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ABSTRACT

In this paper, we report on the vibration and displacement monitoring of civil engineering structures using a state of the
art image assisted total station (IATS) and passive target markings. By utilizing the telescope camera of the total station,
it is possible to capture video streams in real time with 10fps and an angular resolution of approximately 2”/px. Due to
the high angular resolution resulting from the 30x optical magnification of the telescope, large distances to the object to
be monitored are possible. The laser distance measurement unit integrated in the total station allows to precisely set the
camera’s focus position and to relate the angular quantities gained from image processing to units of length. To accurate-
ly measure the vibrations and displacements of civil engineering structures, we use circular target markings rigidly at-
tached to the object. The computation of the targets’ centers is performed by a least squares adjustment of an ellipse ac-
cording to the Gaul3-Helmert model from which the parameters of the ellipse and their standard deviations are derived. In
laboratory experiments, we show that movements can be detected with an accuracy of better than 0.2mm for single
frames and distances up to 30m. For static applications, where many video frames can be averaged, accuracies of better
than 0.05mm are possible. In a field test on a life-size footbridge, we compare the vibrations measured by the IATS to
reference values derived from accelerometer measurements.

Keywords: structural health monitoring, bridge vibrations, image assisted total station, pattern recognition, ellipse fit,
Gaul-Helmert model, telescope camera

1. INTRODUCTION

Today, many large-scale civil engineering structures are permanently monitored to provide early warnings and to initiate
counter actions from structural failure. This monitoring involves the investigation of the structure’s vibration and dis-
placement behavior. Vibration monitoring allows to analyze the frequencies included in the structure’s oscillation and to
identify the natural frequencies. If the forced vibration applied to a structure equals its natural frequency, the amplitude
of the structure’s oscillation rapidly increases™!? which may cause a structural failure. It is thus important to know the
natural frequencies in order to initiate counter actions (e.g. integration of damping systems) if possible forced vibrations
are close the natural frequencies. For e.g. a footbridge, this means that additional damping is required if the step frequen-
cy of passengers corresponds to the bridge’s natural frequency®. Vibration monitoring requires measurement equipment
with high measurement rates and is traditionally done with accelerometers? &1,

The displacement monitoring involves the long-term observation of the structure to investigate its movement due to di-
urnal (e.g. solar radiation) or annual (e.g. temperature variations) effects. It is also necessary for load testing which is
done to validate the design of e.g. new bridges before they are approved for traffic®™. The measurement equipment used
for displacement monitoring requires a high temporal stability and should directly measure the displacements in units of
length. Accelerometers are not feasible for this purpose. Although the displacements can theoretically be computed by
double-integration of the accelerations over time, this does not work well in practice for long observation times and static
loads!!"®. Traditional sensors for displacement monitoring are linear variable displacement transducers (LVDT) and dial
gaugest . Their major disadvantage is that they require stable, mechanical reference points close to the moving struc-
ture which is hard to establish in practice in some cases (e.g. on the top of a high-rise building or in the central section of
a bridge). Therefore, total stations’®® and Global Navigation Satellite Systems (GNSS) such as GPSEIIFMHIE2 5pe
commonly used for the displacement monitoring of civil engineering structures and can also be utilized to investigate the
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vibration behavior of the structures® 4] - AR advantage of using total stations and GNSS for monitoring pur-

poses is that the reference points, which are necessary to assess the stability of the measurement system, are not needed
to be located in the vicinity of the monitored structure. However, the usage of GNSS for structural health monitoring
requires the measurement equipment (antenna and receiver including power supply) to be attached to the structure. Fur-
thermore, errors on centimeter-level are possible due to multipath effects™™?. Using total stations requires special retro-
reflective targets mounted on the structure to be monitored.

