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ABSTRACT

MODAL IDENTIFICATION OF STRUCTURES USING EULERIAN -PHASE
BASED VIDEO MOTION MAGNIFICATION AND ANALYSIS

Ismailov, Kadyrbek
Master of SciengeCivil Engineering
SupervisorProf. Dr.Ahmet Turer

January 202072 pages

Structuralidentification (Stld) and dynamic analysis have been craicin civil
engineering structures, mainly buildings and bridges. In order to observe the
vibrations of structures, networks of highnsitivity sensors have been used. There
areseveral limitations of such monitoring systems including cost, labor, nuohber
sensors, and installation. A recent method called pbased video magnification can

be utilized in civil engineering to have a practical visual approach instead obarray
sensors. This method will be useful especially for tall and long structues li
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 gpatid distribution of pixels is advantageous. Use of HD video as an input and
maqification of tiny motions, which are not seen by naked eyes, are studied in this
thesis. The phadeased video magnification algorithm is used and improved to obtain
resonah moce shapes and frequencies of simple structures through video based
spectral aalysis. 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 phasebased video magnification



Oz

EUL ERKFARTABANLI VKDEO B

' Y, TME KULLANILARAK
YAPI LARI' N MODAL TANI MLAMA VE ANALKZK

Ismailov, Kadyrbek
Yuksek LisansKk n kM@ahtendi s i ] i
Tez Da nRd braAhnget Tlrer

Ocak 202072 sayfa

Knkaat m¢ he nd betirlemej(Stid) deedinani& analig, @4ellikle kdpru

ve binalar a-éséndan -ok °nemlidir. Yapel ar é
hassasiyet]l. sens®°r ajl ar eistdmietinin aaliget, makt adér .
K- 11k, sens®r igakylezavantagvreé kwuarrud eurm gF abzi tba b an
b¢yeéet me adeée veril en yennmnoktatan ve sgrnsomdrie m i1 e -
kull anél maseéene engel |l eyer ek Bun yoatem, m¢ hendi
°czell ikl e sensrl er ar as énhiraskrun oldiewss af eni n %
g°kdel enl er ve uzyuanp éd -a& k olebiiqmmA yy aercaar,d iébii d e o
tabanl é& mod testi pi ksedber dolaggapéea@aheae euzan
Bu tezdeHD videoyu bir girdi olarak kullaarak- € p | a k (efheydne&kicik® r ¢

hareketlern bayutd me s i I ncalzen mbrmnil @ video b¢gy¢t me al
tabanl ée spektral analiz yoluyla rezonant mooc
eldee¢ me k 1 - ma kKwked g eahni @€Ceivervecelloteli gibi basityp € | ar én

ve iki yaya koprisunim ez onant mode «kKeldioljlreedianvei 6 eeka
kaydéendan el de edi |l mi ktir.

Anahtar KelimelerModsal tanémlama, faz tabanl é video

Vi



To my jojoshkas

vii



ACKNOWLEDG EMENTS

My deepest gratitde to Prof. Dr. AmetTUrernot only for his guidance and support
but also for his understanding and patience. He provided me almost with all equipment

that was used in this thesis, and he did not withhold his help even after working hours.

| also thankall my friends tlat have spported me during my undergraduate and
graduate year s. |l would |Iike to thank Beksul
and Doolos Aybek uulu for eating it with me. | also thank Talgat Buzurkanov for

loosing me in PES, and Bekt Adilbaev for fiowing meweird American reality

shows. | would like to thank Nursultan Mamaev for being such a loyal friend and

calling me often, and Altynbek Musaev for being a loyal friend and not calling me

ever. | thank Shabdanbek Kasymov for gettihrough our unergraduateyears in

physics with me. I thank Ojuzhan Uluyurt fo
Dojanay for accompanying me during projects
Demirci for interesting discussions with me, Samet Aytekin, &omed Ali Rahimi,

MustafaYk a, Gen-ay ¢el i kheirfrikndship. Yol al maz f or

| would like to thank my parents Aniver Usmanov, Shazatkhon Usmanova and my
brother Sardarbek Ismailov for their endless support, advices and just for being there

for me, throughout all my life.

