 times and 10 mm steel shell member by 2.8 times, 

which lies under the tile, to compensate the weight of the tile. The stiffness and 

moment of inertia of shell members and frame members are decreased by 0.7 to 
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calibrate the FE model. Table 6 summarizes mode frequencies of both calibrated and 

uncalibrated frequencies of FEM.  

 

Table 6. Mode frequencies of calibrated and uncalibrated models (Hz) 

 
 1 2 3 4 

W
it

h
o
u
t 

C
al

ib
ra

ti
o

n
 

Bending 

modes 
2.93 5.06 7.80 11.79 

Torsional 

modes 
3.73 7.12 - - 

W
it

h
 

C
al

ib
ra

ti
o

n
 

Bending 

modes 
2.63 4.23 6.61 8.40 

Torsional 

modes 
3.44 4.35 - - 

 

In Figure 38 (left) the first bending mode shape of FE model is illustrated. 

The first torsional mode shape of the model is shown is the Figure 38 (right).   

 

 

Figure 38. First bending mode 2.63 Hz (left), first torsional mode 3.44 Hz (right) 
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The second bending mode of the FE model is shown in Figure 39. The left 

figure reveals the mode shape, where advertisement billboards are hidden for better 

visualization and the figure in the right shows the same mode shape with exciting 

billboards. It is true also for the third bending mode (Figure 41), fourth bending mode 

(Figure 42) and for second torsional mode (Figure 40) of the FE model. 

 

 

Figure 39. Second bending mode 4.22 Hz: without billboards (left), with billboards 

(right) 
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Figure 40. Second torsional mode 4.35 Hz: without billboards (left), with billboards 

(right) 

 

 

Figure 41. Third bending mode 6.60 Hz: without billboards (left), with billboards 

(right) 
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Figure 42. Fourth bending mode 8.40 Hz: without billboards (left), with billboards 

(right) 

 

4.4. Measurements with camera 

4.4.1. Video motion detection 

All the camera measurements were done by the simple smartphone, Xiaomi 

Note 5, having camera adjusted to 60 fps frame rate and 1080x1920 pixels frame 

dimensions. For frontal view smartphone was placed on tripod at the end of the deck 

on the opposite side to the tower of the bridge. For the side view, two different captures 

from both sides, METU side and DSI side, were taken. To guarantee the capture of 

excited bending and torsional modes, they were stimulated by jumping on the middle 

of the deck. The outcome video was then processed using phase-based motion 

magnification algorithm that were verified by ruler and cello experiments mentioned 

before.  

Unfortunately, clear magnified results were not obtained from neither of the 

side view videos. On the capture from the DSI side, the tree present in the picture does 
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not allow us to perform proper processing. Meanwhile, the METU side view video 

process did not give satisfactory amplification results, possibly, due to large distance 

of capture. Smartphone has better pixel density of the object when it takes video in 

closer distance to the object, for the captures from large distances, more advance 

cameras in terms of resolution and optical zoom can be utilized. Since in this thesis 

only smartphone camera is used, side view motion magnification was not successful. 

Fortunately, frontal view motion magnification gave acceptable result.  

In order to reduce processing time video was shortened to 35 seconds giving 

0.0285 Hz sampling rate on frequency spectrum. To avoid magnification of the motion 

of side billboards and cables, video was cropped focusing only on the deck. Resultant 

video was processed by using algorithms of phase-based motion detection, explained 

in theoretical part. Apart from the existing algorithm undercomplete complex 

steerable filters were used, which detects phase changes in only vertical directions (-

11.25°, 0°, +11.25°). After processing video with these vertical filters, phase signal for 

each pixel was obtained. Applying FFT to each pixel and averaging them by amplitude 

more effective frequency spectrum was obtained which amplifies signals with better 

edges (amplitudes). In order to obtain whole spectrum of resonant frequencies of 

bridge deck, 10 points along the left edge of the deck were chosen and their frequency 

spectra were detected. Average of all 10 spectrums are shown in Figure 43. The reason 

for selecting only left edge of the deck is that the middle part of the deck does not have 

very sharp edges and half of the right edge was covered by dynamic load source 

(jumping man).  



 

 

 

55 

 

 

Figure 43. Power spectral density of phase measurements from video 

 

From the Figure 43, it is clearly observed that bridge deck resonates at 2.63 Hz 

and has one of the most powerful signals with respect to the other mode frequencies 

which increases the chances to see clear magnification vibration at that frequency. By 

relying on results of accelerometer measurements and FEM analysis, peaks from 

frequency spectrum from video processing can be interpreted.  

