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DEFINITIONS  

Architecture, engineering, and construction (AEC). “The sector of the construction industry 

that provides the services on the architectural design, engineering design and construction services. 

It is a sector which is very active in the adoption of Information, Communication and Technology. 

This is also a sector which is very active in the international arena.” (IGI Global 2021).  

 

Building Information Modeling (BIM). “Shared digital representation of physical and functional 

characteristics of any built object which forms a reliable basis for decisions” (Braila et al. 2021). 

 

Industry Foundation Classes (IFC). Industry Foundation Classes (IFC) is registered as ISO 

16739. It is the most widely used and non-proprietary exchange format that represents building 

information (Volk et al. 2014). 

 

Information Extraction (IE). Information extraction aims to discover structured information in 

textual contents, and develop a predefined relational schema that has predetermined underlying 

semantics to detect the values of records in a single or a collection of textual documents (Fagin et 

al. 2016). 
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ABSTRACT 

A portion of this section was previously published by: 

 

“A New Framework to Address BIM Interoperability in the AEC Domain from Technical and 

Process Dimensions.” Advances in Civil Engineering, 2021. 

https://doi.org/10.1155/2021/8824613  

 

Recent years have witnessed the exponential growth of the Architecture, Engineering, and 

Construction (AEC) industry, especially in its capability to generate, collect and process data in 

the life cycle of a construction project. In the AEC domain, there are many tasks, including 

architectural design, structural analysis, and construction management, to name a few. Therefore, 

the identification of the knowledge gaps between AEC tasks or within one task is important to help 

develop solutions to support various AEC applications (e.g., construction monitoring). Advances 

in scientific data collection, the new generation of sensor systems, such as radio frequency tags 

and bar codes, have generated a flood of data to support information management in the 

construction domain. As the construction industry is adapting to new computer technologies in 

terms of hardware and software, heterogeneous data is becoming more and more available for 

access to bridge the gaps in the construction domain (e.g., Building Information Modelling (BIM) 

interoperability) and facilitate construction tasks (e.g., construction document information 

extraction). BIM is an integrated informational process and plays a key role in enabling efficient 

planning and control of a project in the AEC domain. Industry Foundation Classes (IFC) provides 

a useful data structure for BIM data communication and exchange. IFC-based BIM allows building 

information to be more interoperable among different BIM applications. BIM interoperability 

refers to the ability of two separate software programs or management systems to communicate 

and exchange information/data with each other. The advantage of BIM interoperability offers the 

seamless information/data transfer, and it could abstract necessary information/data, remove 

redundancy and duplicate information/data at the early design phase of the construction project. 

IFC-based BIM models are the models of buildings using the open IFC international standard 

which by itself is extensible. The BIM interoperability problem is both a technical problem and a 

management problem. From the technical dimension, it is focused on the software workflows 

which use different BIM applications. From the management dimension, it is reflected in the actual 

https://doi.org/10.1155/2021/8824613
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use of information/data between architectural design and structural analysis processes in the AEC 

domain. To address that, the author focused on exploring information missing and/or information 

inconsistency between different BIM applications as the gap-driven analysis, and discussed it from 

both technical and management dimensions. In addition, to support information management and 

facilitate different tasks and applications in the construction domain, the author explored the 

deeper information needs of construction applications from construction monitoring perspective, 

provided the solutions [e.g., ontological model, and information extraction (IE) method] to better 

manage construction site information to support construction monitoring applications.  
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CHAPTER 1 - INTRODUCTION 

A portion of this chapter was previously published by:  

 

“Semantic Rule-Based Construction Procedural Information Extraction to Guide Jobsite Sensing 

and Monitoring.” Journal of Computing in Civil Engineering, 35(6), 04021026. DOI: 

10.1061/(ASCE)CP.1943-5487.0000971 

 

“Comparison of BIM Interoperability Applications at Different Structural Analysis Stages.” In 

Construction Research Congress 2020: Computer Applications (pp. 537-545). Reston, VA: 

American Society of Civil Engineers. https://doi.org/10.1061/9780784482865.057  

1.1 Overview and Motivation  

A major part of construction project data is stored in textual documents and virtual models, 

including contracts (Al Qady and Kandil 2010), specifications (Akanbi and Zhang 2021), 3-

Dimensional models (Akanbi and Zhang 2022), 4-Dimensional models (Zhang and Laddipeerla 

2018), building information models (BIMs) (Wong Chong and Zhang 2021), among others. 

Different types of construction documents/models provide different information and play different 

roles in a construction project. Leveraging heterogeneous data in the construction domain can 

support various applications, such as engineering and management analysis, automation in 

construction, and education innovation (Ren et al. 2021b; Ren et al. 2020). BIM facilitates a 

procedural change to share information/data in all the phases of the life cycle of a building in the 

Architecture, Engineering, and Construction (AEC) domain. BIM interoperability possesses a 

great advantage in designing, analyzing, and managing construction projects. Based on the 

definition by European Interoperability Framework (EIF) “Interoperability means the ability of 

information and communication technology (ICT) systems and of the business processes they 

support to exchange data and to enable the sharing of information and knowledge” (Framework 

2004). Traditionally, information/data sharing in a construction project uses the method that 

directly exchanges proprietary file formats. For example, the file type could be from .doc to .pdf, 

or from .jpg to .pdf. But the appropriate information/data could not be transferred successfully in 

such a straightforward way which is just changing file formats from one type to another (Howell 

and Batcheler 2005). Among the techniques that are adopted in the construction domain, BIM 

provides a platform for representing different types of information to support various applications, 

https://doi.org/10.1061/9780784482865.057
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such as Industry Foundation Classes (IFC) model for information checking and information 

extraction (Wu and Zhang 2019; Zhang and El-Gohary 2015). Information extraction (IE) 

automatically extracts structured information from unstructured or semi-structured documents to 

support various construction applications (e.g., code compliance checking). In the AEC domain, 

researchers put much efforts on IE from building codes and legal documentations (Lee et al. 2020; 

Zhang and El-Gohary 2013), whereas they seldom focused on construction procedural documents 

(e.g., specifications) that could have been used as an important data source in the construction 

process and applications. In order to better represent and exchange BIM-based information/data in 

the AEC domain, in this dissertation, the author developed technical solutions (e.g., model 

information representation and model information checking) to support IFC-based BIM 

interoperability. The reason is that IFC is the most widely used and a non-proprietary exchange 

format to represent building information (Volk et al. 2014). Meanwhile, to reduce manual efforts 

in collecting information, the author proposed a semantic rule-based information extraction 

method to automatically extract construction execution steps from construction procedural 

documents to support various construction applications and tasks, to address the interoperability 

of textual data in addition to BIM data. 

1.2 State-of-the-Art and Knowledge Gaps of Information Management in BIM 

Interoperability and Construction Monitoring  

The 3-Dimensional modeling technology has been applied in the construction management 

domain for many years to improve the visualization and documentation of a construction project 

(Ma and Liu 2018; Dib et al. 2011). BIM is considered to play a key role in the AEC domain, 

which supports the visualization, documentation, and representation of the geometric, material and 

functional information in the life cycle phases of a building. Information represented by BIM can 

be processed and analyzed to support interoperable BIM usage between different applications (e.g., 

architectural design and structural analysis). Figure 1 shows the system with and without applying 

IFC-based BIMs in the AEC domain. However, there are still some research gaps when 

implementing BIM into different applications. For example, information missing is still a research 

problem that needs to be solved in the different structural analysis steps, which is a critical problem 

in an interoperable use of BIM. It can affect (1) the efficiency and accuracy of information transfer, 

processing, and analysis, and (2) the structural analysis results. 
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Figure 1. Interoperability system without (left) or with (right) IFC-based BIMs applications. 

 

In addition, accurate and timely information backed by domain knowledge is essential to 

successful decision-making during process control and management at construction jobsites. 

Construction process monitoring plays an essential role in construction management both for the 

onsite and offsite scenarios. Usually, designated personnel need to compare the planned procedure 

in the instructional documents with the execution procedure on the jobsite for the existing 

construction monitoring systems. However, assessing the construction progress at a construction 

jobsite manually is time-consuming, labor intensive, and error-prone. Therefore, it is important to 

reduce manual efforts in collecting information from construction procedural documents, selecting 

appropriate sensing techniques to collect data on the jobsite, and giving in-time feedback for 

progress monitoring and compliance checking, to support construction application and information 

management.  

1.3 Proposed Approach  

In this dissertation, a new set of methods, systems, frameworks, and applications, including 

information analyses of BIM interoperability from technical and process dimensions, invariant 

signature-based information representation methods, Business Process Modeling Notation 

(BPMN)-based architectural-structural exploration, technical routes-based BIM information 

interoperability analysis, Model View Definition (MVD)-based information checking algorithm, 
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stage-information-file (SIF) system to analyze three stages of structural analysis, construction 

procedural information extraction method, BIM-based construction application, and construction 

monitoring application are developed to support BIM interoperability and facilitate information 

management in construction monitoring applications.  

1.4 Problem Statement  

This dissertation aims to address the gaps in: (1) BIM interoperability from the technical 

dimension in the context of the process dimension, by exploring information acquisition in the 

context of developing the material signature to support model information conversion to improve 

interoperable BIM applications, delivering an architectural-structural analysis environment to test 

the developed invariant signature at the software level, developing a programing environment and 

a model information checking system to automatically extract, check, and report material 

information in an IFC model, developing a stage-information-file (SIF) system among three stages 

of a structural analysis procedure and testing the implications of the IFC models with real 3D 

structures to integrate different file types, information, and analysis stages, and developing an 

information checking, provision, and application process (ICPAP) framework to demonstrate an 

all-in-one-place information management framework; and (2) information management (i.e., 

ontological model, and information extraction method) to process construction procedural 

documents for supporting various AEC applications by proposing a semantic rule-based 

information extraction (IE) method to automatically extract construction execution steps from 

construction procedural documents, developing a construction procedure and data collection 

(CPDC) ontology to classify construction site information and provide the guidance on selecting 

sensing techniques for collecting jobsite data based on the extracted information, and proposing a 

construction procedural data integration (CPDI) framework, which could integrate textual data and 

sensed data to automatically conduct construction execution steps compliance checking.  
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1.5 Significance of the Research   

As shown in Figure 1, before IFC-based BIMs are applied to the AEC domain, different 

users such as architects and engineers, relied on one-to-one communication, i.e., it limits the 

communicate among stakeholders, in which only two stakeholders are involved in each line of 

communication (Ren et al. 2018). After IFC-based BIMs are applied to the AEC domain, different 

users could leverage the one-to-many communication, which accelerated information/data 

representation and transfer between different stakeholders in a construction project.  

In order to address this BIM interoperability issue, the author focused on analyzing 

information missing from the management dimension and information inconsistency from the 

technical dimension. Because in the real world, information missing will cause erroneous analysis 

results, such as in the data exchange between architectural design and structural analysis processes. 

And it may cause misunderstanding or inefficient communication between different stakeholders 

in a construction project. Information inconsistency often happened in the importation or 

exportation between different BIM authoring tools and analysis software. It will cause erroneous 

information transfer and misunderstanding between different stakeholders. Therefore, in order to 

support BIM interoperability applications, any information missing or altered information during 

the information transfer should be fixed for further use in the AEC domain. To address that, the 

author: (1) explored information acquisition in the context of developing the material signature to 

support model information conversion to improve interoperable BIM applications; (2) delivered 

an architectural-structural analysis environment to test the developed invariant signature at the 

software level; (3) developed a programing environment and a model information checking system 

to automatically extract, check, and report material information in an IFC model; (4) developed a 

SIF system among three stages of structural analysis procedure and tested the implications of the 

IFC models with real 3D structures to integrate different file types, information, and analysis stages. 

In addition, from the management dimension, the proposed technical routes with different 

combinations, and their applications to different project delivery methods provide new instruments 

for stakeholders in the industry to support their decision making. 

