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Abstract— In this paper the results of using a Multi-agent system (MAS) for 

Structural Health Monitoring (SHM) are detailed. A study between different 

MAS architectures reported in literature is presented in order to select and adapt 

the most adequate one for SHM tasks. Requirements are established according to 

recent solutions, where main parameters are type and number of sensors and 

communication protocols, among others. MAS technique uses several intelligent 

agents, that are algorithms able to act in a reactive or active way. Their action 

depends on surrounding environment or collected data. These agents can work in 

a decentralized way, searching the fulfillment of an individual goal or they can 

work with another system to achieve a common goal. Decision is based on their 

internal state (beliefs, goals and commitments). MAS’ effectiveness depends on 

the interconnection between the agents. Type of agents is defined according to 

its communication method and protocol, common and individual goals, among 

others. Decentralization and versatility are two important characteristics of MAS 

technique useful to solve SHM problem. This is one of the main motivations to 

consider this technique to be a good approach for the studied problem.  A 

benchmark numerical model, which consists of a metallic framework, was used 

to validate and demonstrate the feasibility of the selected architecture for SHM. 
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1 Introduction 

Structural health monitoring is the common name for the structural damage detection 

problem. Many solutions have been proposed, some of them based on simple 

observation executed by the railroad workers on the XIX century. Visual recognition 

techniques are used when there is no available technology to accomplish a better study. 

The computational advance in the last thirty years, has proven to be a determining factor 

in the uprising on the number and quality of SHM techniques [1]. Some SHM 

techniques, like Wavelet Transform deals with the identification of discontinuities on 

acceleration records to detect fault’s initial point [2]. Another use of Wavelet is finding 

changes in the flexibility matrix to detect the existence of any kind of damage [3]. There 

are some specialized works that deals with the quality of the analyzed signals, in order 

to perform a better damage estimation. For example, [4] proposes a de-noising method 

for the sensor signals based on the variance of the whole data compilation. There are 

other techniques implemented in places and situations where SHM is not easily 

performable. One example is shown in [5], where its author uses genetic algorithms to 

improve the approximation of the DA (Delay Attenuation) model that is used to 

estimate the structure features. There are many other techniques designed to perform 

damage determination and damage geometrical location (levels 1 and 2 of damage 

evaluation), but they can be classified, according to [6] in two types: Techniques based 

in modal form detection and Techniques based in parameter extraction. Most of the 

current implementations of SHM are based on Expert Systems [7]. A case is that 

reported in [8] named SHIELD (Structural Health with Integrated Life Determination) 

that uses wireless nodes and a central system to estimate accumulated fatigue of an 

earthmoving machine. However, according to [9] a centralized system is slower and 

less adaptive than a decentralized one. Based on this, an appropriate solution for SHM 

is one based on distributed systems, because relevant information of the monitored 

structure can be contained in geographically distributed points. Thus, because MAS are 

distributed systems with an architecture adjusted for the specific problem, a specific 

architecture could be used for SHM, and consequently a study of existing multi-agent 

architectures is necessary in order to select the most adequate and adapt it for a specific 

structural model. Taking advantage of Multi-agent characteristics, this paper 

investigates the current solutions of the SHM problem and the existing multi-agent 

architectures, in order to propose a solution to the SHM problem based on MAS 

approach, due to the similarities between monitoring problems and SHM. Finally, a 

Benchmark numerical model is used to verify the adapted and selected architecture. 

2 Structural Health Monitoring (SHM) 

SHM systems can be classified in 4 levels according to their functionality in the 

damage determination process: 

 

Level 1: Structural damage detection 

Level 2: Level 1 plus damage location 
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Level 3: Level 2 plus damage quantification 

Level 4: Level 3 plus useful life estimation also called prognosis [1].  

There are techniques that use the modal forms to acquire free vibration registers to 

solve SHM levels. The modal forms are the answers of a structure due to inputs 

vibrating at a close frequency range to the natural frequency of the structure [9]. The 

dynamic properties of a structure can be found through interpretative mathematical 

analysis on the modal forms [6]. These registers represent the natural frequencies of the 

structure. Some of the techniques based on modal forms are ERA (Eigensystem 

Realization Algorithm) and ERA/DC (Eigensystem Realization Algorithm with Data 

Correlation). There are other techniques that use the free vibration registers to obtain 

the modal forms of a structure. For example, NExT(Natural Excitation Technique) is 

one of these techniques and can be used to determine bridge’s modal forms [1].  