To overcome these limitations, different image-based approaches for vibration and displacement monitoring have been
proposedeM IS0 To allow larger distances between the camera and the monitored structure, telescope lenses
were used for the camera system[??228] These reported image-based systems use a single camera and are able to de-
tect two-dimensional movements parallel to the sensor plane of the camera with up to 60fpst*®®! For the measurements
it is sufficient to have simple target markings attached to the structure to be monitored. Some systems do not require any
artificial target markings at all™®!. However, previously proposed methods have the common disadvantage that they re-
quire a stable point within the camera’s field of view to control the stability of the setup. This is especially hard to estab-
lish for systems using telescope lenses due to their small field of view. Furthermore, the observed movements in the im-
age (given in pixel) are related to units of length by comparison with a target of known size. This leads to systematic
errors if the target is viewed from a skew angle which is not considered appropriately.

To overcome these problems we propose the use of total stations. Total stations are commonly utilized by surveyors to
determine the 3D position of targets. A total station consists of a telescope rotatable about the vertical and the horizontal
axis. These axes of rotation are motorized so that the telescope can be moved automatically to predefined positions. Total
stations further comprise an electronic distance measurement (EDM) unit and a compensator which is used to ensure the
accurate levelling of the instrument. The measured quantities are polar coordinates, i.e. the horizontal and vertical angle
and the distance to the target.

Modern total stations are equipped with a camera integrated in the telescope and referred to as image assisted total sta-
tions (IATS). Currently, the camera is mainly used for documentation purposes but is a promising sensor for accurate
measurements from long ranges since the angular resolution of the resulting image data benefits from the optical magni-
fication of the telescope. The usage of IATS for vibration and displacement monitoring of civil engineering structures
combines the advantages of conventional total station measurements (stability control by reading the telescope angles)
and image-based methods (simple target markings). Furthermore, the observed pixel movements can be related to units
of length using the measured distance to the monitored object. This makes the knowledge of the target size obsolete. The
measured distance between the IATS and the object can also be used to automatically set the camera’s focus position.
Using IATS prototypes, experiments for the vibration monitoring of bridges were carried out??! whereat both ap-
proaches use active target markings requiring power supply.

In this paper, we present a new approach to utilize a state of the art IATS for the vibration and displacement monitoring
from long ranges using passive target markings. We introduce the used measurement system (Section 2), describe our
approach for the automated detection of the target markings (Section 3) and report on the system calibration (Section 4).
Finally, we assess the achievable accuracies in laboratory investigations (Section 5.1), present measurement results
gained from an experiment at a life-size footbridge (Section 5.2) and discuss the suitability of the system for practical
measurement tasks (Section 6).

2. MEASUREMENT SYSTEM

The sensor of choice is the MS50%%! IATS (cf. Figure 1) from Leica Geosystems. The key component for our studies is
the total station’s on-axis camera, i.e. a camera that is located in the optical path of the telescope. The images are cap-
tured by a 2560px x 1920px CMOS sensor. The camera has a 30x optical magnification resulting from the telescope.
The field of view is specified with 1.5°% (presumably image diagonal). From dividing this value by the image diagonal
(in pixel) an angular resolution of 1.7"/px can be expected. However, in Section 4 we will show that the real value is
slightly higher.

Compared to a standard camera with telescope lenses, the usage of an IATS has several advantages. The total station is
able to determine the distance to an arbitrary object by an electronic distance measurement (for Leica MS50: up to

Copyright 2015 Society of Photo-Optical Instrumentation Engineers. One print or electronic copy may be made for personal use only.
Systematic reproduction and distribution, duplication of any material in this paper for a fee or for commercial purposes, or modifica-
tion of the content of the paper are prohibited.


http://dx.doi.org/10.1117/12.2075888

Ehrhart, M., Lienhart W., "Image-based dynamic deformation monitoring of civil engineering structures from long ranges", Proc.
SPIE 9405, Image Processing: Machine Vision Applications V111, 94050J (February 27, 2015); doi:10.1117/12.2075888;
http://dx.doi.org/10.1117/12.2075888

markings

Figure 1. Left: MS50 total station from Leica Geosystems with camera located in the optical path of the telescope. The tele-
scope axis coincides with the sighting axis (SA) of the total station. The telescope can be rotated about the vertical axis (VA)
and the horizontal axis (HA). The measured quantities are the horizontal (Hz) and the vertical (V) angle and the distance
(measured along SA) to a target. Right: passive target markings and accelerometers for reference measurements attached to
the monitored structure.