Lasty, | thank my lovely wife Nurzhan Beksultanova and our sweet son Batukhan
Kadyrbek for moral support and for making this journey positively challenging. My
wife helped me proof read this thesis if there any grammatical mistakes, that is all her
fault. | dso thank my son for waking me up in the mornings so that | work on this

thesis and change his dipper.

viii



TABLE OF CONTENTS

ABSTRACT et e e e nnmr s v
OZE oottt en et te e Vi
ACKNOWLEDGEMENTS.... .o ereme e enee e ) viii
TABLE OF CONTENTS. ...t IX
LIST OF TABLES ...ttt e e e enas Xi
LIST OF FIGURES ... .o eeee e eeee e Xii
LIST OF ABBREVIATIONS. ..ottt XV
CHAPTERS
1. INTRODUCTION .. .ottt eseee e em e e e e e e e ennnn s 1.
1.1. Importance of structural health monitoring (SHM)..........ccccoooviiiiiiennenns 1
1.2. Modal identification as SHM methQd............cccccooiiiiiiams 2.
1.3, MOtION MUCTOSCOPY. ..ceevvuuneeeeeetiieeeeeaaeseeseeattaseeeeeeata e e aeaesseeseesssnaaeaaeenes 4.
1.4, AIM Of the StUAY....coeeeiiii e e 5.
2. THEORETICAL BACKGROUND.......coiiiiiiiiiiiiiiiiie et !
2.1. Lagrangian and Eulerian approaches..............ccccuvvimmminiiiiiiiiiiiiieeeeee, 7.
2.2. Eulerian linear magnifiCation..............c..uuveiiiiieemiiiiiiiiieeeeeeeeee e 8
2.3.Phasebased motio magnification..............cooooiiiiiiiiiccee e 11
2.3.1. Definition Of PhaSE.......cccuuiiiiiiiiiii e 11
2.3.2. Global magnification of MOtION............uueiiiiiiiiiieeeiiiiie e 13
2.3.3. Complex steerable pyramid...............coooviiiieeii e 14
2.3.3.1. Local motion ngmification of 1D image...........ccccevvvvvvvvvvieenennn. 15
2.3.3.2.Motion magnification of 2D iIMage..........ccceeeeeevviiiiieeeei e, 18



2.3.3.3. Types and bounds of complex steerable filters...................... 21

2.3.4.Limitations of phasdéased mabn magnification..................ooeeeiiiees 22

3. EXPERIMENTAL RESULTS .. ..o eeeme e 25
3.1. Method VErIfICAtION. .......ccoiiiiieiee e eee e 25
3.1.1. METU A4 Bridge cable exp@tent..............ccooevvvviviiiieeeeeeeeeeiiiinnns 25
3.1.2. Ruler eXperiment..........covvuiiiiii e iieeee et eeeee e 28
3.1.3. Cello eXPeriMENnL.......coiiieieiiee e eeee e ere e 32

4. MODAL IDENTIFICATION OF METU BRIDGE ..ot 39
4.1. Bridge ArCRItECIUIE. ... ...uuiiiiiiiiiiiie it eeeei ettt 39
4.2. Measurements With aCCBIBNELer.............ooooiiiiiiiiiiicce e 42
4.3. Finite element model (FEM)............uuviiiiiiiieeriiiiiieen e eeeeen . 4D
4.4. Measurements With CBITR...............cc.uuuiiiiiiireri e 53
4.4.1. Video motion deteCtiOn..........ccuuuuvrriiiiiiieeeiiiiiiieeee e 53
4.4.2. Video motion magnifiCation.................eeeeviiiieemiuiiiieiiiieiieeee e e 56
4.5. Discussion and COMPArISON........cccuuuuuriiririmeeriiirinrreeeeeeeeeeeeeesaeeesesseeees 58
O, CONCLUSION. ...t ee e eeeee e e e e e e e e e ean 61
5.1. Limitations of current StUdY.............uuueueiiiiiiicemeeeiiiieee e eeee 63
5.2, FULUI® WOTK ...ttt 65
REFERENCES...... o e e enene e e 67
APPENDICES . ... et e e e et e e e e e e nneeeaee 69
A. Additional accelerometer measurements on METU Al Erideck.......! 69



