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Abstract: This study showed that an image data acquisition system connecting a
high-speed camera or webcam to a notebook or personal computer (PC) can precisely
capture most dominant modes of vibration sighat may involve thenon-physical modes
induced bythe insufficient frame rate Using a simple model, frequencies of these modes
are properly predicte@nd excludedTwo experimental designs, which involve using an
LED light source and a vibration exciter, are proposed to demonstrate the performance.
First, the original grayevel resolution of a video camera from, for instance, 26 levels,

was enhanced by summing giayel data of all pixels in a small region around the point

of interest. The image signal was further enhanced by attaching a white paper sheet marked
with a black line on the surface of the vibration system inraifma to increase the
gray-level resolution. Experimental results showed that the Prosilica CV640C CMOS
high-speed camera has the critical frequency of inducingelse modeat 60 Hz, whereas

that of the webcam i8.8 Hz. Several factors were provem lhave the effecof partially
suppresisg the nonphysical modes but they cannot eliminate them completely. Two
examples, the prominent vibration modes of which are less than the associated critical
frequencies, are examined to demonstrate the perfoemanhdhe proposed systems. In
general, the experimental data show that the-gumtact type image data acquisition
systems are potential tools for collecting the-flogguency vibration signal of a system

Keywords: image data acquisition; vibration signiasufficient frame ratetime frequency
analysis
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1. Introduction

Because of the rapid development of Web sites and computer software and hardware, periphera
devices such as electret condenser microphones [1] and webcams are becoming increasiagly popul
In addition, lowlevel highspeed digital video cameyavith a price and frame speed of less than
US$3,000 and 300 FPS, respectivelsg also common produst Because all such peripheral devices
are mass produced, they are often chestill offer high quality. Thus, there is potential to develop a
data acquisition system using a notebook or PC and one of these peripheral devices as a sensor.
a previous paper, we proposed such a system using an electret condenser microphone [1]. This i
anotherwork that proposgusing image devices for practical applications. Because the image signal
closely relates to human eyes, numerous related studies can lpeaeesssed on the Internet3p,

Most of these works considered thgasal details of the imagp [2 6]. In this study, the vibration
signal of a system in operation was obtained from the images in an entirely distinct manner.

Suppose a video camera is properly focused to take a frame from a target. Any small region of
a series of resulting imageafnes involves the following temporal information: intensity variations of
all incident light rays reaching the point of interest, the surface motion of the &rdete motion of
the camera [i@]. These obtained image data are frequently composedeafi#dium, significant
surface movements, and all of the prominent vibration signals. Small to infinitesimal signals cannot be
properly resolved by using these image systems. Because the captured video signal may still be highly
complex, extracting the emidded physical mechanism within the image frames is difficult. In
addition, the image signal embedded in a series of image frames has the problem of adimited
of significant figure (effective digits)andthe existence of th@on-physical oscillatorymodes When
the frame rate is not rapid enough to resolve a domsiansoidaimode one or more false modes are
induced bythe nonconstant ratioof the pixel circuit for converting the phetharge of the
photodiode tothegray level dat§l0i 14].

Generally, the data sizef a series of image frames lsrge For example, the total pixets a
600 x 300frame is1.8 x 10°. A user with 100 frames should manage the storage and data transfer of
18 M pixels. As the resolution is improved and the frammalmer increases, the difficulty is markedly
increased. For the sake of fast data input/output by using the Internet or another available tool, almos
all commercial video cameras use 1 B to resolve a pixel. That is, a single pixel can resolve only 0 to
255gray levels of redgreen, and blue, separately [®]. Such a low degree of resolution is sufficient
for the human eye to detect image information. However, the hum@énseyer e gsado dowfioro n
resolving accurately the vibration information embedoledomplex image sigis Several previous
studies [T9] have partially overcome this difficulty by accumulating the total gray levels of
neighboring pixels around a location of interest (the details of wdriehdescribed in a subsequent
Section). Usinghe same approach, the image signal in a region of a target surface can be converted to
continuously distributed time series data, thus losing the spatial resolution in the process.

One relevant finding [i@)] is that the effective frequency response raofgine image signals is in
the lowfrequency regionThe first reason ithe interferenceof the previous mentionedn-physical
modes The second is that the variation of the image signal is too small to be detected by the camera
without animageenhancig device. In this study, we attempted to identify the criticgigering
frequency of thenon-physical modesnd to enhance the image signal simultaneously. We believe that
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the accurate frequency response in the region, in which the frequency is lowérdlaitical value,

of image data acquisition can thus be identified. This is essential because the spectrum in the
low-frequency region is closely related to the damage of many systems in operation. For example, in
rotor-stator problemg15,16], the sip-harmonic vibrations have been attributed to the-perfect
alignment between components of a system or to a constant side force. Previous studies have
further indicated that the stiiarmonic components provide a means for potentially exciting the
low-frequency components of an aircraft. Furthermtive most valuable information about a human
being is also located in the lefrequency region. Most appealing of all, an image data acquisition
system can be a noncant and remote sensing systdfirsucha system is equipped with fiber glass

and a properly arranged optical system, it can be, tiesedxamplejn a damaged underground region

or other dangerous environments. Therefore, it is worthwhile to develop an image data acquisition
system based on canercial webcams and higdpeed cameras.

Generally, continuous time series data may involve a trend, a periodic part, and noise. Instrumental
data are often contaminated by a mean trend resulting from processes other than those of priman
interest [I7i 18]. Before applying the spectral method, this embedded trend should be removed to
prevent the resulting spectrum fromirige contaminated [iA,191 21]. To examine the periodic part,
the Fourier method is applied to problems in which wave components involvéxadyamplitudes
and frequencies2Pi 23]. To resolve the timelependent amplitude and frequency, the iterative
Gaussian filter md modified Gabor transform [1,9,19,23i 26] are used to remove the trend and
perform time frequency analysis, respectively.

