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Abstract. Information exchange among project stakeholders as part of structur-

al life-cycle management has been gaining increasing interest in civil engineer-

ing. An integral part of structural life-cycle management is the operation and 

maintenance phase of structures, which is frequently associated with structural 

health monitoring (SHM). SHM has emerged as a novel methodology enabling 

the assessment of structural conditions by extracting information from structural 

response data and environmental data collected by sensors attached to struc-

tures. Representing a paradigm for exchanging information among stakeholders 

for structural life-cycle management, conventional building information, such 

as geometry, material and cost, is structured in so-called “building information 

models”. These models are defined within building information modeling 

(BIM) standards, such as the Industry Foundation Classes (IFC). Furthermore, 

in recent research efforts, IFC-compliant descriptions of “monitoring-related in-

formation”, i.e. information on SHM systems, have been reported. However, 

semantic descriptions of algorithms employed for SHM (“SHM-related algo-

rithms”) have not yet received adequate research attention. This paper introduc-

es a semantic description approach for modeling and integrating SHM-related 

algorithms into IFC-based building information models. Specifically, this study 

focuses on algorithms embedded into wireless sensor nodes for automatically 

processing SHM data on board. The semantic description approach is validated 

by describing a wireless SHM system installed on a laboratory test structure de-

signed and implemented with an embedded algorithm (fast Fourier transform). 

The expected outcome of this study is essentially an extension to the current 

IFC schema enabling the description of SHM-related algorithms in conjunction 

with SHM systems and structures to be monitored. 

Keywords: Structural health monitoring, building information modeling, moni-

toring-related information, semantic modeling, metamodeling, description of 

algorithms. 

1 Introduction 

In recent years, building information modeling (BIM) has emerged as a promising 

paradigm in the architecture, engineering and construction industry for describing 

conventional information about structural life-cycle management [1]. Building infor-
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mation models are created for geometrically and semantically representing structures 

while offering full access and editability options to structure-related information 

throughout the structural life-cycle, which includes the planning phase, the construc-

tion phase, the operation and maintenance phase, and the demolition phase. BIM 

comprises tools, processes, and technologies for documentation purposes, and it typi-

cally builds on 3D geometrical models of structures supplemented by semantic infor-

mation related to structural components [2]. BIM can advantageously be used to sup-

port all life-cycle phases. In the planning phase, structures can be optimized, e.g. with 

respect to design, cost, or durability, by combining BIM-based planning tools with 

analysis tools [3]. Furthermore, with BIM, discrepancies between plans and the struc-

ture being built can be semi-automatically documented in the construction phase [4], 

service intervals can be improved in the operation and maintenance phase [5], and in 

the demolition phase, the amount of waste produced during the demolition of struc-

tures can be estimated [6]. 

Due to ageing infrastructure, structural health monitoring (SHM) has been gaining 

an increasingly important role in the operation and maintenance phase of structural 

life-cycle management. SHM enables monitoring and assessing structural conditions, 

thus optimizing structural maintenance and enhancing structural safety [7]. In the past 

decades, SHM has been the topic of extensive research and has been successfully 

applied to large-scale engineering structures, such as bridges, wind turbines, and tun-

nels [8-11]. Furthermore, advances in informatics have introduced new techniques, 

such as artificial intelligence [12], autonomous software [13], biologically-inspired 

approaches [14], and agent-oriented concepts [15], which have substantially improved 

the performance and the applicability of SHM systems. Traditional SHM systems are 

composed of cable-connected components; however, in recent years, wireless SHM 

systems have been increasingly adopted in SHM offering several benefits compared 

to cable-based SHM systems, such as reduced installation time, lower costs, and high-

er flexibility. Since SHM is an integral part of the operation and maintenance phase in 

SHM-equipped structures, it is beneficial to enable semantic descriptions of SHM 

systems using BIM. 

Drawing from the requirement for interoperability between building information 

models, SHM systems need to be semantically described in a holistic manner. Broad-

ly speaking, the information related to SHM systems can be categorized into “sensor-

related information” and into “monitoring-related information”. For sensor-related 

information, several standards, modeling languages and ontologies have been devel-

oped, such as the Sensor Model Language (SensorML), the Semantic Sensor Network 

(SSN) Ontology, the Systems Modeling Language (SysML), and the Web Ontology 

Language (OWL) [16-19]. Furthermore, the IEEE 1451 standards family provides 

modeling capabilities for connecting sensors to microprocessors, instrumentation 

systems, and control/field networks [20]. Contrary to sensor-related information, the 

description of monitoring-related information is still an open research issue. Monitor-

ing-related information encompasses information related to the SHM strategy, such as 

information about the semantic composition of SHM systems, about algorithms em-

ployed for data processing (SHM-related algorithms), or about the dynamics of SHM 

systems [21]. An accurate semantic description approach for monitoring-related in-
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formation would facilitate tracking changes in SHM systems and substituting compo-

nents of SHM systems. To this end, SHM system components to be described must be 

put into the context of the structures to be monitored, which has not yet received ade-

quate attention and, thus, cannot be fully achieved with current BIM capabilities [22, 

23]. 

