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A dense network of strong motion measurement is significant for the earthquake hazard miti-
gation. To realize such a network, this paper proposes a strong motion measurement using video
images recorded in security video cameras. Even though the accuracy is sacrificed to some extent,
this measurement enables us to use video cameras as maintenance-free and simple apparatus which
are installed in many buildings. The image analysis and the inversion are developed. Several tests
were carried out to verify the validity of the methods, and it is shown that input acceleration can

be fairly predicted from recorded video images.
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1. INTRODUCTION

The significance of measuring the strong motion
cannot be underestimated. Since Milne and Ewing
first developed a seismograph, the technology of ac-
quitting data in higher accuracy and a wider fre-
quency range has been improved; see the review!) of
the strong motion observation. For instance, a stan-
dard seismograph uses 32 bit data acquisition, and
a new apparatus®) is aimed at using laser technol-
ogy. Recently, various organizations")"‘) are preparing
a network of measuring the strong motion.’

The strong motion measurement provides data used
in various purposes. While the major purpose is for
the inversion of an earthquake event, these data are
used in earthquake engineering; information are ex-
tracted such that the nature of local quakes, such as
the largest acceleration or velocity, are determined,
and the form or spectra of input waves are investi-
gated for the design purposes. Recently, these data
have been being used for the hazard mitigation, as
well as the urgent warning system®):)7).

On the view point of the hazard mitigation, it is
desirable to clarify the nature of a local site in a finer
length scale or to see the vibration characteristics of
each structure. This is because the amplification of
strong motion may vary depending on local ground
conditions. A dense network of strong motion mea-
surement is thus required. However, it is unrealistic
to set advanced seismographs densely since initial and
running costs are high. An alternative solution need
to be found for the realization of such a network. The

strong motion measurement, image analysis, inversion, hazard mitigation

solution requires a new method of measuring strong
motion in a less expensive manner, even though the
accuracy of measurement is sacrificed to some extent.
This paper examines the utilization of security video
cameras as an apparatus of measuring strong motion.
As will be discussed in the following section, video im-
ages record the relative movement of fixed objects due
to the vibration of the camera or objects which move
during earthquakes; see Appendix A for an example.
While highest precision cannot be expected, there are
three advantages for this strong motion measurement;
1) a huge number of security video cameras being used;
2) routine recording of data without extra equipment;
and 3) less requirement for the maintenance of ap-
paratus. The key issue of realizing the utilization of
video cameras for the strong motion measurement is
to develop analysis methods which extract strong mo-
tion data from video records with satisfactory accu-
racy. This paper proposes a pair of analysis methods,
an image analysis of video records to capture strong
motion effects appearing on records, and an inversion
of the effects to evaluate the source strong motion.

2. STRONG MOTION MEASUR-
MENT

It should be first emphasized that the precision is
scarified in measuring strong motion using a video
camera. Furthermore, as most video cameras are lo-
cated within buildings, the recorded strong motionis
influenced by the properties of the building as well as
the soil-structure interaction (strictly speaking, video
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Fig. 1 Strategies of Strong Motion Measurement Using Video Camera

images record strong motion of a building, not strong
motion of a ground). While such limitations are in-
evitable, placing an apparatus in high density has its
own advantages; for each building or structure, data
measured throughout long years can be used as for
the health monitoring; the comparison of near-by sites
can tell the relative strength of the strong motion in
a smaller area; and it may be expected that data of
huge amount can reveal hidden nature of the strong
motion. Appendix B summarizes the advantage and
disadvantages of the strong motion measurement us-
ing video cameras.

In this paper, we present two strategies®)?) to ex-

tract strong motion information from recorded images.
The first strategy is the target measurement, which
measures the vibration of a video camera through the
relative movement of fixed objects in video image. No

special equipment is necessary, although the vibration
characters of a camera or its attachment are known.
The second strategy is the weight measurement, which
chases the movement of some weights put to a video
camera. The weights are two or three with suitably
arranged natural frequencies, and must be small such
that the security monitoring is not disturbed. Figure
1 presents a schematic view of these two strategies.
Another possibility is to attach a new device to video
camera. For instance, small and less expensive trans-
ducers are a candidate; measured data on the acceler-
ation are recorded on an audio track of a video tape.
Table 1 summarizes these three strategies.