This paper is organized as follows: Section 2 presents the experimental design and theory. Section :
introduces a brief discussion on the related tools of data analysis. The performance of the proposec
method is shown in the results and discussion sectioallys the conclusios are presented in the
final section.

2. Experimental Design and Theory
2.1. Experimental Design

In this study, the image system involve@sia Prosilica CV640C CMOS higspeed camera with a
1394 interface and a Hawk 2.0 Megapixabeam to obtain image data. The maxmframe rate of
the highspeed camera is 500 FP8ith a resolution of640 x 480, and those of the webcam are
35 FPSwith a frame resolution 40 x480 When the data were collected, their sampling rates were
230 and 30 FPSrespectively First, tre light signal emitted by 5.0mm Paralight L503GD green
LED was used. The light source has the following specificatibresmaxinum power is 85 mW, the
maximum voltage is DC 5 V, the mean current is 30 mA, and the paalent is 120 mA. The light
source was powered by a function generator and was monitored using an oscilloscopéel(&ure
show a fraction of the experimental design, the image signal of which, emitted from the LED, was
separately collected ung) the mentioned webcam and higijreed camera.

To demonstrate further the capability of the hggleed camera and webcam image systems, the
vibration signals emitted from an electrodynamics modal exciter type 48 {&re tested too. An
accelerometesystem and an acoustic data acquisition system with a small commercial microphone
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Figure2(ab) were also employed to validate the image data. The accelerometer is ceramic and has a
resolution of 100 mV/g in a range from 0.5 to 3 kHz. The empl@y@&lcard (NI USB6210) has a

16-b resolution with a maximal sampling rate of 250 kb/s. The input signal to the exciter was obtained
using an F&50 function generator (IWATSU Electronic Co. Ltd) and monitored using an HP54603B
oscilloscope. The data acgition system was extended from that used in [1], who employed a small
commercial microphone for personal and notebook computers to collect acoustic data.&fipesific

of the microphone are 220,000 Hz, 100 mW, 32, and 105 dB of sound pressure levatstivity at

1 kZ£2%. As shown in [1], when the microphone is properly attached to the surface of the targeting
system, the effective losfrequency bound can be extended from 20 Hz to approximately 0.5 Hz. The
data conversion employed the buitdigital audio board and 46 recording software of the Microsoft
Windows XPoperatingsystem.

Figure 1. The test case of LED systend) (the LED setup(b) the luminescent state of
LED system.

(b)

When datawas collectedrom the design during the tegeriods, as shown in Figu&ab), the
vibration of the rubber membrane induced theangdown motion of the central bar. The input signal
to the exciter was also obtained and monitored using the same function generator and oscilloscope
respetively. A white sheet of paper marked with a horizontal black line was attached to the bar. The
black line, which was an output of a commercial laser printer, was printed horizontally to provide a
large resolution of the vibration signal. In this studyryiray line thicknesses were used, producing
approximately one, three, five, seven, and nine effective pixels on the image frame by properly
adjusting the distance between the paper and theshpigld camera (and/or the webcam). The
accelerometer was locaten top of the bar, and its sensor axis was positioned vertically with less than
one degree of error. The microphone was attached to the rubber membrane of the exciter. To captur
detailed image information using the higbeed camera, after turning ofbst light sources, the target
was steadily shined using a properly powered car lamp to emit an illuminatigh06f£21.25 LUX.
The light intensity was monitored using a Lutron-lLB1 digital photometer. The photometer has
1 LUX of resolution in the rangef 0i 1,999 LUX with 5% error. In the ranges of,200° 19,990 and
20,0001 50,000 LUX, the resolutions are 10 and 100 LUX, respectively. The position of the car lamp
was properly adjusted to emit different lumen data.
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Figure 2. The experimental setupa)(vibration exciter, accelerometer, and mpnone.
(b) overall setup.
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2.2. Image DataProperties

A webcam, which is a video camera that feeds its images in real time to a computer, can be a single
object or a buiin component of a PC notebopk 9]. Typically, a webcam includes an optical lens,
an image sensor, and supporting electronics. The image sensor can be a CMG8xathensor or
a chargecoupled device (CCD) [1Q1]. Similarly, a highspeed camera also uses either a CMOS
sensor oa CCD, which may record ovej0DO franes/s into its buitin DRAM [10i 14].

In a CCD image sensor, revettsiased pn junctions (photodiodes) are used to absorb photons and
produce charges representing sensed pixels, and the CCD is used to read theseAmarctivepixel
sensor is another type of image sensor consisting of an integrated circuit containing an array of pixel
sensors, with each pixel containing a photodetector and an active amplifier. For both CCD and CMOS
image sensors, an image is pobgal through a lens onto the capacitor array of photodiodes or
photodetectors, causing each capacitor to accumulate an electric charge proportional to the light
intensity at that location. These charges are properly converted to voltages and are thed, sampl
digitized, andinally stored in merary [10 14].

For an incident ray of image to reach a photodiode or photodetector, a certain time interval is
required so that the charge excited by the light reaches an equilibrium state. Subsequently, the charg
alo requires time to become a zero value so that the diode is active to the subsequently reache
photons [1113,14. These intervals are closely related to the image lag and afterimage. To achieve all
of the desired specifications, a typical pixel circuitcarefully attached to the photodetector, thus
modifying these two time intervals. The resulting system is optimized to achieve a proper compromise
among the following problems: image brightness and sharpness, desired frame speed, image lag
sensitivity, ¢namic range, incomplete charge transfer, incomplete reset of charge, and ndd411
The incomplete charge transfer and incomplete reset of charge frequently leave a residual charge in th
pixel circuit. The residual charge eventually induces ingsistence. Because most cameras are not
designed to obtain the highequency spectrum of the vibration signal, how to completely avoid the
generation of any nephysicalsinusoidalresponse within the dynamic range is not a primary concern
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in most desig processes. Consequently, most commercial video cameras have the problem of inducing
a false mode when the frequency of a significastillatory mode embedded in the image signal
exceeds a critical value. To detect the tdependent information embeddeda series of frames, in

an initial experiment, the mechanism of producing the-ptoysical response will be studied by a
simple modeln Section 2.4.