In recent research efforts, monitoring-related information has been described using 

the Industry Foundation Classes (IFC), an open standard for the description of BIM-

based models [24]. In particular, an extension of the IFC schema, referred to as “IFC 

Monitor” [25], has been proposed to describe SHM systems with structural systems to 

be monitored. As has been shown, the IFC Monitor extension facilitates the descrip-

tion of monitoring-related information, such as information about (i) semantic compo-

sitions of SHM systems, (ii) network topologies, and (iii) semantic relationships be-

tween components of SHM systems and components of structural systems to be moni-

tored. In this study, the IFC Monitor extension is used as a basis, first, to generally 

describe SHM systems and, then, to represent SHM-related algorithms. Focusing on 

algorithms embedded into wireless sensor nodes for automatically executing SHM 

data analyses, this study advances BIM-based, IFC-compliant descriptions of SHM-

related algorithms facilitating life-cycle documentations of SHM systems. 

The paper is organized as follows. First, background information on semantically 

describing algorithms is provided, followed by a concise presentation of modeling 

capabilities of the current IFC schema. Next, based on the background information, a 

semantic description approach (semantic model) is developed serving as a technolo-

gy-independent metamodel to describe SHM-related algorithms. Then, the IFC sche-

ma is extended to enable BIM-based descriptions of SHM-related algorithms in com-

pliance with IFC modeling capabilities. Finally, to validate the semantic description 

approach, a wireless SHM system installed on a laboratory test structure with an em-

bedded fast Fourier transform algorithm is described using the extended IFC schema. 

2 Modeling of SHM-related algorithms 

Strategies towards SHM usually involve collecting structural response data and envi-

ronmental data, which are processed through algorithms to extract information on 

structural conditions. In this section, the existing capabilities for describing SHM-

related algorithms are concisely presented. First, the semantic description of algo-

rithms in general is explained, followed by a concise presentation of SHM-related 

algorithms commonly used for structural health monitoring. Then, the capabilities of 

the current IFC schema for describing SHM-related algorithms are illuminated. 

2.1 Semantic description of algorithms  

According to the ISO 9000 family of quality management systems standards [26], a 

“procedure” is referred to as a structured means to conduct activities or processes, 

including step-by-step descriptions of actions towards addressing problems. Algo-

rithms consist of a sequence of components, which are executed for solving problems. 
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As opposed to procedures, algorithms must terminate once a finite number of steps 

are executed, even if no solution to a problem can be found or if objectives of the 

problem have not been met [27]. Consequently, algorithms are often referred to as 

“effective procedures”. 

To ensure proper execution of algorithms, defining the chronological succession of 

components is essential. In Unified Modeling Language (UML) activity diagrams 

activity diagrams, the chronological succession of components is illustrated by ar-

rows, referred to as control flow, which is strictly sequential and therefore linear. The 

simplest component of algorithms corresponds to a single command and is termed 

“statement”. In addition to statements, Böhm and Jacopini [31] have stated essential 

to solve every problem with three elementary control structures: (i) “sequences”, (ii) 

“selections”, and (iii) “iterations”. Each control structure has one input and one out-

put, according to which the control flow executes the next algorithm component. A 

sequence is a block of algorithm components executed in a predefined order. A selec-

tion is often referred to as a conditional branch, the execution of which depends on 

meeting a predefined condition. An iteration contains an algorithm component that is 

executed repeatedly as long as a predefined condition is met. Exemplary illustrations 

of sequences, selections, and iterations are shown in Figure 1. 

 

 

Fig. 1. Control flow of elementary control structures. 

2.2 SHM-related algorithms 

The main goal of SHM is to assess structural conditions using information derived 

from data collected by sensors that are attached to structures. To derive information 

from sensor data, different algorithms, depending on the specific objective of a SHM 

project, are applied. SHM-related algorithms can be categorized in groups based on 

common characteristics, such as the domain of applicability or the type analysis ap-

plied to the sensor data. For example, algorithms executed using sensor data in the 

form of time series are called time-domain algorithms, while algorithms using sensor 

data decomposed in terms of sinusoidal harmonic functions are termed frequency-

domain algorithms. Furthermore, depending on whether physical principles of the 

structural behavior are considered or not, SHM-related algorithms are distinguished 

into physics-based algorithms and into data-driven algorithms, respectively. Given the 

diversity of SHM-related algorithms and the influence of the algorithm outcomes in 

decision making as part of the operation and maintenance phase of structural life-
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cycle management, the importance of efficient holistic semantic descriptions of SHM 

systems including monitoring-related information, and, by extension, SHM-related 

algorithms, comes to the forefront. In the next subsection, a concise description of 

current semantic description approaches for SHM systems is attempted, highlighting 

the shortcomings with respect to the description of SHM-related algorithms. 