LIST OF TABLES

TABLES
Table 1. Table of comparison of theoretical and experimental results........... 31
Table 2. Data extracted from the cello videos............ccoiviiicccee 33

Table 3. Vilvation modes of the bridge deck from accelerometer measuremdts

Table 4. Analysis property data table................oooeiiieeeii i, 49
Table 5. Table of spring properties of suppart.............cccccvvvieemnniccnnnvinnnnnn. . 49
Table 6. Mode frequencies of calibrated andalibrated models (Hz).............. 50

Table 7. Comparison table of calibrated FEM, accelerometer measurements and video
MEASUIEIMEINIS. ... ieiieeiii e ettt e e e e et e e e e e e et mmme e e e e e e eeena e e eeeesammmeeenennns 59
Table8. Summary table of resonant frequency modes of METU Al Bridge deck from

ACCE CIOMETET MBASUICIMEIILS. e ettt et ee et e e e e e e e e e e e e e e s remer e e eneeneenaens 72

Xi



LIST OF FIGURES

FIGURES

Figure 1. Contact method for vibrati detection...............cccvvviiiieec i 3
Figure 2. Video camerlased vibration detectian............cccccooovivieeeeee e, 3
Figure 3. Lagrangian and Eulerian approaches............cccccviiieeeiiii e, 7.
Figure 4. Motion magnification by Lagrangian approach............ccccceeevveeeenennn. 8
Figure 5.Motion magnification with linear approximation...............ccccccceeeeeueee. 10

Figure 6. Magnified noise of Linear magnification and PHzes=d magnificatiohl

Figure 7. Phase representation in complex domain...............cccccecccevveevvennnnnn. 12
Figure 8. Swap of amplitudes and phases of two different pictures............... 13
Figure 9. Gaussiawindowing of complex sinusoid...............ccooooiiiiicee e 15
Figure 10. Decomposition of the signal into wavelets...............ccccccieenieenens 16
Figure 11 Motion magnification of 1D signal............ccccceviiiiiieccniiiiiiiiieeee e, 17
Figure 12.Complex steerable filters...........oouiiiiiiiii e 19
Figure 13. Work flowof motion magnification................cccccvviiiieemiiiniiinnieeeenn. 20
Figure 14. Types of complex steerable filters.........cccccooiiiiiiicc 22

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

(c) second, (d) third, (e) fourth, (f) fifth.............ooor e, 26
Figure 16. Mode frequencies Gle. ... e 27
Figure 17. Fixing point Of the TUler..........ooooiiiiiiii e 28

Figure 18. Power spectral density of smartphonelecraetermeasurement.....29
Figure 19. Power spectral density of phase measurement from video.......... 30
Figure 20. Power spectral density digge measurement from 5 seconds vide81
Figure 21. Power spectral density of phase measurement ftdeft String excited
Video-1, without frame rate adjustment.............cceeeeeeeiiieeeeee e 33
Figure 22. Power spectral density of phase measurement ftéeft $tring excited

Video-1, with frame rate adjustment t0 240 fPS........ccovviiiiiiiiiiiiee e, 34

Xii



Figure 23. Power spectrdensity of phase measurement froffl12ft string excited
Video-4, without frame rate adjustment...............ovuiicccrieeeee e 35
Figure 24. Power spectral density of phase measurement ffdeftZtring excited
Video-4, with frame rate adjustment t0 240 fPS.........evvviiiiiiiiiiieerieeeees 35
Figure 25. 1 left string motion magnification: (a) Original frame, (b) 20 times
magnified frame, (c) magnified frame with reference line...................oovvueeee. 36

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

magnified frame, (c) magnified frame with reference line..............ccc.vvvvueeee. 37
Figure 27. Side view of METU Al Bridge (from East to West view)............... 39
Figure 28. Side view drawing of METU AL Bridge..........cccoevvvviiviiieennee e, 40
Figure 29. Cres ®ction of METU bridge before addition of billboards............ 41
Figure 30. Cross section of the bridge with additional billboards................... 42
Figure 31. Sketch of placement of accelerometer measurements................. 43
Figure 32. Frequency spectrum of 4 different measurements....................c... 43
Figure 33FEM of the DH@Je........coovviiiii e 45
Figure 34. FEM of the tower of the bridge...............cccoieni 46
Figure 35. FEM bthe deck of the bridge..........cccovvvvii i 46
Figure 36. FEM of the cables of the bridge..........cccoooiiiiiiiieceiiii a7
Figure 37. FEM of the billboards on the bridge.............ccoooiiiccciiiii 48