2000m with a precision of 2mm + 2ppm[®®!). With the known distance to the object it is possible to relate the angular
guantities gained from image processing to units of length. Furthermore, the distance can be used to automatically set the
telescope’s focus motor position (autofocus). By reading the horizontal and vertical angles of the telescope (for Leica
MS50: precision of 17?1 and frequency of 20Hz) and by monitoring the tilt of the instrument with the internal compen-
sator (for Leica MS50: precision of 0.5"%% and frequency of 4Hz), it is possible to control the instrument’s stability dur-
ing the image data acquisition. Another major advantage is the total station’s ability to automatically rotate its telescope
to predefined positions. It is generally possible to access all sensors of the total station (e.g. distance measurement unit,
compensator, motorization, etc.) from an external computer via software commands using the GeoCOMP" interface.

The live stream of the video data captured by the total station can be read with 10fps on an external computer with a de-
lay of approximately 2s. Although the total station’s camera has a 2560px x 1920px CMOS sensor, the frames of the live
stream are available only at 320px x 240px. It is thus left to the operator to decide whether the image data should be
transmitted for the full field of view whereat the frames are downsampled from 2560px x 1920px to 320px x 240px.
Alternatively, a reduced field of view with full image resolution (one pixel in the image corresponds to one pixel on the
CMOS sensor) can be used. For our studies which require high accuracy, we decided to use the live stream at full image
resolution and a reduced field of view.

Other manufacturers also offer instruments with comparable specifications. The Topcon 15-3% |ATS is also equipped

with an on-axis camera with a 30x optical magnification and would be a possible alternative to the Leica MS50. Trimble
does also provide total stations with cameras but currently available instruments are only equipped with wide-angle cam-
eras?. These cameras are not located within the optical path of the telescope and thus do not provide an optical magni-
fication. They are therefore not applicable for high accurate measurements from long ranges.

In order to verify the suitability of IATS measurements for dynamic monitoring we equipped an object with circular tar-
get markings rigidly attached to the structure (cf. Figure 1). Basically, one target marking would be sufficient but we
used several target markings with different sizes to investigate the influence of the target size on the results. These pas-
sive target markings are advantageous since they are very low-cost (simple printouts), do not require an external power
supply and can easily be attached to the structure by simple sticking. For reference measurements of the bridge’s vibra-
tion behavior, we also attached 3 accelerometers whereat they were oriented in vertical direction, across and along the
bridge. This makes the application of our circular target markings appear a bit cumbersome (cf. Figure 1) but we empha-
size that this due to the additional installation of the accelerometers.
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Figure 2. Workflow of our measurement system for the determination of vibrations and displacements of moving structures.

The workflow of the measurements with our system is outlined in Figure 2. The whole process can be automated and
several targets on different positions on the structure can be monitored sequentially. A user interaction is only required to
initially sight the targets on the structure and to set the camera’s recording properties. For long-term monitoring, where
different targets are observed in regular intervals, a manual sighting is only necessary in the first measurement epoch.
Afterwards, the stored positions are used to automatically rotate the total station’s telescope to the corresponding targets.

3. MARKER DETECTION

To obtain a representative value for the position of our circular target marking in the image, the center coordinates of the
target have to be estimated. This can be done by a least squares fit of an ellipse based on the image coordinates of the
marker’s contour which first requires a detection of the marker by means of image processing.

