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Abstract

This research investigates building deformation monitoring using
stereophotogrammetry and integrating the Kalman filter to refine the result with
conventional geodetic measurements being the baseline. By refining
stereophotogrammetric coordinates with the Kalman filter, the study aims to
improve measurement precision in the detection of displacement which is a
measure of differences in converted stereo-coordinates obtained from the
observed points over time. The refined coordinates exhibited higher accuracy
compared to raw stereophotogrammetric measurements, highlighting the
effectiveness of the proposed approach in reducing observational errors and
relatively detected and quantified building deformations with an average rate of
displacement of 0.025978169 m/epoch in the x-axis, 0.030498323 m/epoch in
the y-axis, and 0.014078842 m/epoch in the z-direction, and a range of 0.000155
m/epoch to 0.593497 m/epoch. Points P03 (0.008 m/epoch), PHO4 (0.021
m/epoch), and PH22 (0.037 m/epoch) on the monitored building indicated the
highest displacement. This research contributes to the field of knowledge in the
area of deformation monitoring by offering an innovative methodology for
accurate assessment of building deformation. In the overview, this research
demonstrates the potential of a simple, efficient, and cost-effective method of
monitoring deformation that can ensure the safety and sustainability of
engineering structures.

1.0 INTRODUCTION

Deformation monitoring studies change due to applied
stress on structures [1]. Deformation monitoring is
essential for computation, analysis, and maintenance
of observed changes in engineering structures over
time due to environmental factors and aging, in the
analysis of impacts on their shape, size, and strength
[2 - 4]. In addition to jeopardizing public health and
safety, environmental contamination and significant
economic loss are also of major concern in the failure
of structures [5 - 7]. In the past 50 years, building
collapses in Lagos State, Nigeria have claimed over
400 lives. Report from a Government investigation
indicated that between 2007 and 2013, there were at
least 135 cases. A research done by Awoyera et. al in
[8] outlined about 42 major cases of building collapse
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that occurred between 2010 — 2019 across various
states in Nigeria with about 415 casualties.

Multi-storey buildings often account for the majority
of failed structures [9, 10]. Worth mentioning here is
that the rheological properties of the underlain soil
(which deals with soil strength and the amount of
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water) can assist in studying the failure rate of
structures [11]. The high reoccurrence of building
failure in Lagos, Nigeria for example might not be
unconnected to the constant threat of sea-water
encroachment on land that weakened building
foundations thereby causing structural instability [8].
The importance of building deformation monitoring to
combat structural failure cannot be overemphasized
[9, 10].

Structural deformation studies led to monitoring
methods and BIM applications [12, 13]. Adapted
methods from [8, 14 - 17] used photogrammetry for
deformation measurement, despite camera and
environmental limitations. Apart from procedural
methods, the use of photogrammetric software and
algorithms like Photo Modeler and Vision Metrology
System (VMS) for building deformation analysis and
comparison are being considered by other authors [2,
18 - 20]. The photogrammetric method for studying
and predicting the deformation of buildings is
considered to be fast, accurate, cost-effective, and
reliable in studying the deformation of buildings [18].
Structural deformation tracking uses either geodetic
surveys or geotechnical measurements depending on
the monitoring objective, both allow for quality
evaluation and error detection. Stereophotogram-
metry,  overcoming  conventional = methods’
limitations, is viable for deformation analysis due to
its accuracy and cost-effectiveness [2, 18, 21].

For deformation studies vital variables of
measurement include; point positions, velocity,
orientation, and network of control points [22]. Thus,
observed quantities of interest are point coordinates
(x,y,z) with respect to time t of observation.
Quantities subjected for analysis would result in
horizontal (Ax,Ay) and vertical displacement (Az).
These can be extracted from stereo-photogrammetry,
while Kalman Filtering could further discover the
appropriate time function description of point
movements without taking into account any potential
relationships to causal factors [23].

Mathematically, the Kalman filtering equations are
expressed as follows;

Xk = Prpe-1Xk-1 + Wi 1)
I = (AxXi) + Vi (2
Where; X, = state vector at time tg; X,_,; = state
vector at time tx_q; @ 1= transition matrix from
time ¢y, to t;; Wy = noise vector representing the
dynamic model at time t;; I, = observation vector at
time t,; A, = design matrix for the measurement
model; V,= noise vector, which represents the
measurement model at time ¢.
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The filter algorithm has been used extensively in
building deformation studies where geodetic surveys
are used for deformation monitoring [15, 23, 24]. This
study evaluates the effectiveness of combining stereo
photogrammetry with the Kalman filter algorithm for
monitoring deformation in engineering structures with
the aid of network of highly accurate ground controls
points (GCPs) and precise measurement from points
of interest (Photo control points, PCPs) on a building
within a coastal zone with documented instances of
deformation.