Table 1. Summary of commonly used SHM-related algorithms. 

Algorithm Domain Analysis type 

Fast Fourier transform Frequency Data-driven 

Peak picking Frequency Data-driven 

Frequency domain decomposition Modal Data-driven 

Auto-regressive modeling Time Data-driven 

Random decrement Time Data-driven 

Stochastic subspace identification Modal Data-driven 

Ibrahim time domain Time Data-driven 

Artificial neural networks Time/Frequency Data-driven 

Direct integration Time/Frequency Physics-based 

Dynamic substructuring Time Physics-based 

2.3 Existing approaches for semantic description of SHM systems 

The following discussion focuses on approaches available for semantically describing 

SHM systems. Several modeling languages, models and ontologies have been intro-

duced for describing sensor-related information. For describing SHM-related algo-

rithms, emphasis in this study is placed on semantic description approaches following 

the BIM paradigm, as BIM-based standards are widely used in the architecture, engi-

neering and construction industry and may provide a formal basis for documenting 

and exchanging SHM-related algorithms. 

 

Non-BIM-based approaches. For semantically describing SHM systems, several 

sensor modeling languages and semantic models have been adopted, such as the Sen-

sor Model Language (SensorML), the Semantic Sensor Network (SSN) Ontology, the 

Systems Modeling Language (SysML), and the Web Ontology Language (OWL). 

SensorML, which according to [28] is a useful standard for interpreting and pre-

processing sensor data, offers possibilities for sensor representations via information 

models as well as XML encodings for describing sensors and processes related to 

sensor measurements [16]. The SSN Ontology integrates sensor technologies and 

semantic Web technologies towards describing sensors and sensor networks, and it 

supports the description of sensor-related information in terms of capabilities, meas-

urement processes, observations, and deployments [17]. With respect to describing 

sensors, the SSN Ontology enables describing measuring options, measuring proper-

ties (e.g. accuracy, resolution), sensing processes, observations as well as deployment 
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information of sensors. SysML, a standardized general-purpose modeling language 

proposed by the Object Management Group, provides tools to describe systems engi-

neering applications, including sensor-based information [18]. The Web Ontology 

Language offers an explicit concept for the structure of processes enabling the de-

scription of control structures, such as sequences, selections, and iterations [29]. 

 

BIM-based approaches. With respect to BIM-based semantic descriptions of SHM 

systems, it has been demonstrated by Theiler and Smarsly [25] that a common seman-

tic description of traditional building information and monitoring-related information 

helps categorize, document, update, and exchange monitoring-related information 

among all parties associated with the operation and maintenance phase of the struc-

tural life cycle. In the context of open BIM processes ensuring interoperability be-

tween different software, the IFC has been established to document and to exchange 

building information models. The IFC provide a formal basis for data storage and 

information exchange, thus enhancing the interoperability of building information 

models, which is a key requirement in BIM. The IFC semantic modeling approach is 

based on the “entity-relationship” (ER) concept, according to which physical objects 

and virtual components are referred to as “entities”, whose characteristics are de-

scribed as “attributes”. Based on the relationships between the physical objects (or the 

virtual components), the entities are linked through “relationships”, which are typical-

ly “objectified”, i.e. modeled as separate entities pointing to other entities.  

The basic entity, from which all entities with semantic significance are derived, is 

the IfcRoot entity. Objects, such as physical elements and activities, are defined using 

IfcObjectDefinition entities, from which IfcObject and IfcProcess entities are derived. 

Activities represented by entities derived from abstract IfcProcess entities are (i) 

events (IfcEvent), (ii) procedures (IfcProcedure), and (iii) tasks (IfcTask): Events 

trigger an action or response, procedures are used to describe sets of logical actions 

executed in response to events, and tasks represent identifiable work units.  

Relationships between entities are described with IfcRelationship entities, from 

which entities representing objectified relationships are created. For example, for 

describing entities constituting parts of other entities, IfcRelDecomposes entities are 

adopted, and generic connections between two entities are defined by IfcRelConnects 

entities. Nesting relationships between entities are described with IfcRelNest entities, 

while the logical order of execution of different processes is modeled using IfcRelSe-

quence entities [30]. 