In addition, at the information level, the intelligent data processing methods (e.g., 

information extraction and data analytics) enable the various construction applications (e.g., 

construction monitoring) to transform from a human intensive process to an automated one. 

Existing construction monitoring systems rely on designated personnel to compare the planned 
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procedure in the instructional documents with the execution procedure on the jobsite. It requires 

major human efforts and is time-consuming, costly, and human error-prone. To reduce manual 

efforts in collecting information from construction procedural documents, selecting appropriate 

sensing techniques to collect data on the jobsite, and giving in-time feedback for progress 

monitoring and compliance checking, the author: (1) proposed a semantic rule-based information 

extraction (IE) method to automatically extract construction execution steps from construction 

procedural documents; (2) developed a construction procedure and data collection (CPDC) 

ontology to classify construction site information and provide the guidance on selecting sensing 

techniques for collecting jobsite data based on the extracted information; and (3) proposed a 

construction procedural data integration (CPDI) framework, which could integrate textual data and 

sensing data to automatically conduct construction execution steps compliance checking. 

1.6 Assumptions   

The proposed method is based on the following assumptions: 

1. The targeted models (i.e., architectural models and structural models) would be in 3D 

BIM format. 

2. The 3D BIM format models could be converted to an IFC format file which is the input 

file of the proposed method. 

3. The interoperable system could be working with IFC files directly. 

4. The proposed information management method (i.e., ontological model, and IE method) 

could be working with procedural documents of building constructions.  

1.7 Delimitations    

The scope of this research focuses on data interoperability and information management to 

better support construction management tasks and applications: (1) BIM interoperability, 

especially between architectural design and structural analysis processes in a construction project; 

and (2) information management, especially information extraction from construction procedural 

documents to support construction applications (i.e., construction monitoring and sensing 

technique selection). Therefore, the description of the interoperable systems and algorithms in the 

method will focus on IFC-based BIMs only. In addition, the information extraction algorithm in 
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the method will focus on construction procedural documents (i.e., specifications) only. Two 

special phases (architectural design and structural analysis) were selected because: (1) architectural 

design happens at an early stage of a construction project, and architects are the important 

stakeholders to plan, design and oversee the construction of buildings; and (2) structural analysis 

could simulate the performance of a building under different types of loads to make sure the 

structure of the building is safe. Structural engineers are in charge of creating structural models 

and making sure the architectural models could be achievable. The Construction Specifications 

Institute (CSI) specification was selected to help develop and test the IE algorithm, because CSI 

is a national association of more than 8,000 construction industry professionals. Based on the 

presentation of Bristol Brewing Company at Lvywild School (2014), “CSI is a national association 

of more than 13,000 volunteers, including specifiers, architects, engineers, contractors, facility 

managers, product representatives, manufacturers, owners and others who are experts in building 

construction and the materials used therein. CSI was founded in March 1948 by the specification 

writers of government agencies who came together to improve the quality of construction 

specifications. The institute’s efforts were essential in improving construction specification quality 

so that it could meet the demands of the post-war construction boom.” In addition, CSI (2017) 

demonstrated that “CSI produces Standards and Formats that help users write quality 

specifications. There are many different construction product listing resources on the market, most 

use CSI MasterFormat to organize product listings, which helps designers find solutions that apply 

to the technical solution they are trying to achieve.” Specifications include detailed descriptions of 

construction work processes dedicated to a specific construction project. Based on the definition 

in the Dictionary of Architecture and Construction, a specification is, “a written document 

describing in detail the scope of work, materials to be used, methods of installation, and quality of 

workmanship for a parcel of work to be placed under contract; usually utilized in conjunction with 

working (contract) drawings in building construction” (Harris 2006). Execution steps from the 

construction specification play an important role in communicating construction procedure of 

specific tasks of a project to the job site personnel.   

 



 

21 

1.8 Article-Based Dissertation Statement 

As an article-based dissertation, the author used three journal publications (Ren and Zhang 

2021a; Ren and Zhang 2021b; Ren et al. 2021a), and five conference publications (Ren et al. 2022; 

Ren and Zhang 2021; Ren and Zhang 2020; Ren and Zhang 2019; Ren et al. 2018) 

The author started the research on exploring knowledge gaps in BIM interoperability at the 

information analysis level (Ren and Zhang 2021a; Ren and Zhang 2020; Ren et al. 2018). Then 

the author developed technical solutions to facilitate data processing at the process level (Ren and 

Zhang 2021a; Ren and Zhang 2021b; Ren and Zhang 2019). Furthermore, the developed technical 

solutions are used and integrated to develop frameworks and/or systems to facilitate construction 

tasks and/or applications (Ren et al. 2022; Ren and Zhang 2021). 

The 2018, 2020, and 2022 Construction Research Congress provided permission for me to 

publish these articles titled: “BIM interoperability for structural analysis” “Comparison of BIM 

interoperability applications at different structural analysis stages” and “A BIM information 

processing framework to facilitate enriched BIM applications” in this dissertation. 

The 2019 and 2021 ASCE International Conference on Computing in Civil Engineering 

(i3ce) provided permission for me to publish these articles titled: “Model information checking to 

support interoperable BIM usage in structural analysis” and “An integrated framework to support 

construction monitoring automation using natural language processing and sensing technologies” 

in this dissertation. 

The Journal of Computing in Civil Engineering provided permission for me to publish this 

article titled: “Semantic rule-based construction procedural information extraction to guide jobsite 

sensing and monitoring” in this dissertation. 

The Advances in Civil Engineering provided permission for me to publish this article titled: 

“A new framework to address BIM interoperability in the AEC domain from technical and process 

dimensions” in this dissertation. 

1.9 Summary  

In summary, to bridge the technical and practical gaps in the heterogeneous data processing 

to support data interoperability and management in the AEC domain, the author leveraged different 

methodologies, tools, and techniques to explore the information needs, proposed and developed 
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the solutions to facilitate information processing from the information analysis, data processing, 

and service/application perspectives, including BIM interoperability, and construction monitoring 

applications. In the BIM interoperability research, the author worked on identifying a large 

knowledge gap in terms of improving data interoperability measures, developing roadmaps to 

assess BIM applications from technical and management dimensions. To bridge the gaps of 

leveraging various information and resources on the construction sites, the author developed a 

semantic rule-based construction procedural information extraction method for a unified and fully 

automated analysis environment to support construction monitoring, in which both the textual and 

sensing data are integrated and analyzed. Figure 2 demonstrates the research development 

procedure with related articles and proposed approaches in each chapter in the dissertation where 

the author organized the contents at three levels: information level, process level, and service and 

application level. At the information level in Chapter 3, the author analyzed information need, 

identified knowledge gaps, and developed solutions to better support data interoperability in the 

AEC domain. At the process level in Chapter 4, the author aimed to bridge the research gaps and 

developed solutions to facilitate BIM interoperability and construction procedural information 

analysis. At the service and application level in Chapter 5, the author leveraged and integrated the 

proposed technical solutions to help develop all-in-one frameworks and interfaces to support BIM-

based applications and construction monitoring applications. 
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Figure 2. Dissertation chapters workflow with corresponding publications and proposed 

approaches in a visual way.  
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CHAPTER 2 - LITERATURE REVIEW 

A portion of this chapter was previously published by: 

 

“A New Framework to Address BIM Interoperability in the AEC Domain from Technical and 

Process Dimensions.” Advances in Civil Engineering, 2021. 

https://doi.org/10.1155/2021/8824613  

 

“Semantic Rule-Based Construction Procedural Information Extraction to Guide Jobsite Sensing 

and Monitoring.” Journal of Computing in Civil Engineering, 35(6), 04021026. DOI: 

10.1061/(ASCE)CP.1943-5487.0000971. 

 

“Comparison of BIM Interoperability Applications at Different Structural Analysis Stages.” In 

Construction Research Congress 2020: Computer Applications (pp. 537-545). Reston, VA: 

American Society of Civil Engineers. https://doi.org/10.1061/9780784482865.057  

 

“Invariant Signatures of Architecture, Engineering, and Construction Objects to Support BIM 

Interoperability between Architectural Design and Structural Analysis.” Journal of Construction 

Engineering and Management, 147(1), 04020148. DOI: 10.1061/(ASCE)CO.1943- 

7862.0001943 

2.1 BIM Interoperability Analyses and Applications 

2.1.1 BIM and IFC Model View Definitions Application 

BIM has been theorized by Prof. Chuck Eastman 45 years ago (Daniotti et al. 2020). In the 

AEC domain, a widely accepted and mature technical platform, which is based on an open standard, 

can enable communication and collaboration among different stakeholders without requiring them 

to have specific skills or proprietary applications. BIM provides the platform to transform the 

communication of participants in the AEC area from one-to-one paradigm to many-to-one 

paradigm. While BIM interoperability of a system with itself and/or with other systems is a 

constantly challenging issue in the AEC domain, it needs to be investigated both in the technical 

dimension and the process dimension (Ren et al. 2018).  

IFC has been developed by an industry consortium since 1994. Since then, industry context, 

standardization organization, resource availability, and technology development of BIM 

application have exposed the standardization process to a dynamic environment centered around 

IFC (Laakso and Kiviniemi 2012). IFC model view definitions are specification documents that 

https://doi.org/10.1155/2021/8824613
https://doi.org/10.1061/9780784482865.057
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define exchange protocols between different BIM applications, by specifying a set of concepts and 

relationships needed for the exchange. Therefore, MVD can help BIM developers incorporate IFC 

compatibility into their software development (Akanbi et al. 2020). An MVD has two main parts: 

definitions and configurations. Definitions refer to the range of the possible concepts and 

relationships; whereas configurations refer to how the definitions should be used in a specific 

application context. For example, in the quantity take-off application context, the model of a 

concrete wall requires the following three possible relationships to be defined between 3D objects: 

disjoint, nested, or overlapping (Hietanen 2006). MVD is a useful construct for information 

checking of IFC data. Entity instances (e.g., “IfcMaterial”) could be checked, and validation report 

will be created that lists entity instances and their numbers of occurrences (Ren and Zhang 2019). 

MVD tools provide a platform to implement MVD definitions and concepts. However, attributes 

of entity instances usually could not be directly checked using the MVD tool (e.g., IfcDoc 

software). 

2.1.2 BIM Interoperability from Technical and Process Dimension Analyses  

From the technical dimension, BIM interoperability indicates the ability of a technology to 

exchange data with other systems without major modification (Shirowzhan et al. 2020). BIM 

enables visualization techniques, such as augmented reality, to be applied to the AEC domain, for 

goals such as defect management, facility management, and preview of a built environment before 

construction (Chi et al. 2013; Park et al. 2013; Bae et al. 2013; Wang et al. 2013). BIM can be 

applied to energy modelling and energy simulation as well, where it has been identified there is a 

gap in conversion between BIM applications and energy modelling tools in construction 

management (Li and Zhang 2021; Kamel and Memari 2019; Gourlis and Kovacic 2017). The 

integration of Geographical Information System (GIS) with other techniques (e.g., real-time 

location system) for BIM application can improve the interoperability of different data types, for 

example, IFC model can be imported into GIS to be further processed (Guo et al. 2021; Lee et al. 

2018; Isikdag et al 2008). In spite of the fast development of BIM, the AEC domain is still facing 

the problem of information missing between different BIM models, applications, and systems.  

From the process dimension, BIM supports project management in procurement, 

construction, pre-fabrication and facility management, among others (Wong Chong and Zhang 

2021; Wong Chong and Zhang 2019; Bryde et al 2013). Although BIM-based construction 
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networks improve the communication among geographically separated participants, how to 

maintain collaboration that come from multiple disciplines and organizations is still a problem to 

solve (Liu et al 2017; Oraee et al 2017; Volk et al 2014). With the development of a growing 

number of universities beginning to offer BIM related courses in their AEC related programs, BIM 

becomes a promising vehicle for the education sector to introduce new information technology 

(Abbas et al. 2016; Clevenger et al 2010). To catalyst the development and harnessing of benefits 

mentioned above, information inconsistency between different stakeholders needs to be addressed 

to meet the BIM interoperability goal.  