Figure 38 First bending mode 2.63 Hz (left), first torsional mode 3.44 Hz (ridi)
Figure 39. Second bending mode 4.22 Hz: without billbodedy, with billboards

(e 1 USSP 51
Figure 40. Second torsional mode 4.35 Hz: without billboards (left), with billboards
(T |1 PSPPSR 52
Figure 41. Third bending mode 6.60 Hz: withduftboards (left), with billboards
(FIGNT) e 52
Figure 42. Fourth bending mode 8.40 Hz: without billboards (left), with billboards
(T |1 PSPPSR 53
Figure 43 Power spectral density of phase measurements from video.......... 55

Xiii



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

of cable vibration (all peaks exue2.626 Hz and 2.854 Hz)...........c..ceeeeeeeeeeee 56
Figure 45. 259 frame original frame and magnified frame (2&7 Hz)............. 57
Figure 46. 267 frame withmagnified frequency band 2:®.7 Hz...................... 58
Figure 47 Sketch of placement of accelerometer measurements................. 69
Figure 48. Power spectrdénsity of accelerometer measurements................. 70
Figure 49. Imaginary parts of Fourier transforms'®g8d 4" readings............... 71

Figure 50. Zoorad power spectral density of accelerometer measurements.71

Xiv



ABBREVIATIONS

1D

2D

3D
ASCE
DSI
FEA
FEM
FFT& IFFT
FIR
fps
METU
MIT
PSD
RGB
SHM
SNR

LIST OF ABBREVIATIONS

OneDimensional

Two Dimensional

ThreeDimensional

American Society of Civil Engineers

Devlet Sukeri (GeneraDirectorate of State Hydraulic Works)
Finite ElementAnalysis

Finite ElementModeling

Fast Fourier transfor@& InverseFast Fourier transform
Finite Impulse Response

Frames per second

Middle East Techni@ University

Massachusetts Institute of Technology

Power Spectral Density

RedGreenBlue

StructuralHealthMonitoring

Signal toNoiseRatio

XV






CHAPTER 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,at@ns
power plants, are showing severe deterio
needs to bperiodically monitored, in order to guarantee safety of these structures and

to perform proper maintenance over time

The main reason to apply SHM is tomprove reliability of the existing
structures. It is important that structures are designed to beftestive and have
long service of life. Itis reported in ASCE infrastructure report cart for year 2017 that
almost 56000 bridges in USA, which is 1G@%oall existing bridges in the country,
suffer from structural or functional deficienciASCE, 2017) Such deficiencies
require immediate attentiorgtherwise they may lead to serious damages. The
dramatic example of Morandi Bridge in Italy shows thatper 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, \Itdlgyand
more importantly served as a link between lItaly and France on European route E80.
In August 2018¢uring the torrential rainstorm, 210 m section of the bridge collapsed,
taking away 43 human lives. It is believed that collapse occurred due to structur
weakness of thavesternmost cablstayed pillarof Ponte Morandi, where collapse

was centered.



Therefore, proper SHM should be applied in order to improve reliability of the
structure together with achieving lower cost condition maintenance, antigipatin

possible damage, and lastly but more importantly, avoiding catastrophic outcomes.
1.2.Modal identification asSHM method

One of the mostly used techniques for health monitoring and model
characterization of the structure is dynarbesed vibration methodising modal
identification (Shang & Shen, 2017)The main idea is that the damage and
deterioration othe structure causes physical change in mass, dangmdgtiffness
which can be detected lmgeasuring th@bnormal responses of structuvdirations
(Farrar & Jauregui, 1998)

Vibration measurements can be divided into two categories, contact and non
contact methods. The contact method involves wires and transdsloansy as small
squares in Figure Xhat are located at a place of intérefich allows to see the
frequencies and amplitudeswtbrations There is a variety of such contact transducers
like accelerometers, linear variable displacement transdwucet strain gages.
Although contact transducers can detect vibrations at longrdiz range and high
accuracy, the physical installation is a costly, time and fabnsuming process and
sometines even impossiblerang et al., 2017)Besides, the natural behavior of the
structure may change with additional mass loading during ingpeathich is more
profound for the structures of low madsassifet al, 2005) This makes us question

the practiability of these contact methods.