Other approaches documented in literature are based on parametric identification 

techniques, which use mathematical processes to extract information about the 

structures lacking the use of modal forms. For instance, FDD [10] and shear beam 

model [11] obtain parametric data of a Benchmark without statistical models. Likewise, 

Hidden Markov Models can be used as a sequence classifier to obtain structural 

parameters [12] or to estimate structural lifetime regardless of the damage estimation 

method used [13]. Also, Bayesian networks can be used for structural damage location 

[14] 

One of the commonly used techniques for damage detection is model updating, 

where a mathematical model of the structure is updated with every measure taken and 

then compared with the model of the healthy structure. Another technique is to use the 

structure’s modal forms to determine if there is any change between the measured and 

the original ones. However these techniques use a large amount of structural 

information taken from a sensor network where everyone should be operating correctly. 

When a sensor fails these systems can’t execute their analysis and, therefore, can’t 

present a reliable diagnosis creating a system robustness problem undesired by 

engineers [15]. 

Current monitoring systems use hybrid architectures to take advantage of the 

distributed external data, and to perform data analysis, take the best course of action to 

detect failures as soon as possible [2]. For instance, in [16] a MAS based on a four 

levels hierarchical architecture was used for SHM that can be used as reference point 

to evaluate SHM strategy to be proposed in this research project. The main reason is 

that according to reviewed literature this is the only SHM strategy found using MAS. 

3 Multi-Agent Architectures For SHM 

Intelligent agents are algorithms capable of active and reactive behavior, based on 

BDI (Belief-Desire-Interaction) model. Figure 1 shows an agent composition and its 

relationship with its surrounding environment. An agent percepts its surrounding 

environment through sensors, makes data processing, data analysis, decision making 

process and the uses its actuators to interact with its environment.  They can be grouped 

into a structure known as Multi-agent architecture [17] [18] [19]. 
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Fig. 1 Agent's action and reaction model 

Most applications of MAS are focused on solving distributed problems. Data 

distribution can be done more efficiently by a multi-agent architecture than a sensor 

network [20]. Concurrent task execution is a multi-agent architecture characteristic 

used to improve efficiency in distributed systems [21]. In [22] it is explained the use of 

a role-based multi-agent architecture to obtain a general vision of a distributed system. 

Additionally, in [23] it is presented MACRO (Multi-agent Architecture for Coordinated 

Responsive Observations) as a solution to SEAMONSTER (South East Alaska 

Monitoring Network for Science, Telecommunications, Education and Research). 

MACRO is based on a hierarchical organization. Other example is presented in [24], 

where a work based on Situation Calculus that uses intelligent agents for dynamic 

environment monitoring such as battlefields or buildings is described. One of the 

common applications of multi-agent architectures is robot control, and the role-based 

architecture is a common choice for this problem [25] [26] [27]. 

 Although MAS have lot of applications in distributed problems, there are few SHM 

works. The following works present some interesting approaches to the problem: [28] 

proposes a technique to use mobile agents, such as robots, to detect structural faults and 

provide a minimal repairing service. This mobile agent should be able to fit into a MAS 

used for damage detection.  [16] Designs a multi-agent architecture focused on SHM. 

Types, ontological function, goals, communication routes of each agent are described. 

Also, the integration of each agent into SHM is explained. [29] Proposes a mobile agent 

to be used in SHM. Every sensor is checked periodically by the agent. Based on the 

collected data, structural health can be determined by the agent. [30] Evaluates a multi-

agent architecture used for SHM. Interactions, types and locations of each agent are 

specified. 

4  Architecture’s Adaptation 

Table 1 shows a comparison of the MA architectures based on their flexibility, 

relation to SHM problem and number of agents. Flexibility is related to how agents can 

change their roles in order to perform better or how they can move through the 

architecture. The second parameter refers to the number of different agents that can be 

supported by the architecture. 
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Table 1 Multi Agent Architectures 

ARCHITECTURE FLEXIBILITY NUMBER 

OF AGENTS 

TYPE OF 

ARCHITECTURE 

ARCHON Low Medium Hybrid 

CARBA Medium Variable Reactive 

ORG Medium Variable Logic 

MAGMA High Low Logic 

Proposed by Yuan Low Variable Hybrid 

 

Considering SHM features, logic and reactive architectures are not adequate to 

achieve SHM levels, so only the hybrid architectures can present a correct diagnosis 

based on inference and data obtained from external sources. 