2.1.3 BIM for Architectural Design and Structural Analysis within the Context of Project 

Delivery Method 

The integration of data, processes, and functions in a construction project is a major 

challenge that makes a technical development restrained by its process context (Ciribini et al. 2016; 

Chi et al. 2015). In construction there are many different types of project delivery methods which 

set the tone of a process context such as Design-Bid-Build (DBB), Design-Build (DB), 

Construction Management at Risk (CMR), Construction Management Agency (CMA), 

Construction Management Multi-Prime (CMMP), and Integrated Project Delivery (IPD). At the 

high level these methods can be organized into two categories based on whether the design and 

construction contracts are combined or separated, which dictate if the interaction between 

architectural design and structural analysis can be direct: (1) in DB and IPD, the design and 

construction contracts are combined, which allow architectural design and structural analysis to 

have direct and frequent interactions; whereas (2) in DBB, CMR, CMA, and CMMP, the design 

and construction contracts are separated, which render the interactions between architectural 

design and structural analysis indirect and less frequent. In practice, the selection of the best project 

delivery method depends on many factors such as the type of the project (e.g., residential, 

commercial, industrial, healthcare), the experience and preference of the owner and other 

stakeholders on different types of design and construction contracts (e.g., combined or separate), 

the weights of construction cost, schedule, quality, and financial risk in their consideration, the 

available physical and intellectual resources, etc. (Larsen et al. 2016; Lines et al. 2015). In the 

existing project delivery practice, an architectural model could not be directly used as a structural 

model. Structural engineers need to abstract useful information from the architectural model (or 



 

27 

from the architects) to support the development of a structural model (Ülkeryıldız 2015). In 

addition, among all project delivery methods, the collaboration between architects and structural 

engineers is important, and their interactions are most likely to be frequent and iterative (Mujumdar 

and Maheswari 2018; Beazley et al 2017). 

2.1.4 Knowledge Gaps for Architectural Design and Structural Analysis of BIM 

Interoperability 

The AEC domain is meeting technical challenges in software interoperability and the 

amount of information or data types that need to be processed and communicated. Among the 

many phases and tasks in the AEC domain, architectural design and structural analysis are two 

important ones with the software and information interoperability between them being extensively 

researched. IFC is an open standard for information exchange between different BIM applications 

in the AEC domain. It represents project information in an interoperable way that contains 

geometric information, material information, and other physical and functional information needed 

of analyzing and managing a project. Structural analysis aims to simulate the structural 

performance of a building under different types of loads to make sure the structure is safe. 

Structural analysis relies on simplifications of a structure into simplified elements in a model, such 

as simplifying beams and columns as straight lines, and simplifying slabs as 2D shapes. The 

structural analysis model is a key element at the structural design stage of a construction project. 

It is used to simulate the performance of a structure under different types of external load scenarios 

to test the structural safety of the building. The steps of conducting structural analysis on the 

developed structural models integrate the intrinsic information (i.e., geometric information and 

material information), extrinsic information (i.e., supports information and external load 

information), and analysis information (i.e., structural analysis results). The needed information 

for structural analysis mainly includes geometric, material, and load information. Such information 

comes from architectural design and selected analysis scenarios. The information should be 

represented in an interoperable way to allow information transfer between different phases and 

different stakeholders. Table 1 shows a summary of example work on BIM interoperability 

between architectural and structural models. 
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Table 1. Example Work on BIM Interoperability between Architectural and Structural Models. 

Issue Literature 

Information missing and information 

inconsistency 

Sacks et al. (2010), Bank et al. 

(2010), Ramaji and Memari (2018), 

Ren et al. (2018) 

Information missing and information 

inconsistency; Software function 

limitations 

Hu et al. (2016), 

Aldegeily et al. (2018) 

 

Software function limitations 

 

Watson (2011), 

Yalcinkaya et al. (2014), 

Fleming (2016) 

 

Model visualization limitations 

 

Sanguinetti et al. (2012), 

Steel et al. (2012) 

Geometric/spatial complications Muller et al. (2017), 

 

 

Other 

 

Yang and Zhang (2006), Grilo and 

Jardim-Goncalves (2010), Nawari 

(2011), Solnosky et al. (2014), Shin 

(2017) 

 

As shown in Table 1, there are several types of challenges in BIM interoperability between 

architectural design and structural analysis in the AEC domain. For example, information missing 

and information inconsistency (Sacks et al. 2010; Bank et al. 2010); software function limitations 

in information conversion (such as geometric information) (Fleming 2016; Yalcinkaya et al. 2014; 

Watson 2011); model visualization limitations in BIM interoperability (Sanguinetti et al. 2012; 

Steel et al. 2012); and the geometric/spatial complications (e.g., overlapping of structural parts in 

a model) that affect an efficient BIM interoperability (Muller et al. 2017). 

The information-related challenges have been the focus of the research community. Various 

studies showed that between architectural design and structural analysis, there can be information 

missing and information inconsistency problems during the conversion of models between 

different software. For example, only geometric components of a model could be transmitted 

between Tekla structure (Trimble Company 2019) and Revit Architecture 2008, and cross-

sectional properties were missing and must be set separately if there are many elements in a model 

(Sacks et. al 2010). Some preliminary tests showed that in SAP2000 (Computers and Structures 

2019), the imported material information through an IFC file could not be loaded into a structural 

model to conduct structural analysis (Ren and Zhang 2019). Different types of boundary conditions 

in Revit (pinned, roller, and fixed) are treated as pinned when transferred to ETABS and SAFE 
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(Computers and Structures 2019; SAFE Software 2019; Aldegeily et al. 2018). BIM 

interoperability workflows/pathways between architectural design and structural analysis have 

been investigated by few researchers. For example, Ramaji and Memari (2018) summarized three 

workflows between BIMs and structural analysis models: (1) structural analysis models could be 

exported from BIM authoring tools directly; (2) BIMs could be imported into structural analysis 

tools to establish structural analysis model in reference to the architectural model; and (3) BIMs 

could be transferred to structural analysis models by a third-party application. Aldegeily et al. 

(2018) summarized three types of paths for data transfer between architectural and structural 

models: (1) “direct link using native file, which is the direct link between software programs from 

the same provider;” (2) “direct link using API, which is the data transfer with a BIM platform 

through its APIs;” and (3) “indirect link, which is the indirect transfer of information through third-

party software or methods/algorithms.” However, there is a lack of foundational methods that 

enable a seamless BIM interoperability between architectural design and structural analysis. 

2.2 Construction Site Information Processing for Monitoring Applications 

2.2.1 Textual Information Extraction 

A large portion of construction project data is stored in textual documents, including 

contracts, specifications, meeting minutes, change orders, field reports, and requests for 

information, among others (Al Qady and Kandil 2010; Caldas et al. 2002). Different types of 

construction documents provide different information and play different roles in a construction 

project. For example, manufacturer instructions provide technical information of an equipment, 

which can be used as a guidance for equipment operation to diminish human risks; contractor 

method statements describe a means of controlling specific health and safety risks that have been 

identified, which is widely used for risk control and assessment; designer specifications 

demonstrate a list of bullet points depicting a process for developers to implement; and customized 

standard operating procedures define how the employees are expected to operate to achieve the 

desired outcome for maintaining consistent quality or a standard experience of a project (Clough 

et al. 2015).  

Information Extraction work largely began with the DARPA Message Understanding 

Conference in 1978 (Grishman and Sundheim 1996), which aims to discover structured 
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information in textual contents, and develop a predefined relational schema that has predetermined 

underlying semantics to detect the values of records in a single or a collection of textual documents 

(Fagin et al. 2016). The state-of-the-art semantic IE studies include four major tasks based on the 

level of complexity: (1) named entity extraction; (2) attribute extraction; (3) relation extraction; 

and (4) event extraction (Zhang and El-Gohary 2016). IE acts as a key technology in various 

natural language processing (NLP) applications, such as machine translation, question-answering, 

text summarization, and opinion mining (Singh 2018). IE can be used for: (1) healthcare industry 

to automatically extract information from doctors’ prescriptions to support clinical decisions 

(Wang et al. 2018); (2) business analyses to help a set of analysis tools and support better decision 

makings by extracting various data from clients (Esser et al. 2014); and (3) the education domain 

to automatically extract information from students’ submissions to help with grading (Sukkarieh 

and Pulman 2005), among others. In the AEC domain, researchers put much efforts on IE from 

building codes and legal documentations, whereas they seldom focused on construction procedural 

documents (e.g., specifications) that could have been used as an important data source in the 

construction process. In addition, monitoring the construction execution process based on specified 

procedures in regulatory documents is important for ensuring construction quality, and it requires 

extensive domain knowledge (Zhong et al. 2020). 

There are two approaches to implement IE, which utilize rule-based and machine learning-

based methods, respectively (Moens 2006). A rule-based method requires manual efforts to 

analyze the text features, such as syntactic features (e.g., part-of-speech tag) and semantic features 

(e.g., concept from an ontology) (Xue et al. 2022; Xue and Zhang 2020), and compile extraction 

patterns consisted of these features (Zhang and El-Gohary 2012). Customized IE rules are then 

applied to the textual data based on the predefined patterns to identify and extract necessary 

information. A supervised machine learning-based method requires manual efforts to collect a 

large set of training data with annotations of expected extraction results (Xue and Zhang 2021). 

Machine learning algorithms are then applied to automatically learn patterns and models for 

extracting information. Although a machine learning-based method can save manual efforts in 

pattern definition and extraction rule development, it requires a large set of annotated training data 

that are not easily available or accessible and, in most cases, proprietary (Zhou and EI-Gohary 

2017). 
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2.2.2 Sensing Technique 

Traditional scheduling and progress monitoring techniques (such as bar charts and the 

critical path method) could not provide information that pertains to the spatial aspects of a 

construction project (Poku and Arditi 2006). Therefore, geographical information systems (GIS), 

which is a database system with specific capabilities for spatially referenced data, and Global 

Positioning System (GPS), which provides geolocation and time information to a receiver 

anywhere on the earth, can be used for supporting construction progress visualization in three 

dimensions (Poku and Arditi 2006). In addition, due to the desired properties such as safety, high 

accuracy, and easiness to deploy, numerous distance sensing systems, such as acoustical distance 

sensors, thermal range detectors, laser detection and ranging (LADAR), light detection and ranging 

(LIDAR), laser scanners, photogrammetry, and 3D range imaging cameras, have become the 

predominant methods to collect range information in the construction and transportation sectors 

(Baker et al. 2019; Ajayi et al. 2018; Teizer 2008). Meanwhile, wearable sensors, such as inertial 

measurement unit (IMU), electromyography (EMG), accelerometer and gyroscope sensors, are 

very sensitive to the movement of the device and have been used in recent years for construction 

activity recognition due to its versatility and portability (Bangaru et al. 2020; Yan et al. 2017; 

Akhavian and Behzadan 2016). Similarly, radio-frequency identification (RFID) and radio-

frequency (RF) tags provide an active and accurate way to track and locate materials and 

components in the construction field to better manage information on the jobsite (Ren et al. 2011; 

Ergen and Akinci 2007). Other techniques, for example, augmented reality (AR) and virtual reality 

(VR) have shown a great usage in the construction domain to solve a variety of management issues, 

such as in construction project scheduling, progress tracking, worker training and management, 

and visualization for construction applications (Ahmed 2019). In addition, computer vision-based 

progress detection using images and videos has made much advancement during the past decade. 

