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1. INTRODUCTION 

In recent times a variety of monitoring techniques have been 
developed to detect and follow the evolution of the state of 
damage of historic structures in order to plan proper and timely 
restoration and maintenance interventions. This is particularly 
important in areas characterized by high natural hazard, such as 
in seismic zones, where strong earthquakes may cause relevant 
structural damages up to catastrophic collapse. This is the case 
of many areas in the Mediterranean basin, where the presence of 
historic masonry buildings must coexist with a relevant 
probability of strong earthquakes [1].  

In this context the most advanced Structural Health 
Monitoring (SHM) systems are essential for the protection and 
the conservation of the cultural heritage. SHM systems are 
typically designed to detect and characterise the arising and 
subsequent evolution of the state of damage in the structures. In 
general, SHM systems may provide information about a variety 
of parameters related to the structural state of a building, 

including displacement, strain, acceleration, tensile stress, and 
compressive strength data [2]. In particular, most SHM methods 
implement vibration-based measurements using velocimeters, 
such as in systems based on seismographs [3], or accelerometers, 
like micro-electromechanical systems (MEMS) sensors, 
depending on the balance between cost and performance needed 
[4]. This approach allows to detect the dynamic response of the 
structure under ambient vibration excitation, providing 
information about the modal parameters (i.e. natural frequencies, 
damping ratios, mode shapes, and modal scaling factors) of the 
monitored building [5]. In fact, changes in the modal parameters 
may indicate a modification of the physical state of the structure, 
including the presence of damage phenomena in progress. Since 
also the microclimatic conditions may induce variations in the 
modal parameters, especially the air temperature and humidity, 
SHM systems should include temperature and humidity sensors 
[6]. For these reasons, data should be collected in different 
microclimatic conditions, for example, if possible, in a time span 
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of one year, or at least six months, in order to investigate the 
seasonal behaviour of the structure [6]. Anomalies or deviations 
from such seasonal behaviour should raise alarm and suggest 
deeper investigations [7]. The SHM system can be made up of a 
stable network of fixed sensor stations for long-term continued 
monitoring [8] or measurements can be performed by roving-
sensors approach [3].  

In the case of long-term continued monitoring stations, it is 
nowadays possible to install wireless sensors [9]. In recent years, 
the internet of things (IoT) paradigm was also applied to SHM 
systems, in order to improve the system’s capability of 
processing, detecting, and transmitting data [2]. Data and 
information derived from data can be transmitted by internet 
connection and stored in a cloud before further processing steps 
that can be carried out by distributed systems functionalised via 
a big data paradigm. This allows to gather data from many 
locations in the monitored structure so as to obtain a mapping 
of the whole system, which can provide almost real-time 
identification and location of eventual criticalities. 

In addition, lately SHM sensors are often coupled to self-
sensing components made up of eco-compatible and sustainable 
materials (e.g. by-products or recycled materials). In this way, it 
is possible to develop distributed sensor networks with IoT 
capabilities, able to continuously gather data from remote 
buildings and infrastructures [10]. 

Moreover, it would be very useful to provide timely 
indications of possible imminent structural collapses, which can 
be used in the attempt to avoid massive death tolls and service 
lines failures, which may cause further disaster due to destructive 
fires, energy supply accidents etc. [11]. The latter is the main idea 
behind the concept of early warning systems. Different kinds of 
early warning systems can be designed for different levels of time 
advantage before the failure event, depending on the used 
sensing system and for a given hazard [12]. Present technological 
advances in seismic instrumentation based on accelerometers 
and other vibration sensors, as well as in digital communication 
and processing, permit the implementation of a real-time 
earthquake monitoring system. This is important because during 
earthquake events even a few second of advanced warning time 
can be used to activate emergency measures, such as orderly 
shutoff of gas pipelines or other energy lines in order to minimize 
fire hazard [13]. 