2.3. Enhancing Resolution of Image Data

The signal embedded in a single pixel of a target obtained asdigital highspeed camera may
involve motions of the target surface and camera, combined with the lumen intensity variation of
incident light. Fortunately, most significant modes of these signals are in different frequency bands
and have low degrees mterference. In practical applications, if the discrete Fourier transform is a
complete expansion, resolving details between different sources are not difficult. To suppress possible
interference in this study, however, the camera was properly fixddharight intensity was properly
controlled. Consequently, the information of the signal was dominated by the local motion of the
target surface.

The surface motion of a system frequently involves many details such as the motion of the moving
parts, thestructural vibration of the system and components, and prominent acoustic signals. Consider
a small local surface region of the system in two successive digital frames obtained usingpedigh
camera. If the surface motion captured by a group of pirdlsese filmss adequately large, then the
gray levels of these pixels certainly chantjeheir graylevel resolutions are fine enough, then the
two-dimensional signals of the surface motion from pixel to pixel can be collected. Unfortunately, all
of the pixels of most digital cameras have limited resolution, which is too rough to reflect most details,
especially for small motions and/or images with insufficient contrast of brightness.

Generally, a solid surface has a certain degree of stiffnesstdbehaorresponding surface motion
is continuously and smoothly changed from point to point, except at the instance before cracking or
failure. The following graytevel sum of pixelsithin a small square regioni[9] in a frame is thus a
rough but reasofde approximation of the image data at the central point

° i,jeg}ugrue (1)

Althoughmany shaps of thesummnedregioncan beused to evaluaé ther suns andto locatether
centersshouldrequiremore computing time than that using a squar@ractical applications, the size
of the square should warefully chosen. If the size not large enough, the gray level resolution may
be poor. On the other hand, if the square covers a region enclosing two or more components of the
system, their vibrgon signabk will be mixed togetheand arenot easy to écouplethem In thisstudy,
all of the squares usa size of50 x 50 pixels to achieve a proper compromise between these
two restrictions.

If the surface movement is too small, then the summatiay not change at all. Conversely, if the
movement is too large, then it cannot consistently reflect most details of variation. Regarding the
former case, a zoom lens or microscopic lens is helpful. For the latter case, increasing the distance
between thearget surface and the camera effectively reduces the negative effect.
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For example, consider the image shown in Figure 1(b) captured using-apeigth camera. The
gray levels of the pixels within the region enclosed by the sgb@re %0 pixels) are sumed using
Equation(1) and are plotteavith regardto time in Figure3(ab), in which the input signals were
approximately 0.5 and 1.0 Hz, respectively. The reading from these figures shows that the maximal
gray-level variations are approximately000 and 2400. These resolutions are much larger than 256.
As mentioned in the introduction section, however, this approach has the drawback of losing the
detailed spatial resolution of the surface of interest.

Figure 3. The LED image data of the highesd camera with 1082z input: solid line is
the raw data and dashed line is the smooth part.
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In practical applications, most target surfaces that reflect vibration signals do not emit light, such as
the surface of the accelerometer shown in Fidi(eb). Consequently, the light intensity may not
shine powerfully enough to actuate effectively the photodiode of a camera. To rescue the risk partially,
in addition to providing an additional light source using a car lamp, the white papezdnaith a
straight black line shown in Figu#ab) was employed to enhance the image signal. To reveal the
effect, a series of frames similar to those shown in Fig(ab) were examined.

Figure 4 shows an image stripufned 90counterclockwise with respect tihose shown in
Figure 2(b))captured by properly adjusting the view of the higieed camera. glire 4 shows four
squares: the two squares on the left side enclose different parts of the accelerometer and the other tw
contain locations of the white paper with and without the black straight line. Four typical strings of
the graylevel data correspaling to the four different squares are separately plotted in Fhfae
through 5(d). The minimal and maximal grbewel sums of these squares arelb, 1496),
(29,638,32,074), (121823,121,943), and (8%43,97,420). These resolutions are extreynpbor,
poor, extremely poor, and good, respectively. The image of the leftmost square and its neighboring
region is extremely dark so that the maximal geaxel variation is less than 330 gray levels, as shown
in Figure 5(a). Similarly, the third left sgre and its neighboring region are extremely bright so that
the graylevel summation has the worst capability of signal resolution, as shown in Figure 5(c). The
second left square has relatively better image resolution than the two mentioned squattes, but
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maximal graylevel variation is not prominent. When the image contrast was artificially enhanced by
the black straight line, the grdgvel resolution rose to approximately,Q00, as shown in Figure 5(d).
This means that the increase of the brightroesgrast by the black line substantially improves the
capability to resolve the vibration information.

Figure 4. A strip type image of the high speed camera covers the accelerometer
(involving two squares) and white paper sheet (involving another twares).

Figure 5. The gray level summation data of the four squares of Figura) 2tata of the
leftmost squareni a region of the accelerometéb) data of the second left square in
another regin of the acceleratioric) data of the square ihe let part of the white paper.

(d) data of the rightmost square in the central part of the white paper and covering a
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2.4. ModelingNon-Constant Data Converting Ratio Effect of Insufficient Frame Rate

To look into the mechanismmbedded irthe image data, assume that amount of thenduced
photocharge athe time t in a photediode decays with a factor exp[- (t-t)/¢] at a subsequent
instarcet', whereUis the averaggtime constant ofhe charge attenuatior2,28]. This model diretly
simulates the effect of the afterimage. It also reflects the effect induced by the image lag thecaus
correspondingfactor 1- exp[- (t'-t)/¢] can properly simulat¢he time delay. Sing this smplified
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model, for a light ray with an intensity ofin2 f reaching a photdiode the accumulated
photocharge at the instanis simulated by the following integration

ft‘l L& 98 singptxdx= L(t) =
Y tsin2ot- 20t 2 cos2ort]- € @ (£ sin2pk (t- a) - 26kt 2 cos2uk (t - a)]} (2)
14+ 4p2 %2

whereUis defined as the constasatisfiesexp[i UJ = 0.05 Equation 2) shows thathe afterimage
and hence the image ldg not induce any sinusoidal mode whose frequency is differentffrom