The state-of-the-art applications in computer vision focused on four main areas: (1) object 

detection, (2) image classification, (3) object segmentation, and (4) pose estimation (Wiley and 

Lucas 2018). However, limitations persist in computer vision due to limited availability of 

annotated datasets and objects that can be detected (Yu et al. 2020; Coluccia et al. 2019). Similarly, 

each sensing technique has different performance and requirements in terms of application, cost, 

precision, bandwidth, and measurement range (Ziegler et al. 2009). Therefore, different types of 

information on the jobsite require different techniques for collection. For example, distance 
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information can be obtained using photogrammetry, and object detection can be conducted with 

computer vision (Fang et al. 2020; Piñeres-Espitia et al. 2017). It is essential to leverage suitable 

sensing techniques for acquiring corresponding field data to support the monitoring and control of 

construction jobsites. 

2.2.3 Construction Monitoring  

Progress monitoring has been repeatedly recognized as one of the essential factors in the 

success of construction projects (Deng et al. 2020; Pazhoohesh and Zhang 2015). Progress 

monitoring mainly relies on manually collecting daily, weekly, and monthly reports that are written 

by field personnel (Roh and Peña-Mora 2011). Traditional methods to monitor construction 

operations rely on observations (e.g., interviews, supervision and surveys) to analyze productivity 

and performance on the jobsite (Sherafat et al. 2020; Kim et al. 2019). It is time consuming and 

human error prone. Automation plays a key role among factors that made the manufacturing 

industry more productive, and it became a popular topic in construction monitoring in recent years 

(Asadi and Han 2018). Most of the researchers focused on improving automated construction 

monitoring by introducing new tools and techniques into construction site at the visual/graphic 

information level, such as integrating BIM, Unmanned Aerial Vehicles (UAVs) and sensors to 

obtain real-time data to construct 3D and 4D models for monitoring (Ibrahim and Golparvar-Fard 

2019; Asadi and Han 2018; Anwar et al. 2018; Akanmu and Zhang 2016), and integrating 

interferometric synthetic aperture radar (InSAR) method (or SAR sensors) for mapping ground to 

capture fine spatiotemporal resolution images covering vast areas for monitoring (Serrano-Juan 

2017; Yang et al. 2017). There is a lack of research on automated construction monitoring based 

on textual information from construction procedural documents. Moreover, applicability in real-

time data acquisition of construction projects remains a challenge in the construction management 

domain (Omar and Nehdi 2016). 

2.2.4 Information Management  

Because of the dynamic nature of construction projects, the ability to exchange and integrate 

different types of information from different sources is important to facilitate their use in different 

construction processes (e.g., design and facility management) (Caldas and Soibelman 2003). The 
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main challenge in construction information management is the presence of a variety of data types, 

including structured data files, semi-structured data files, unstructured text data files, unstructured 

graphic files, and unstructured multimedia files, to name a few (Wang et al. 2022; Su 2007). 

Therefore, it is an imperative issue to support different information types for various applications 

on the construction jobsites (e.g., process control and manufacturing, detecting and preventing 

risks), which can be improved by adopting sensor networks and sensor information management 

methods to help collect and process data (Thuraisingham 2004). Many researchers put efforts into 

text visualization and processing for construction information management (Xue et al. 2022; 

Nojedehi et al. 2021; Sun et al. 2020); some focused on Building Information Modeling (BIM)-

based information management systems to support various applications, such as demolition and 

construction project and asset management (Xu et al. 2019; Chen and Lu 2019; Li et al. 2018); 

others worked on integrating blockchain technology into the information management systems to 

address several issues, such as quality control and provenance tracking (Sheng et al. 2020; Safa et 

al. 2019); and few researchers took aims at leveraging and/or integrating sensing techniques into 

the construction site and work process to facilitate information management (Ren and Zhang 

2021b). To bridge this gap, the author developed a construction ontology to integrate construction 

site information with their corresponding data collection methods to provide recommendations 

regarding sensing technique selections, to support construction information management. 
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CHAPTER 3 – HETEROGENEOUS DATA ANALYSIS AT THE 

INFORMATION LEVEL  

A portion of this chapter was previously published by: 

 

“A New Framework to Address BIM Interoperability in the AEC Domain from Technical and 

Process Dimensions.” Advances in Civil Engineering, 2021. 

https://doi.org/10.1155/2021/8824613      

 

“Comparison of BIM Interoperability Applications at Different Structural Analysis Stages.” In 

Construction Research Congress 2020: Computer Applications (pp. 537-545). Reston, VA: 

American Society of Civil Engineers. https://doi.org/10.1061/9780784482865.057  

 

“BIM Interoperability for Structural Analysis.” In Construction Research Congress 2018: 

Construction Information Technology. 

https://ascelibrary.org/doi/abs/10.1061/9780784481264.046  

3.1 Data Interoperability  

3.1.1 BIM Application Phases/Functions Selection  

At the information level, the BIM interoperability problem revolved around identifying 

information missing and information inconsistency between different data formats, platforms, and 

applications. This step defines two application phases/functions between which BIM 

interoperability will be studied. Example application phases/functions include architectural design, 

structural analysis, cost estimation, and energy simulation, among others. 

BIM information is exchanged between different applications at different phases of a 

project. There are different types of BIMs for different applications at the design stage of a 

construction project, including architectural models, structural models, mechanical, electrical and 

plumbing (MEP) models, energy analysis models, and cost estimation models, among others. In 

this dissertation, the author selected two application tasks at the design phase - architectural design 

and structural analysis, because: (1) both applications belong to the design phase and therefore it 

is expected to be easier for collaboration to happen comparing to two application tasks that belong 

to different phases such as architectural design in the design phase and facility management in the 

operation phase; (2) the collaboration between architectural design and structural analysis is 

usually the first collaboration that happens in a project team; and (3) an effective collaboration 

https://doi.org/10.1155/2021/8824613
https://doi.org/10.1061/9780784482865.057
https://ascelibrary.org/doi/abs/10.1061/9780784481264.046
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between architectural design and structural analysis lays the foundation for other further 

collaborations (e.g., collaboration between architectural design and cost analysis) to succeed. 

Architectural design plays an essential role in creating the representational model (i.e., BIM) for a 

construction project (Penabad 2018). Structural analyses explore the various stresses, strains and 

displacements of the building elements. Currently it is easier to create a structural analysis model 

from scratch rather than adapting from the corresponding architectural model. A seamless 

information exchange between architectural design and structural analysis models could improve 

coordination effectiveness between architects and structural engineers and bring benefits in time 

and cost savings to the project team. 

3.1.2 BIM-Based Information for Structural Analysis  

Based on analysis regarding information need and provision for architectural design and 

structural analysis in the context of software usage purpose, the author summarized the following 

types of information needed in structural analysis/structural model: geometric information, loads 

information, material information, connection type information, and boundary conditions. 

Example types of information provided in architectural design/architectural model are: elevation 

and grids information, geometric information (e.g., interior/exterior wall, columns, doors, 

windows, floors, roofs, and stairs), and material information (e.g., material name, color and texture 

information).   

Between information missing and information inconsistency, the author focuses on the 

information missing problem, because this problem originates from (and roots in) the information 

generation process, e.g., designer or the BIM authoring tool (information provider) did not include 

the information, rather than coming from proprietary software or processing algorithms. In 

contrast, information inconsistency is more of a software implementation problem. Therefore, the 

information inconsistency problem needs to be solved software by software whereas the 

information missing problem is possible to solve with automation and intelligent methods. 

According to Eastman et al. (2009), there are three information providers in BIM: designer, derived 

data, simulation or analysis. From model development perspective, material and geometric 

information are the essential parts of building elements based on above-mentioned analyses.  

From the software point of view to support BIM-based structural analysis, different 

software platforms have different information coverage and different usage in the AEC industry. 
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How to import an IFC file and export it for further analysis successfully is another important 

consideration for interoperability. Table 2 summarizes different BIM software and their 

information coverage related to structural analysis (Zeng et al. 2014). 

 

Table 2. Different BIM Software and Their Information Coverage (Zeng et al. 2014).  

Software 

 

Properties 

Tekla 

Structures 

18.1 

Etabs 9 ArchiCAD 

16 

SAP 

2000 

v15 

Revit 

Structure 

2013 

IFC 4 

(newest 

version) 

Geometric 

property 
Yes Yes Yes Yes Yes Yes 

Material 

property 
Yes No Yes No Yes Yes 

Structure 

analysis 

modeling 

No Yes No No No Yes 

Load No No No No No Yes 

Reinforcement 

information 
Yes No No No No Yes 

Support 

restraint 
No No No No No Yes 

 

From Table 2, we can see that different software cover different properties in their 

modeling. Therefore, when an IFC model is exported from one software and imported into another, 

certain information may miss or become untraceable. Redefining information manually is time-

consuming and human error-prone. But without a full interoperability such manual input cannot 

be avoided. In the structural analysis domain, for example, when a shell element is being analyzed, 

the following information are needed but may not be successfully transferred using IFC models: 

new classes of load setting, combined material definition, different forces and moments (Wan et 

al. 2004). This requires direct support for IFC files and their processing in structural analysis 

software applications. 

Even with direct IFC file support, missing information can still be a big problem in the 

importation/exportation of IFC files, especially those that are undetected (Kiviniemi 2008). To 

address this, developers have to manually check potential information loss before file exchange, 

or semi-automatically check it in order to avoid/reduce unknown information missing during the 
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file exchange. Human-induced errors also need to be considered in such checking. The sizes and 

complexities of IFC models affect the importation/exportation process as well. Large models 

developed in more powerful platforms may contain information that is not directly interpretable in 

smaller platforms. One way to address this problem is to follow strict information requirements 

and MVDs to ensure the consistency of models across different platforms. 

Experimental Analyses 

To empirically test the interoperability of BIM for structural analysis, in this dissertation, 

the author initially conducted simple experiments using several structural analysis software as 

described in detail below. 

ETABS is a software that conducts linear structural analysis involving both static loads and 

dynamic loads (Kalny 2013). AutoCAD drawings can be imported directly into the ETABS 

software. Analysis in the ETABS software is based on spatial finite element analysis  

(FEA) and focuses on spatial features of the structure such as different earthquake zones for slabs. 

Objects are simulated by targeted geometric representations. Structural models can be transferred 

from IFC-based BIM to PKPM or YJK software, and further transferred to the ETABS software 

(Liu and Zhang 2015). 

ABAQUS is a multi-function finite element software, especially suitable for non-linear 

analysis. It has a different type of database of material modeling comparing to other tools such as 

ETABS (with .e2k file) and SAP2000 (with .s2k file). For example, in ABAQUS, a structural 

model can be created directly by selecting material parameters in the graphical user interface 

(GUI). Then processes affecting the structure such as welding and post weld heat treatment of the 

structure can be automatically simulated and analyzed. It supports both modeling and structural 

analysis. Model upload from other software (e.g., Pro-Engineer, NX, and Solidworks) is also 

supported. IFC data exchange to ABAQUS software is possible by using PKPM or YJK as an 

intermediary platform (Liu and Zhang 2015). Input files for ABAQUS can be manually written to 

perform structural analysis. For example, ABAQUS reads material properties from input files 

using the following format: *MATERIAL, NAME=STEEL *ELASTIC 200. E9, 0.3, meaning that 

this steel element has a Young’s modulus of 200*109 and a Poisson ration of 0.3. 

SAP 2000 is designed by Computer and Structures Inc. in 2011. It is a civil engineering 

software used for designing and analyzing structural systems. It has built-in model templates, and 

advanced analysis options, especially for 3D complex space structures. SAP 2000 can also be used 
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as a solver of other software, such as Tekla Structure software. Wind, wave, bridge and seismic 

loads can be automatically generated by integrated design code features (Fu 2015). 