The two strategies are aimed at measuring rela-
tively large strong motion, say, of around three or five
degrees. Smaller earthquakes may not cause enough
movement of video cameras or weights, and too large
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Table 1 Summary of Strategies

L strategy advantages

disadvantages ]

1 | target measurement

no special equipment is required

vibration character of camera and
attachment must be known

2 || weight measurement

accurate measurment is expected

suitable weight system must be at-
tached

3 || recording acceleration
in audio track

sible

most accurate measurment is pos-

specially arranged video camera
should be used

earthquakes may damage video cameras. In each city,
relatively large earthquakes occur once a year or two,
and the measurement using the video camera can be
made more or less regularly; at least, each camera can
yield quantitative information of the strong motion
that happens to a building to which it is installed.

Since the hardware has little problem, the key issue
is the software for the strong motion measurement us-
ing a video camera, i.e., to develop a method of ex-
tracting sufficiently accurate information of the strong
motion from recorded video images. Best advantage
should be taken of the recent advancement of the im-
age analysis technology and the inversion techniques.

It should be mentioned that the measuring of
strong motion using video images has been studied;
Kikuchi'® used video images recorded in Hanshin
Great Earthquake to measure movements of objects,
and evaluated maximum acceleration; Ohori et. al'!)
also used video images in a similar manner. While
they did not apply the image analysis as considered
here, they could extract some quantitative data from
the video records.

3. FORMULATION

(1) Image Analysis

The image analysis is a technology which is most
advanced in these decades, mainly owing to the devel-
opment of computers; see the paper'?) for a concise
list of references. However, an ordinary image analy-
sis may fail in analyzing the movement precisely, since
strong motion does not produce large movement of
objects in video images to be easily analyzed; for in-
stance, when the movement is around 1% of the image
size, it corresponds to just § pixels with an error of +1
pixels as one video image is discretized into 640 x 480
pixels.

To overcome this shortcoming, we make use of whole
recorded images; 300 data are obtained during 10[sec],
since a video image is recorded every 1/30[sec] at the
maximum. The accuracy of measuring the displace-
ment can be increased by taking the regression'?) with
respect to time, if data of such a large number are
used; see Fig. 2 for the schematic view of the re-

regressnon\. [/ ..

location (pixel)

time

Fig. 2 Regression of Data of Large Number

Table 2 Results of Regression

M| 1] 2] 3]|>4
N 5]10]|15 | >4M

gression. Using a forth-order polynomial, the regres-
sion determines its coefficients such that the error of
the polynomial and the data be minimized. Table 2
shows the results of numerical simulations which ex-
amines the minimum number of images (M) in order
to measure a given pixel number (N) of the movement
with the accuracy of 0.1 pixel unit. The regression
works well provided that the motion is smooth.

It should be noted that while the spatial resolu-
tion can be increased, the strong motion of higher
frequency (than, say, 8[Hz]) cannot be measured in
video images as the recording is made every 1/30(sec].
Also, only one (or possibly two) component of dis-
placement can be accurately extracted from video im-
ages; the direction of the component is in the plane of
the recorded video image.

The increase of video images to be analyzed causes
another problem. Provided that video records come
from all sites in the network, huge amount of data
need to be analyzed once a large earthquake takes
place. The analysis of each video image must be as
simple as possible. Hence, the binarization is applied
to identify an object; the images are binarized to cap-
ture the location of the object center by specifying
suitable threshold values of image data; see also Ap-
pendix A.
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(2) Inversion

First, we formulate the target measurement. Let
(6, 6,%) be the rolling, yawing, and pitching angles
of a video camera located at d from a wall, and sup-
pose that there are N objects on the wall; see Fig.
3. When an i-th object in the wall is viewed at the
rolling and yawing angle (6;, ¢;), it has the following
coordinates, (z;,y;), on a video image:

z; —d cosyy —siny
vi | sing  cosy
csch — cscb;

cscop —csco; |

1)