Figure 3 illustrates the marker detection workflow. From the full field of view, only a detail of the frame, retaining the
full image resolution (cf. Section 2), is transmitted to an external computer. The colored image is then converted to an
8 bit grayscale image with pixel values between 0 (black) and 255 (white). Afterwards, a threshold is applied converting
the grayscale image to a binary image, i.e. each pixel value below the threshold is set to 0 and each pixel value above the
threshold is set to 1. Finally, the image coordinates of the marker’s contour are computed by border following®".

Based on the detected contour coordinates of the circle (given with a resolution of 1px), we apply a least squares fit of an
ellipse according to the GauR-Helmert model®*21%3] The functional relationship between the observations (image co-
ordinates x and y of the contour) and the unknown quantities (center x, and y,, semi-axes a and b, rotation angle ¢) is
given by
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Figure 3. lllustration of the marker detection workflow with complete (top left) and reduced (top right) field of view, applied
threshold (bottom left) and detected contours (bottom right).
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where v, and v, are the corrections to the original observations x and y.

The computations for the least squares adjustment according to the GauR-Helmert model are performed iteratively where
a [n+5 x n+5] matrix is inverted in every iteration. The dimension n is given by the number of contour points and the
dimension 5 by the number of parameters to be estimated. In order to save computation time, good initial estimates for
the ellipse parameters should be used. We therefore first estimate these parameters with a fast algorithm based on eigen-
decomposition!. We also use these initial estimates to remove contours that do not belong to a circular marker (cf. Fig-
ure 3 bottom right). Based on the ratio of the semi-axes a and b and an empirically determined threshold only contours
with b/a > 0.2 are further processed. We furthermore use the fast ellipse fit to detect outliers (normal distance to ellipse
>2pX) in the contour of the marker before we start the precise, iterative adjustment of the ellipse according to the GauR-
Helmert model. For the investigations in this paper, only the center coordinates X, and y, of the ellipse are of interest. We
thus stop the iterative computation if the changes in the center coordinates are <0.01px. For our data, this typically oc-
curred after 2 iterations.
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For almost circular, evenly distributed contour coordinates in our data, the results of the center coordinates from the fast
ellipse fit differ only by some 0.01px from the precise fit according to the GauR-Helmert model. However, a major ad-
vantage of the GauB-Helmert model is that it does not only yield the parameters of the ellipse as such but also their
standard deviations. The standard deviations of the ellipse’s center coordinates can be used as a measure of quality so
that uncertain detections can be excluded from further computations.

Real images are always degraded by random noise and may be enhanced by using different image filters®*=€37 we
thus tested the effects of Gaussian blur, median blur and bilateral filtering on the estimated marker center. However,
none of the filters changed the results noticeably since the computation of the marker center is done by a least squares
adjustment which, for normal distributed measurement data, finds the best estimate based on the minimum sum of
squared errors®?'¥ Wwith only random noise in the measurement data (i.e. the contour coordinates), the least squares fit
implicitly filters the noise and thus makes previous image filtering obsolete.

4. CALIBRATION OF THE MEASUREMENT SYSTEM

The measurement sensor of our system is a digital camera located in the optical path of the total station’s telescope (cf.
Section 2). As every measurements system used for the acquisition of highly accurate data, our system needs to be cali-
brated. The calibration of a camera generally involves the determination of its intrinsic parameters. These parameters are
the image coordinates of the principal point (ccand c), the focal lengths in horizontal and vertical direction (f and f,) and
an arbitrary number of coefficients to compensate for radial and tangential lens distortions (k; and p;).