Autodesk Revit is part of the BIM software developed by Autodesk in 2014. It integrates 

many parts of different functions, such as architectural design, structural analysis, MEP 

engineering analysis, sustainability assessment and construction management support. Autodesk 

Revit Structure has many built-in architectural and structural templates. Models can be created 

from existing templates or by designing from scratch. In this dissertation, Autodesk Revit Structure 

software was used to create beam and column models for testing. Table 3 shows different types of 

files used in different software for the preliminary interoperability experiment, and their results of 

structural analysis. 
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Table 3. Different Types of Files in Different Software Representations.  

Entities 1 Ifc Beam 1 Ifc Column 18 Ifc Slab 2 Ifc wall 

Schema IFC2X3 

Original file in 

Autodesk 

Revit 2018 

    

IFC file 

exported 

    

Structural 

analysis result 

in ETABS 

    
Structural 

analysis result 

in SAP2000 

    
Structural 

analysis result 

in Autodesk 

Robot     
 

In this experiment, Revit files were imported into Autodesk Revit, and exported as IFC 

files. The IFC files were imported into different software, such as ETABS, SAP 2000, and 

Autodesk Robot to conduct structural analysis. Four types of objects were used, namely, beam, 

column, slab, and wall. Beam and column models were created in Autodesk Revit Structure 

software directly, whereas slabs and walls models were downloaded from online sources. Table 4 

shows the property representations of the models in different software for structural analysis, 

including material properties, section properties, degree of freedom, and load description.  

IFC file was used as the standard file to test the interoperability between architectural 

design and structural analysis. During this import/export process, a few problems occurred and 

caused unsuccessful import/export results. For example, when IFC files were created in the 

Autodesk Revit Structure and imported into Autodesk Robot for structural analysis, material 

property was missing and loads information could not be loaded. Autodesk Revit Structure is good 
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for processing large building models, but for simple models, such as a beam or column, boundary 

conditions such as a pin on certain point/node/element cannot be directly loaded. Secondly, when 

IFC files were imported, Autodesk Robot could not read material information from the IFC files. 

It caused information missing when IFC files were imported into Autodesk Robot. That was the 

reason why we had no structural analysis results for slab and wall (Table 3) when using Autodesk 

Robot. If Autodesk Robot can read IFC input files directly like ABAQUS as we explained above, 

the problem in loading forces information for the created models could be solved. 

 

Table 4. Properties Representations in Different Software. 

Softwar

e 

Entities Material Properties Section Properties Degree 

of 

Freedo

m 

Load 

ETABS 1Ifcbeam Steel ASTM A992 Frame W12*26 UX UY 

RX RY 

Trapezoi

dal 

1Ifccolu

mn 

Steel ASTM A992 Frame W10*49 UZ RZ Trapezoi

dal 

18Ifcslab

s 

nbl_DeckBeamAndB

lock150 

Slab 

nbl_DeckBeamAndBlock

150 

UZ RZ Uniform 

2kN/mm2 

2Ifcwalls nbl_concept Wall nbl_concept150.000 UY UZ 

RY RZ 

Uniform 

2kN/mm2 

SAP20

00 

1Ifcbeam Steel ASTM A992 Frame W12*26 UX UY 

RX RY 

Trapezoi

dal 

1Ifccolu

mn 

Steel ASTM A992 Frame W10*49 UZ RZ Trapezoi

dal 

18Ifcslab

s 

nbl_DeckBeamAndB

lock150 

Slab 

nbl_DeckBeamAndBlock

150 

UZ RZ Uniform 

2kN/mm2 

2Ifcwalls nbl_concept Wall nbl_concept150.000 UY UZ 

RY RZ 

Uniform 

2kN/mm2 

Autode

sk 

Robot 

1Ifcbeam Steel ASTM A992 Frame W12*26 UX UY 

RX RY 

Trapezoi

dal 

1Ifcolum

n 

Steel ASTM A992 Frame W10*49 UZ RZ Trapezoi

dal 

 

Table 5 compares different software from a user’s perspective through a small comparative 

experiment. ETABS and SAP 2000 turned out to be easier to learn and use, whereas Autodesk 

Robot is more complex but more powerful. 
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Table 5. Advantages and Disadvantages of Different Software.  

Software IFC Import Time Consumed Feasibility Comment 

ETABS Yes 10 minutes Properties need 

to be set 

manually, it may 

cause human 

error 

Autodesk Robot 

is more 

complicated to 

use than ETABS 

and SAP 2000, 

it is not an 

analysis solver, 

but it has good 

compatibility 

with design 

software to 

import model 

structure quickly 

SAP 2000 Yes 10 minutes Properties need 

to be set 

manually, it may 

cause human 

error 

Autodesk Robot Yes 20 minutes Material 

properties may 

be missing when 

importing IFC 

models 

3.1.3 IFC-Based Material Signatures for BIM Applications  

The author argues that the information provider of the material information should be the 

designer/architect during the architectural design phase, either directly or indirectly together with 

geometric information of building objects for further use (e.g., structural analysis). Geometric 

information has been well studied in literature, and material information representation and 

analysis is identified as a gap (Ramaji and Memari 2018; Sacks et al. 2010). To support material 

information representation and coverage in the context of BIM applications, the author analyzed 

selected AEC software in terms of their material property settings in IFC-based BIMs (Table 6), 

which is a necessary step in both architectural design and structural analysis. In some software, 

materials can be selected directly, such as Solidworks, which however is not specifically designed 

for civil structural analysis. In some software, only limited materials can be selected, for example, 

Graytec Advanced and SCIA software only include steel, concrete, and timber materials. Although 

some FEA software, such as ANSYS and ABAQUS, have been widely used for structural analysis, 

they have certain limitations when used for civil structural analysis. For example, they can only be 

used to analyze small structures. In addition, the graphical user interface and application 

programming interface of FEA software need improvement in terms of information representations 

in civil engineering to be better used for civil structural analysis purpose (Fu 2015; Deng and 

Chang 2006). 
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Table 6. Material Property Setting in Different Software.  

Software Software Type 

Choose 

Material 

Directly 

Define 

New 

Material 

Comments 

Tekla Structure 

Structural 

√   

Autodesk Revit 

Structure 
√  

Beside materials, it also 

contains graphics, 

appearance, physical, and 

thermal properties. 

ETABS √ √  

SAP 2002 √ √  

Graytec 

Advanced 
√  

Only cover steel, 

concrete, and timber 

materials. 

SCIA √  

If the material names in 

an IFC file are not in 

accordance with code 

names, it is necessary to 

define a material 

conversion table in the 

Import dialogue. 

CypeCAD √  

Only cover steel, 

concrete, composite steel 

and concrete, and timber. 

STAAD √ √  

PKPM √  

The menu provides the 

diagram and calculation 

results of model rich 

graphics, and a template 

and reinforced material 

list. 

MIDAS √ √ 

Cover concrete, steel, 

wood and other types of 

material that a user 

defined. 

ArchiCAD Architectural √ √  

ANASYS 
FEA 

√ √  

ABAQUS √ √  

Solidworks 
Engineering 

Design 
√ √ 

Concrete material 

parameters could not be 

defined. 

 

To successfully represent material information in the BIMs, the author analyzed the needed 

material information in different analysis scenarios and summarized the needed material properties 
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in each scenario into the author’s developed invariant material signature: mass, cross-sectional 

area, volume, mass density, stress, strain, shear stress, shear strain, shear modulus, Young’s 

modulus, thermal expansion coefficient, and Poisson’s ratio (Aldegeily et al. 2018). Based on the 

proposed material signature concept, the author developed invariant material signatures for three 

main types of materials – steel, concrete, and wood. Figure 3 illustrates the detailed properties of 

these invariant material signatures. 

 

Figure 3. Material signature for different material types.  

3.1.4 BIM Usage in Three Different Structural Analysis Stages  

Although the existing work analyzed the BIM applications for structural analysis from 

different perspectives, they did not focus on detailed analysis stages of a structural analysis 

process. To address this gap, the author analyzed the use of BIM in three different structural 

analysis stages (intrinsic, extrinsic, and analysis stages) through investigating both the exported 

text files and the corresponding exported IFC files from structural analysis BIM tools to find 

potential missing information. In this section, the same structure was created in two structural 

analysis BIM software – Software A and Software B, which were used to export model information 

into text files and IFC files, respectively. The information coverage in all the three stages for both 
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types of files were analyzed in a four-step research methodology. Step 1: Define Structural 

Analysis Stages - This step defines three structural analysis stages in which BIM information 

coverage will be studied. Step 2: Analyze Exported Text Files of Different Analysis Stages – This 

step analyzes three different structural analysis stages in their exported text files from a structural 

analysis BIM software, which construes a horizontal discussion of information coverage (i.e., 

compares and analyzes information coverage in the same type of file at three different stages). Step 

3: Analyze Exported IFC Files of Different Analysis Stages – This step analyzes three different 

structural analysis stages in their exported IFC files from a different structural analysis BIM 

software comparing to Step 2, which is also a horizontal discussion similar to Step 2. Step 4: 

Compare Exported Text Files and IFC Files in Information Coverage – This step comparatively 

analyzes information coverage between text files and corresponding IFC files which are converted 

from proprietary BIMs, which construes a vertical discussion of information coverage (i.e., 

compares and analyzes information coverage between different types of files). 

Step 1: Define Structural Analysis Stages  

Structural analysis integrates a set of mechanics theories that follow the physical laws to 

predict the behavior of a structure under different types of analysis scenarios (Kuang-HuaChang 

2015). A typical structural analysis process runs as follows: (1) create geometric information and 

assign material information to each element; (2) set supports information and define load 

information; and (3) run structural analysis and report the result. In this dissertation, the author 

proposed the division of the structural analysis process into three stages: intrinsic stage, extrinsic 

stage, and analysis stage (Figure 4). At the three different structural analysis stages, geometric and 

material information, supports and load information, and structural analysis results are represented, 

respectively. 

 

 

Figure 4. Three structural analysis stages. 
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Step 2: Analyze Exported Text Files of Different Analysis Stages 

In this dissertation, a simple structure was used, which contained four beams and four 

columns (Figure 5) to analyze the information in the different text files at the three stages: (1) a 

text file of BIM model with geometric and material information only, (2) a text file of BIM model 

with supports and load information added, and (3) a text file of BIM model with structural analysis 

results further added (Figure 6). However, the structural analysis results could not be exported 

from Software A [Figure 6(c)], which shows the information missing problem when exporting text 

files from Software A at the analysis stage. Only the geometric, material [highlighted in the Figure 

6(a)], supports [highlighted in the Figure 6(b)] and load information [highlighted in the Figure 6 

(b) (c)] could be exported to text files from Software A. 

 

 

Figure 5. A simple beam-column structure in Software A.  

 

 

 

 
(a) Intrinsic Stage                  (b) Extrinsic Stage               (c) Analysis Stage 

 

Figure 6. Text files exports of Software A at three stages.  
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Step 3: Analyze Exported IFC Files of Different Analysis Stages 

IFC-based BIMs enable the information integration and representation of the different 

application models to support BIM interoperability. In this step, the same BIM model was created 

in Software B which had been created in Software A in Step 2, to analyze information coverage in 

the three structural analysis stages. Figure 7 shows the partial IFC file exported from Software B 

at the extrinsic stage. In the IFC file, the geometric and material information can be mainly defined 

by “IfcCartesianPoint” and “IfcMaterial” entity instances, respectively (Figure 7). Load 

information can be represented by “IfcRelAssignsToGroup” entity instance to assign load 

information to different elements in the structure (Figure 7). After comparing the IFC files at the 

three stages, only the geometric, material, supports and load information could be exported to IFC 

files from Software B. Structural analysis results could not be exported to IFC file based on the 

IFC data analysis. There is an information missing problem when exporting the IFC file from 

Software B at the analysis stage. 

 

 

Figure 7. An example partial IFC file exported from Software B.  