As the camera vibrates, (6, ¢,) varies and the fixed
target appears to move. Therefore, measuring a time
series of the location as (Z;,;) for each target, we can
predict these angles such that the error function, E,
is minimized,

N
E@6,6,9) =Y (T —z:)* + @ —v:)”. 2)
i=1
While this error function is non-linear, finding the
minimum is easy as (z;,y;)’s are explicitly given in
Eq. (1).
Next, we formulate the weight measurement. It is
assumed that the equation of motion for a weight is

m?(i(t) + 2a°u(t) + B°u(t)) = m°a(t), ®3)

where m° is the mass and a® and (3° are constants;
note that w® = 1/B° — (a°)? is regarded as a natu-
ral angular frequency if o° is small, i.e., a® < v/B°.
These constants are easily determined by analyzing
the free vibration of the weight. When u is measured
at AT interval and {u;} is a sequence of the measured
displacement, the finite difference approximation of
Eq. (3)leads to:

s 1= ﬂn—f—l - 2ﬂn +-7In—1
" AT?

Table 3 Shaking Table and Video Camera

shaking table || acceleration 0.01~100[gal]
frequency 0.01~50[Hz]

video camera || pixel images | 640x480[pixel]
frame number 30[/sec]

Table 4 Input Motion

| H1] H2| H3|
amplitude[gal] || 30.0 | 30.0 | 30.0
frequency[Hz] 10| 5.0 10.0
FOpr L AL 4 e )

2AT

Here, a, is the acceleration at the n-th step (nAT).
It should be noted that two initial conditions are re-
quired to solve a differential equation of u for a given
a, and the solution is obtained by integrating a. How-
ever, the inversion from u to a is straightforward as it
requires only the differentiation of u.
While Eq. (4) is an exact discretization of Eq. (3),
the evaluation of @ may be poor because
1. components of frequencies much smaller or larger
than w® are almost filtered out;
2. the finite difference approximation of % can in-
clude larger errors.
To resolve these two problems, we take advantage of
the following property of the governing equation, Eq.

3):

1 T
—/ exp(—A°t)a(r +t) dt
T Jo

= % [exp(=A°t) (a(T + t) + 2a°u(T + t))]g . (5)
Here, X\° is a complex-valued eigen-value of the left
side, and the integration by par is used in deriving the
right side of Eq. (5). As is seen, the integration of a is
computed from @ and u only. For a sufficiently small
T, exp(—\°t) is almost 1 and the left side of Eq. (5)
is close to the average of a. Computing this weighted
average for each weight and taking the sum, we can
evaluate the input strong motion more accurately.

4. MODEL EXPERIMENTS

In order to examine the possibility of the strong mo-
tion measurement using a video camera, we first car-
ried out model experiments to determine simple har-
monic waves. A video camera was set on a computer-
controlled shaking table; see Fig. 4. The properties
of the shaking table and the video camera are sum-
marized in Table 3, and the properties of the input
harmonic are given in Table 4.
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Fig. 5 Typical Images of Targets

For the target measurement, four makers of 1x1[cm]
size were put on a pole and used as targets. The mark-
ers were green and vertically aligned on the pole. The
pole faced the video camera in the right angle and
stood in the distance of 1[m].

Figure 5 shows a schematic view of the targets;
a) and b) are a video image and a binarized image,
respectively. Note that all video images were binarized
to capture the targets, by setting threshold values for
the RGB values of the image which range 0 to 255 for
each color; in the present case, the threshold values
are (R,G,B)=(50,200,50).

