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Abstract

Structural Health Monitoring (SHM) of historical building is an emerging field of research aimed at the
development of strategies for on-line assessment of structural condition and identification of damage in the earliest
stage. Built heritage is weak against operational and environmental condition and preservation must guarantee
minimum repair and non-intrusiveness. SHM provides a cost-effective management and maintenance allowing
prevention and prioritization of the interventions. Recently, in computer science, mimicking nature to address
complex problems is becoming more frequent. Nature-inspired approaches turn out to be extremely efficient in
facing optimization, commonly used to analyze engineering processes in SHM, providing interesting advantages
when compared with classic methods. This paper begins with an introduction to Natural Computing. Then, focusing
on its applications to SHM, possible improvements in built heritage conservation are shown and discussed
suggesting a general framework for safety assessment and damage identification of existing structures.
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1. Introduction

The definition of immovable cultural heritage encompasses a wide range of monuments, buildings and sites from
ancient time up to the XXth century. Experience demonstrates how they are weak against operational and
environmental condition [1]. Although the variety of such conditions and the peculiarities of each structure make the
assessment and the conservation hard to accomplish and very problem specific, Structural Health Monitoring (SHM)
of historical building is an emerging field of research aimed at the development of easily adaptable strategies for on-
line assessment of structural condition and identification of damage in the earliest stage. The aim of this paper is
discussing the contribution of nature-inspired optimization algorithms, collecting the few applications which pertain
specifically to heritage preservation and analyzing promising achievements and drawbacks to formulate a general
framework which relies on a single algorithm to achieve more tasks of SHM only changing the inputs.

2. Natural computing for optimization problems

Natural Computing indicates a multidisciplinary field of research focused on the exploration of new paradigms of
computation within natural processes [2]. Several applications in Civil Engineering can be formulated as
optimization problems. Metaheuristics are global methods, commonly nature-inspired, able to address nonlinear
optimization, handling black box objective functions for which an unambiguous formulation is not possible. Each
metaheuristic is a set of strategies: specific operators and guidelines used to update the tentative solutions in an
iterative process [3].

3. Natural computing in SHM

SHM consists of the implementation of strategies aimed at the assessment of the characteristics and the health
condition of a system. One of the main open issues in monitoring consists of automating the processes, from the
sensor network design to the diagnosis of the structure, to overcome errors due to human decision. The following
sections focus especially on two tasks, providing an overview on nature-inspired optimization algorithms applied to
the Optimal Sensor Placement (OSP) and the model-based Damage Identification (DI). These algorithms outperform
many traditional methods in terms of robustness and solution quality, but their performance is strongly affected by
two main aspects: (1) parameters tuning and (2) sensitivity of the features to errors. Each metaheuristic requires a
fine setting of several parameters (e.g. the rate of the specific operators, the number of candidate solutions in
population-based method, the length of the vector solution in binary coding, the termination criteria), but no general
rules for setting exists. The quality of the numerical or analytical model, the accuracy of the sensors and their
location are sources of error in SHM, whose effect is summed to the errors due to the algorithm and the sensitivity to
its parameters and the unknown properties to update. Therefore, a problem specific statistical analysis should be
done, carrying out more runs with the same parameter setting and a sensitivity analysis to parameters, noise and
incomplete information. The effect of errors becomes relevant in real world applications. Improvement of robustness
and quality of solution can come from the simultaneous use of more objective functions dependent on parameters
less sensitive to the sources of error. Multi-objective optimization aims at providing a set of alternative optimal
solutions [4,5]. Population based Nature Inspired optimization algorithms, analyzing simultaneously more candidate
solutions, are particularly suitable, being able to generate the set in a single run. Applications showed other
drawbacks. Nature-inspired algorithms, in fact, tend to converge quickly in the neighbor of the best solution but then
oscillate around, sometimes without reaching it or failing to escape local optima. Also, special attention should be
paid to the suitability of the solutions in constraint problems as OSP and DI. Such drawbacks are usually solved
introducing novel or modified operators and hybridizing the algorithms.