 

Step 4: Compare Exported Text Files and IFC Files in Information Coverage 

The author compared information transfer by exported text files and IFC files from different 

BIM analysis software of the same BIM model from the horizontal comparison perspective in Step 

2 and Step 3, respectively. In the current step, the author compared the information coverage 

between text files and corresponding IFC files from the vertical comparison perspective and found 

that: (1) the text file was more concise than the corresponding IFC file of the same model. For 

instance, in the text file, material property definitions were represented straightforwardly in the 

highlighted content in Figure 6(a), e.g., E and POISSION represented Young’s Modulus and 
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Poisson Ratio of material properties, respectively. In the IFC file, material properties were 

represented by “IfcPropertySingleValue” entity instance. The property name and numerical 

information were defined by the “Name” and “NominalValue” attributes of an 

“IfcPropertySingleValue” entity instance, e.g., 

IFCPROPERTYSINGLEVALUE('PoissonRatio',$,IFCRATIOMEASURE(2.0000000E-001),$). 

The “Name” attribute was defined by the string “'PoissonRatio'”. The “NominalValue” attribute 

was represented by “IFCRATIOMEASURE(2.0000000E-001)” (Figure 7). (2) The function of 

importing and exporting text files was not available in all BIM analysis software. The text files 

exported from different BIM analysis software were also different. Different BIM analysis 

software can only read specific text files generated by themselves. It is a software-dependent and 

text-file-function-dependent method to transfer data. (3) The IFC file contains more reference 

information than the corresponding text file. For example, the IFC file has its own format structure 

to define Unit information in the model (Figure 8). The unit is consisted of two parts - the 

representation of unit format is A*B, e.g., the unit of mass density will be represented by (kilogram 

^ 1) * (millimeter ̂  -3). In contrast, the text file export did not contain unit information of material, 

only numerical information was found. 

 

 

Figure 8. IFC format structure of defining unit information in the model.  

 

Information coverage analysis results are shown in Table 7. Only structural analysis results 

could not be exported to the test file from Software A and IFC file from Software B. Geometric, 

material, supports, and load information could be exported both to the text and IFC files. Intrinsic 

stage was the first step to conduct structural analysis. At the intrinsic stage, geometric and material 

information were added to the model as the input. All the information elements (i.e., geometric 
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and material information elements) could be exported from Software A & B. Extrinsic stage was 

the second step to conduct structural analysis. At the extrinsic stage, supports and load information 

were added on top of the model at the intrinsic stage. All the information elements (i.e., geometric, 

material, supports, and load information elements) could be exported from Software A & B. 

Analysis stage was the third step to conduct structural analysis, at the analysis stage, structural 

analysis was conducted in the BIM analysis software based on the model at the extrinsic stage. 

Structural analysis results would be represented by Von Mises stress, axial force, and torsion 

structural analysis results. However, the structural analysis results could not be exported from BIM 

analysis software neither to the text file nor to the IFC file. 

 

Table 7. Information Coverage Analysis. 

Information 

Coverage 

Geometric 

and Material 

Information 

Geometric, 

Material, 

Supports and 

Load 

Information 

Geometric, Material, 

Supports, Load 

Information and 

Structural Analysis  

Results 

Stages Intrinsic Stage Extrinsic Stage Analysis Stage 

Text File √ √ Missing Structural 

Analysis  

Results 

IFC File √ √ Missing Structural 

Analysis  

Results 

 

To explain the information coverage among the three structural analysis stages, the author 

proposed a new stage, information, and file (SIF) system model (Figure 9). The system model 

includes three different implementation levels: stage level, information level, and file level. The 

stage level provides structural analysis stages, which are intrinsic, extrinsic, and analysis stages. 

Each stage contains different types of structural analysis information, i.e., intrinsic stage contains 

intrinsic property information of a structure, extrinsic stage contains extrinsic information to be 

added during the structural analysis, and analysis stage further adds analysis results. Information 

level indicates the required information in the BIMs for structural analysis, they are geometric and 

material information, supports and load information, and structural analysis results information. 

Different types of information are required in different structural analysis stages, e.g., geometric 
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and material information is required in all three analysis stages, supports and load information is 

required at the extrinsic and analysis stages. All types of information except structural analysis 

results information need to be manually input or transferred from other models when structural 

analysis is performed. The file level contains text, IFC, and other types of files of the BIM 

information between which information coverage analysis can be studied. The stage level defines 

required information for the information level, and the information level instantiates the definitions 

of different stages. Information level analysis is based on the different types of files at the file 

level, and the different files at the file level carry the required information at the information level. 

The three levels are interconnected in the system.   

 The stages analysis system is consisted of three levels, which contains the main paths of 

information transfer during a structural analysis process. The solid arrows represent solid 

connections between two levels, the dashed arrows represent questionable connections. For 

example, the dashed arrows between information level and file level show that structural analysis 

results currently cannot be exported neither to the text file nor to the IFC file from BIM analysis 

software. Each stages analysis path will be consisted of three blocks from the three different levels 

that are connected through two arrows. The analysis of information coverage among other types 

of files is out of the scope of this dissertation. 

 

 

Figure 9. Stage-information-file (SIF) system.  
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3.2 Data Analyses and Management   

3.2.1 BPMN Generation to Support BIM Interoperability  

The author analyzed the information transfer and communication between architectural 

design and structural analysis applications and summarized a BPMN that describes steps for 

creating an architectural model and a structural model, with information exchange between the 

two models (Figure 10). Solid line arrows represent step sequences for model creation processes. 

Dashed lines show information transfer between different steps or models. Information from 

earlier steps in each model will be saved and delivered to its following steps. The shaded area (i.e., 

create architectural columns - create doors - create windows - create floors - create ceilings - create 

stairs) in the process of creating an architectural model represents composite sub-processes, where 

detailed components of an architectural model are developed. A structural model will be created 

based on the information from an architectural model, such as geometric information and material 

information. For example, walls and roofs from an architectural model provide geometric 

information that can be used as references in the creation of the corresponding structural model. 

The first step in the process of creating a structural model is a composite sub-process, which 

includes simplifying geometric information and maintaining material information from an 

architectural model. For example, a beam or column is represented by simplifying its geometry 

into a straight line in the structural model without losing beam or column material features. The 

other information not readily transferred from the architectural model is then added. The nodes 

connection information is shown by points in the structural model while specifying the connection 

types. Geometric information and material information will be saved and delivered to later steps. 

Material parameters may need to be inputted manually to conduct structural analysis. An 

“envelope” symbol represents the overall message flow between an architectural model and a 

structural model. The BPMN represents the information transfer between different models and 

demonstrates that the intrinsic information of an architectural model can be the extrinsic 

information of a corresponding structural model (e.g., material information), which reflects 

potential BIM interoperability problem at the information level. The two model-development 

processes are usually conducted in different software by different personnel. An efficient 

information exchange between the architectural software and structural software and between the 

architect and structural engineer is therefore important.   
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Figure 10. A BPMN representation of geometric and material information transfer.  

 

3.2.2 Technical Routes Analysis for BIM Interoperability Management  

Based on analysis of recent literatures regarding BIM interoperability between 

architectural model and analysis model from technical and process perspectives (Table 8), it was 

found that most of existing research only focused on developing roadmaps from technical 

perspective, for example, developing software tools, system architectures, and information transfer 

mechanisms to support interoperable BIM applications (Ramaji and Memari 2018; Ren et al. 2018; 



 

52 

Sanguinetti et al. 2012; Yang and Zhang 2006). Other researchers solely focused on collaboration 

and integration framework of AEC projects to improve BIM interoperability (Solnosky et al. 2014; 

Grilo and Jardim-Goncalves 2010; Bank et al. 2010). There is a lack of systematic investigations 

in solving the information transfer problems from the technical dimension in the context of the 

process dimension to support BIM interoperability. To address the BIM interoperability issue that 

is initiated from the technical dimension in the context of the process dimension, the author 

identified and proposed the following six technical route segments of interoperability between 

architectural design and structural analysis (Figure 11). A route for BIM interoperability would be 

a combination of one or more route segments to form a closed loop for information transfer. For 

example, 1-4-3 is one such technical route where information can be directly transferred from a 

proprietary architectural BIM to a proprietary structural analysis model, then structural analysis 

model can be exported to IFC and read back to the proprietary architectural BIM platform. To 

illustrate that, an architectural model can be developed and saved in an architectural design 

software (e.g., Autodesk Revit), in which the information could be directly read by a compatible 

structural analysis software (e.g., Autodesk Robot), then the structural analysis model that is 

developed based on the information from the architectural model can be saved and exported as an 

IFC model, which can be read back to the architectural software. In this process, for instance, the 

dimensional information of a beam element in the architectural model can be transferred as values 

of x, y, and z coordinates to the corresponding developed structural analysis model, then the 

dimensional information in the structural analysis model can be exported as an entity instance 

“IfcCartesianPoint” in an IFC file, which can be imported and read back as dimensional 

information to an architectural design software (e.g., Autodesk Revit).  
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Table 8. Sample Work on BIM Interoperability between Architectural Model and Analysis 

Model from Technical and Process Dimensions.  

Literature Main Contribution 
Technical 

Dimension 

Management 

Dimension 

Ren et al. 

2018 

Tested BIM interoperability in structural 

application among different AEC software and 

found information missing and information 

inconsistency issues among BIM models 

Yes No 

Ramaji 

and 

Memari 

2018 

An interpreted information exchange mechanism 

of IFC-based BIMs for information transformation 

from BIM design models to BIM application 

models 

Yes No 

Aldegeily 

et al. 

2018 

Analyzed the interoperability between 

architectural design and structural analysis. 
Yes No 

Hu et al. 

2016 

A method that combined IFC-based BIM 

conversion algorithms to convert architectural 

models to structural models while overcoming 

inconsistencies in data structures to improve BIM 

interoperability 

Yes Yes 

Solnosky 

et al. 

2014 

Recommendations for BIM interoperability from 

the modular construction perspective. 
No Yes 

Steel et 

al. 2012 

Presented issues in visualization for IFC-based 

BIM interoperability. 
Yes No 

Sanguine

tti et al. 

2012 

Integrated modeling and application interfaces to 

architectural design and specific analysis. 
Yes No 

Grilo and 

Jardim-

Goncalve

s 2010 

Addressed the interaction type and geographic 

range needs for BIM interoperability at the 

management level. 

No Yes 

Bank et 

al. 2010 

A Decision-Making tool and sustainability metrics 

to improve data sharing among various building 

models. 

No Yes 

Sacks et 

al. 2010 

A CAD workflow for precast façade design to help 

BIM data exchange and use in project 

collaboration. 

Yes 

 

Yes 

 

Yang and 

Zhang 

2006 

A new semantic approach to improve 

interoperability between BIMs and semantic 

model data. 

Yes No 
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Figure 11. Six technical route segments of interoperability between architectural design and 

structural analysis.  

 

In project delivery methods CMR and IPD, because the built-in collaboration enables 

architects and structural engineers to work together with other stakeholders as one team. The 

communication and negotiation between them and with the owners at an early stage of a project 

makes it possible to identify/select architectural and structural software to use, so that Route 1-6 

become possible. For example, because the architects and structural engineers could work together 

to select the compatible software both for architectural design and structural analysis (e.g., 

Autodesk Revit/Robot). In this process, a developed architectural model could be saved as a DWG 

(AutoCAD Drawing) format model and imported directly into the analysis software for structural 

analysis. In project delivery methods DBB and CMMP, because the owner or owner’s 

representative establishes contracts with the different stakeholders separately, it is more difficult 

to specify compatible architectural or structural software to use for the architects and structural 

engineers, therefore the Route 2-5 is more feasible. For example, an architectural model created 

by an architect could be saved and exported to IFC format. Structural engineer could import the 

IFC file into structural analysis tool to get the information (e.g., geometric information and 

material information) to conduct further analysis. In this process, the exported IFC file can be a 

bridge between architectural model/architectural design and structural model/structural analysis to 

support information transfer for interoperable BIM applications. For project delivery method DB 

and CMA, although the owner does not hold all contracts individually and directly, the Route 2-5 
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is still feasible. Therefore 2-5 could be a potential solution for all project delivery methods if the 

quality of information transfer in this route can be guaranteed. 