2.0 MATERIALS AND METHODS
Data used for this study span a period of 3 months with
the subsequent sections undertaken.

2.1 Study Area

The target building was the National Centre for
Energy Efficiency and Conservation (NCEEC)
building at the University of Lagos. Located on
Oduduwa Drive in Akoka, Lagos (see Figure 1), the
recently inaugurated 16-meter tall structure has a
history of deformations. While measures have been
taken to address stability concerns, this research aims
to monitor the building's ongoing structural health.
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Figure 1:  Study area

2.2 Data Collection
This section involves the data collection process and
the methods deployed for the acquisition of the data.

2.2.1 Field and office reconnaissance

From field investigation and desk study, Table 1
shows the coordinates of the reference stations
selected and used based on suggestions by [2]. Four
(4) monitoring station points were established while
ten (10) photo points were marked out during this
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section based on the suggestion by [16]. Table 1,
Figures 2 and 3 show the coordinates of the existing
controls, GNSS setup on ULO1 control, and the photo
points marked out on the image respectively.

Table 1: Coordinates of existing controls

Control ID X (m) Y (m) Z(m)
uLo1 544473.954 720456.860 1.371
CREF0001 544172.860 720456.664 17.948

Figure 3:

2.2.2 Instruments used

The instruments used were:

¢ A Non-Metric Camera (Canon EOS 200D)
e M3 Trimble Total Station and accessories
e Trimble R8 GNSS and accessories

2.2.3 Control establishment and network adjust-
ment

Using Static GNSS survey and post-processing
techniques, the X,Y,Z point coordinates of the
monitoring stations were determined. For the purpose
of rigorous network adjustment and high reliability of
the determined coordinates, a repeat observation was
done using ULO.

Table 2: Coordinates of observed control stations

Control ID X (m) Y (m) Z (m)

CREF0001 544172.860 720456.664 17.948
PTOL 544075.911 720425676 2.403

S
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PT02 544099.914 720430.131 0.897
PTO3 544108.153 720407.175 0.842
PTO4 544111.848 720376.306 0613
ULO01 544473.954 720456.860 1.371

2.2.4 Stereo-photogrammetry

This  process involves using  close-range

photogrammetry principles to determine the X, Y, and
Z coordinates of each photo point on a monitored
building using Canon EOS 200D. To ensure error-free
images, a plumb bob was used, with the focal length
of the camera fixed for all instance of image
acquisition at every monitoring station (see Figures 4

2.2.5 Conventional geodetic survey
A geodetic survey was conducted using an M3 total

station, with control checks and redundant
observations from all monitoring stations to photo
points on the building.

2.5 Data Processing

Stereo photos, initially in RAW format, were
converted to PNG using Adobe Photoshop, then
MATLAB was used to extract pixel coordinates and
convert them to image coordinates by multiplying
with the pixel size, which was subsequently
transformed to ground coordinates using a polynomial
adjustment technique based on known control points
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from a conventional geodetic method; while using the
adapted method from [2]. The Kalman filter algorithm
was then used to refined the data by computing the
error variance covariance matrix, using the difference
between adjusted geodetic  and stereo-
photogrammetric data input, and assuming several
variables to be zero, including the predicted state noise
matrix (wy), control variable matrix (), and
measurement noise (Z,,), thereby predicting more
accurate data and determining the rate of velocity over
a specified period [2].

3.0 RESULTS AND DISCUSSIONS

3.1 Results

Figure 6 depicts graphs generated from the x, y, and z
coordinates of all PCPs via conventional, stereo-
photogrammetry, and Kalman filter data. These
graphical representations highlight the lines of best fit

across the three datasets, in order to determine the
slope (velocity) of displacement. While Table 3 and 4
show coordinates averages from each methods used.
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Figure 6: Graph of position versus observation
order (time): (a) — for point P02; (b) — for point P03