The principal point is the intersection of the optical axis with the image sensor plane. For a pinhole camera model, the
focal length is the distance between the camera center and the principal point. Usually two focal lengths are estimated
during camera calibration to account for the fact that the pixels on the image sensor are non-square for some cameras™.
Radial and tangential lens distortions result from an imperfect manufacturing of the lens and defects in the assembling of
the camera™ and distort the linear model for projecting points in the real world to the image plane®®. Further infor-
mation on the topic of camera calibration can be found in standard textbooks=eH3731,

To obtain accurate intrinsic parameters, camera calibration is a time consuming task. We therefore investigate which
parameters are really needed for the measurements described in this paper. Since displacement monitoring always in-
volves the formulation of differences between different epochs, the constant image coordinates of the principal point will
cancel out and are thus not needed to be known. For our long-range monitoring system and expected maximum object
movements of a few centimeters, the image coordinates of the targets will only vary by some 10px. For e.g. an object
movement of 20mm at a distance of 40m, the image coordinates change by 50px (on an image sensor with
2560px x 1920px, cf. Section 2). Distortion effects show a spatial regularity so that neighboring pixels are affected simi-
larly. Accordingly, distortion effects will be reduced to a negligible extent when computing differences between objects
located in similar regions on the image sensor. The frequencies included in a time series, which can be computed via
Fourier analysis, are independent of the physical unit of the time series. This is due to the linear property of the Fourier

transform!*”! F{cf (t)} =cF {f (t)} were a constant factor ¢ may be applied before or after the transformation.

We thus can compute the frequencies included in the structure’s oscillation from the raw image coordinates of the de-
tected markers (cf. Figure 2). Consequently, no camera calibration is necessary for this purpose. However, for the inves-
tigation of the displacements in terms of a proper physical unit (e.g. millimeters), the knowledge of the camera’s angular
resolution is required. With this quantity, the movements in the image (given in pixels) can be computed to angular
quantities which then can be related to units of length using the measured distance to the monitored object. The angular
resolution expresses the size of one pixel of the image sensor in an angular quantity, i.e. it is the angle between two ob-
jects that are imaged on two neighboring pixel. For a pinhole camera model, the angular resolution « is related to the
focal length fby tana =1/ f .

The accurate knowledge of the angular resolution is crucial for the accurate calculation of displacements since object
movements in the image (given in pixel) are multiplied by this value to compute angular quantities. As the object move-
ments will amount to values up to several 10px, a small uncertainty in the value of the angular resolution translates to a
large error in the computed angle. We thus calibrated this value in our temperature-controlled laboratory with a stable
setup of the total station and the target. Similar to the Theodolite-Sensor-Calibration®", we made use of the total sta-
tion’s ability to rotate its telescope about the vertical and the horizontal axis by precisely known angles (1", cf. Section
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2). Since the camera is located in the optical path of the telescope, it experiences the same rotations. For the determina-
tion of the angular resolution, we observed a circular target marking at a fixed position for different rotations of the tele-
scope. For each telescope position, we recorded 10s of video data which results in 100 measurements for a frame rate of
10fps. For each frame, the target center was estimated according to Section 3. Simultaneously to the recording of the
video, the telescope angles were streamed with 20Hz (cf. Section 2). Averaging the measurement series of the recorded
angles improves the precision of the gained reference angle (precision of single angle measurement: 1”, cf. Section 2).
To compute the angular resolution in horizontal and vertical direction, this procedure was carried out for horizontal and
vertical rotations of the telescope.

Figure 4 exemplarily depicts the measurement data for horizontal rotations of the telescope. The angular resolution of the
camera was computed as the slope of a straight line fitted to the data. Since both values (reference angles and image co-
ordinates of the marker center) are affected by random errors, we used an orthogonal regression®®?*?! for the line fit. It
would be possible to estimate additional parameters to compensate for radial distortion. As already pointed out, we ex-
pect object movements translating to a few 10px on the image sensor. We thus can neglect distortion effects and use a
linear model for the estimation of the angular resolution of the camera.
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Figure 4. Relation between the image coordinates of the detected marker centers and reference angles for horizontal rota-
tions of the telescope. Both quantities are centered by their mean values. The distance to the circular target marking with a
diameter of Imm was 6.339m. Left: complete measurement data. Right: detail with measurement series at each reference
position and fitted regression line.