From the process dimension, in different project delivery methods, the architects and 

structural engineers may choose software that may or may not be directly interoperable. Different 

interoperability scenarios will affect the possible technical routes to be used. For example, Route 

1-6 (i.e., proprietary architectural model -> proprietary structural analysis model -> proprietary 

architectural model) become possible if the negotiations between architects and structural 

engineers and with the owners at an early stage of a project identify selected architectural and 

structural software to use. In the Route 1-6, compatible software platforms provide proprietary 

channels to enable information and model transfer, but the limitations regarding material 

information missing and inconsistency still need to be addressed (Table 6). Otherwise, the Route 

2-5-4-3 (i.e., proprietary architectural model -> IFC -> proprietary structural analysis model -> 

IFC -> proprietary architectural model) is more feasible. In the Route 2-5-4-3, IFC model works 

as an intermediate data representation to support information and model transfer, which provides 

a new way to bridge architectural design and structural analysis tasks at the design phase.  

The proposed material information representation method (i.e., the invariant material 

signatures) can be implemented for both Route 1-6 and Route 2-5-4-3. The author further 

leveraged technical BIM interoperability Route 2-5-4-3 to develop an IFC-based implementation, 

as providing solutions to direct information transfer between proprietary software (i.e., Route 1-6) 

has to be conducted by the corresponding software companies. Similarly, the information 

inconsistency problem also has to be addressed by corresponding software companies even if an 

IFC-based workflow is used, by refining their exportation/importation to/from IFC or other 

formats to make sure it is error-free.  
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CHAPTER 4 – HETEROGENEOUS DATA REFINING AT THE PROCESS 

LEVEL  

A portion of this chapter was previously published by: 

 

“A New Framework to Address BIM Interoperability in the AEC Domain from Technical and 

Process Dimensions.” Advances in Civil Engineering, 2021. 

https://doi.org/10.1155/2021/8824613      

 

“Model Information Checking to Support Interoperable BIM Usage in Structural Analysis.” In 

Computing in Civil Engineering 2019: Visualization, Information Modeling, and Simulation (pp. 

361-368). Reston, VA: American Society of Civil Engineers. : 

https://doi.org/10.1061/9780784482421.046 

 

“Semantic Rule-Based Construction Procedural Information Extraction to Guide Jobsite Sensing 

and Monitoring.” Journal of Computing in Civil Engineering, 35(6), 04021026. DOI: 

10.1061/(ASCE)CP.1943-5487.0000971. 

 

“Enhancing Interoperable BIM Applications with Invariant Signatures of AEC Objects - A Case 

Study on Structural Analysis of a High-Rise Building Model.” (In Preparation) 

 

4.1 Information Representation and Checking for BIM Application  

4.1.1 An Invariant Signature-Based Information Representation Method  

Invariant signatures of an AEC object are “a set of intrinsic properties of the object that 

distinguish it from others and that do not change with data schema, software implementation, 

modeling decisions, and/or language/cultural contexts” (Wu et al. 2021). This section focuses on 

information missing and information inconsistency analysis (i.e., gap analysis) during the 

information transfer between different phases/functions based on data analysis, and identifies 

information representation needs for IFC-based BIM interoperability. An IFC file not only 

contains geometric information of building elements, such as beams, columns, slabs, and walls, 

but also contains attributes for each object describing their physical and functional properties such 

as material properties and occupancy types. Figure 12 shows an example of a partial IFC file. In 

Figure 12, each line is representing an IFC entity, and each argument in the parenthesis represents 

an attribute of this entity. For example, line #80 is one entity in the IFC file that represents material 

https://doi.org/10.1155/2021/8824613
https://doi.org/10.1061/9780784482421.046
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properties. In this entity, “#80” is its data line number, and “IfcExtendedMaterialProperties” is the 

name of the entity. “STD-Concrete” is one attribute value that is representing the name of an 

associated material. Material information such as material name can be extracted from such entities 

in the IFC physical file through analysis of a building element. For example, an “IfcBeam” can be 

linked to its related material entity (i.e., “IfcMaterial” in IFC file), which can be further related to 

other entities using “IfcRelAssociatesMaterial” object (Liebich 2013). Detailed material properties 

in the IFC files are defined by the entity “IfcPropertySingleValue.” There are four attributes of 

“IfcPropertySingleValue”: “Name,” “Description,” “NominalValue,” and “Unit.” 

 

 

Figure 12. Sample IFC entities representation.  

 

Figure 13 shows a material property representation implementation diagram of a 12-storey 

building model in IFC, which was tested in the case study (Figure 19). It shows that in this IFC 

file, any information related to material properties is rooted in an “IfcExtendedMaterialProperties” 

entity. There are four directly related entities which are “IfcMaterial,” “IfcPropertySingleValue,” 

“IfcText” and “IfcLabel” to represent material property details. There are four different types of 

material properties representations (attributes) in the entity of “IfcPropertySingleValue,” they are 

“IfcIdentifier,” “IfcText,” “IfcValue,” and “IfcUnit,” which represent material name, material 

description, nominal value of material property, and unit of value, respectively. Through the 

proposed invariant material signatures, IFC representation could represent material information in 

both the architectural model and the structural model in a consistent way. 
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Figure 13. Common material property representation based on IFC schema.  

 

The author analyzed IFC model regarding material information representation 

implementation in two versions: IFC2X3 and IFC4, and developed corresponding MVDs in IfcDoc 

software (Liebich 2013). Attributes of the same entity (e.g., “IfcMaterialProperties”) could be 

different between the two versions, e.g., in the IFC2X3 version, only the attribute “Name” is 

included in the “IfcMaterialProperties,” whereas in the IFC4 version, it has 

“HasExternalReferences,” “Name,” “Description,” “Properties,” and “Material,” five attributes in 

total. There is no relationship between attributes of the “IfcPropertySingleValue” entity and the 

“IfcMaterialProperties” entity in the IFC2X3 version, whereas in the IFC4 version, attribute 

“Properties” is the connection between the “IfcPropertySingleValue” entity and the 

“IfcMaterialProperties” entity (Figure 14 and Figure 15). However, information from these 

different versions of IFC could all converge in our invariant material signatures. 

Furthermore, because IFC2X3 version has its limitations for model representation, some 

of the entities could not be used in the IFC2X3 version (Figure 16). As Figure 16 shows, some 

entities such as “IfcExtendedMaterialProperties” could not be defined in the IFC2X3 or IFC4 

versions. Some entities such as “IfcMaterialProfile” and “IfcMaterialDefinition” could not be 

defined in the IFC2X3 version but could be defined in the IFC4 version. Its structure and 

relationships were also different from the IFC4 version. For example, there were three attributes 
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“Name,” “HasRepresentation,” and “ClassifiedAs” for the entity “IfcMaterial” in the IFC2X3 

version. But there were nine attributes “AssociatedTo,” “HasExternalReferences,” 

“HasProperties,” “Name,” “Description,” “Category,” “HasRepresentation,” “IsRelatedWith,” 

and “RelatesTo” for the entity “IfcMaterial” in the IFC4 version. Based on the structure of IFC4, 

it could represent more information because it incorporated more abundant entity attributes than 

IFC2X3. 

 

 

Figure 14. Structure of the IFC2X3 version of MVD.  
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Figure 15. Structure of the IFC4 version of MVD.  

 

 

 

Figure 16. Examples of comparisons of information representation between IFC2X3 and IFC4 

MVD versions.  
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IFC Implementation Version Discussion. In this dissertation, the author adopted the 

IFC2X3 instead of the IFC4 format model to implement the proposed invariant signature-based 

information processing method (i.e., information representation and information checking). 

Although IFC4 is a more recent version of the buildingSMART model data and it is a more 

advanced version of IFC2X3, IFC2X3 is still dominating in the industry, widely used and accepted 

in various applications in the AEC domain (buildingSMART 2021; Ren and Zhang 2021a). 

Previously, IFC2X3 is only based on the Coordination View 2.0 MVD, which aims to use IFC as 

a reference model to support exchange for the coordination of BIMs during the design phase 

(BuildingSMART 2021). In contrast, the IFC4 version of MVD supports mvdXML, which is a 

machine-readable format and makes the checking tool suitable for multiple MVDs. In addition, 

IFC4 overcomes some limitations of IFC2X3 in terms of MVD improvements (i.e., IFC entity 

representation, and attribute coverage). In this dissertation, the author chose material information 

as an example type of information in the IFC model to demonstrate the differences between 

IFC2X3 and IFC4 versions of MVDs. In terms of model representation, only one attribute “name” 

is contained in the “IfcMaterialProperties” entity in the IFC2X3 version of MVD. In contrast, there 

are five attributes “Name”, “Description”, “Material”, “Properties”, and 

“HasExternalReferencesProperties” in the IFC4 version of MVD. In addition, in the IFC4 version, 

“IfcPropertySingleValue” and “IfcMaterialProperties” entities can be related with the “Property” 

attribute. But there is no relationship between these two entities in the IFC2X3 version. With 

respect to information coverage, some entities, such as “IfcMaterialProfileSet”, 

“IfcMaterialConstituent”, “IfcMaterialDefinition”, and “IfcMaterialRelationship”, could be 

defined in the IFC4 version, but not in the IFC2X3 version. 

4.1.2 An MVD and Invariant Signature-Based Information Checking Method  

Proposed Information Checking Method 

The proposed BIM information checking method includes three main steps (Figure 17): 

Step (1) - Convert BIMs to IFC format. In this step, different types of BIM data are converted into 

IFC format. The IFC file will be used as the source of data. Step (2) - Apply information checking 

algorithm. In this step, the IFC data are checked by our developed information checking algorithm, 

corresponding to the application context of the IFC data. For example, structural analysis context 

requires material information and cross-sectional information of the structural components, among 
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others. Architectural model requires material information, color and texture information, among 

others. Material information is required in many different application contexts. Different types of 

materials will have different parameter requirements. For example, wood material requires 

viscoelasticity information whereas steel material requires thermal expansion coefficient. Such 

required information will be used in the information checking algorithm developed in this method. 

In parallel to information checking using our algorithm, the IFC data will also be checked manually 

and using an MVD, respectively. Step (3) – Validate information checking results. In this step, the 

model information checking results from Step (2) will be validated in two ways: firstly, cross-

compare the results between our information checking algorithm, the manual approach, and the 

MVD-based checking; secondly, conduct structural analysis on the IFC model and validate the 

information checking results through analyzing the structural analysis results.  

Information checking is an important preprocessing step to prepare BIM data for use in 

analytical BIM applications. This proposed model information checking method supports such 

preprocessing of BIM. In addition, it indirectly supports the extraction of information from IFC 

(by verifying if the information exists in the first place) and therefore the mapping and 

transformation of IFC data into other types of data used in different application scenarios.  