Data Logger

PC

Figurel. Contact method for vibration detection

More practical approach woulsk using norcontact measurement. At present,
there are many different naontact sensors such as Laser Doppdarometry,

synthetic aperture radar, uksaund systemsnd vision systems.

The latter has several advantages over others in terms of cost and
implementation(Bagersad et al., 2017n addition, the robustness and accuracy of
vision-based approach hagen greatly enhanced with progress of image processing
and computer algorithm@Bagersad et al., 2017An excellent example for nen
contact vision system is digital video camera, which are relatively not expensive and
mobile. They can be effectively usddr the vibration measurements of various
structures when combined with sui@lmage processing algorith(@aetancet al,

2011)

PC

Figure2. Video camerdased vibration detection



The main advantage of viddmased method is that highatial resolution can
be obtained in a relatively efficient manner, since every pixel function as a separate
sensor as illustrated in Figure.20n the other hand, in this methdhigh-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 inasi#s.

Camerabased measurementgained more wide acceptance with the
development of motion magnification technique, which allowed viokesed
measurements without additional structural surface preparation. Besides, it became
possible to have appropriatessualization ofresonanvibration mode shapes without

the use of paints and markers on the surface of the strCluea et al., 2015)
1.3. Motion microscopy

Motion detection isstraightforwardfor videobased measurementhi@n the
displacement is large. Howevéor atiny motion which is not detected by naked eye,
the need for additional method arises. In analogy with daily life, where tiny living
things areobserved by the microscope, in the computer vision the imperleeptib
motions can be detected by the motion microscopy. The term motion microscopy was
introduced by MIT researchers, Freeman and Rubin§26it¥) They described new
method of motion magnifation that enables us to amplify tiny motions in video in

specifial frequency band.

One of the most robust method for motion magnification is phased
approach, which is described in more detailed manner in Chapina®ebased
motion magnification pproach has gainadoreattention recently due to wide range
of passible applications. To illustratphasebased motion magnification can be used
in pulse detectiorsound detection from vibrating object, breath movement detection

etc

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

phasebased motion magnification in civil engineerinthey have reportethat by



using motion magnificatioalgorithmtogeter with phasebasedmotion estimation

that resonant frequencies and operational deflection shapes can be detected. For their
experimenthey have used lab scaled benchmark structures like cantilever beam and
pipe test specimehey have showed that successful informatioouglonotion can

be extracted from natural feature of the struct8eerafi et al(2018)have reported
application opphasebasednotion magnification for determining resonant frequencies

and operating deflection shapes of #iefd sized wind turbine bladin addition, they

have used phadsased motion estimation to compare dynamic behavior of the
structures from damag and undamaged turbine blades.

Although there are many examples of various application of pbessed
motion magnification, literatureitacks in infield measurementsf structures under

exploitation.
1.4. Aim of the study

Inspired by many successful dipptions of phaséased motion magnification
in literature the aim of this study i® utilize this method for themnodal identification
of METU Al Bridgedeck The main objective of this reseh is to eliminate the use
of expensive equipmenor thatpurpose,nstead of expensive video camera simple
and more available smartphone cameas usedor all video recordingsBefore
applying curent method ttMETU A1l Bridge, method was verified by experiments
with METU A4 Bridge cableruler, and cello.

Within this thesis the phadmsed motion magnificationas utilizedas a case
studyfor modal identification of the bridge at outdoor coraitiThis method can be
potentially used formodal identificationof not only bridges but also large and

complex strutures where placing vibrational sensors is cumbersome.






CHAPTER 2

THEORETICAL BACKGROUND

In order to better understand workinginciple of phasdéased 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 motigrLagrangian and Eulerigirigure3). The former describes
the motion by tracking the specific object through space and Tiheelater extracts

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

1

Figure3. Lagrangian and Eulerian approacfiRabinstein, 2014)

In other words, in Lagrangian approach pixels are separatitet@nt groups
where each group represent different tracking objects or segamhtsnly after that
themotion vectors can be amplified to reveal small motion. The major disadvantage
of Lagrangian method is that after amplification of the motiomsay leave black
holes, which are needed to be filled with appropriate piffatpure 4). However,
filling black pixels accurately has major difficulties.