3.1. Optimal sensor placement
OSP consists of locating the minimum number and type of sensors in order to improve the Network Architecture

(minimum invasiveness, costs and energy consumption, maximum system lifetime, robustness and network
coverage) and improve the Signal Processing (maximum quality of information, minimum amount of data collected).
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OSP is a combinatorial discrete constraint black box optimization problem. Given the monitored system, discretized
in N degrees of freedom, and the SHM system, OSP consists of finding, among n < N candidates, m < n non-
duplicate locations and directions for the sensors. Usually, the only design variable is the set of locations, which
assume discrete values. Using a binary coding, each bit represents a candidate location: 1 means that the sensor is
placed whereas 0 means that the location is not measured. Alternative real-value coding uses a vector whose
elements are the identification code of the measurement DOF. Any solution must satisfy constraints given by the list
of n candidates, the absence of duplicate locations and the number m of sensors available. Further constraints about
coverage and data transmission efficiency can be introduced. In literature, different criteria are commonly used to
assess the suitability of the placement. Each of them stresses a specific aspect, but the identification of the more
excited DOFs in the target modes is the main objective, through a proper norm of Fisher Information Matrix (FIX),
the Modal Assurance Criterion (MAC), the Singular Value Decomposition Ratio (SVDR) of the mode shape matrix
or the measured kinetic or strain energy per mode. Other criteria were developed to avoid redundant information
[6,7] or specifically for wireless sensor network’s requirements [8]. Nature-inspired algorithms, like genetic
algorithms, particle swarm optimization, simulating annealing, monkey algorithm, ant colony optimization, firefly
algorithm, artificial bee colony, harmony search algorithm and wolf algorithm were successfully applied [6,9-12].
Applications to large structures, like bridges [9], dam [13], high-rise buildings [10], prove their quality. Despite most
of the methods developed analyze the best placement of single axis and single type of sensors, proper adjustment
allows the OSP for multi-axial [13,14] and multiple type [15].

3.2. Damage Identification

DI strategies can be summarized in five main goals of increasing complexity [16]: (1) detection of existence, (2)
location, (3) classification of the type, (4) quantification of the extent, (5) prognosis. To achieve the higher goals, it
is necessary to formulate and solve an inverse problem to calculate the damage parameters from changes in
properties. Vibration-based methods allow an early identification of the damage through the measurement of the
dynamic properties. Since the damage changes mass, damping and stiffness of the system, it has to be detectable
through the consequent changes in modal properties (natural frequencies, modal damping and mode shapes).
Features extracted from vibration measurements in structures are used in model-based DI to update the model.
Model-based damage identification can be formulated as a continue constraint black box optimization problem.
Nature-inspired optimization techniques are commonly used to calibrate the numerical model, analyzing in parallel
more possible solutions. Each of them is a vector representing the extent of damage, usually in terms of stiffness
loss (a real number between 0 and 1), in each candidate damage location. The features used to identify the damage
strongly affect the quality of the results. For a review of the most popular criteria see [17]. Genetic algorithms and
particle swarm algorithms were largely used, but, many other metaheuristics were applied to damage identification
problem and, in general, all the nature inspired optimization algorithms developed so far are suitable for this task.
Applications showed promising results, even though, most of them resort to models with small number of elements,
synthetic target data or small scale laboratory tests, leaving some doubts regarding the scalability. Analyzing real
complex buildings requires robust methods tested on large scale case studies. An interesting solution for large
structures consists of dividing the system in substructures and introducing a multistage approach: a first step, to find
the damaged area, through a coarse mesh, refined, in the second step, only in that neighborhood [5]. Robustness is
further increased through multi-objective optimization reducing the sensibility to the sources of error [5,18].

4. SHM of historical buildings

Cost-effective management and maintenance of built heritage are essential tasks due to many factors as historical
interest, cultural identity, environmental and economic benefits. Minimum repair and non-intrusiveness are widely
shared keynotes of conservation of built heritage, adopted in a step-by-step procedure of structural assessment,
whose main aspects are collecting information on geometry and materials, identifying extent and causes of the
damage and designing remedial measures. As it is common in Civil Engineering, safety evaluation mostly relies on
numerical analysis, such as Finite Element models, but historical buildings are usually composed of different
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structural techniques and materials strongly inhomogeneous with non-linear behavior. They have complex geometry
and suffered several unknown events and interventions along the time. Therefore, the modelling of such structures is
extremely challenging, leaving a high degree of uncertainty, and model validation is still an open issue, which
strongly affects the reliability of extremely refined and non-linear models allowed by the improvement of
computational power [1].