In addition, in the case of historic buildings the monitoring 
system should also be the least disturbing, both in terms of visual 
impact (e.g. to preserve the original appearance of the building) 
and in terms of minimum invasiveness (e.g. low-impact on the 
ancient materials of structural and non-structural members of 
walls and floors). In this context, the recent advances in the 
application of vision-based systems as monitoring devices are 
very promising [14]. Vision-based systems can solve some major 
drawbacks of typical conventional techniques, which usually 
require costly equipment set-ups for the positioning of a 
relatively small amount of expensive sensors (i.e. accelerometers, 
velocimeters etc.). As a matter of fact, the positioning of 
conventional contact sensors can be quite difficult, as it needs 
human operators physically reaching on established measuring 
locations [15]. On the contrary, vision-based systems are 
noncontact methods that permit to observe all the visible points 
of the structure from a distance. Consequently, it is crucial to 
explore the capability of extracting and analysing parameters 
related to structural health. In particular, it is of relevant interest 
to explore the potentiality of vision-based monitoring technique 

to develop an earthquake-induced collapse early-warning system 
for historic masonry structures.  

The proposed methodology is based on the analysis of video 
processed by the motion magnification (MM) technique through 
the application of the graph theory (GT) and the topological 
analysis (TA).  

The MM is a digital video processing technique that is able to 
amplify the little movements of the acquired objects [16]. In 
brief, the MM processing algorithms detect the slight changes in 
pixel values along the duration of the video and infer the objects 
motions. Such motions can be amplified and filtered, so as to 
enhance specific modes of vibration. In a recent work, the 
advantages in the use of MM videos in comparison to 
conventional SHM techniques for the study of historic buildings 
were pointed out [17].  

Moreover, the pixels corresponding to a given structure in a 
video frame can be assumed as a series of points linked to each 
other by mechanical properties. A possible representation of 
those points can be mathematically expressed as a graph object. 
As a consequence, the resulting graph is a representation of the 
studied object, whose mechanical deformations can be studied in 
terms of graph properties of nodes and links (or edges). The 
graph theory provides specific laws and parameters to express 
the inter-relations between nodes and links [18[, [19]. In the 
graph theory, the geometrical deformations that do not 
substantially change the shape of the overall object 
(homeomorphisms) are studied by the so-called topology [20], 
[21]. In particular, some topological invariant properties can be 
defined if they are invariant with respect to the deformations of 
the object.  

The proposed method was validated through an experimental 
program of earthquakes reproduced by shaking table testing of a 
mock-up representing a typical historic masonry structure. The 
videos acquired during the seismic test were magnified by the 
phase-based MM algorithm. Afterwards, each frame extracted 
from the magnified videos was transformed into a graph, and 
finally processed by GT and TA tools.  

It is expected that, as the damage level in the structure 
proceeds, the overall structural deformation or dynamic 
behaviour parameters could provide some kind of anomalous 
signals usable for early warning purposes. In general, cracks and 
deformations in the structures slowly arise and develop until the 
failure. They can be monitored by contact sensors through 
conventional SHM systems. The proposed methodology 
explored the possibility of detection the effects of such 
deformations by non-contact equipment in term of anomalous 
signals in the graph parameters. Consequently, the experimental 
results were analysed in the attempt to find out whether some 
graph parameters are able to provide any anomalous values 
before the final activation of the structural collapse. The 
detection of such anomalous values in the graph parameters was 
validated by comparison with signal in a 3D motion capture 
system, called 3DVision system, capable of an accurate 
monitoring of structural damage through the displacements 
measurement of hundreds of markers on the tested mock-ups in 
the laboratory seismic tests [22].  

It is also crucial to understand the obtainable advance timing 
of the anomalous signals to be used in the early warning system. 
Of course, a few seconds before structural failure does not 
constitute a significant warning timing for people evacuation. 
Nonetheless, it is a sufficient time advance to activate properly 
designed safety systems and/or to interrupt/isolate energy lines 
so as to avoid further disastrous consequences. 
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2. METHODS 

2.1. Motion Magnification of videos 

The first step of the proposed methodology consists in the 
application of the MM method to the acquired videos of the 
structure. MM is based on algorithms that are able to amplify the 
movements of the pixels in the digital videos, even if such 
movements are hardly visible to the naked eye, while keeping the 
objects topology. When studying motions related to vibrations it 
is extremely useful that in the MM algorithms a frequency range 
of interest can be chosen.  