It is well known that the performance of the readout circuit depends on the illumination intensity of
the incident ray12i 14]. To overcome the negag effect of the dependence and obtain a good image
brightness and sharpness within the desired frame speed, certain compromises were properly address
in the design stage. However, when the frequency of a vibration signal cannot be properly resolved by
the designed frame speed, the Hfiaear dependence between the output gray level andghatge
starts to play a nedive effect Sincethe variation of a light intensity is @ofast, the readout circuit
ends up to pick a bright part and partially ignoe the darkpart Therefore, asrainitial study, the
following simplified model of the gray level readout with respect to the ptwt@nt L(t) of
Equation(2) is proposed:

g =g +k@- 2 Ol ) ©)

where g is the output gray level). is a reset constd andk is the proportional constanb, is an
empiricaldischargdime constant, and the threshold factois defined as

w=0, f ¢ f;
=1, f>f, (4)

in whichf. is the critical frequency of inducing the nphysical response. Since our main concerning
is the frequency identification that does not depend on the exacs\algeandk, they are £t to be
0 and 1, respectively.

To identify b, the LED light signakhown inFigure 1(a,b) were teted with a given frequency of
79.32Hz. Figure §a) is the measured gray leva@imtaking bythe high speed camera and sig6(b)
shows the corresponding spectrum.

After a fewcycles oftry and errorp = 2.3 is chosen and the resultiggand spectrum are shown in
Figure 6(c,d), respectively.Clearly, Figure 6(c)is in some senssimilar to Figire 6(a). A careful
inspection on these spectra reveals that frequencies of thephysical modegalsoshown in Tablel)
have a deviation d3.01% so that the proposed simple model esmnable. Thus, this modslused to
predict the false modes Section4.
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Figure 6. Comparison between experimental andceled data(a) data of theexperiment
(b) spectrum of experimenfc) data of simulationand ¢l) spectrunof simulation
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3. Tools of Data Analysis

Because the data detected using the mentioned data acquisition systems frequently drift, they may
contain a monotonic neperiodic part. For convenience, these time series data strings aeswrit
the following form [171 9,19):

J-1 ' ‘ N
yfé[hcos@msin@haant;‘, 0<j<J )
1=0 | | n=0

wherey; is the graylevel summation at = t;, the second summation represents the-siousoidal

trend, andN represents the largest power for whiafy O for all n > N. In most engineering
applications,N = 250 is a reasonable value. The fsimusoidal trend is interpreted as the sum of
monotonic parts and all of the Fourier modes, in which the wavelengths are longer than the data spar
T =Jqd. The iteative Gaussian smoothing method in the spectral domain is used aspa$sglal filter

and yields the follewing high-frequency responsei[9,19i 21]:

C ot s A20t 6 A2 6 6
=B st oot B sr P ©
1=0 é g | = g |

where the iteration parameterand smoothing factall use the values of 12and0.8T, respectively.
Sincem > 125 is corresponding thl > 250, the trend is ultimately removedtbecausehis result is
derived by assuming the data span running fr@rto B, small errors are thus induced by using the
missing data beyond the two endiext, the zero crossing points around the two ends can be located
by performing a search procedure and by implementing an interpolation formula. After dropping the
data segments beyond the two zeros, a monotonic interpol2€pis used to redistributdé data into
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uniform spacing in which the points equal an integer power of 2. Subsequently, an odd function
mapping is used to double the data span. Finally, the fast Fourier transform PEF@grerates a
discrete Fourier sine spectrum. This spectrum redlect many details embeddedyift) because the
associated FFT is mathematically a complete expansion, such that the trend has already been remove
and all of the required periodic conditions are ensured by using the odd function mapping.

In this study the following Gabor wavelet transform using the Gaussian window (with window
width a) is used for a sinusoidal dagé) [1,19i 21,23 26].

13 i CF) e (t- )2 /(222
G(f 1) = —— f y(t)e 2° "0 -0 1) gy @

\/5_ 0

That it is approximately equal to tha@lowing form can be proven [B,19]:
f £)o ap ut _id 162 - 2a2p2(f - )2
G(f.1) > aflc-id/]e™" exp[-2a°p"(f, - f)°]} (8)
=1

These relationships indicate that the wavelet coefficient is only an inverse FFT of a finite spectrum
band specified by using an associated Gaussian window. The resulting wavelet coefficients are subjec
to the blur effect of the undaiinty principle [3i 26].

4. Results and Discussion

The experimental design of Figure 1(a) was first used to examine the frequency response of the
high-speed camera with the image signal emitted from a green LED. The power of emanating the light
was suppded using a function generator. The input signal was a sine wave Withniplitude in
addition to a direct current of 2 V. During the period of data collection, all of the other illumination
light sources were turned off so that all of thege frames we similar to that shown in Figure 1(b).

The solid lines of Figur8(ab) indicate the 041z and 1.6Hz raw data of the gralgvel summation of

all of the pixels within the square of Figure 1(b). The dashedditiee smooth part decoupled beth
iterative Gaussian filter witld = 2.5 s and 127 iterations. The corresponding Fourier sine spectra of
the highfrequeng part are depicted in Figurgab), respectively. Because inputs of the function
generator were controlled by turning acciar knob manually, the frequency readings of the two input
modes of Figur&(a,b), 0.496 and 1.001 Hz, are considered the corresponding exact input frequencies.

Figure7(a,b) show that the amplitudes of their dominant modes are l#ngarthe corresponding
maximal amplitude among all of the minor modes by more than one order of magnitude. Therefore,
the highspeed camera successfully captured the main information embedded in the emitted light of
the LED.