Figure4. Motion magnification by Lagrangian approaRubinstein, 204)

The other method, Eulerian approach is more effective in terms of
computational expensandrobustnessin this approach, after amplification there is
no need to fill the black pixels since it worksaidifferent way The intensities of each
pixel are traced and then the motion is tracked by the help of signal procebsing.
addition, there ismneed for segmentation since it tracks each pixel, which increases

stability of processThese advantagegained Eulerian approach larger application.
2.2.Eulerian linear magnification

Initially, Eulerianlinear magnification of intensityas used to amplifyhe
temporal difference of the intensities of the pixels to observe the blood flow in the
human body through the skilh.wasseenthatthe amplification otemporalchanges
in intensitiesleads motion magnificatiogpatially. In other words, the amplifit@n
of differencebetweenbrightnessvalues of eactpixel in time domainis directly
proportional tanagnification of translation difrightness values in spacThis 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 revieWRabinsteinrwork (2014) and
derivations of the equations deixen from that worklf a single line of a video frame
is taken, this line would have only intensitgluesin one spatial dimensiorThen

intensity valuesf translated signatan be written a%ufd , whereis position in



space an@is time.Intensity at timed  Ttcan beexpressed a®ufit Q@ . Then

translated intensities can be written as
o Qo 1 0 Eq. 1

where] 0 is time dependent displacement and at tomeTtit is zerq] ™ TU

Then the magnified translatipiPcan be expressed as
T Qd p |10 Eq. 2
wherg is a magnification factor.

In order to magnify intensityfirstly, change in intensitpetween t=0 and t=t

should be derived.ffechange in th intensity 6, with respet to the’ Ot is
6 oo oufo  Ochi Eq. 3

By using firstorder Taylor series expansion ababtand assuming that o is

respectivelysmall, "Ocfd in Eq. 1canbeapproximate as
o Qe ] 0 —— Eq. 4
Derived change imtensity, B, canbe approximateds
6o 10— Eq. 5
Amplification in intensitypbetweerdo 1mando 0can be written as
Oofd Oafd | 66D Eq. 6

Combining equationgq.4, Eg.5and Eq.6ives approximated magnified intensity in

terms of and 0

O Qw p |17 06— Eq. 7



Assuming that translation a@ftensitiesand its magnificationp | 1 0 is
not too large,it is possibleto take another firsbrder Taylor approximatiorio
magnified intensity in Eq. 7 to give EQ.8

oD Q. p [ 10 Eq. 8

Comparing Eql, whichexpressesnotion magnification andeq. 8, which is
approximation fomntensity magnificationit can be seen that these tmagnifications

areroughlyequal

Figure 5 graphically shows thatagnifying intensitylinearly between timet
ando, magnifies motioinearlyas well In other wordslinear approximation between

actual and magnified motions is produced

Intensity

Space (x)

flz) fle—14) flz) — 5(‘),256.%‘)
B(zx,t)

flz)+ (1 +«a)B(z.1)

Figure5. Motion magnification withihearapproximation(Rubinstein, 2014)

The major setback of this method is tteagelinear amplification in intesity
values gives unclear results in reconstructed video, due to increase in noisel power.

increase the signal to nose ratio, instead of linear amplification the alternative method

10



of phasebased motion magnification can be usddch amplifies phasdifferences
of the intensi values The difference between result of two methods demondtirate
Figure 6, wherda) is an inputnoise,(b) is linearly magnifiedand(c) is result of

phasebased magnification.

a. Input b. Linear c. Phase-based

Figure6. Magnifiednoise of Linear magnification and Phdsesed magnification
(Wadhwa, 2016)

2.3.Phasebased motion magnification

In order to better comprehend the phbhased motion amplification, a better

understanding of term phaseneeded.
2.3.1.Definition of phase

Colorful imageor RGB video framean be transformed to the grayscale image
and imagewould be represented in intensity values of whiteness. Moreover, image
can be further transformed from spatial domain to the frequency domain with Fourier
transformation methodFourier transformation represents a signal in terms of its basis
functions. Bais functions has different form such as standard form

[ Q¢ oftoé { of ~ a and exponentiaform 'Q h N s where] s
frequency Taking a Fourier transformation of a signal or functi@wm in space

domain give us complex fornof representation in frequency domain

11



S Qo O Qe Qo @1 Qe Eq. 9
where a and b are some real numbers.
Complex form can balsoexpressed in polaroordinates

) O SO D B 6 Q Eq. 10

where %o is called phase angle0 is called amplitude and equals to

6 ¥ s WO w,Figure?.