According to its functionality, there are 7 types of agents: Structural Monitoring 

Agent (SMA), Data Handler Agents (DHA), SHM Transport Agent (STA), Translation 

Agents (TA), User Interface Agent (UIA), Central Collaboration Agent (CCA) and 

Global Data Merger. The SMA transforms the data from the sensors into messages 

understandable by every other agent. DHA manage the information flow through the 

subsystem. STA allows for communicating with other STA agents from other 

subsystems to share information about their position on the structure. TA determines 

which data will be needed by the STA and suggests to the DHA an itinerary. The UIA 

presents the results to the user and interprets the input commands. The CCA uses the 

data obtained from the data merger and its communication with the database to obtain 

a global structural diagnosis. Finally, the Global Data Merger uses data from every STA 

to create an array that can be used by the CCA to present a diagnosis. 

In Figure 2 the adapted architecture is depicted, which details how the different 

agent types are specified. 

 
Figure 2 Adapted Multi Agent Architecture 
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5  Numerical Case 

To validate, numerically, the architecture will be tested with data obtained from a 

Benchmark proposed by the ASCE available online at 

http://mase.wustl.edu/wusceel/quake by December 2009 (Figure 3).  

 

 
Figure 3 Benchmark structure 

To validate the system’s functionality, numerical data of the metallic frame is used 

to differentiate between healthy and damage states of the structure. Therefore the SMA 

agents will only deal with acceleration data and their output messages only deliver 

information in FIPA language. Damage cases consider different scenarios: 

 100% of stiffness change in only one element. 

 Stiffness changes on more than one element in order to test system’s 

adaptability. 

 Variation of stiffness ranging from 10% to 100% advancing 10% at a time. 

 Sensor and agent removing. 

The system has this information on its local and global databases, so it has the 

capability to locate the specific case for every sensor. It must find the correct case in 

the global database to determine if a change has occurred. 

6  Results 

Every agent is programmed using JADE (Java Agent Development Framework). 

Local databases have Fourier and Wavelet transformations from acceleration data 

obtained from the structure numerical model. Fourier and Wavelet transform to obtain 
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two kinds of data are managed for TAs agents. STAs can distinguish between Fourier 

and Wavelet coefficients to execute an estimation process and compare the results to 

the healthy structural data by means of a neural network, used by the CCA. The CCA 

search for data related with a healthy state of a specific sensor. It is achieved using the 

global database organized in a neural network, where one neuron is defined as a damage 

case.  

With the aim to test the capability of finding the correct case in the global database, 

some scenarios consider STA “killing”. Also, STAs were removed randomly to prove 

the system’s awareness and its capability of damage detection without them.  Local and 

global diagnosis obtained by each STA is summarized in Table 2. 

 
Table 2 STA Diagnostics 

 Tag of damaged elements Ocurrence 

STA 1 34-38-35-30 100 – 99 - 99 - 99 

STA 2 34-38-30-35 100 – 99 – 99 - 99 

STA 3 34-35-30-38 100 – 99 – 99 - 99 

STA 4 34-38-30-35 100 – 99 – 99 – 99 

STA global 32-33-34-36 120 - 120 - 120-120 

 

Table 2 can be interpreted as damage probabilities as shown in Figure 4. 

 

 
Figure 4 Damage probabilities 
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7 Conclusion 

The adaptation of a promising multi-agent architecture was presented as an 

alternative approach for SHM problem.  The methodology minimizes latency in 

communications between local monitoring points and the central coordination agent. 

Thus, decentralized feature was incorporated to interpret effectively damage 

conditions. The architecture includes data fusion using a minimum number of sensors. 

The effectiveness of the algorithm was validated through a Benchmark with capability 

for processing acceleration records. As a future research it is recommended to use 

feature reduction techniques and complementary diagnostics tools. 
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