After replacing the higlspe@l camera with the webcam, the resulting spectra of the LED signals
shown in FigureB(ab) are results of using input frequencies of approximately 0.500 and 1.005 Hz. A
careful inspection of these figures reveals that the main features of 8iglearesimilar to those of
Figure 7(ab), respectively. In general, these results show that the image data acquisitions using the
webcam and higlspeed camera are reliable for capturing the sinusoidal signals of LED light. In
addition,the scattered dominant and minor modes in these spectra, combined with-gyenmoetric
distributions of the higtirequency part shown in Figures 3(a) ar{td), show that the relationship
between the illumination of the LED and the input power is|imgear.
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Figure 7. Spectra distribution of LED signal collected by the high speed camera:
(&) 0.5 Hz input signakb) 1 Hz input signal.
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Figure 8. Spectra distribution of LED signal collected by the webcaap:0(5 Hz input
signal.(b) 1.0 Hz input signal.
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Tablel compares several dominant Rphysical modes of both experimental and modeled results,
in which all of the error are reasonably small. Moreover;mdny s i c a | modeods frequ
given frequency is increased whose mechanism needsrfsttity. Nevertheless, all of the errors are
reasonably small which shows that the simplified model is acceptalderies of tests show that,
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when the LED signal was examined by the webcam, the latter automatically changes its sampling rate
becausehe ilumination intensity is too low. Although the webcam data also confirm the validity of
the proposed model, therefore, the webcam data is not shown here.

Table 1. Frequency Comparison of the Dominant Neimysical Mode Using High Speed
Camera to CaptureBD signal

Input Dominant physical modes(Hz)
Hz Experiment Error
69.91 91.97 10.08%
79.32 71.49 0.01%
89.99 52.04 10.08%
99.62 32.84 10.12

Next, the experimental design of Figure 2 was used to test the frequency response of the image
signal of the higkspeed camera. Frequency responses of thefteghency part of the data ltxted
using the accelerometer, microphone, and 4sigied camera are plottedkigure 9(a) through9(c),
respectively. Their corresponding raw data are not shown because of the length limitation. Again, the
input frequency can only be roughly recogudizes 30+ 1.0 Hz. Therefore, the exact input frequency
using the accelerometer was identifeg®9.64 Hz, as shown Kigure9(a).

Figure 9. Compari son of the frequency response o0

frequency is about 3MHz: (@) specta of accelerometer(b) spectra of microphone.
(c) spectra of high speed camera.

spectra of accelerometer

0-2{ Tg.m

0 20 40 60 80 100 120
Frequency(Hz)
@)
x 10 spectra of microphone
AZQ.GZ
- y ot ") LE. £ Lo
0 20 40 60 80 100 120
Frequency(Hz)
(b)

spectra of high speed camera

9.64
2000
0 r r

0 20 40 60 80 100 120
Frequency(Hz)
(©)

Amptitude(Volt)
o
-

Amptitude(Volt)
N
A ]

Amptitude(pixel)

The amplitude of the vertical vibration of the black line (with an effective thickness approximately
equaling 1 pixel on every image frame)0i$36 £0.010mm, as measudeusing a dogmatic caliper.
Frequencies of the input mode captured using the microphone andpggth camera are 29.62 and
29.64 Hz, respectively, which slightly deviate from the reading of the accelerometer data. The
microphone data can only be considkre reference here because it also collected the acoustic
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information generated by the motion of the rubber membrane. In addition to the input modes, the
image system reflected the first harmonic and minor modes of 83 Hz, which can be roughly explained
asthe composite mode of the input, first harmonic, and thehswimonic modes. Compared withet
amplitude of the input moded8,166 gray levels), the first harmonic and the minor modes are
approximately 1.8% and 1.4%, respectively. They are too small to be made visible ind@yuwsng

the drawing program of the Matlab softwaB8][ Therefore, the frequency response ofhigh-speed
camera is consistent with that of the accelerometer. A similar performance of the camera was found
when the input frequency was less than 60 Hz. However, when the frequency was equal to or greate
than 60 Hzthe nonphysical mode generated the camera began to play a certain role.

Figure 10(a) through 10(c) respectively show the spectra detected using the accelerometer,
microphone, and higepeed camera with an input frequency of 75 Hz. The input mode is resolved
using the three sensors as.98}+ 0.01 Hz. The other significant stitarmonics and harmonics
captured by using the microphone are not showkrigare10(a) or10(c); therefore, they are acoustic
signals. Regarding the image data, the 61 and 82 Hz modes are not shHaguraiO(a) or 10(b).

Their corresponding amplitudes are 64 and 249 gray levels, respectively. Compared with the input
mode in which the amplitude is577, the 61 Hz modeanalsobe interpreted as the 4/5 shhrmonic

mode andmay be ignored, but the 82 Hz mode rwain Becausd@ cannot be properly explainethis

mode isr e f e r r enahphysical malé. A series of tests were completed to identify the critical
frequency of the input signal that inducks false response

Figure 10. Comparison of the frequence s ponse of the wvibration

frequency is about 7%z: (a) spectra of accelerometefb) spectra b microphone.
(c) spectra of high speed camera.

spectra of accelerometer

3 15
> 4.98
o 1
E
£ 05
=3 r r r r r r
e 0
< 0 20 40 60 80 100 120
Frequency(Hz)
@
= x10° spectra of microphone
3 T [4.96
(]
=]
2
E 0 | L hL r JL r L r Jll r
< 0 20 40 60 80 100 120
Frequency(Hz)
(b)
= spectra of high speed camera
X
R 4.98
2 2000
2
E- 0 r r 5 T r t
< 0 20 40 60 80 100 120

Frequency(Hz)
(©)

Table 2lists several results of the input mode of the image signal, the input frgguentca few
significant minor modes. The input frequencies were read from the spectrum of the accelerometer data
Those listed in the remaining columns are the 100% amplitudes with respect to the amplitude of the
input mode. Several modes marked with thg | us d si gn were simultane
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high-speed camera and microphone, meaning thatarephysical mode3.hosefrequenciesnarked
with fiunderlin® signare approximately interpreted as the-kalbomonics, harmonics or combinations
betweersub-harmonic and harmonic. Except the 83.84 and 9RZ Phodes (sing input frequency of
29.64 and 79.5#z, respectively) whose mechanisms are not known et the rest ofminor modes
without the plus sign are referred torastphysicalmodes becae they cannot be properly explained
regarding the mechanism of the vibration exciter.