Imaginary

A @b
Real &

Figure7. Phase representation in complex domain

Phase is playing big role in construction of image. The simple example of
phase dominationan beseenn Figure8, where amplitudes and phasegp between

two picturesare shown

12



Figure8. Swap of amplitudeand phases of two different pictur€Skurowski &
Gruca, 2009)

From FigureB it can be saethat 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 quonent.
2.3.2.Global magnification of motion

To get one step closer to local phdisesed motion magjfircation, it is helpful

to describe global case.

As it wasmentionedbefore,"Oafp is intensity values ofD image signaind
equals tdQw 1 0O , whereliis translation distance andrt 1@ TheFourier shift
theorem states that translatioh a signal in space can be represenited=ourier
domainby multiplication of 'Q to its Fourier transformwhere x is translation
distance in spacdomain. Treating intensity signal by Fourier transformatigines

the collection of amplitudes and gdes

Qo B & Q Eq. 11

~
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Therefore,translated intensityoohd can be represented as
Qw | O B o Q Q B 0 Q Eqg. 12

The linearity of Fourier trasformallows extraction of phase difference between t=0
and t=t phases

‘O Oofit 0 Q 0 Q 0 Q

Eq. 13

After phase differenge | 0 is extractedwhich is directly proportional to translation,

the motion can beagnifed by factorof U

oo Qd p |70 B o6 Q Eq. 14
(Wadhwa, 2016)

By using Fourier transform theoremagnified global mtion can beesasily
achieved However, in real life the objects in videds not move globally on the
contrary they move separatelyj.e. locally. Local movement can be sesrenat
different partof the same objecThus images neetb bedecomposeéto local basis
function wherephases of local motiocan be trackedFor that purposecomplex
steerable pyrami utilized,whichuseslocal waves (wavelets) as a basis functmm

tracking local motias.
2.3.3.Complex steerable pyramid

Complex steerable pymad is an overcomplete linear transform.
Overcompleteness is concept from linear algebra where removal of one element from
subsef a system, does not result in completeness of the syBtgamid in image
processing isa representan of a signal or anmage in multiple scalesvhere
graphical representation of the process fodte pyramid There are two types of

pyramid low pass and band pass pyramids. Low pass pyrasudlly used for
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smoothing sharp images by usiageragingfilter. Band paspyramidis used for
decomposition of image to different levelshere each level achieved bpplying
different bandpass filterdn complex steerable pyramithe band pass pyramid
methodis used talecompos¢heimageinto different scaleand orientationsvith the
help of bank of steerable filtersThis representation of image in coefficients of
steerable filters allow 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 comple 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 1Dimagehaving onlyintensity values. Irthis caseto track local
phaseslD signalis decomposetihto ses of wavelets which are localizednfinite

complex sinusoidsin order to localize complex sinusoidspresented as2
Gaussian window functio  is used Consequently, resultant wavelet is described

asQ 'Q . Graphical illustratiorfor this processs shown inFigure9.

Intensity
X
Intensity
1

Space (x) Space (x) Space (x)
Complex Sinusoid (Global)

Figure9. Gaussian windowing of complex sinusai@/adhwa, 2016)

Sincebasis functions of complex steerable pyramid aresselilar the ratio

between standard deviatiprof Gaussian window and frequency of complex sinusoid
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is fixed. In other words, to dhin similar wavelets Gaussian window can deviate so

that, 7 is constant.

In order to translatell signalby distance gf 6 ,wher§ 0 —, the phase

of wavelet is shiftegwhich is dondoy multiplyingthe wavelet function witi®

Q Q Q Q Q T Q Eqg. 15

(Wadhwa, 2016)

and phase difference between shifted and not shifeackletis equals to | which is

proportionalto local motion

FigurelOillustrateshowlocal motion in original signaffects composition of

wavelets wherenly related wavelet response to the local motion.