In Figure 43 all of the peaks, except 2.626 Hz and 2.854 Hz, have interval of 

0.827 Hz. This pattern of peaks can be behavior of cable resonant frequencies (Lee & 

Chen, 2004) and definitely not for deck resonant frequencies. When data from the 

Figure 43, except for 2.626 Hz and 2.854 Hz, are plotted to mode number versus mode 

frequency graph (Figure 44), the perfect linear relation can be observed. Such perfect 

fit with regression line of R2=1.00 is unusual for cable behavior. Therefore, the initial 

assumption that camera was under influence of vibration of the cable was reconsidered 

as wrong interpretations of the peaks. After obtaining R2=1.00 in Figure 44 and taking 

into account similar behavior of peaks in ruler experiment in Figure 19, it was 

concluded that algorithm might produce repeating peaks of first vibrational mode 

frequency which are not actual peaks but artifacts of first mode. 
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Therefore, Figure 43 shows only 2 acceptable peaks related to the deck 

vibration which are 2.626 Hz and 2.854 Hz. Assuming that 2.626 Hz is first bending 

mode of the deck, the error between video and accelerometer measurements is 1.15%. 

From low value of error percentile, it was concluded that the phase-based motion 

detection is applicable for modal identification, at least identification of first bending 

mode of the 48 m long cable stayed pedestrian bridge. Peak at 2.854 Hz could be 

considered as first torsional mode since it is the closest point to first torsional mode 

frequency from accelerometer measurements. 

 

 

Figure 44. Mode number vs. mode frequency graph of camera motion under 

influence of cable vibration (all peaks except 2.626 Hz and 2.854 Hz) 

 

4.4.2. Video motion magnification 

After detecting the resonance vibration frequencies of the deck with motion 

detection algorithm, it is possible to verify the findings and interpretations of each 
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resonant frequencies by magnifying motion and visually identifying the mode shapes 

of the magnified videos. 

Figure 45 demonstrates the frontal view of the bridge, from DSI side. As it can 

be seen from the left edge of the bridge, on the original frame the edge is straight, 

shown in green reference line, and no visible bending is present. After processing the 

video, the large oscillations of first bending mode can be clearly seen. On Figure 45, 

frame number 255 from the magnified video is illustrated. In this particular frame the 

middle of the bridge is moved down, shown in red line, without any torsion. 

 

 

Figure 45. 255th frame original frame and magnified frame (2.6 - 2.7 Hz) 

 

The motion of the middle of the bridge in upside direction corresponds to frame 

number 267 in magnified video which is shown in Figure 46. Here as well, left edge 

of the bridge is straight for the original frame, shown in green reference line, and 

bending is seen only after proper amplification, shown in red line. 
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Figure 46. 267th frame with magnified frequency band 2.6 - 2.7 Hz 

 

Difference between maxima and minima frames shows that the magnified 

motions are in a range of 2.6 -2.7 Hz, which is exactly what is expected for first 

bending mode, according to the results of accelerometer. 

4.5. Discussion and comparison 

Using phase-based motion magnification algorithm and simple smartphone 

video, without any additional surface preparation first bending mode of the bridge 

deck was successfully obtained. The first bending mode of the deck is not only seen 

with naked eyes on magnified video but also numerical value agrees with the value 

obtained using accelerometer. From the frequency spectrum of the video first mode 

frequency was found to be 2.63 Hz with sampling rate 0.0285 Hz, while accelerometer 

frequency spectrum indicates that the first mode is 2.60 Hz with sampling rate of 

0.0338 Hz. As it can be seen from Table 7, the value from video lies within the range 

of sampling rate of accelerometer. 
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Table 7. Comparison table of calibrated FEM, accelerometer measurements and video 

measurements 

 
Mode 

type 
1 2 3 4 

Calibrated 

FEM 

Bending 

modes 
2.63 4.23 6.61 8.40 

Torsional 

modes 
3.44 4.35 - - 

Phone-based 

Accelerometer 

Bending 

modes 
2.60 4.09 5.94 8.37 

Torsional 

modes 
3.20 4.83 7.33 - 

Sampling 

Rate 
0.0338 

Video 

Bending 

modes 
2.63 - - - 

Torsional 

modes 
2.85 - - - 

Sampling 

Rate 
0.0285 

Error between 

accelerometer 

and video 

values 

Bending 

modes 
1.15 % - - - 

Torsional 

modes 
10.9 % - - - 

Note: all values are given in Hz.  

 

The FE model was calibrated to match bending mode values found by 

accelerometer. Using this FE model, the first and second torsional modes found to be 

3.44 Hz and 4.35 Hz, respectively. Although it was hard to assign torsional modes 

using accelerometer measurements, previously with no additional data it was assigned 

that first two torsional modes are 3.20 Hz and 4.83 Hz. The calibrated FE model 

approves that these values were assigned correctly. 