Several MM algorithms are currently available. They have 
different characteristics, but they all have in common the 
capability to process the pixel intensity values in the attempt to 
reconstruct the objects motion with magnified amplitude. Such 
possibilities are theoretically not new. But only in recent years the 
main problems related to low video frame rate and resolution, as 
well as the large computing time required for processing real 
digital video footages were solved in a manner to obtain 
reasonably good results. Also, the development of more effective 
MM algorithms helped in obtaining final analysis in a reasonably 
short elaboration time, which is particularly important for 
implementing real-time or quasi real-time early warning systems. 

The Eulerian version of the algorithm, also known as Eulerian 
Video Magnification (EVM) [23], will be considered in the 
following. EVM amplifies the I values similarly to an optical flow 
that changes at a fixed pixel position. On the one hand, EVM 
approach can considerably reduce the computing resources and 
time required. On the other hand, in EVM high values of the 
magnification factor α cannot be applied to high-frequency 
motion, while the noise rises linearly with the magnification 
factor. Consequently, the EVM was further developed to 
overcome such issues and a new version of the MM algorithms 
was suggested by [24] applying a complex steerable pyramid in 
the Eulerian framework. This version was called phase-based 
Motion Magnification (PBMM). In PBMM version the pixel 
intensity is decomposed in wavelets, whose phase difference 
between frames is amplified to magnify the object displacements. 

Generally speaking, let’s assume that a digital video is a 
temporal sequence of frames made up of pixels, whose intensity 
I depends on the pixel position (x, y) in the image and on the time 
t. In the following, for simplicity only the x coordinate will be 
considered to describe the mono-dimensional translation of 
pixels due to a displacement δ(t) in the video. Obviously, also the 
composition of motion in the y direction should be considered, 
but it will not be treated here.  

According to the above assumptions and formulation of the 
MM procedure, the basic formula to express the variation of I 
magnified by the magnification factor α can be written as follows: 

∆𝐼 = 𝑓(𝑥 − (1 + 𝛼) 𝛿(𝑡)). (1) 

Under the assumption that the displacement δ(t) is small 
enough to be approximated in terms of the Taylor’s first order 
series around x at the time t, then I(x, t) is as follows: 

𝐼(𝑥, 𝑡) = 𝑓(𝑥) −  𝛿(𝑡) (
𝜕𝑓

𝜕𝑥
) + 𝜀, (2) 

where ε is the error in the Taylor’s approximation. Consequently, 
at each pixel variation of I can be written as follows: 

∆𝐼 = 𝐼(𝑥, 𝑡) −  𝐼(𝑥, 0) . (3) 

Assuming also that ∆I can be approximately considered as 
proportional to the real object displacement, then the magnified 
intensity Im can be calculated as follows: 

𝐼m(𝑥, 𝑡) ≈  𝑓(𝑥)  −  (1 +  𝛼) 𝛿(𝑡) (
𝜕𝑓

𝜕𝑥
), (4) 

As equation (4) was calculated through a band-pass 
derivation, then the magnified motion displacement is essentially 
obtained by simply adding α ∆(x, t) to I(x, t). The validity of the 
above assumption is related to the validity of the Taylor’s 
expansion, which means that the error ε and the amplification 
factor α must remain sufficiently small so that the algorithm 
works within a linearity bound. As a consequence, the 
computational resources and time required could be relevant. 
This might represent a major problem of the processing 
procedure, especially if the video duration is very long and/or 
the pixel resolution is very high.  

Another obvious limitation of the MM algorithm is 
represented by the frame rate of the processed video. In fact, the 
frame rate (generally expressed in frames-per-second, fps) 
represents the sampling frequency of the acquired data. 
According to the Nyquist sampling theorem, the maximum 
frequency of interest (fmax) that can be analysed is the half value 
of the fps speed of acquisition. This has a major implication in 
the study of vibrating objects, like in the case of earthquake 
monitoring. For instance, considering that most common video 
camera acquire at around 30 fps, then the highest frequency of 
the studied object that can be analysed is fmax = 15 Hz [25]. 
However, it is well known that in the study of vibrating objects 
it is necessary to apply abundant oversampling (at least 5 if not 
10 times the fmax), which means that it is very hard to detect real 
frequencies above 5 Hz by 30-fps-speed cameras. It is also worth 
noting that the most recent advances in digital technologies made 
higher speed (60-120 fps) camera already available at reasonable 
cost. On the other hand, it is also to be said that most historic 
structures have their fundamental frequency below 10 Hz, as 
recent literature on ancient churches [26], towers [27], slender 
masonry buildings [28] showed. This was confirmed by the 
recent use of MM and other more conventional methods in 
archaeological sites [29]. More generally speaking, a recent study 
on a large set of reinforced concrete (RC) buildings in Europe 
also found that the fundamental frequency was almost always 
below 10 Hz [30]. In addition, it is also important to observe that 
damaged structures tend to reduce their initial fundamental 
frequency, as structural damage induces stiffness reduction in the 
materials and in the members’ connections [31]. 