Table 3: Coordinates averages by conventional and stereo-photogrammetry methods

Conventional Stereo-photogrammetry

PCP X Y P2 X Y Z
P03 720390.455 544078.000 13.553 720389.000 544077.800 13.170
P04 720404.775 544067.300 13.747 720405.800 544067.500 14.010
PH20.1 720389.554 544075.300 5.789 720392.000 544075.600 6.426
PH21.2 720403.24 544070.000 5.815 720401.300 544069.700 5.297
PH22.1 720404.579 544067.300 6.094 720406.200 544066.600 4,698
P02.1 720380.518 544081.900 13.638 720381.400 544084.300 12.870
P03.1 720390.649 544079.800 13.573 720390.700 544077.900 13.729
P04.1 720404.820 544067.500 13.779 720404.600 544067.500 13.579
PHO1.1 720380.671 544081.800 3.094 720379.900 544081.100 3.003
PH02.1 720380.861 544081.600 6.163 720380.600 544081.900 5911
PH03.1 720385.649 544079.800 7.431 720385.200 544079.200 7.477
PH04.1 720390.241 544078.000 7.469 720389.500 544076.100 7.864
PH20 720389.617 544075.300 5.807 720389.900 544075.100 6.068
PH21.1 720403.287 544070.000 5.909 720402.200 544066.300 6.909
PH22 720404.633 544067.300 6.123 720403.500 544065.400 7.078
P02 720380.505 544081.900 13.631 720380.500 544081.900 13.625
PHO1 720380.641 544081.800 3.103 720380.600 544081.700 3.087
PH02 720380.826 544081.600 6.171 720380.800 544081.700 6.194
PHO3 720385.611 544079.800 7.429 720385.600 544079.800 7.428
PH04 720390.203 544078.000 7472 720389.400 544078.200 7.413
Table 4: Coordinates averages by Kalman filter and stereo-photogrammetry method

Stereo-photogrammetry Kalman Filter
PCP X Y P2 X Y z
P03 720389.000 544077.800 13.170 720390.200 544077.800 13122
P04 720405.800 544067.500 14.010 720405.100 544067.500 14.043
PH20.1 720392.000 544075.600 6.426 720400.600 544072.700 6.318
PH21.2 720401.300 544069.700 5.297 720405.000 544070.200 5.229
PH22.1 720406.200 544066.600 4,698 720407.700 544067.000 4.668
P02.1 720381.400 544084.300 12.870 720380.700 544082.600 13.022
P03.1 720390.700 544077.900 13.729 720390.400 544077.400 13.831
P04.1 720404.600 544067.500 13.579 720405.000 544068.300 13572
PHO1.1 720379.900 544081.100 3.003 720380.400 544081.500 2.968
PH02.1 720380.600 544081.900 5911 720380.800 544081.700 5.930
PH03.1 720385.200 544079.200 7.477 720385.300 544079.200 7.486
PH04.1 720389.500 544076.100 7.864 720389.800 544076.700 7.852
PH20 720389.900 544075.100 6.068 720390.300 544075.900 6.012
PH21.1 720402.200 544066.300 6.909 720403.500 544069.600 6.773
PH22 720403.500 544065.400 7.078 720404.800 544068.400 6.909
P02 720380.500 544081.900 13.625 720380.400 544081.900 13.621
PHO1 720380.600 544081.700 3.087 720380.600 544081.700 3.080
PH02 720380.800 544081.700 6.194 720380.800 544081.700 6.190
PHO3 720385.600 544079.800 7.428 720385.700 544079.800 7.422
PHO4 720389.400 544078.200 7.413 720388.600 544078.700 7.334

a
@)}_’I@] © 2024 by the author(s). Licensee NIJOTECH.
This article is open access under the CC BY-NC-ND license.
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Figure 6a shows that point P02 has a moderate rate of
displacement and a positive linear relationship among
the three datasets. There is a contrast in the z-axis of
P03 in Figure 6b which has a negative linear
relationship among the datasets.

Figure 7:  Graph of velocities obtained from: (a) —
the conventional geodetic data, (b) — Kalman filter
data

3.2 Discussions

3.2.1 Velocity of displacement/deformation

The conventional method yielded displacements per
epoch (velocity) ranging from 8.81E-11m/epoch to
0.086107m/epoch with an average of 0.002115915
m/epoch in the x-direction, 0.0052901 m/epoch in the
y-direction and 0.001234336m/epoch in the z-
direction as shown in Figure 7a.

The results obtained from Stereo-photogrammetry
revealed the highest velocity of displacement among
the methods evaluated. The calculated velocities
ranged from 0.000833 m/epoch to 0.705952 m/epoch.
Such a range indicates an exceptionally high velocity
of displacement. These unusually high values warrant
further investigation. The velocities derived from the
Kalman filter range from 0.000155m/epoch to
0.593497m/epoch with an average of 0.025978169
m/epoch in the x-axis, 0.030498323 m/epoch in the y-
axis and 0.014078842 m/epoch in the z-direction as
shown in Figure 7b.

STANDARD DEVIATION ON Z-AXIS
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Figure 8 shows relationship among the computed Z
coordinates via Geodetic survey, Stereo-Photogram-
metry and KF technigues using a measure of the
standard deviation. The strong relationship between
the KF and stereo-photogrammtery techniques
highlights the data linkage.