 

  



 

 

 

60 

 

  



 

 

 

61 

 

CHAPTER 5  

 

5. CONCLUSION 

 

A novel approach to video-based modal analysis has been investigated; 

previously developed code was improved and successfully tested on a number of 

structures. Main contribution to the state-of-the-art was addition of a code to search 

for video-based frequencies that resonant motion exists and then targeting the software 

towards the identified frequencies to obtain visual amplified mode shapes from the 

video recording. The existing algorithm (Wadhwa, 2013) was modified and improved 

in such a way that the frequency band for the magnified motion in output video is 

found automatically and more accurately. After successful video processing, all 

obtained data are compared with the data taken from accelerometers and FE model to 

verify the results.  

Obtained structural response decomposition based on video magnification 

were mostly limited to the first mode shape or two because of the video frame 

recording speed, video resolution, and computer RAM & computing power 

limitations. Video-based motion magnification was first tested on simple structures 

such as a 1m long steel ruler and a cello C2 and G2 strings. Similar to the cello, bridge 

cable vibrations were obtained with better accuracy and larger number of vibration 

modes were possible to capture when compared to the METU A1 Bridge case since 

the cable vibration displacement amplitudes were larger than the METU A1 Bridge 

case. Nevertheless, it was possible to capture vibration frequency matching with the 

accelerometer measurements and magnify the first bending mode video of the METU 

A1 Bridge. The results also compared nicely with the calibrated bridge FEM. Phase-

based video magnification method is deemed to be successful based on good match 

with accelerometer results of ruler, tuning calibrator adjusted cello string frequencies, 

tested and calibrated FEM of METU A1 Bridge, and visual inspection of METU A4 
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Bridge cable. Obtained results gave acceptably good agreement for METU A1 Bridge 

as 2.60 Hz for accelerometer, 2.63 Hz for FE model, and 2.63 Hz for the video motion 

detection results. 

In addition to quantitative vibration frequency results of video motion 

detection, video motion magnification method provides a real image motion – 

animation for the mode shapes at determined resonant vibration frequencies. 

Obtaining video animation for determined frequencies is an important outcome and 

advantage of this approach. Since every pixel serve as a sensor for small motions, this 

thesis provides a cost efficient and powerful technique for mode shape and modal 

frequency identification. 

It is concluded that slight camera wondering does not play an important role 

in phase-based motion magnification for successful amplification of the first vibration 

mode of cello strings. The analysis is based on a cropped area of video that includes 

the vibration section of the analyzed structure. If the wondering is too large to move 

the cropped area away from the vibrating structure, the results would be unsuccessful. 

Otherwise, low frequency wondering motion does not interfere with the relatively high 

frequency structural vibration motion. When the cello example was considered, 

resonant vibration frequency of the strings at about 65 Hz and 98 Hz; while, the hand 

vibrations were in much lower frequency, i.e. less than 10 Hz. Cello string was 

recorded at 240 Hz and frequencies up to 120 Hz were possible to be captured.  

An additional observation about the video recording was erroneous sampling 

frequency information in the recorded video files. Although video sampling was 240 

fps, some of the video files indicated various frequencies changing from 180 fps to 

210 fps. If the recorded file “frame per second” (fps) information was directly used, 

wrong resonant vibration frequencies were obtained.  

Video-based frequency space decomposition generated some artefacts of the 

first resonant mode that repeats itself with constant intervals. The regression fit R2 of 

1.00 was obtained using the consecutive peak frequencies which is unusual to obtain 



 

 

 

63 

 

in nature. Bridge example thought to be the contribution of consecutive cable vibration 

frequencies; however, same effect was observed in the ruler example and was 

identified as a procedure problem. Cello string was not able to reproduce similar effect 

since the resonant vibration was too close to the Nyquest frequency. 

5.1. Limitations of current study  

The main reason why higher resonant modes of the bridge deck were not 

observed using phase-based motion magnification is due to the fact that high-

resolution video camera recording was not available. Instead, simple smartphone 

camera with a Full-HD 1920x1080 pixels resolution was used. Based on experimental 

results, it can be concluded that resolution of utilized smartphone was not enough to 

detect the motion of higher modes. Higher modes have smaller deflections and 

requires faster frame per second recording speed. Using a camera with higher pixel 

resolution and faster frame per second recording speeds, it is expected to capture 

higher modes more efficiently. Optical zoom to a single moving point may improve 

the deflection resolution since larger number of pixels would capture much smaller 

motions; however, this was not recommended since it would not be possible to capture 

the overall mode shape of a structure by zooming in to a small area like a bolt.  