Using the current version of the IFC schema (IFC4 – Addendum 2), which has 

been originally created for the building sector, a holistic BIM-based description of 

SHM systems is not possible, as entities to describe monitoring-related information 

are not fully supported in the IFC schema [22]. Nevertheless, partial description of 

monitoring-related information may be performed using existing entities. For exam-

ple, sensor information in general can be described using the entity IfcSensor. Moreo-

ver, for integrating sensor information with respect to monitoring with emphasis on 

acceleration response data, Rio et al. have employed user-defined property sets of the 

IFC, proving that the representability of monitoring-related information through user-

defined property sets is restricted [31]. Specifically for describing SHM-related algo-
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rithms, several IFC entities can be used, whose capabilities, however, need to be test-

ed as these entities have been originally created to describe processes related to the 

construction industry. To tackle the aforementioned shortcomings of the current IFC 

schema with respect to describing SHM-related algorithms, an extension of the IFC 

schema is necessary. The semantic description approach (i.e. the semantic model), 

which will form the basis for the IFC schema extension, is described in the next sec-

tion. 

3 A semantic model for SHM-related algorithms 

In this section, information relevant to describe algorithm components is integrated 

into a semantic model serving as a technology-independent metamodel for describing 

SHM-related algorithms. The semantic model is augmented with components describ-

ing SHM-related algorithms or, more precisely, describing statements and elementary 

control structures characterizing SHM-related algorithms in an object-oriented man-

ner. The elementary control structures are semantically subdivided into components 

enabling consistent semantic descriptions of SHM-related algorithms. 

As shown in Figure 2, according to the semantic model, one process contains at 

least one algorithm, which is related to zero or more inputs and to one or more out-

puts. Furthermore, the domain and the analysis types of algorithms can be specified. 

Algorithms comprise one or more algorithm components, which are either statements 

(Statement) or elementary control structures (ControlStructure). In the semantic mod-

el, three subtypes of elementary control structures are distinguished: sequences, selec-

tions, and iterations. In the following paragraphs, the types of algorithm components, 

i.e. statements and subtypes of elementary control structures, contained in the seman-

tic model are discussed in more detail. 

 Statements. Representing a basic, non-divisible component, statements refer to 

one command to be executed and are described by the subtype Statement. For the 

sake of simplicity, descriptions of statements are not further specified in the se-

mantic model, because the description of statements depends on the target plat-

form, i.e. on the underlying programming language. As an alternative, statements 

can be described textually, with pseudocode, or in mathematical notation for doc-

umentation purposes. 

 Sequences. Sequences are described in the semantic model with the subtype Se-

quence. Since algorithm components contained in sequences must be executed se-

quentially, the Sequence subtype enables explicitly describing the control flow of 

algorithm components to be executed. The algorithm components can be simple, 

non-divisible commands (Statement) or elementary control structures, i.e. itera-

tions, selections, or sequences. 

 Selections. Selections are described using the subtype Selection. Conditions of 

selections and algorithm components bound to the conditions are described with 

conditional branches (ConditionalBranch). Conditional branches refer to Boolean 

expressions representing the conditions and to algorithm components representing 

the activity to be executed. 
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 Iterations. Iterations are described by the subtype Iteration. Similar to selections, 

conditions of iterations and algorithm components bound to the conditions are de-

scribed with conditional branches (ConditionalBranch). By referring from a condi-

tional branch to another algorithm component, algorithm components can be nest-

ed enabling, for example, nested iterations. 

 

  

Fig. 2. Extract of the semantic model for describing SHM-related algorithms. 

4 Extending the IFC schema with semantic information on 

SHM-related algorithms 

In this section, an IFC extension is presented proposing a mapping of the semantic 

model into the IFC schema. Capabilities from the current version of the IFC schema 

are reused to map the modeling requirements for a well-defined description of SHM-

related algorithms. The IFC extension is based on the IFC Monitor extension previ-

ously introduced [25] to describe the semantic structure of SHM systems. With the 

IFC Monitor extension, the description of monitoring-related information is facilitat-

ed. Precisely, monitoring-related information includes information about (i) semantic 

compositions of SHM systems, (ii) network topologies, and (iii) semantic relation-

ships between components of SHM systems and components of structural systems to 

be monitored. In this paper, the IFC Monitor extension is supplemented by entities to 

describe components of SHM-related algorithms and relationships among the algo-

rithm components. 
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As shown in Figure 3, two entities IfcRelSelection and IfcCondition are added to 

the IFC schema enabling BIM-based descriptions of SHM-related algorithms related 

to SHM systems. IfcRelSelection entities extend IfcRelSequence entities relating two 

statements in a sequence. However, the sequence needs to be additionally linked to 

conditions that must be fulfilled for the sequence to be executed. As a result, condi-

tions are described with IfcCondition entities containing Boolean expressions that 

must be evaluated at algorithm runtime. For simplicity, IfcCondition entities are de-

scribed as strings. In addition to the two entities added for the description of algo-

rithms, the entity IfcSensorNode has been added to the IFC schema in recent research 

efforts to describe sensor nodes contained in SHM systems.  