Further limitations in the application of MM methods are 
related to the physical conditions during video acquisition, such 
as low or instable lightning conditions, camera instability, 
improper distance or angle of view from the object, etc. To 
compensate such limitations several efforts have been lately 
made to improve the effectiveness of MM algorithms, like the 
application of Blind Source Separation (BSS) [32] and of several 
filtering techniques [33].  

2.2. Application of the Graph Theory 

The Graph Theory (GT) is a relevant mathematical tool that 
is by now utilised in a wide range of practical applications, such 
as medicine research, chemistry, genetics, linguistics, and many 
others. In particular, remarkable potentialities of GT have 
outstandingly emerged in various fields of engineering. The GT 
mathematics provide several indices and parameters that have 
the potentiality to describe the numerous aspects of a process or 
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a phenomenon, either physical or logical [19], [20]. When GT is 
used to describe a technological process or a natural 
phenomenon the graph is typically referred to as a network of 
nodes or vertices. In general, a graph is defined by a collection of 
relations connecting its nodes, which are linked by elements, 
usually referred to as edges. In general, the edges are simple 
graphic symbols used to indicate that the two linked nodes have 
some kind of interaction between them, of either mathematical, 
physical or logical nature, depending on the type of relations we 
are dealing with. Such relations can be mathematically described 
by symmetric matrices, usually called adjacency matrices. If a 
path can be found between any couple of nodes in the network, 
then the graph is connected. 

In the following, we will limit the study to some graph 
parameters that are expected to be more prone to quantify with 
a reasonable timing the imminent structural failure of a building 
during an earthquake shake. The following parameters were 
considered: 

- average degree: defined as the average value of the number 
of links exiting from a node (also known as node degree) in the 
network; 

- closeness: defined as the sum of the shortest path lengths 
between a given node and all other nodes in the graph; 

- eigenvalue spectra: defined as the eigenvalue of the 
adjacency matrix A. It can also be computed as the eigenvalue of 
the Laplacian matrix L = D – A, where D is the node degree 
matrix. The matrix eigenvalues are representative of most of the 
graph properties; 

- spectral gap: this parameter is the difference between the 
first and second eigenvalue of A. This parameter indicates the 
network connectivity strength, meaning that it quantifies the 
robustness of the network connections. It also indicates the 
presence of bottlenecks, articulation points, or bridges in the 
network, which is of outmost relevance, because eliminating a 
bridge can split the network in two or more parts; 

- inverse algebraic connectivity: defined as the inverse of the 
second eigenvalue of the Laplacian in ascending order. The larger 
the inverse algebraic connectivity, the worse the connectivity, the 
robustness and the resilience capability of a network [18], [19]. 
The algebraic connectivity is zero when the graph is not 
connected, so that the inverse tends to infinite value. In the case 
of a structure, the network connectivity might be a quantification 
of the overall integrity of the structure. 

Other parameters (e.g. degree distribution, betweenness, 
clustering etc.) are also commonly utilised to describe specific 
graph properties, but they require quite larger computational 
resources and time, especially when the studied graph contains a 
very large number of nodes. For the above reasons, these 
parameters were not considered in the present study. In fact, the 
main objective of this work is to explore the potentialities to 
extract parameters that can be easily calculated, so that a quasi 
real-time early warning can be implemented with reasonable 
computing time. 