3.2.2 Horizontal accuracy

The KF exhibits higher accuracy along x and y axes
(Figure 9 (a) and (b)). This discrepancy in accuracy
may not necessarily be attributed to the workings of
the algorithm itself but rather could be influenced by
the characteristics of the stereo-photogrammetric data.
It is possible that the measurements obtained through
stereo-photogrammetry offer improved accuracy
specifically along the x and y axes, or that the
polynomial transformation employed enhances the
horizontal precision.
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Figure. 9: Graph of correlation: (a) — x coordinates,
(b) — y coordinates, and (c) — z coordinates
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3.2.3 Vertical accuracy

The correlation graphs reveal that the Kalman Filter
exhibits lower accuracy along the z axis (Figure
9(c)). This discrepancy in accuracy may not
necessarily be attributed to the workings of the
algorithm itself but rather could be influenced by the
characteristics of the stereo data. It is possible that the
measurements obtained through stereo-photogramm-
etry offer less accuracy specifically along the z axis,
or that the polynomial transformation employed
enhances the horizontal precision.

3.2.4 The conventional geodetic method

Based on the observations, the data and coordinates
obtained through the conventional geodetic method,
specifically using the total station, exhibited higher
accuracy and provided more realistic values for the
observations. As a result, the data acquired through
this method was utilized as the baseline for comparing
the results of the stereo-photogrammetric process with
other techniques.

3.2.5 Statistical test on Z-values

An ANOVA analysis was conducted on both the
individual z-values for each point and the average z-
values per point. In the case of the individual z-values,
the obtained p-value (0.139168) exceeds the
significance level o = 0.05, and the overall F value
(1.981359) falls the critical F value (3.017202).
Likewise, for the average z-values per point, the p-
value (0.7326) surpasses a = 0.05, and the overall F
value (0.313717) is less than the critical F value
(3.244818). Therefore, in both scenarios, the analysis
results indicate that not all of the means within the

three datasets are equal.
Ul
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Figure 10: (a) Varying velocities in thé vertical
direction; (b) Noticeable vertical cracks close to PH04

3.2.6 Varying velocities in the vertical direction

Based on the analysis results, we observed varying
velocities in the vertical direction at different photo
points. These velocities were categorized as low,
moderate, and high, represented by the colors green,

rm © 2024 by the author(s). Licensee NIJOTECH.
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orange, and red, respectively, in Figure 10a. The
presence of high velocities indicates significant
movement in the vicinity of these points, while low
velocities indicate negligible displacements. A high
velocity was observed along the column where PH04
was positioned (Figure 10b), which corresponds to the
vertical cracks observed along that column. This high
velocity may be attributed to tension or strain resulting
from the load on the column or other contributing
factors which could be subject to further investigation
using the method posited by [25].

Notieable Crack B Noticeable Crack

Figure 11: (a) Lateral crack identified on the beam
above PHO04, (b) Noticeable crack close to P02

Furthermore, a visible lateral crack was identified on
the beam above PHO4 (Figure 11a). The high velocity
observed at PHO4 provides additional insight into the
situation. It appears to be a pressure point bearing a
substantial weight, suggesting the possibility of
significant displacement in that area. Additionally,
near P02, a noticeable crack was detected (Figure
11b), coinciding with a moderately high velocity. This
indicates tension in the column and suggests the
presence of significant displacement in that particular
region, potentially caused by similar factors as
previously mentioned.

40 CONCLUSION

In this research, we employed the stereo-
photogrammetry observation technique along with the
Kalman Filter algorithm to collect and analyze the
general possible displacements on the National Center
for Energy Efficiency and Conservation (NCEEC) at
The University of Lagos in Nigeria. By comparing the
displacements predicted by the Kalman Filter
algorithm and the conventional method, the study
demonstrate the effectiveness of both the Kalman
Filter algorithm and the stereo-photogrammetry
observation technique. The Kalman Filter algorithm
exhibited improved results compared to the stereo-
photogrammetry method. When combined with
proper calibration and knowledge of equipment
specifications, the stereo-photogrammetry method
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proves to be a viable option for monitoring building
deformations. This approach is particularly valuable
as it reduces monitoring costs, simplifies the process,
and saves time. Additionally, it enables the prediction
of potential future deformations. The accessibility and
affordability of high-capability digital cameras make
the stereo-photogrammetry technique a practical
choice for deformation monitoring, reducing the risks
associated with preventable building collapses or
structural failures. By gaining a better understanding
of measurement and process noises, more precise
models of everyday engineering structures can be
easily analyzed using the stereo-photogrammetry
method and the Kalman filter algorithm.

In this study, it was important to use the conventional
method as a comparison and baseline since it was the
first application with several unknown variables. This
comparison allowed us to validate the effectiveness of
the stereo-photogrammetry method and the Kalman
Filter algorithm in this particular context.
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