Table 2 Frequency response of the high speed camera

Dominant mode | Input Minor modes
Hz amp. | Hz* Hz amp' | Hz amp' Hz amp' | Hz amp'
9.97 3605 | 9.97 | 1993 0.7% | 4288 0.6% | 62.62 1.0% | 69.76 1.2%
20.11 3013 | 20.11| 40.27 1.0% | 51.03 13% | 60.33 1.4% | 80.49 0.7%
29.64 3166 | 29.64| 59.33 1.8% | 83.84 1.4%
40.06 3246 | 40.06| 80.17 2.5%
49.79 3018 | 49.78| 99.52 2.8%
58.56" 1675 | 60.21| 108.04" 5.3%
69.96 2684 | 69.96| 25.68 2.7% | 92.13 7.9% | 114.25" 3.8%
7498 2577 | 7498| 60.79 25% | 67.86 2.1% 82.10 9.6%
76.02 2463 | 76.02| 68.10 3.7% | 72.06 2.6% 79.99 14.5%
78.02 2569 | 78.02| 73.96 2.6% | 75.96 12.0%| 80.08" 3.2% | 82.08 2.7%
79.54 2481 | 79.53| 7292 11.2%| 92.72 3.2%
89.92 2290 | 89.92| 37.77 25% | 52.16 19.3%| 113.20° 2.1%
* Input frequency measured by accelerométén relative amplitude of other significant modes
with respect to the dominant modeThe mode also captured by the microphgh®lany modes
whosefrequency near 60 Hz are captured.

Table 3. Frequency Comparison of the Dominant Neimysical Mode Using High Speed
Camera to Capture Vibration Exciter Signal

Input Dominant non-physicalmodes
Hz Hz Error Hz Error
69.96 | 92.13 10.03%
7498 | 6786 10.06% | 8210 0.00%
76.02 | 7206 +0.19% | 79.99 +0.01%
77.03 | 7798 +0.03%
78.02 | 75.96 +0.0%%
78.99 | 74.08 +0.03%
79.54 | 7292 +0.11% | 8611 +0.10%
89.93 | 37.77 +0.08 | 52.16 +0.08%
99.87 | 32.24 +0.19% | 67.58 +0.03%

In Table 3, dewations of the simulatetequenges from the corresponding experimental data are
listed. It is interesting to see that all the frequency differences between the image and simulated date
are less than 0.2%:or the sake of clarity, all of the data are gtmited in Figure 1(a), where the
horizontal axis is the accelerometer reading and the vertical axis represents the input and minor mode:
reflected by the higispeed camera. All minor modes in which the amplitudes are less than 10% of that
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of the input mde are not shown. Figurel(b) also shows the similar frequency responses with the
vibration amplitude of the exciter adopting a value of 0.371 mm. Figi(® Shows that the nen
physical mode is not seen in the region where the input frequency isdasttidiz. The detailed data

also show that, as the input frequency is less than 60 Hz, all of the percentage amplitudes ef the non
physical modes are less than 1.5%. When the input frequency is 60 Hz, many delta symbols emerge
Similarly, Figure 1(b) shows that the false modes are found when the input frequency is large and
equal to 60 Hz. In other words, the large error of the 60 Hz mode in Table 2 and the clustered delta
symbols around the position of 60 Hz in Figui€a) are induced by insufficient free rate.

Figure 11. Significant modes captured by the high speed camera and acceleroa)éter: (
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All of the previous discussions indicdteat the Prosilica CV640C higépeed camera demonstrates
significant nonphysical response when the image vibration frequency is larger or equal to 60 Hz.
Thus, the recharge time constant of the readout circuit of thespegd camera is approximately 46
Therefore, if the higlspeed camera is used without the support of other sensors, a precise spectrum
may not be obtained when the input frequency is larger than and/or equal to 60 Hz. Fortunately, all of
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the nonphysical modes can be predicted by fineposed simple model with small error. Thus they
can be properly excluded from the spectrum. Moreogecept for the 60 Hz mode, Table 2 and
Figurell(ab) show that all of the differences of all of the dominant modes between the acceleromete
data and image data are less than 0.02 Hz. This meansaftieatexcluding the false modethe
physical signals are faithfully reflected by the image sensor.

Following a similar procedure, the frequency responses of the webcam with a sampling rate of
30 FPS and the accelerometer with the sinusoidal amplitude of the exciter being 0.536 mm are showr
in Figure 2. Again, the image data obtained by the webcam precisely reflect the input frequency read
by the accelerometeDetailed deviations of the simuéal frequences from the corresponding
experimental data are listed in TalBleNow the maximal simulation error is less than 3% and the
nonphysical responsis induced when the input frequsnis equal to or larger thah8 Hz.

Figure 12. Significant mode captured by webcam and accelerometer, the amplitude of
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Table 4. Frequency Comparison of the Dominant Neimysical Mode Using Webcam to
Capture Vibration Exciter Signal

Input Dominant non-physical modes(Hz)
Hz Experiment Error
7.81 13.01 10.08%
8.96 10.60 +0.94%
10.07 8.43 10.45%
10.86 6.83 +1.04%
12.09 4.39 +0.23%
13.06 2.57 12.72%
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In addition to the input amplitude and frequency, the spectrum anghysical response modes of
the obtained image data also depend on several factors: the line thickness marked on the white pape
sheet, itensity of the illuminating light, and the shutter speed of the camera. For convenience, we used
the highspeed camera and fixed input frequency of the vibration exciter to demonstrate effects of
varying these factors.