SHM techniques are easily integrated in this process as non-destructive approaches to the diagnosis and control
of buildings. A review of SHM of historical building appears in [19]. Several SHM frameworks for historical
buildings are proposed by different authors and applications led to successful results, as in the case of the Church of
Monastery of Jeronimos in Lisbon [20]. Operational Modal Analysis (OMA) not only has a minimum incidence on
preservation and intervention costs but also it allows a better organization of these activities through prevention and
prioritization. Furthermore, exploiting output-only measurement, it fulfills the main requirements of conservation
having a minimum interference with the use of the monitored system and its safety [21]. Modal properties, extracted
from vibration measurement, provide an effective way to achieve model validation through calibration, as it was
recently performed in the analysis of the tower of the University of Coimbra [22]. Such optimization process
requires the development of a mock-up numerical model able to represent the building, providing a structural
response close to the experimental one. Several parameters can be selected as design variables. The distance
between measured and predicted features’ values is the objective function whose global minimum corresponds to
the best tuning of the variables. It is always essential to evaluate the physical meaning of the outcomes since
optimization is only a numerical procedure without a physical interpretation and comprehension of the real problem
faced, except for the definition of a reasonable design variable domain. Damage identification is based on the same
model updating process, where the damage is introduced as a reduction of the properties (mass, section or stiffness).
Among the nature-inspired methods, genetic algorithms were successfully applied to model updating of complex
case studies as a group of historical buildings in Cadiz [23] or the church of Anime Sante in L’Aquila, which
includes collapsed and damaged areas, as part of a sensitivity-based approach to calibrate different properties in
different zones of the building [24]. Historical structures, in fact, are often composed of flexible (towers, vaults,
arches) and stiff bodies (massive walls) which interact in a complex way and, in some cases, extremely damaged
and/or collapsed parts coexist with healthy or even strengthened parts [24]. In these situations, the performance of
the monitoring system largely depends on the quality of the network design, in terms of density, distribution or
sensor placement and hardware sensitivity. As stated above, network design can be improved through optimization
techniques and application of genetic algorithms to OSP exist [21,25,26,27]. Genetic algorithms usually outperform
traditional methods, as confirmed by a comparison on a historic swing bridge in [21]. The network can be further
improved by optimizing the identification of modal characteristics under different damage-scenarios. This strategy,
adopted in the case of the Hall C of Turin Exhibition Centre, allows an early and clean identification of emerging
damage, adding sensors to a basic setup or organizing in a more rational way the instruments available [25]. Damage
in historical structures, especially in masonry, can occur as localized cracking or diffuse material deterioration.
Model-based techniques demonstrate to be reliable for discrete, localized damages but diffuse effect of aging or
plasticity is hard to identify, especially when global low frequency modes are used as target. Therefore, the
methodologies introduced in the previous section are not common in preservation yet. Even though, there exist
typical situations of localized cracks in built heritage, like in masonry arches [28]. Genetic algorithms demonstrated
to be able to identify critical load condition and real damage scenario, in terms of hinge location, in a masonry
bridge [29] and weakest parts and connections in monuments subdivided in macro-elements [26]. Despite the small
number of papers devoted to the topic, the advantages of nature-inspired optimization algorithms showed in the
previous sections recommend a successful application to historical building conservation. In order to achieve that, a
general framework for safety assessment of building is suggested (fig. 1). The same multi-objective nature-inspired
optimization algorithm is applied to more sequential problems only changing inputs and definition of the objective
functions. First, the OPS is solved using a preliminary model which is then updated minimizing the differences
between experimental and numerical response. Therefore, safety assessment of the building can be carried out
through a complete structural analysis using the validated model. Finally, combining the data from a continuous
monitoring and the model based approach damage is identified in real time. When a sudden change in the data
provided by the SHM system emerges, the model updating process explores numerically possible damage scenarios
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(variations in the design variables) to locate and quantify the damage in the structure. Model updated with the
damage scenario can be used again for structural analysis.
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Fig. 1. Framework for SHM of existing structures through multi-objective optimization algorithm.
5. Conclusion

The paper has investigated the application of Natural Computing Optimization Algorithms to Optimal Sensor
Placement (OSP), model updating and Damage Identification (DI) for historical buildings preservation. Promising
outcomes of such techniques are summarized as well as shortcomings are highlighted and discussed.

Nature-Inspired Metaheuristics are global optimization methods suitable to OSP, model updating and Model-
Based DI, all constraint black box problems, even of complex large historical buildings like monuments, with
reduced information affected by different sources of error, thanks to multi-objectives formulation and decomposition
in sub-structures. Model Based DI is reliable in locating and quantifying localized discrete damages, but
characterizing a general diffuse deterioration is still an open issue. Despite that, the few applications existing in
literature showed promising results in the identification of weakest macro-elements and localized cracks.

Finally, a framework for SHM which uses a single multi-objective optimization algorithm in a continuous process
of safety assessment and DI for existing buildings is suggested. Such framework, still under development and
analysis, combines more sequential problems, from the sensor network design to the diagnosis of the structure, only
changing inputs and definition of the objective functions, providing a useful tool for automating the preservation of
historical buildings.
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