By reusing IFC entities, SHM-related algorithms are described with IfcTask enti-

ties, while statements are described with IfcProcedure entities. Furthermore, IfcEvent 

entities are used to denote inputs and outputs of algorithms as well as to denote inter-

mediate results of statements. Assigning components of SHM systems, such as sensor 

nodes, to processes is described with IfcRelAssignToProcess entities. With IfcRel-

Nests entities, the relationship between algorithms (IfcTask) and algorithm compo-

nents, such as statements (IfcProcedure), are described. 

 

 

Fig. 3. Extract of the extended IFC schema with new entities and types gray-colored. 

From a technical point of view, the IFC schema is defined in compliance with the 

EXPRESS data modeling language, formalized in ISO 10303-21:2016 [32]. Illustrat-

ing the definition of entities relevant for describing components of algorithms (Ifc-

Condition and IfcRelSelection) and sensor nodes (IfcSensorNode), an extract of the 

extended IFC schema is shown in Listing 1. Listing 1 illuminates the definition of 

types, of entities (including the specification of supertypes of entities), and of entity-

specific domain rules. Domain rules (also known as “where clauses”) constrain the 

values of individual attributes. Combining different relationship entities, the descrip-

tion of elementary control structures in compliance with the IFC schema is shown in 

the following paragraphs. 
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Listing 1. Extract of the extended IFC schema demonstrating specifications of new entities. 

Sequences. In IFC, sequences, as shown in Figure 4, are described with IfcRelSe-

quence entities. Using these entities, relationships describing the sequence of succes-

sive statements (IfcProcedure) are mapped with one IfcRelSequence entity for each 

relationship. 

 

 

Fig. 4. Semantic description of sequences. (a) Example control flow; (b) corresponding IFC-

compliant description. 

Selections. Selections consist of statements and conditions on which the statements 

are bound. An example selection is shown Figure 5a. After executing the first state-

ment (“Statement 1”), a decision with respect to condition A and B is made, based on 

which Statement 2a or Statement 2b is executed. Statement 3 is executed regardless of 

the previous execution of statements. Figure 5b depicts the corresponding IFC-

compliant description of selections, in which the four statements of the example selec-

tion are described with IfcProcedure entities. The connections between Statement 1 

... 

TYPE IfcCondition = STRING(255); 

END_TYPE; 

 

ENTITY IfcRelSelection 

  SUBTYPE OF (IfcRelSequence); 

  Condition: IfcCondition; 

END_ENTITY; 

 

ENTITY IfcSensorNode 

 SUBTYPE OF (IfcDistributionControlElement); 

 WHERE 

   ApplicableComponents: SIZEOF(QUERY(Rel <*  

     SELF\IfcObjectDefinition.IsDecomposedBy | NOT(SIZEOF(QUERY(Comp <*  

     Rel.RelatedObjects | NOT(SIZEOF(['IFC4.IFCSENSOR', 'IFC4.IFCACTUATOR',  

     'IFC4.IFCCOMMUNICATIONSAPPLIANCE', 'IFC4.IFCELECTRICFLOWSTORAGEDEVICE']  

     * TYPEOF(Comp)) = 1))) = 0))) = 0; 

END_ENTITY; 

... 
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and Statements 2a and 2b are described by two IfcRelSelection entities, which refer to 

conditions A and B, respectively. Statement 3 is connected to Statements 2a and 2b 

using two IfcRelSequence entities closing the branches of the selection. 

 

 

Fig. 5. Semantic description of selections. (a) Example control flow; (b) corresponding IFC-

compliant description. 

Iterations. Iterations are described using the relationship entities IfcRelSelection and 

IfcRelSequence. In Figure 6a, an example iteration is shown beginning with the first 

statement to be executed (“Statement 1”). Then, Statement 2 is repeatedly executed as 

long as condition A is met. If condition A is no longer met, condition B becomes true. 

The iteration is terminated and Statement 3 is executed. In Figure 6b, the correspond-

ing IFC-compliant description of iterations is shown. The three statements of the ex-

ample iteration are described with IfcProcedure entities. An IfcEvent entity is added 

after the first statement that is connected with an IfcRelSequence entity to the state-

ment representing an intermediate state (“State 1”). Subsequently, two possible paths 

are described through IfcRelSelection entities: Either condition A is fulfilled and 

Statement 2 is executed or condition B is fulfilled and Statement 3 is executed. In the 

first path, Statement 2 is related to IfcEvent ”State 1” with an IfcRelSequence entity 

closing the loop of the iteration. 
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Fig. 6. Semantic description of iterations. (a) Example control flow; (b) corresponding IFC-

compliant description. 