2.3. Application of the Topological Analysis 

Topology offers the basis of a theoretical support to link the 
GT to the MM method. Since the MM main algorithm is 
considered as a continuous deformation that keeps the 
topological properties of the objects, it is reasonable to think of 
an application to the GT. Until the topological properties hold, 
the GT allows consistently the calculation of the graph 
parameters. Even if in the following this aspect will not be treated 
in detail, it is worth noting that the proposed approach is 

different from the topological analysis (TA) described in [34] and 
also from the Graph Signal Processing (GSP) [20], although a 
common ground between these approaches exists. One of the 
first uses of the GSP and the graph properties in the vibration 
analysis of civil structures was proposed in [35]. However, the 
approach proposed in the present methodology is radically new 
for the use of video pixels as “virtual sensors”, whereas [35] used 
clustered MEMS sensors to provide acceleration data.  

3. EXPERIMENTAL VALIDATION 

3.1. Case study 

The present study focused on a typical historic masonry 
structure that can be found in the Mediterranean area. More 
specifically, the northern coastal area of Algeria was considered. 
Here, a strong earthquake (Mw 6.8) struck the coastal region east 
of Algiers and the Tell Atlas of Algeria on 21 May, 2003. It caused 
severe damage in historic masonry structures and about 2,400 
casualties [36]. The capital city of Algiers is located about 50 km 
west from the epicentre of the mainshock. In Figure 1 the 
position of Algiers in the seismic hazard map of the 
Mediterranean area is illustrated.  

The tested mock-up was a full-scale masonry cross vault on 
the model of the vaults in the private mosque within the Palace 
of the Dey, also known as Algiers Castle, located inside the 
Casbah (Citadel) of Algiers. A plan view of the mosque of Dey 
can be seen in Figure 2. 

 

Figure 1. Seismic hazard map of the Mediterranean area with peak ground 
acceleration (g) for a 90% non-exceedence probability within 50 years. From 
data in [10]. 

 

Figure 2. Plan view of the private mosque within the Palace of the Dey, 
Algiers. The grey area on the left indicates the studied vault. 
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It was built as a shelter and headquarter during the Ottoman 
occupation (16th century), being the Dey the title given to the 
ruler of the Regency of Algiers under the Ottoman Empire. 
Unfortunately, archive documentation about the building 
techniques and materials of the mosque is totally missing. In 
addition, several restoration works were conducted in the 
following centuries. No detailed documentation was available on 
such rehabilitation works either. However, visual inspection of 
the building suggests that the masonry was built according to 
traditional techniques with weak mortar joints, similarly to other 
typical Algerian historic masonry structure of the same time.  

Accordingly, the mock-up was built with bricks in baked clay, 
their size was 0.035 × 0.12 × 0.25 m3, while the mortar joints 
were about 0.025 m thick.  

As for the physical and mechanical properties of the mortar, 
they were based on the available data from samples taken from 
similar structures in the Casbah (Citadel) of Algiers.  

The mortar samples, which were basically made up of clay, 
small pieces of bricks, gravel, sand, lime and pozzolana, were 
subjected to compression and three-point bending tests to 
determine the main mechanical properties [37]. 

The overall horizontal dimensions of the tested vault’s 
prototype were 3.50 × 3.00 m2 and its height was 2.76 m, 
including 0.40 m of the base foundation needed to anchor the 
model to the shaking table. The vault thick was 0.12 m. The 
mock-up did not consider the effect of the marble columns, in 
order to avoid their influence on the dynamic response of the 
vault. In order to reduce the overall weight of the mock-up to 
10 t, the back wall of the vault was replaced with stainless-steel 
diagonal bracing with equivalent stiffness.  

More details on the building process of the tested mock-up 
can be found in [37]. 

3.2. Experimental setup and instrumentation 

The mock-up was tested on shaking table at the ENEA 
Casaccia Research Centre, located near Rome, Italy. Figure 3 
shows a scheme of the utilised shaking table and its main 
technical characteristics. The mock-up was fixed to the shaking 
table by anchoring the base foundation through stainless steel 
plates and bars to fixing elements. Several sensors and 
instrumentation were located to the measurement point of the 
structure. In particular, in the following we will focus on the 
displacement data extracted from markers acquired by a 3D 
motion capture system, named 3DVision [37] and on the video 
footages recorded by the cameras integrated with the 3DVision 
system. 