Figure 6 plots the results of the image analysis.
The horizontal movement of the four targets, whith
are obtained by analyzing 300 video images during
10[sec}, are plotted with respect to time for the input
wave of H1; see Table 4. Except for the presence of
several spikes which are due to some noises in vide
tapes, a profile of harmonic waves are well captured.
When the regression is made, the wave profile becomes
smoother, and the analysis works satisfactorily. The

displacement[pixel]

290
280
—o— target |
270  —a— target2
—a— target 3
—»— target 4
19 20 21
time[0.01sec]
Fig. 6 Relative Movement of Targets
Table 5 Results of Target Measurement
harmonic [ H1 H2 H3 |
amplitude[gal] | 34+5 25+5 26+5
frequency[Hz] || 1.0+0.1 | 5.04+0.1 | 10.0+0.1

inversion together with the image analysis can yield
similéxly good prediction for other harmonic waves
(H2 and H3); Table 5 summarizes the predicted am-
plitude and phase. The analysis works satisfactorily
as well as for sweep waves, in which the frequency of
the input wave increases linearly with respect to the
time. ‘

For the weight measurement, three weights were
used in experiments. The mass and the string of
each weight were controlled such that the natural
frequency(w®/27) was 5.7, 6.1 and 7.5{/sec]. The
value of a° is of order of 10~%[/sec] for all the three
weights. The weights were attached to a small but stiff
beam which was extended from the video camera.

Figure 7 shows typical video images of the weights.
The weights have distinct color, red, silver, and yellow.
Hence, it is easy to binarize the image to identify each
weight, by setting particular threshold values as in the
case of the target measurement.

Figure 8 plots the horizontal location of the
weights for the input wave of H1. The image anal-
ysis leads to similar results for other waves; see Table
6 for the amplitude and frequency obtained from the
inversion. The comparison of this table with Table 4
shows that the analysis can reproduce well the input
wave properties.

As is seen, the properties of the input waves are well
estimated by applying the proposed analyses. The
relative error, the ratio of the predicted value to the
exact one, is around 10%. Since the input waves are
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Fig. 7 Images of Weights
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Table 6 Results of Weight Measurement
harmonic ] H1 H2 H3
34+3 31+3 2743
1.04+0.1 | 5.0+£0.1 | 10.0+0.1

amplitude[gal]
frequency[Hz]

simplest, such good prediction is not surprising. Still,
it strongly supports the possibility of measuring strong
motion using video images.

5. FURTHER TESTS

In order to examine the limitation of the strong
motion measurement using a video camera, we car-
ried out other tests. Random input accelerations were
used for numerical simulation and model experiments.

For the target measurement, we made the follow-
ing numerical simulation: setting several targets on a
wall, we first computed the change in their coordinates
when a camera was vibrated due to a given acceler-
ation. Then, we analyzed the camera vibration from
the coordinates, putting some errors (10% of the exact
values) in determining them; see Fig. 3. The time
change of (8, ¢,%), together with the input values, are
plotted in Fig. 9; a) and b) are for cases when three
and ten targets were used. As is seen, the prediction
is successful.

It is shown that even if the image analysis poorly
identify the coordinate, the inversion of (6, ¢,) can
be made by using targets of a larger number. As men-
tioned, it is easy to find the minimum of the non-linear
error function, E given by Eq. (2). However, a coor-
dinate change must be larger than 1[pixel] for targets
far from the camera, such that the inversion is reli-
able. Hence, the target measurement is applied to an
earthquake which causes a sufficiently large vibration
of a vide camera.

For the weight measurement, we carried out other
model experiments which used random accelerations.
The results of the inversion using Eq. (4) are pre-
sented in Fig. 10; a), b), and c¢) are for weights of
w® =36.2, 37.9, and 47.3[/sec], respectively, and d)
is the in-site acceleration measured by a transducer.
While the analyzed accelerations are of the same order
as the exact one, the profiles are different. Changing
the amplitude of the input acceleration with the phase
being fixed, we made other experiments and then com-
pute the inversion. The computed maximum acceler-
ations are plotted in Fig. 11; the average of the three
accelerations is also plotted. The prediction is satis-
factory with relative error of 10%.

While overall profiles of the inverted acceleration
are fairly similar to the measured one, the local pro-
files are quite different as mentioned. This is due to
a high natural frequency (w°/2w > 10[Hz]) of the
weight; Fig. 12a) and b) show typical examples of
analyzed displacement (u) and acceleration (a).