For verification purposes, test software of the official IFC certification program 

[33, 34] is used to check the syntactic and semantic correctness of the IFC extension 

proposed in this paper. For more details on the verification process, the interested 

reader is referred to [25]. In the following section, the BIM-based semantic descrip-

tion approach is validated focusing on documentation capabilities of the IFC schema 

extension. 

5 Validation of the BIM-based description of SHM-related 

algorithms 

To validate the BIM-based semantic description approach of SHM-related algorithms 

proposed in this study, the IFC schema extension is used to describe a wireless SHM 

system implemented with a fast Fourier transform (FFT) algorithm embedded into the 

wireless sensor nodes and installed on a laboratory structure. Since the validation test 

is performed on an existing SHM-equipped structure, the validation focuses on the 

documentation capabilities of the IFC schema extension, rather than on BIM-based 

design of SHM systems. First, the laboratory test structure and the wireless SHM 

system are presented, followed by a mathematical and semantic description of the 

embedded FFT algorithm. Next, the description of the laboratory test structure, of the 

wireless SHM system, and of the embedded FFT algorithm using the IFC schema 

extension is shown and validated, and the outcome of the IFC-compliant description 

is discussed. 

5.1 Laboratory test structure and wireless SHM system 

For the validation test, a wireless SHM system is installed on a laboratory test struc-

ture comprising a four-story shear frame, shown in Figure 7. Each story of the labora-
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tory test structure consists of an aluminum slab of dimensions 300 mm × 200 mm × 

15 mm (length × width × thickness) resting on four aluminum columns of cross sec-

tion dimensions 20 mm × 2 mm (width × thickness). The columns are oriented so that 

the thickness of each cross section is aligned with the length of the plates. Each story 

has a height of 300 mm. The plate-to-column connections are considered fully fixed, 

while the columns are assumed to be clamped at the base. 

 

 

Fig. 7. Wireless SHM system installed on a laboratory test structure for validation. 

The wireless SHM system installed on the laboratory test structure consists of four 

wireless sensor nodes, a base station, and a computer. As can be seen from Figure 7, 

one sensor node is placed at the center of each plate. The sensor nodes selected for the 

validation test in this study are of type Percēv [35]. Each wireless sensor node pos-

sesses an 8-bit Atmel XMega 128A3U microprocessor operating at a speed of 32 

MHz. In addition, a stream processing engine (SPE) with a 32-bit Atmel 

ATSAMG55J19 microprocessor is included that can be programmed to perform 

SHM-related tasks for data acquisition and for processing. In terms of memory, each 

SPE is equipped with 176 kB of RAM and with 512 kB of flash memory. Regarding 

wireless communication, wireless transceivers compliant with the IEEE 802.15.4 

standard are integrated into the sensor node platform utilizing the ZigBee protocol. 
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For structural health monitoring, the sensor nodes feature a 3-axial digital-output 

accelerometer and a thermistor. In addition, further sensor types can be connected to 

the sensor nodes, such as strain gauges or inclinometers. 

5.2 Semantic description of the FFT algorithm embedded into the wireless 

sensor nodes 

As shown in Table 1, for obtaining information on structural dynamic properties, 

several SHM-related algorithms are applicable in the frequency domain or in the 

modal domain. The first step for applying SHM-related algorithms in the frequency 

domain or in the modal domain involves decomposing the structural response data 

collected by sensors into sinusoidal harmonic functions, each at a different frequency, 

with a Fourier transform. The Fourier transform has been originally introduced as a 

tool in mathematics from representing a continuous function f(t) of time t as a com-

plex-valued function F of frequency ω, which is essentially an indefinite integral of 

function f, as shown in Equation 1. 

    




 dtetfωF tωiπ2
 (1) 

Since structural response data is sampled at discrete time intervals, for applying the 

Fourier transform to discretized data the discrete Fourier transform (DFT) has been 

introduced, which is shown in Equation 2. The integral is substituted by a sum of N 

complex values F, corresponding to N data points in the time series of the structural 

response data. 
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From Equation 2, it is evident that the computation of the DFT requires N 2 calcula-

tions, which renders the application of DFT computationally heavy for large time 

series. To overcome the heavy computational burden of the DFT, Cooley and Tukey 

[36] have introduced the fast Fourier transform, splitting the original DFT into smaller 

DFT computations of even-indexed terms and of odd-indexed terms and by combin-

ing the results to reconstruct the F complex series. The splitting into odd-indexed 

terms and even-indexed terms is performed in a recursive manner, thus reducing the 

computation load to N·logN calculations. In Figure 8, the FFT algorithm of Cooley 

and Tukey, for illustration purposes, is shown in its simplest form, the radix-2 deci-

mation-in-time (DIT) FFT (“ditfft”). The ditfft2 is expressed in form of an activity 

diagram, which is used, in the following subsection, as a basis for describing the algo-

rithm in conjunction with the wireless SHM system and the laboratory test structure to 

be monitored. 
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Fig. 8. Control flow of the FFT algorithm embedded into wireless sensor nodes. 