Tables5i 7 list the dominant mode and few non-physical modes of changing one of these
parameters. The signals shown in Tablevere obtained using the higipeed camera with five
effective image thicknesses (1, 3, 5, 7, and 9 pixels) of the black line, combined with a fixed input
frequencyof approximately 80 Hz. As the line thickness increases, amplitudes of the refalidmg
mode monotonically decrease. For example, the 7faldemode of the case with apixel thickness
has the relative amplitude of 110% with respect to the dominadénthat of the -pixel case is 50%,
and that of the pixel case is 14%. This is reasonable because a small degree of vertical vibration of
a thin black line can easily induce the variation of the light intensity reaching the photodiode that
eventuallyleads to significantalse responseConversely, a thick black line with the same amplitude
of vertical vibration may not generate a significant geasel variation of the image data; hence, it is
not easy to trigger theon-physical response

Table 5. Frequency response of the high speed camera with different black line thickness

Dominant mode | Pixel Other modes

Hz | amp. Hz | amp' | Hz |amp'| Hz | amp' Hz | amp'
80.00 851 1 7.87 153% | 23,57 8.1% | 39.32 10.3%| 72.07 109.8%
80.08 2,934 3 8.17 53% | 2467 1.0% | 3901 3.3% 71.86 50.0%
80.45 5,239 5 9.38 104840 | 28.09 3.9 | 4299 3.5% 71.12 35.4%
79.99 7,515 7 40.27 0.9% 72.01 17.0%
79.92 11,746 9 7.72 24% | 23.16 0.9% 72.15 14.0%

Table6 lists the results of using the input frequency of 80 Hz with several ditfegén intensities
reaching the white sheet of paper. A rough inspection reveals that an optimal illumination exists, in
which the 404LUX case introduces the minimal amplitude of thlsemode with respect to all of the
other illumination cases. Tabfelists the input anghon-physicalmodes captured using the higpeed
camera with the 90 Hz input frequency for several shutter speeds. Again, for the purpose of
suppressing th&alse responseahe data reflect that an optimal shutter speed efdsthe suppression
at approximately 1/000 s. These tables indicate that one of the three factors can be properly changed
to partially suppress the negative effect of fldee responséVhen more than one of these factors is
tuned, thenonphysicalmode cannobe completely eliminated (results not shown).
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Table 6. Frequency response of the high speed camera using different illumination of light source

Dominant mode Other modes
LUX . ] |

Hz amp. Hz amp’ Hz amp’ Hz amp’
79.80 991 109 7247 18.1% | 87.12 12.3%
79.80 1930 | 206 | 7.38 52% | 72.42 2.6%
79.81 3436 | 304 72.39 4.4%
79.84 4106 | 409 72.37 1.2%
79.82 3747 | 505 7235 17.8%
79.85 2712 | 607 | 7.47 11.2%| 72.33 73.3% | 87.33 13.2%
79.83 2041 | 704 | 752 40.0% | 72.46 220.9%| 87.35 34.1%
79.84 1837 | 804 | 757 52.4% | 7232 261.2%| 87.41 36.8%

Table 7. Frequency responsé the high speed camera with different shutter speed

Dominant mode | Shutter Other modes
Hz amp. | speed Hz  amp' Hz amp' Hz amp'

89.93 651 400 8.22 13.9% | 14.50 8.6%

89.89 892 600 8.23 18.2% | 14.35 9.6% 5227 3.5%
89.00 738 800 823 10.4% | 1435 11.5% | 51.72 2.1%
89.91 1842 1000 8.22 2.2% 14.53 3.5% 52.17 6.9%
89.57 1175 1200 8.27 4.6% 52.00 13.7%
89.93 2477 1400 8.23 5.1% 52.21 8.0%
88.58 13967 1600 8.23 5.6% 5152 7.7%
89.88 2595 1800 5.82 1.3% 52.21 20.5%
89.52 1771 2000 52.14 53.3%

In general, all commeral webcams are equipped with functidies automatically adjusting the

light exposure value and shutter speed. Consequently, a user cannot easily adjust these two paramete
Therefore, we merely examined the effect of varying the thickness of theimlankHen generating
nonphysical informationwith and without an additional light source. For convenience, the input
frequency of the vibration exciter was set at approximately 13 Hz. Bdldts the input and several

main non-physical modes captured bthe webcam without switching on the car lamp. Results of
switching on the light source of the car lamp are tabulated in Bafileese two tables show that there

is no optimal line thickness for the reduction of the amplitude ofaise modeAll of the mentioned
discussions and other results not presented here show that, once the vibration modes are larger than tl
critical frequencythe nonphysical modecannot be effectively eliminated by changing one or more
available factors

Table 8. Frequency respwe of the webcam with different black line thickness without
enhancing light source

Dominant mode . Other modes
Pixel | I .
Hz amp. Hz amp’ Hz amp’ Hz amp’
12.94 478 1 281 19.9%| 5.82 10.6%| 9.00 10.7%
12.87 1339 3 2.87 39.9%| 569 9.6% | 897 15.7%
12.85 2456 5 287 557%| 574 153%| 897 14.0%
12.85 3784 7 289 58.8%| 571 9.0% | 898 15.6%
12.84 4937 9 288 72.8%| 580 8.4% | 8.93 14.2%
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Table 9. Frequency response of the webcam with different black line thickness with
enhancing light source

Dominant mode Pixel Othelr modes |
Hz amp. Hz amp* Hz amp*
12.90 730 1 276 35.9%| 9.01 11.7%
12.87 2180 3 281 21.8%| 8.99 9.3%
12.88 3784 5 282 16.2%| 9.03 9.3%
12.80 3347 7 289 223%| 8.93 15.7%
12.85 6713 9 288 12.4%| 9.00 11.8%

Figure 13. The experimental setup of capturing the signal of a small electric helicopter:
(a) the overall set ugb) the noasymmetrically main rotor wing.
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Finally, two practical applications of employing the image sensors to detegtsteady signals are
discussed. The first involved using the higeed camera and microphone to capture the vibration
signal of a small electrical helicopter bound to a table (see Fi@(a®)1Because the operation signal
of the helicopter was too smadl be captured using the accelerometer, the blades on both sides of the
main rotor wing were nesymmetrically reset, as shown in Figurg), to enlarge the degree of
vibration. The image system can properly reflect the vibration signal of the origihebpter [8,9]
and is not discussed here.