The 3DVision is an optical system for 3D motion 
measurement through a constellation of near infrared digital 
(NIR) cameras for data acquisition and synchronized movies. 67 

retro-reflecting markers were positioned on the tested structure. 
The markers displacements were reconstructed with accuracy in 
the order of 0.05 mm in terms of RMS error by spatial 
triangulation of nine NIR cameras with 3 Mpixel based on Vicon 
MX technology positioned around the shaking table at a distance 
of about 5 m from the tested mock-up. The positions and 
nomenclature of the considered markers can be seen in Figure 4. 

The video footages were taken from a distance of about 10 m 
from the tested mock-up by using a video camera with 
656 × 490 pixel resolution at a frame rate of 30.3 fps.  

3.3. Experimental program 

The ground motion registered at the Keddara seismic station 
in North-South direction was the signal provided as input to the 
shaking table (ked_NS) along the direction transversal to the 
main façade of the vault. In Figure 5 the ked_NS acceleration 
time history and spectral response. 

The input was scaled in acceleration intensity so as to perform 
increasing shakes with steps of 0.05 g of Peak Ground 
Acceleration (PGA). The tested ended with vault collapsed at the 
shake with 0.25g of PGA (Figure 6). 

 

Figure 3. Scheme of System 1 shaking table at ENEA Casaccia research Centre. 

    

Figure 4. Markers of 3DVision system for displacements measurement (grey 
balls in the photo on the left). 3D reconstruction of markers positions and 
nomenclature (right). 

  

 

Figure 5. Shaking table seismic input (ked_NS): acceleration time history (top) 
and acceleration spectral response Sa (bottom). 
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Before and after each seismic test of the sequence a dynamic 
identification test was also performed through a quasi white-
noise vibration signal at 0.05 g of PGA, so as to excite with low 
energy the fundamental frequency of the tested structure. These 
dynamic tests were not processed in the proposed methodology, 
but were considered to assess the damage level of the structure 
along the seismic test sequence.  

4. RESULTS 

The model underwent the ked_NS tests with PGA from 0.05 
g to 0.20 g without any significant damage. It was observed that 
the vault was subjected to initial deformations, mainly localized 
at the level of the wooden logs and associated to an outward 
movement of the façade. The vault finally collapsed during the 
last test with a PGA equal to 0.25 g. The main mechanism of 
collapse was the out-of-plane response of the model and the 
development of a four-hinge mechanism of the vault (Figure 6). 
The in-plane deformation was not symmetric mainly because of 
the prevailing of some limited but not negligible torsional effects. 
The structure finally was brought to collapse with a very fragile 
behaviour, i.e. with little visible warning cracks and deformations 
before the sudden activation of the failure mechanism. This was 
confirmed by the relative displacement recorded between the 
markers of the 3DVision, as shown in Figure 7. In particular, the 
markers displacements remain quite stable until the time at about 
4 s of the test at 0.25 g of PGA.  

As for the analysis of the videos by the proposed method, the 
overall number of frames available for analysis before mock-up 

collapse in the final test was 182 (about 6 s at 30 fps). The control 
parameters described in section 2.2 were calculated in search of 
significant variations suitable to be used as an alert for early 
warning system.  

Two main problems arose. Firstly, the structural deformation 
could be too small, which meant too small variations in the 
parameters to be significant. Secondly, it was not easy to 
transform each frame into a graph. 

The first issue was solved by the application of the MM. it 
amplified enough the tiny displacements in the video, without 
major topological modifications. 

The second issue was addressed creating a graph according to 
the criterion of the simple “distance” rule: 

𝑑𝑖𝑗 <  ℎ , in frame 𝑘 = 1 … 𝑛, (5) 

where i and j are the pixels of the studied object in the k-th frame, 
n is 182 in our case, h is a given threshold, and d is the difference 
of a given parameter’s intensity values between pixel i and j. If 
equation 5 is true, then an edge exists between node i and node j 
of the graph. Albeit simple, the above rule is able to preserve the 
necessary topological conditions.  

Since the threshold h is not known, a maximization criterion 
of the cost function of the graph parameters was applied to point 
it out. The considered parameters were calculated for each 182 
frames. This meant for each Lk and Ak, giving rise to a time-
series for any given parameter. We looked for a significant 
variation in these time series in relation with the threshold h for 
each parameter. For example, the results illustrated in Figure 8 
show that the inverse algebraic connectivity remained below the 

  

Figure 6. Video footage of the structure during seismic test ked_NS at 0.25 g: before collapse (left) and after complete activation of collapse mechanism (right). 