5.3 IFC-compliant description and validation 

For validation, the laboratory test structure, the wireless SHM system, and the FFT 

algorithm embedded into the wireless sensor nodes is semantically described using 

the IFC extension materializing the semantic description approach proposed in this 

study, resulting in an IFC model that contains the information to be described. The 

IFC model is created with the APSTEX IFC Toolbox, an open source software that 

allows reading, writing, creating, and modifying IFC models [33]. 

For data exchange between different software, IFC models are typically exchanged 

based on the standard for the exchange of product model data (STEP), formalized in 

ISO 10303-21:2016 [37]. In Listing 2, an extract of a STEP-based exchange file of 

the IFC model containing the information to be described is shown. First, general 

project-related information is described, followed by the description of the laboratory 
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test structure. According to the physical system, the story height of the laboratory test 

structure is described by the “Elevation” attribute exchanged as the last parameter of 

each IfcBuildingStorey entity. In addition, structural components, such as slabs and 

columns, making up the laboratory test structure are described. 

After describing the laboratory test structure, the wireless SHM system installed on 

the structure is described containing one sensor network characterized by a star topol-

ogy. The sensor network contains one base station and four sensor nodes, which com-

prise acceleration sensors (accelerometers) and temperature sensors (thermistors). 

Finally, the FFT algorithm embedded into the sensor nodes is described. Therefore, 

Listing 2 demonstrates an IFC-compliant description of the FFT algorithm (“ditfft2”) 

depicted in Figure 8. In Listing 2, the FFT algorithm is described with an IfcTask 

entity (#301). For describing the inputs and outputs of algorithms, IfcEvent entities 

are used, such as entity #302. In addition, the FFT algorithm contains several algo- 

 

 
Listing 2. IFC-compliant description of project-related information, of the laboratory test struc-

ture, of the wireless SHM system, and of the embedded FFT algorithm (extract). 

/* Description of project-related information */ 

#1= IFCPROJECT($,#2,'Metaization concept for SHM',$,$,$,$,(#3),#4); 

... 

/* Description of the laboratory test structure */ 

#101= IFCBUILDING($,#2,'Laboratory test structure',$,$,#120,$,$,.ELEMENT.,  

      $,$,#121); 

#102= IFCBUILDINGSTOREY($,#2,'1st floor',$,$,#122,$,$,.ELEMENT.,0.); 

#103= IFCBUILDINGSTOREY($,#2,'2nd floor',$,$,#123,$,$,.ELEMENT.,300.); 

#104= IFCBUILDINGSTOREY($,#2,'3rd floor',$,$,#124,$,$,.ELEMENT.,600.); 

#105= IFCBUILDINGSTOREY($,#2,'4th floor',$,$,#125,$,$,.ELEMENT.,900.); 

#106= IFCSLAB($,#2,'Slab 1',$,$,#126,#127,$,.FLOOR.); 

#107= IFCCOLUMN($,#2,'Column 1A',$,$,#128,#129,$,.COLUMN.); 

... 

/* Description of the wireless SHM system */ 

#201= IFCSHMSYSTEM($,#2,'Wireless SHM system',$,$); 

#202= IFCSENSORNETWORK($,#2,'Sensor network',$,$,.STAR.); 

#203= IFCSENSORNODE($,#2,'Base station',$,$,#220,#221,$); 

#204= IFCSENSORNODE($,#2,'Sensor node 1',$,$,#222,#223,$); 

#205= IFCSENSORNODE($,#2,'Sensor node 2',$,$,#224,#225,$); 

#206= IFCSENSORNODE($,#2,'Sensor node 3',$,$,#226,#227,$); 

#207= IFCSENSORNODE($,#2,'Sensor node 4',$,$,#228,#229,$); 

#208= IFCSENSOR($,#2,'Acceleration sensor 1',$,$,#230,#231,$,  

      .ACCELERATIONSENSOR.); 

#209= IFCSENSOR($,#2,'Temperature sensor 1',$,$,#232,#233,$,  

      .TEMPERATURESENSOR.); 

... 