Another reason why higher resonant modes were not observed using current 

method can be the large demand for processing power of computers. It took about half 

an hour to process cropped 300x700 pixel video of 6 seconds using a notebook PC 

with 8 Gb RAM and Intel i5 core processor. The resolution of the video was 

deliberately reduced to HD format of 720x1280, otherwise RAM was not enough to 

process video data. Bridge video from a distance gave no results while capturing video 

by placing camera on the deck over the support yielded better results. However, 

processing all image instead of a cropped area overloads the computer. In order to 

overcome this problem, downsizing of original videos was necessary. The loss in 

resolution has negatively affected motion detection. Using computers with larger 
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RAM with faster CPU and processing larger view with higher resolution cameras are 

expected to lead to better results.  

Another limitation of the performed experiment on METU A1 Bridge is 

blocking objects in the video. It is very crucial to capture entire bridge in the video in 

order to clearly see vibration mode shapes of a bridge. However, in this case clear side 

view capture was not possible due to various obstacles such as tree blocking some part 

of the bridge and inability of capturing the video from the middle of the highway. 

Pedestrian motion on the bridge during recording has very adverse effects on the video 

processing and yields no results. The video should be taken without visual obstacles 

or moving objects on the structure.  

Although first bending mode shape was observed on deck view video, higher 

modes were not successfully detected since pixels are not evenly distributed (farther 

parts of the bridge had less pixel density on the recorded video). In other words, the 

near end of the bridge deck is seen bigger and occupies larger number of pixels, while 

farther end is seen less and smaller number of pixels contain data of that end. 

Therefore, the view angle and pixel intensity have effects on the results.  

A final limitation is stemmed from the placement of camera on the bridge deck 

itself or ambient vibration on the camera. If the camera is placed on the bridge deck, 

it would also vibrate as a function of the bridge response. The background of the bridge 

then would vibrate based on the camera motion, which is not realistic. A code was 

prepared for image stabilization if large motion exists such as holding by hand or 

placing on the bridge deck; however, the image stabilization algorithm had minor 

success for small vibrations. It is recommended that the camera would be placed on 

supports that would hold it still, isolate it from the ground, and have no motion at all 

including interaction with the bridge vibrations. Such an isolation from the 

environment might be problematic in windy conditions, since wind would cause 

motion of the camera if isolated from the ground. A heavy base for the camera and 

suspension from the environment might be advantageous.  
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5.2. Future work 

As for the future work, it is thought to try application of different filters to see 

if any improvements are possible to achieve using currently developed method.  

The developed method can be transferred to mobile platform with proper 

mobile developer and advanced technologies to make it possible to perform modal 

analysis of structures only using camera and processing power of a smartphone; since, 

smartphones are replacing computers in many different aspects of life. 
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APPENDICES 

 

A. Additional accelerometer measurements on METU A1 Bridge deck 

Additional measurement with G-Link-LXRS MicroStrain triaxial MEMs 

accelerometers was performed. Measurement rate was set to 256 Hz and readings were 

continued to 40 seconds. All readings were started simultaneously at the same time. 

The sketch of the placement of the accelerometers is shown in Figure 47.  

  

 

Figure 47. Sketch of placement of accelerometer measurements 

 

Figure 48 shows frequency spectrum of the measurements, where 4 main peaks 

represent first four bending modes. 
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Figure 48. Power spectral density of accelerometer measurements 

 

Peak at 4.09 Hz could be confused with torsional mode, however looking to the 

imaginary part of Fourier transform of the 3rd and 4th readings shows that this peak 

represents one of the bending modes. The fact that the imaginary parts of these two 

readings match each other perfectly in terms of sign of the peaks (Figure 49), proves 

that peak at 4.09 Hz is one of the bending modes, indeed it is second bending mode. 

Therefore, it cannot be interpreted as torsional mode. 
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Figure 49. Imaginary parts of Fourier transforms of 3rd and 4th readings 

 

For torsional mode the peaks for two readings must have different sign of the 

amplitude of the peak, if one has plus sign the other reading must have negative sign 

at the same frequency (Avitabile, 1999). 

 

 

Figure 50. Zoomed power spectral density of accelerometer measurements 
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Figure 50 shows that there are two peaks, 3.23 Hz and 3.90 Hz, that were seen 

in all readings except for 1st reading  which settled in the middle and cannot catch 

torsional mode. Therefore, these peaks could be falsely assigned to be torsional modes. 

The additional information from the plot of the imaginary parts of 3rd and 4th readings 

(Figure 49) clearly show that there are no any signals belonging to torsional mode in 

the region between 3 Hz and 4.8 Hz.  

 The summary of the accelerometer measurements is shown in Table 8. 

 

Table 8. Summary table of resonant frequency modes of METU A1 Bridge deck from 

accelerometer measurements 

 1 2 3 4 

Bending modes (Hz) 2.63 4.09 5.93 8.32 

Torsional modes (Hz) - - - - 

 

 