 

Figure 7. Relative displacement between markers during seismic test ked_NS 
at 0.25 g. The arrow indicates an anomalous peak before collapse. 

 

Figure 8. Inverse of the algebraic connectivity. The arrow indicates a peak 
over the threshold indicated by the green dotted line. 
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value of 0.024 during the test until time t = 4.39 s from test start 
(corresponding to frame 133 in the magnified video), which is 
when the seismic test reached the peak acceleration of 0.25 g. 
The time provided by the above warning signal is approximately 
confirmed by the contemporary abrupt change in the relative 
displacements of the markers in Figure 7. In fact, the trend in the 
relative displacement between markers ALU-AC1 (located at the 
vault top and foundation, respectively) also gave a threshold 
value (about 1 mm indicated by the black arrow in Figure 7) that 
occurred at time equal to about 4 s. The initiation of the final 
failure can be considered occurring at about 5 s. In particular, at 
time t = 5.40 s (corresponding to frame 163 in the magnified 
video), the ALU-AC1 relative displacement diverged definitely 
(i.e. the deformations in the structure became so large because its 
material had lost its linear elastic behaviour so that the building 
had lost its load-bearing capacity and was destined to fail). 
Contemporarily, the inverse algebraic connectivity indicates that 
the overall shape of the building has changed sufficiently to lose 
its topological properties, which do not hold anymore. Finally, at 
time t = 6.00 s (frame 182) the collapse was irreversibly activated. 
Consequently, the value of 0.024 in the inverse algebraic 
connectivity proved a valid threshold to trigger an alert signal 
that the network (i.e. the building) is quickly losing connectivity, 
which means that the structure is rapidly losing rigidity.  

5. DISCUSSION 

One of the main practical issues of the application of the GT 
is the creation of a well-defined graph that is representative of 
the structure. In this context, the extraction of the proper pixels 
from the video footage is crucial for the algorithm. In fact, clearly 
not all the pixels are relative to the studied structure and they 
should not be considered. In particular, in the presented case 
study the pixels related to objects outside the shaking table 
should be eliminated from the graph. However, it could be 
assumed that they remain substantially still and stable during the 
seismic tests. Consequently, their effect on the graph is invariant 
if the lighting is perfectly stable, so that they can may be easily 
discarded from the computation process. 

Furthermore, in the case of application in the real world, it 
should be taken into account that the camera is also subjected to 
the seismic vibration. Consequently, the camera should be fixed 
in a reliably stable and safe position. However, it is worth 
remembering that in real application the recorded motion are the 
relative camera-structure motions, while in the shaking table case 
study the method was applied to the absolute structural motions. 
So, in theory, the shaking table testing scenario is more 
challenging and confusing for the algorithm because the pixels 
of the structure change significantly according to absolute 
vibration even when the structure is totally undamaged. On the 
contrary, in real scenarios, with video recordings of relative 
movements, the pixels of the structure change significantly only 
when large relative deformations occur in the structure with 
comparison to the camera vibration. 

Another remarkable open issue is the precise determination 
of a reliable threshold. It is worth noting that the transformation 
problem frame-to-graph is transferred to the determination of a 
correct threshold.  

A contribution to this issue can be provided by the possibility 
of calibrating a predictable threshold by numerical simulations. 
Calibration and prediction of the structural behaviour of the 
studied structure through the use of digital twins and numerical 

models should be considered to improve to effectiveness and 
reliability of the proposed method. 

From a theoretical point of view, the described methodology 
is based on the analysis of an N-dimensional time series, where 
N is the number of considered pixels. These can be mapped onto 
a time-variant graph, whose topological features can be described 
by some graph spectral parameters, such as the Fiedler 
eigenvalue. The high dimensional problem due to the pixel time-
series can be reduced by the use of the Laplacian matrix L to a 
lower dimensional space. In fact, L can be derived directly from 
a physical representation of the structures, corroborating the 
choice of using the graph representation as a diagnostic tool. For 
example, in [38] some details are provided on how to calculate L 
from the stiffness matrix of a simple mass-spring system, where 
the Fiedler eigenvalue is the first ortho-normalised mode of 
vibration of the system. Under the assumption that the system 
can be considered locally linear, then the following equation can 
be considered to obtain a good estimate of L: 

𝐿 =  √
cov(𝐹)

cov(𝑠)
, (6) 

where F and s are the force and the displacement covariance 
matrices respectively, while L is the Laplacian stiffness matrix. 
Therefore, the Fiedler eigenvalue of L is a proper parameter to 
describe the dynamic behaviour of the system, as long as the 
linearity between forces and displacements is still valid.  