/* Description of the embedded FFT algorithm */ 

#301= IFCTASK($,#2,'ditfft2','FFT algorithm (Cooley and Tukey)',$,$,$,$,$,  

      .T.,$,$,$); 

#302= IFCEVENT($,#2,'Input: f, N, r',$,$,$,$,.STARTEVENT.,$,$,$); 

#303= IFCPROCEDURE($,#2,'F_0 = f_0','DFT base case',$,$,$,$); 

#304= IFCPROCEDURE($,#2,'F_{0,...,N/2-1} = ditfft2(f,N/2,2r)', 

      'DFT of f_0, f_{2r}, f_{4r}, ...',$,$,$,$); 

#305= IFCPROCEDURE($,#2,'F_{N/2,...,N-1} = ditfft2(f+r,N/2,2r)', 

      'DFT of f_r, f_{r+2r}, f_{r+4r}, ...',$,$,$,$); 

#306= IFCRELASSIGNSTOPROCESS($,#2,'Relationship between sensor nodes and FFT  

      algorithm',$,(#204,#205,#206,#207),.PRODUCT.,#301,$); 

#307= IFCRELNESTS($,#2,'Relationship between FFT algorithm and algorithm  

      components',$,#301,(#302,#303,#304,305,...)); 

#308= IFCRELSELECTION($,#2,'Selection 1A',$,#302,#303,$,$,$,'N=1'); 

#309= IFCRELSELECTION($,#2,'Selection 1B',$,#302,#304,$,$,$,'N>1'); 

#310= IFCRELSEQUENCE($,#2,'Sequence 1',$,#304,#305,$,$,$); 

... 
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rithm components, such as statements described with IfcProcedure entities (#303, 

#304, and #305). The nesting relationship between the algorithm and the algorithm 

components is described with an IfcRelNests entity (#307). Elementary control struc-

tures, i.e. sequences, selections, and iterations, are mapped combining different rela-

tionship entities. Here, selection relationships are described with IfcRelSelection enti-

ties (#308 and #309) containing predefined conditions to be met for executing the 

corresponding statements. Furthermore, sequence relationships are described with 

IfcRelSequence entities (#310). 

For validation purposes, the STEP-based exchange file of the IFC model is finally 

checked with the aforementioned test software used in the official IFC certification 

program. Adapted to the IFC extension, the test software validates, if the exchange 

file is free of syntactic errors and if the IFC model meets the semantic requirements of 

a well-defined IFC model. The check of the IFC model with the test software show-

cases that the IFC model containing the laboratory test structure, the wireless SHM 

system, and the embedded FFT algorithm, is free of syntactic errors and meets all 

semantic requirements. Thus, it can be concluded that the IFC extension proposed in 

this study provides well-defined descriptions of SHM-related algorithms in compli-

ance with the IFC standard. As a result, using the IFC extension, SHM-related algo-

rithms can properly be described in conjunction with SHM systems and with struc-

tures to be monitored. 

6 Summary and conclusions 

Building information modeling (BIM) has been widely applied in the architecture, 

engineering and construction industry as a paradigm for documenting and exchanging 

information among project stakeholders as part of structural life-cycle management. 

This information covers all phases of structural life-cycle management: planning, 

construction, operation and maintenance, and demolition. In recent years, as part of 

the operation and maintenance phase, structural health monitoring (SHM) has 

emerged as a novel method for assessing structural conditions. SHM involves collect-

ing data from structures, such as structural response data and environmental data, via 

sensors and processing of the data for extracting information on the structural condi-

tion. Despite the widespread application of SHM, a formal description of SHM sys-

tems, enabling appropriate documentation and exchanging of monitoring-related in-

formation, is not possible yet with existing approaches. Current BIM-based approach-

es, in particular the Industry Foundation Classes (IFC) standard, focus only on the 

description of sensor-related information, while further aspects of monitoring-related 

information, such as data processing and analysis algorithms (SHM-related algo-

rithms), are not covered. 

This paper has presented a semantic description approach for SHM-related algo-

rithms, which is realized with an extension of the current IFC schema. The semantic 

description approach proposed in this study enables describing various components of 

SHM-related algorithms as well as the relationships among the algorithm compo-

nents. First, a semantic model for describing SHM-related algorithms has been creat-
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ed, followed by the development of a corresponding IFC-compliant mapping, by in-

troducing entities for describing SHM-related algorithm components. The semantic 

description approach has been validated with respect to the documentation capabili-

ties of the corresponding IFC schema extension through a wireless SHM system in-

stalled on a laboratory test structure with an algorithm for performing fast Fourier 

transform on acceleration response data embedded into the wireless sensor nodes. The 

validation test has proven the documentation capabilities of the semantic description 

approach, thus rendering the corresponding IFC schema extension a plausible tool for 

exchanging information on SHM-related algorithms using BIM. 
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