Figurel10. Decomposition of the signal into waveldi¢/adhwa 2016)

After phase differences derived it can be magniied by factor of | to

synthesize local motion magnificatierhich is represented by

Q Q
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Figure1l Motion magnification of 1D signa(Wadhwa, 2016)

Figure 11 shows the graphical illustration of ovérarocess how motion is
magnified using complex steerable filter in 1D. In Figlifeinput signal at t=0 is
represented by blue color and signal frame at t=1 is shown iWfieeln complex
steerable pyramid bassapplied to each frame separately thaagaredecomposed
into ses of wavelets. Respective wavelets of same frequency are claoskresultant
phases arshown in complex plain in Figurel The difference between phases is
calculated and multipliedy U t o gi ve magni fivendngment i on v
color. Reconstruction of resultant shifted wavelet clearly shows that the motion in

frame at t=1 was magnified.

In Figure 11 the amplification ofmotion by usingsingle element of basis
function is illustated. However, when signal decomposedhto complex steerable
pyramid basis there are multiple number of elements. Described process is applied to
all of the elements in the same wdhen the combination of tee elements gives

magnifiedlocal motiors.
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2.3.3.2.Motion magnification of 2D image

When all operations are considered in two dimensimmsber of components

of basis function increaséy number of orientations

Application ofcomplex steerable filter bank to each frame of theoyigeves
amplitudeand phase valgdor eachpixel of frame. These values are different for each

scalg (texture frequencyandorientation—

Mathematical representation of extraction of amplitodg , and phaséo , ,

values from each frame using compléaesable filterss shown in Eq. 16.
O f ot Q & M Yy gD i Eq. 16
(Wadhwa, 2016)

Here w  is complex steerable filteor 2D waveletwhich differs by scale and

orientation.

Decompositio of the frames according to scale, orientgtenmd position is
done in Fourier domain. Therefore, filters and framesd to betransferred to

frequency domain.

Figure 2 showscomplex steerable filts of different scales and orientations in space
doman, Figure Pa, and frequency domain, Figurabl 2D filter in frequency domain

can be also illustrated in 3D, Figur2clin Figure 2d idealized filet map is illustrated
where each filter is shown hifferent distinctive coloand each filter covers re&d

area On this map one can also see high and low pass filters which are not involved in
magnification. Sincgthe basis function is complex the map shows only real part and

imaginary part is repreaeed in black color.
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; A A | — High pass filter
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Band pass filter 90°
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Figurel2. Complex steerable filter@Nadhwa, 2016)

Figure B explicitly shows working flow of phaskased motion magnification.
Initially input video is transferred to frequency domain using Fast Fourier Transform,
Figure B, step (1). Then the images iefuency domain pass through sub band filters
of the complexsteerable pyramid basis. Sub band are sorted into three categories: high
pass, band pasand low pass Figure3l step (2). High pass and low pass filters
correspond to high and low texture freqaes that are not in range of interest, hence,
directly adled 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 amplitudesigrhases of the framé&sgure B, step (3).

In order toattenuate unwanted frequencies of phases in time domain and magnify
target frequencies, temporal filter, FIR, is applied Fig@&estep (4). Finally, resultant
phases are multiplied by magnificatitactor of U Figure B, step (5), and motion

magnified vide is reconstructed, Figure,step (6).
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Figure13. Work flow of motion magnification

This method can be used not only for motion magnification but also for motion
estimatiorby applying modifications in source ce@WVadhwa, 203). Modified code
takes first 3 steps of the work flpwescribed in Figure 1&nd adds operations on
phasevalues of the frame® extractvibrational frequency spectrum targetregion.
Since phase iglirectly 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 Figure3lwithout applyingremainingsteps phase valuesf
each pixekan betransferred to frequencies domain to extract frequency spectrum of
phase change in time domaBy this way frequency spectrum of a single pixelaor
average ofrequency spedctrof target rgion pixelscan be achieved. Averaging can
be done withamplitude weighted, where pixels with higher amplitudee more

valuated.In other words pixels with good textureare assignednore weight. The
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