During the test period, the accelerometer and a microphone were attached to the body of the
helicopter, and a detached microphone was near the tail bar of the helicopter. Before collecting the
signal, the helicaer was first powered on until it reached the steady state. After collecting the data for
7 s, the power was turned off. Because the detached microphone could not provide a useful vibratior
signal, its data are not disssed. Those shown in Figut4(a) through #(c) are the raw data collected
using the accelerometer, the attached microphone, anespé&gd camera, respectively. These data
cannot reflect much information except that their envelopes consistently reflect the attenuation after
switching off he power.
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Figure 14. The raw data of the small helicopter in operation captured by:
(a) accelerometekb) microphone(c) high speed camera
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Their corresponding spectra and wavelet spectrograms are shown in Fig{@ethdough 5(c)
and B(a) throwgh 16(c), respectively. They show that the dominant (9 Hz) and several harmonics are
consistent with one another. Because the test vibration signal was still too weak to be clearly capturec
using the accelerometer, in addition to the dominant mode, oalyirgt and third harmonics are
prominently reflected. Therefore, its spectrogram involves many random and scattered noises.
Nevertheless, both the microphone and ‘sghed camera clearly captured the dominant and many
harmonics. The amplitudes of thestirthird, fourth, and fifth harmonics of the microphone data are in
the same order of the dominant mode, meaning that they are dominated by theoastiT signal
rather than the vibration signal. However, the corresponding harmonics of the imageasgnal
extremely small so that they are purely vibration signals. This is reasonable because the acoustic signe
of a flow field is invisible with respect to an image system. These charts show that most vibration
modes emitted by all components of the hglteo are insignificant as compared with that of the
fundamental mode of the unbalanced main rotor. Because the random noise of #@ebdjlcamera
is also extremely small, we conclude that the helicopter was in a functional condition when it was
tested.Furthermore, based on the spectrograms of the image signal, the frequency of the main rotor
linearly decayed in the poweff period. However, the microphone could not capture the same
datum because the acoustic signal of the rotor was rapidly dissipgtede flow field to an
insignificant level.
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Figure 15. Spectra of the small helicopter in operation captured &ya¢celerometer.
(b) microphone(c) high speed camera.
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Figure 16. The wavelet coefficient plots log scale of the small helicopter erain
captured by:d) acelerometer(b) microphone(c) high speed camera.
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Figure 16.Cont
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The second practical application involved using the webcam to obtain the neck arterial pressure
signal of a young man (see Figuré).1The man staticallysat on a chair to avoid the requirement of
dynamically monitoring his neé& motion. Since he was not allowed to move forward and/or
backward, thesquarecovered almost a fixed region #matthe captured signal was ndbminatedby
the information introduced by his motiolsi mul t aneousl vy, the personds
using an HYAYU pulse oximeter to collect his oxygen saturation signal. The oximeter has a sampling
rate of 200 Hz/24 b and provide®% error of detections for the hlaeat frequency and the level of
the bloodoxygen saturation.
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Figure 17. The experimental setup for measuring the neck arterial pressure signal via a
webcam and the finger bloaxkygen saturation level.

The raw data are shown in Figut8(a,b), which do not provide any detailed informatiofhe
corresponding spectra and spectrograms are shown in Fi{eds) Aand20(a,b), respectively. These
figures involve many minor modes and noises that cannot be prep@thined because no other data
measured sing any sophisticated instrument were available. Nevertheless, based on both spectra, the
heartbeat mode (1.23 Hz) can be easily identified, and the difference between them is less than 0.1 Hz
This means that the webcam accurately obtained the mosticnitode of a human being. In addition,
the image data clearly reflect the prominent breathing mode (0.39 Hz), but the oximeter could not
clearly obtain the mode, meaning that the variation of the blood oxygen data of the forefinger is not
closely relatedto the human breathing mode. Based on both spectrograms, the amplitudes and
frequencies of the dominant mode demonstrate significant fluctuations. This indicates that the
respiratory and circulatory systems of the adult human have high degrees of auldptatioer words,
the adult was in a healthy state at the instant of taking data.

Figure 18. The raw data of the neck arterial pressure signal of an healthy ajulte(
level of the blooebxygen saturation captured by the pulse oximetad p) captued by
the high speed camera.
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Figure 18. Cont.
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Figure 19. Spectra of the neck arterial pressure signal of an healthy aajultie(level of
the bloodoxygen saturation captured by the pulse oximéi@rcaptured by the webcam.
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Finally, the previous discussions are summarized into the following facts:

1. When all prominent modes of a vibration sigaed less than the critical frequency of
generating théalse modethe dominant and harmonics captured using the-$pgled
camera and webcam are consistent with those reflected by the accelerometer and
microphone.

2. The image data may be contaminated by mlorphysical response induced by the
insufficient frame rate of the camera. When a vibration signal involves one or more
significant modes in which the frequencies are higher than the critical frequency, the
nonphysical modes are generated. The critfcadjuencies of the highpeed camera
and webcam are 60 and 10 Hz, respectively. These false modes cannot be effectively

excluded by changing the incident light intensity or the image smmancing
techniques.
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3. A simple model is proposed to accuratelyegict the norphysical modes
Consequentlyall the nonphysical modes can be identified and excluded from the
spectrum.

4. The two practical tests show that the image data acquisition system has the potential to
capture miniscule vibration signals consislent a norcontact manner.

Figure 20. The wavelet coefficient plots of the neck arterial pressure signal of an healthy
adult: @) the level of the blooxygen saturation captured by the pulse oximetsr
captured by the webcam.
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5. Conclusbns

Experimental results show that both the hégieed camera and webcam precisely capture the
dominant and harmonic modes. Although the spectra may be blurred by tpdysical response
when the frequencies of the significant vibration modes are emoallarger than a critical frequency,