From the experiments, we estimated the angular resolutions and their standard deviations with ay, = 1.9627"/px
(£0.0001px) in horizontal and oy = 1.9632"/px (£0.0002px) in vertical direction. Although the estimates obviously differ
in their absolute values, hypothesis testing®2H 84311441 showed that the difference is not significant on a 99% confidence
level. This means that the pixels on the CMQOS array can be considered square and that the two values can be averaged
for a combined angular resolution of a = 1.9630"/px in horizontal and vertical direction.

The calibration with the proposed approach can be done within about one hour. This is important since the calibration
parameters of cameras are known to vary over time®? which requires periodic calibrations. With a fast, simple and au-
tomated calibration procedure, it is cost-effective to service the presented measurement system regularly.

5. EXPERIMENTAL RESULTS

To assess the accuracy potential of our measurement system for the vibration and displacement monitoring of civil engi-
neering structures, we carried out two experiments. We evaluated the accuracy of the detected displacements in laborato-
ry investigations (Section 5.1) and tested the capabilities for vibration monitoring in a field experiment at a life-size
footbridge (Section 5.2).
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5.1 Accuracy of detected displacements

To evaluate the accuracy of the detected displacements, we investigated the computed values for accurately known refer-
ence movements under laboratory conditions. We therefore mounted our circular target markings on the linear position-
ing stage Physik Instrumente M-410.DG with a position repeatability of 2um!*!. For the setup depicted in Figure 5, hori-
zontal target movements are possible. For vertical movements, the linear positioning stage has to be aligned vertically.

Figure 5. Linear positioning stage Physik Instrumente M-410.DG with a position repeatability of 2um and circular target
markings mounted onto its carriage.

For evaluating the accuracy of the detected displacements, the linear positioning stage was moved in steps of 0.25mm in
a range of £8mm. The stability of the setup was verified by measuring the zero position of the linear positioning stage at
the beginning and the end of the experiment. This results in 67 reference positions. At each reference position a video
was recorded for 10s which results in 100 frames for the recording with 10fps. Accordingly, 6700 frames were collected
in total. The orthogonal orientation of the linear positioning stage’s movement axis to the optical axis of the total station
was ensured via autocollimation®*!. To investigate the influences of the distance to the target and the target size, the
experiments were carried out for distances of 6.2m, 12.5m, 18.8m and 31.4m and marker diameters of 1mm, 2mm, 5mm,
10mm, 15mm and 20mm.

The displacements detected with our system, which result from multiplying the pixel movements of the marker centers
(cf. Section 3) by the angular resolution of the camera (cf. Section 4), were then compared to the reference movements of
the linear positioning stage. For comparison, the detected displacements were converted from angles g to units of length
b. This was done using the slope distance d measured by the total station and

b=dtang. 3

By rearranging Equation (3), the reference movements of the linear positioning stage can be converted to reference an-
gles. Since the measurements in single images are the angles between different objects, investigating the residuals be-
tween the measured and the reference movements in arc seconds seems a natural choice. However, evaluating the per-
pendicular values of angles at certain distance is more descriptive sometimes. We thus provide both quantities (angles
and perpendicular values) for the results shown in Table 1 and Figure 6.

Table 1 provides statistical information of the residuals between the movements detected with our system and the refer-
ence positions of the linear positioning stage. The averages refer to the mean values of the measurements at each position
of the linear stage (100 frames). Additionally, the residuals of the single measurements (resulting from a single frame,
6700 frames in total) are investigated. Obviously, larger target markings have to be used for larger distances. At e.g. a
distance of 31m a marker diameter of 2mm corresponds to approximately 7px in the image which is not sufficient for a
precise ellipse fit. The statistical values of the residuals in terms of arc seconds are roughly constant for different distanc-
es. This is also shown by Figure 6 where we limit ourselves to suitable marker sizes.
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Table 1. Standard deviations and maximum values for the residuals of the averaged measurements at the reference positions
(100 frames) and for the residuals of the single measurements (6700 frames in total) for different distances d and target di-
ameters g. The columns accented with gray background refer to suitable target sizes for the respective distance.