*When weights of slower natural frequencies
(w°/2m =1.4, 1.7, 2.0[/sec]) are used, we can measure
smoother wave profiles; Fig. 13 shows an example
of the inversion for a weight of w® =1.4[/sec]. Due
to the filtering of the natural frequencies, the inver-
sion fails as the analyzed acceleration is smaller by
one order. Instead of Eq. (4), we use Eq. (5) and
take the sum of the weighted accelerations; Fig. 14a)
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and b) show the weighted displacement and the sum
of the three accelerations, respectively. As is seen, the
wave become much smoother, and this treatment can
produce the change of a accurately.

As is seen in Fig. 11, a parameter such as the
maximum acceleration can be predicted by using the
results of the inversion, even though the inversion fails
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Fig. 10 Inverted Acceleration (1)

in identifying wave profiles (Fig. 10). This is be-
cause each weight catches waves in a narrow frequency
range. To show this, Fig. 15 plots the change in
the amplitude and phase, A and 8, for a weight of
w®/2n = 1.4[Hz}; the amplitude and phase are com-
puted by applying the following local Fourier trans-
form:

-
Aexp(0) = %/0 exp(w®t)u(t) dt, (6)

where T° = 2r /w® It is shown that 6 changes almost
linearly, which means that a component near the nat-
ural frequency is dominant. Other weights have a sim-
ilar linear change in the phase, although the change
in the amplitude is different; see Fig. 16.

While a weight of large damping effects catches
waves of wider frequency range, the amplitude is de-
creased accordingly. This trade-off, i.e., a smaller am-
p'litude or a narrower frequency range, is inevitable
when weights of slower natural frequency are used.
The maximum acceleration, however, can be predicted
in the same accuracy as shown in Fig. 11. Since the
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amplitude of u becomes larger as w® becomes smaller,
weights of smaller natural frequencies may be suitable
in measuring such quantity instead of the wave pro-
file.

6. CONCLUDING REMARKS

Two strategies are proposed for the strong motion
measurement using a video camera. The results of sev-
eral tests support the possibility of this measurement,
even though the accuracy in identifying input accel-
eration could be improved. Still, there remain several
technical difficulties, such as the interpretation of the
measured acceleration that is filtered through the vi-
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Fig. 18 Inverted Acceleration (2)
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Fig. 14 Averaged and Summed a

bration characteristics of buildings to which the cam-
era is installed. Furthemore, more simple analysis will
be needed as the number of availabe cameras is huge
in densely populated cities. We are now carrying out
an experiment which uses actual security video cam-
eras; the validity and usefulness are examined as these
video cameras are located close to a seismometer.

The third strategy is a candidate for the strong
motion measurement with more accuracy. As briefly
mentioned, the implementation of a transducer to a
video camera is promising in measuring the strong
motion much more accurately. Preliminary experi-
ments show the potential usefulness of this measure-
ment method.
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APPENDIX A VIDEO ANALYSIS

As an illustrative example, we present the im-
age analysis of actual video images; the images were
recorded by NHK'®) during the Great Hanshin Earth-
quake. The target is a clock on the wall; see Fig. 17.
The results of the image analysis are shown in Fig.
18. In this analysis, we apply the pattern matching
to identify the clock, which takes a longer computation
than the binarization that is used in the present paper.
Both the horizontal and vertical coordinates are plot-

Fig. 17 Examples of Video Images
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Fig. 18 Change in Target Coordinate

ted with respect to the time, and some sudden changes
of the coordinates are caused by the movement of the
camera. Possible acceleration can be estimated from
such coordinate changes, though the estimate is not
made in this paper.

APPENDIX B ADVANTAGES

As an apparatus used in a network of strong motion
measurement, security video cameras have the follow-
ing advantages:

1. dense network: Security video cameras are lo-
cated in most of banks and shops, and a denser
network is being naturally formed in a largely
populated area.

2. routine recording: Video images, each of which
contains, say, 640 x 480 pixel data in each
1/30[sec], are recorded while the banks and shops
are open.

3. easy maintenance: No special maintenance of ap-
paratuses is required, and video cameras are reg-
ularly maintained for its primary function of se-
curity watching.
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