The first application of the Fiedler eigenvalue to industrial 
processes was illustrated in [39]. However, the proposed 
methodology constitutes a substantial new contribution. In fact, 
it is not only a new application of the above approach to the 
analysis of video recording technology, but it also adds a new 
method to point out a calibrated threshold having reasonable 
timing for a usable imminent collapse early warning system. 

6. CONCLUSIONS 

In the present study a new methodology for a collapse early 
warning system based on the application of GT and TA to 
magnified videos by MM algorithm of a historic structure was 
explored.  

The validation of the proposed methodology was carried out 
through the application to a laboratory case study. In particular, 
a destructive shaking table test was performed on a historic 
masonry full-scale mock-up. The seismic experimentation 
reproduced the effects of an earthquake occurred in Algeria on 
an ancient cross vault of the private mosque in the Palace of the 
Dey, located in the Casbah of Algiers.  

The masonry structure was tested until its final collapse. The 
innovative approach based on topological graph invariants 
obtained from the MM video was applied to the collapse of the 
tested structure.  

The problems and issues encountered in the transformation 
of each video frame in a representative graph were outlined and 
discussed. After determining a reliable graph for the studied 
structure, some standard graph parameters were calculated and 
analysed. The choice was made on the least complicated graph 
parameters from a computational point of view. This was 
motivated by the need of extracting reliable values in a short 
timing so as to be used in an effective early warning system.  

Among the tested graph parameters, the inverse algebraic 
connectivity emerged as the one with the most promising 
potentialities. In fact, experimental results gave a significant early 
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signal to predict the collapse. In particular, during the seismic test 
at 0.25 g of PGA, the inverse algebraic connectivity gave values 
below the threshold of 0.024 as long as the structural integrity 
was confirmed also by visual inspection and by other 
instrumentation. The above threshold was exceeded after about 
4 s from test start.  

This was approximately the same timing as that of a similar 
signal provided by the relative displacements between the 
markers of the 3DVision motion capture system indicating 
anomalous structural deformation in some critical positions of 
the vault.  

In definitive, the found threshold identified through the 
proposed methodology was validated both by visual evidence 
and by an independent monitoring system. 

 Considering that at time equal to about 6 s the collapse 
mechanism was fully activated, the found threshold gave a 
warning of almost 2 s in advance. This is not much early warning 
time for saving lives, but it is enough for interrupting energy 
lines, for activating fire prevention systems or protection systems 
for valuable objects and to stop critical machinery. 

It is noteworthy that the video camera utilised in the 
presented experimentation was a quite low-performance (30-fps 
speed at 656 x 490 pixel resolution) equipment in order to 
minimise cost.  

On the basis of the encouraging results we found, further 
studies with more accurate data and different experimental cases 
could be carried out to consolidate the viability of the proposed 
methodology. 

For example, using already available video cameras with 60-
fps or even 120-fps speed at Full HD or higher (e.g. 4K, 8K etc.) 
pixel-resolution, the results might potentially be quite better at a 
still reasonable cost. 

Moreover, it should be also considered that the analysed 
laboratory case study was conducted in a particularly challenging 
scenario for the validation of the methodology in terms of 
structural deformation detection by video footage analysis. 
Further experiments should consider locating the video camera 
on the shaking table in a protected position.  

In terms of future perspective, further studies will focus on 
the calibration of the parameters threshold and on a more solid 
and reliable identification and definition of the graph 
representative of the structure. Moreover, the algorithms could 
be improved and optimized in order to minimize the requested 
computational time, which is particularly crucial to generate an 
effectively usable early warning signal. In particular, algorithms 
and data management will have to be optimised for real time 
processing of video streams, in order to reduce latency and 
improve collapse anticipation time of the early warning system. 
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