residuals of averaged meas. residuals of single meas.
d 6 std. max. std. max.
[m] [mm] n " n n
("1 { Imm] | "] | [mm] | ("] | [mm] | ["] | [mm]
6.241 1 0.12 | 0.004 | 0.38 | 0.012 | 0.38 | 0.012 | 1.89 | 0.057
12.527 1 0.15 | 0.009 | 0.38 | 0.023 | 0.53 | 0.032 | -1.92 | -0.116
12.527 2 0.15 | 0.009 | 0.51 | 0.031 | 0.40 | 0.024 | -1.67 | -0.101
12.527 5 0.14 | 0.008 | 0.34 | 0.021 | 0.33 | 0.020 | -1.54 | -0.094
18.833 1 0.19 | 0.017 | 0.46 | 0.042 | 0.59 | 0.054 | 2.10 | 0.191
18.833 2 0.15 | 0.014 | 054 | 0.050 | 0.44 | 0.040 | 1.90 | 0.174
18.833 5 0.14 | 0.013 | 0.46 | 0.042 | 0.34 | 0.031 | 1.94 | 0.177
31.417 2 0.15 | 0.024 | -0.46 | -0.069 | 0.58 | 0.088 | 2.10 | 0.320
31.417 5 0.12 | 0.019 | -0.38 | -0.058 | 0.37 | 0.057 | -2.00 | -0.305
31.417 10 0.13 | 0.020 | 0.29 | 0.044 | 0.30 | 0.046 | -1.51 | -0.229
31.417 15 0.11 | 0.017 | -0.29 | -0.044 | 0.28 | 0.043 | -1.18 | -0.180
31.417 20 0.13 | 0.019 | 0.32 | 0.049 | 0.28 | 0.042 | -1.24 | -0.189
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Figure 6. Residuals of the displacements computed from the detected target centers at different distances d and target diame-
ters @. The reference movements are gained from the positions of the linear positioning stage. With mean values (dots),
standard deviations (gray area) and ranges (solid line) of the measurements at the reference positions.
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The residuals in terms of millimeters increase almost linearly with the distance to the target (cf. Figure 7). For designing
measurement campaigns, this is very helpful since the achievable accuracy of the movements measured with our system
can be evaluated prior to the actual measurements. This can be done by relating the measurement accuracy (in arc sec-
onds) to its perpendicular value using the approximate distance of the total station to the monitored object. For a distance
of 31m, the errors of single measurements are <0.2mm and the errors for the averages of the measurements series (100
frames) are <0.05mm. At a distance of 6m, averaging the measurement series reveals a remarkable accuracy with errors
<0.01mm.
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Figure 7. Standard deviations for the residuals of the averaged measurements (left) and for the residuals of the single meas-
urements (right) for different distances and marker diameters.

5.2 Field experiment with vibration monitoring

To evaluate the ability of our system to measure the natural frequencies of civil engineering structures, we performed test
measurements at the Augarten footbridge in Graz, Austria (cf. Figure 8). The distance of the total station to the passive
target markings was about 39m. A similar distance (31m) was used for the test measurements in the laboratory where
maximum errors of about 1” occurred (cf. Table 1 and Figure 6). For the distance in the field experiment, this corre-
sponds to a perpendicular value of 0.2mm. However, this value might be degraded due to turbulences of the air®!. For
reference measurements, the bridge was equipped with 3 accelerometers HBM B12/2001" oriented in vertical direction,
across and along the bridge. As depicted in Figure 8, we used different target sizes with diameters of 15mm, 20mm,
25mm and 30mm to evaluate the influence of the target size on the detected frequencies. The results presented here are
based on the smallest target with a diameter of 15mm. It is noted again (cf. Section 2), that the somewhat cumbersome
mounting of the target markings is due to the additional installation of the accelerometers and will be simplified for
IATS measurements only.

In this paper, we only examine the vertical movements of the bridge. We emphasize that the focus of this paper is not on
how to correctly identify the natural frequencies of this specific bridge but on evaluating the vibration measurements
with a cost-effective, novel approach. For a correct identification of the natural frequencies, the structure needs to be
excited. This can be done with an impact hammer, an electromagnetic shaker with variable frequencies®® or by ambient
vibration®'*_ In our experiment, we excited the bridge by two persons jogging over the bridge. The resulting time se-
ries are depicted in Figure 9.
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Figure 8. Augarten footbridge equipped with passive target markings and accelerometers for reference measurements.
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Figure 9. Vertical movements measured by the IATS (left) and measured accelerations (right) resulting from two persons
jogging over the bridge. The gray areas mark the first and the second transition of the joggers and the post-pulse oscillation
of the bridge.

One advantage of the measurements with the IATS is that the displacements of the bridge can be investigated in time
domain. The IATS measurements reveal vertical movements of up to 0.5mm (cf. Figure 9). Further measurements of
displacement monitoring with our system are reported in“’. Using the accelerometer measurements, the displacements
can theoretically be computed by double-integration of the accelerations over time. However, this does not work well in
practice for long observation times and static loads*"®!,

Figure 10 depicts the frequency responses of the footbridge for the time series highlighted in Figure 9. For the first tran-
sition of the joggers, a dominant frequency of 2.3Hz is visible. This value corresponds to the step frequency of the jog-
gers and thus can be regarded as a forced vibration. The frequency is identified by the IATS (2.29Hz) and the accelerom-
eter (2.30Hz). For the second transition, the step frequency of the joggers (2.3Hz) is visible again but the dominant fre-
quency is 1.8Hz which presumably corresponds to the bridge’s natural frequency. Again, this frequency is identified by
the IATS (1.77Hz) and the accelerometer (1.78Hz). For the post-impulse oscillation of the bridge, which occurs after the
joggers left the bridge, the natural frequency of 1.8Hz is visible where the IATS (1.81Hz) and the accelerometer
(1.81Hz) yield the same results.
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Figure 10. Amplitude spectral densities computed from measurements with IATS and accelerometer for the first and second
transition of the joggers (top row) and the post-pulse oscillation of the bridge (bottom).

6. CONCLUSIONS

In this paper, we report on the vibration and displacement monitoring of civil engineering structures using a state of the
art image assisted total station (IATS) and passive target markings. The core element of our measurements system is the
total station’s on-axis camera with an angular resolution of approximately 2"/px and a maximum frame rate of 10fps (cf.
Section 2). In laboratory experiments we show, that the errors of the detected displacements from a distance of 31m are
<0.2mm for single frames and <0.05mm for the average of a 10s video sequence (cf. Section 5.1). In a field experiment
at a life-size footbridge and by comparison with accelerometer measurements, we demonstrate that the IATS is able to
correctly identify the frequencies included in the structure’s oscillation (cf. Section 5.2).

The shortcoming of the measurement system is the low frame rate of 10fps when transmitting the total station’s live
stream to an external computer. The camera of the used total station is able to capture videos with 20fps since it is possi-
ble to display the camera’s live stream with 20fps via the total station’s user interface®. Accordingly, the reduced frame
rate of 10fps is probably due to the interface between the total station and an external computer and might be improved
in future firmware releases and/or instrument series. By using a prototype of an IATS, frame rates up to 200fps are pos-
sible!. However, the critical natural frequencies f; of footbridges in vertical direction are only 1.25Hz < f; < 4.6Hz"*! and
therefore can already be identified with the used state of the art IATS.

The major advantage of the IATS is that it combines conventional total station measurements for displacement monitor-
ing and accelerometer measurements for vibration analysis. Replacing the accelerometers and data processing units in-
cluding power supply on the civil engineering structure by simple, passive target markings is especially beneficial in
cases of limited access due to e.g. safety regulations. Another key feature of the proposed measurement system is its
cost-effective calibration (cf. Section 4).
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