 

 

Figure 17. Proposed model information checking method.  
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Proposed Information Checking Algorithm Development 

The author proposed a framework of material information checking based on augmenting 

the above MVD models with customized algorithms, based on the proposed invariant material 

signatures. Among the three main types of materials discussed in this dissertation, the only 

difference in their MVD validation results would be in the number of entities, because the detailed 

material information is contained in the “Name” and “NominalValue” attributes of the 

“IfcPropertySingleValue” entity. E.g., for steel material, seven required entities are checked that 

contained seven parameters: MassDensity, PoissonRatio, ShearModulus, 

ThermalExpansionCoefficient, UltimateStress, YieldStress, and YoungsModulus. For concrete 

material, six required entities are checked for six corresponding parameters: MassDensity, 

PoissonRatio, ShearModulus, ThermalExpansionCoefficient, CompressiveStrength, and 

YoungsModulus. Therefore the author picked one (i.e., concrete material) as an example. As part 

of the material information checking framework, the author developed an IFC-based material 

information checking algorithm, with a special focus on checking 

“IfcExtendedMaterialProperties,” “IfcMaterialSelect” entities and detailed parameters of steel, 

concrete, and wood materials in the AEC domain. Figure 18 shows the flow diagram of this 

customized material information checking algorithm for augmenting MVD-based checking. The 

algorithm runs three main steps as follows: (1) Check augmented IFC entity instances (i.e., 

“IfcExtendedMaterialProperties,” and “IfcMaterialSelect”) based on MVD constraints; (2) Extract 

material types based on “IfcMaterial” entity instance; and (3) Check specific material parameters 

from “IfcPropertySingleValue” entity instances based on different material types. This algorithm 

will terminate after all the material parameters are checked. The results regarding what specific 

entity information and material parameter information exists or does not exist, will be printed out 

in a report. Through the developed material information checking algorithm, the missing material 

information could be identified and used to inform the IFC model developer and user.
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Figure 18. Material information checking algorithm augmenting MVD. 
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4.1.3 Experimental Test for the Proposed Information Representation and Checking 

Method  

The author chose a 12-story concrete model (Figure 19) as the case study model to test the 

material information representation and checking method. There were three types of material 

information entities in the IFC model, “IfcMaterial,” “IfcExtendedMaterialProperties,” and 

“IfcPropertySingleValue.” The results (Figure 20) showed how the six detailed material 

parameters of the concrete material in our invariant material signatures were represented, where 

the highlighted content showed such material parameter representation details. 

 

 

Figure 19. The 12-story concrete building used in case study.  

 

 

Figure 20. Material information representation implementations in IFC file.  

 

Depending on the software in use, manual information transfer may cover all required 

information, but it is time consuming and error-prone. Model size is another factor that will affect 

the information transfer results and a larger model size could significantly increase the manual 
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information transfer time. To evaluate the proposed method in facilitating information transfer 

between architectural design and structural analysis, the author compared the proposed method 

with manual information transfer from the time efficiency perspective. A manually developed gold 

standard was used as the ground truth in the evaluation, which included the material information 

input for structure analysis from an architectural model. The proposed invariant material signatures 

were implemented in IFC2X3 representations based on IFC model that was exported from BIM 

application software, to transfer material information and their parameters to the corresponding 

material signature. In this case, the model was exported as IFC2X3 version to follow industry 

practice. Although IFC4 is a more advanced version comparing to IFC2X3 as discussed in Step 5, 

IFC 2X3 still dominates practical use in the industry, due to its massive market penetration and 

applications that follow it. The Coordination View 2.0 of IFC2X3 is split into two MVDs in IFC4: 

(1) the Reference View, which is mainly for viewing and coordination purposes, and referencing 

domain models to each other; and (2) the Design Transfer View, which is for exchanging IFC 

models to be used for further design and evaluation tasks. In practice, the Design Transfer View 

for IFC4 is not fully available, and Coordination View 2.0 for IFC2x3 cannot be fully replaced by 

the Reference View of IFC4 per se (Liebich 2013). To address that, the author proposed the 

material signature in which IFC2X3 and IFC4 versions of BIMs could be converged. Table 9 

shows the IFC-based invariant material signatures as the destination representations of the 

conversion process. The first and last columns in the Table 9 represent “Name” and 

“NominalValue” attributes for each parameter in IFC data, which are related to material 

definitions. It was not necessary to define every attribute in the entity based on the IFC schema 

when the model was created. But the “Name” and “NominalValue” attributes must be defined in 

the IFC file of a model (i.e., an instantiated physical file). 
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Table 9. IFC-Based Invariant Material Signatures Representation Implementations.  

Parameters Name Unit 

Information 

Material 

Type 

IFC Representations of “NominalValue” 

Mass Density kg/m3 Steel, 

Concrete, 

Wood 

IfcMassDensityMeasure 

 

Young’s Modulus N/m2 Steel, 

Concrete, 

Wood 

IfcModulusOfElasticityMeasure 

 

Shear Modulus N/m2 Steel, 

Concrete, 

Wood 

IfcShearModulusMeasure 

 

Poisson’s Ratio  

 

Steel, 

Concrete, 

Wood 

IfcPositiveRatioMeasure or 

IfcRatioMeasure 

 

Thermal Expansion 

Coefficient 
C-1 Steel, 

Concrete 

IfcThermalExpansionCoefficientMeasure 

 

Ultimate Stress, 

Yield Stress, 

Compressive 

Strength 

N/m2 Steel, 

Concrete 

IfcPressureMeasure 

 

 

The author compared the time consumption of the proposed method with that of a manual 

information transfer. In the manual information transfer the interface of Solibri Model Viewer and 

Autodesk Revit 2018 were used. The author imported the test case model in the software and 

clicked through each element to add their material information in the property panel. The manual 

information transfer took 11 minutes to finish. The time could be further increased significantly 

with model size and complexity, because the engineers need to click through each element to 

identify and assign the detailed material parameters to them, then document the material 

information for further analysis. In comparison, the proposed method enables automated and 

efficient conversion and transfer of the material information between architectural models and 

structural models, based on invariant material signature representations using IFC. In the IFC 

format, the model could use “Name” attribute of “IfcMaterial” entity instance to represent/store 

material types (e.g., steel, concrete, and wood), and use “Name” and “NominalValue” of 

“IfcPropertySingleValue” entity instance to represent/store material parameters (e.g., mass density 
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and Young’s modulus). Using the proposed method, all the material information (i.e., material 

type and its parameters) could be successfully represented, processed, and analyzed (e.g., structural 

analysis). Table 10 shows the performance comparison of these two methods.     

 

Table 10. Performance Comparison of the Proposed Method with Manual Transfer.  

Method Time Consumption 

Manual 

Transfer 
11 mins 

Proposed 

Method 
2 mins 

 

Figure 21 shows the IFC model validation/checking results using the MVD augmenting 

algorithm. The author implemented the algorithm using IfcOpenShell library, which is an open-

source library for accessing and processing IFC data. The results showed that the six detailed 

material parameters of the concrete material were successfully checked by the MVD augmenting 

algorithm. The highlighted content showed that “IfcMaterialSelect” entity was not found, whereas 

“IfcExtendedMaterialProperty” and six material parameters were successfully found and extracted 

in the IFC model. The total time consumption of running augmented algorithm was 48 seconds in 

a computer with core i5 dual core processer and 8 GB RAM, which could be further reduced with 

a more powerful machine. In contrast, manual information checking process took 4.2 minutes even 

after leveraging the search function in the text editor. Table 11 shows the performance comparison 

of these two methods. 
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Figure 21. Report of material information checking results by customized algorithm. 

 

Table 11. Performance Comparison of the Proposed Information Checking Method with Manual 

Checking Method.  

Method Time Consumption 

Manual 

Checking 
4.2 mins 

Proposed 

Method 
0.8 mins 

 

4.2 Information Processing for Construction Monitoring Application   

4.2.1 Semantic Rule-Based Construction Procedural Information Extraction Method 

Problem Definition  

To bridge the gap of integrative automated construction monitoring based on textual 

information from construction procedural documents, the author proposed a semantic rule-based 

information extraction method to automatically extract construction execution steps from 
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construction procedural documents, which could be used later in a unified construction procedural 

data integration (CPDI) framework to integrate planned procedure from construction procedural 

documents and executed procedure from sensing data that is collected from the construction 

jobsite. In order to check the sequence of construction execution steps on the construction jobsite, 

the extracted information from procedural documents is used to guide the selection of sensing 

techniques to collect corresponding data on the jobsite, then the extracted information from 

procedural documents and detection results from sensing data can be matched to fulfill the progress 

monitoring and checking purposes. The proposed IE method is supported by a newly developed 

construction procedure and data collection (CPDC) ontology, which provides a novel way for 

construction site information classification and a new instrument to leverage different sensing 

techniques based on procedural document IE results. The proposed IE method was quantitatively 

evaluated on construction specification documents to extract execution steps. In addition, sensing 

technique selection based on the extracted information was qualitatively evaluated. 

The proposed semantic rule-based IE method for construction procedural documents 

includes seven main steps (Figure 22). Step 1: Information Representation - This step defines the 

content and format of extracted information in the construction procedural documents. Step 2 - 

Data Preprocessing - This step preprocesses the input procedural documents with tokenization, 

sentence splitting, morphological analysis techniques, customized symbol removal, and sequence-

based text segmentation methods, which prepare the raw textual data for further processing in 

locating the required information that will be extracted from the documents. Step 3: Feature 

Engineering - This step generates syntactic and semantic features that represent textual data to help 

locate semantic information element instances that need to be extracted. Step 4: Semantic 

Information Elements Identification – This step analyzes the textual data manually to identify the 

semantic information element instances that will be extracted and their extraction sequence. Step 

5: Information Extraction Rules Development – This step develops a set of IE rules to 

automatically extract and process construction execution steps from procedural documents. Step 

6: Information Extraction Rule Application – This step extracts the target information from 

procedural documents using the developed IE rules in Step 5. Step 7: Evaluation – This step 

evaluates the extracted information with a manually developed gold standard. The evaluation is 

iteratively conducted to improve the performance until a satisfactory performance or predefined 

threshold is achieved.   



 

71 

A semantic rule-based information extraction algorithm for extracting construction  

execution steps from procedural documents will be developed following these seven steps (Figure 

22) for use in a further proposed CPDI framework. The technical details of each step are shown as 

follows. 

 

 

Figure 22. Proposed information extraction method from construction procedural documents.  

Step 1: Information Representation 

In this method, the execution steps that will be extracted mainly focus on activity (i.e., 

action, and object), and support information (e.g., time, location, and designated personnel), in 

which the activity is the focus, the time and location are the essential support information, whereas 

the rest of the contents, such as qualitative descriptions, are the secondary support information. 

The representation focuses on activity and support information that can be directly used to guide 

selection of sensing techniques to collect site data for monitoring. The high-level representation 

follows: “action + object(s)” or “action + object(s) + support information”, in which: (1) the 

“action + object(s)” is the necessary information, (2) essential support information (i.e., time and 

location) provide the main supplementary conditions of the necessary information to check the 

execution operation, and (3) secondary support information (e.g., personnel, and regulation) is 

extracted and stored for potential future use. For example, in the sentence “Mix materials 
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thoroughly in a barrel for 3 minutes using a low-speed mixer”, “mix materials” is one such activity 

where “mix” is the “action” and “materials” is the object, “3 minutes” and “in a barrel” are the 

time and location information (i.e., essential support information) for the “mix materials” activity, 

respectively. Meanwhile, “using a low speed mixer” is the secondary support information to 

describe/define the “mix materials” activity. In addition, the rest of the contents except for activity 

and essential support information, such as regulations, and personnel information (e.g., architect) 

in the construction procedural documents, are extracted as secondary support information, in 

which some of them will not be directly used for compliance checking with sensing data (e.g., 

execution step information) but can be reserved for potential future use (e.g., quality inspection). 

The support information can be a word (e.g., an adjective and an adverb), a phrase, or a clause that 

explains the details of an activity. For example, from the sentence: “Prepare surfaces using the 

methods recommended by the manufacturer for achieving the best result for the substrate under 

the project conditions,” “using the methods recommended by the manufacturer for achieving the 

best result for the substrate under the project conditions” is extracted as support information of the 

“prepare surfaces” activity.  

Step 2: Data Preprocessing 

In this step, three NLP techniques (i.e., tokenization, sentence splitting, and morphological 

analysis), and two customized preprocessing methods (i.e., symbol removal and sequence-based 

text segmentation) are adopted to prepare input textual data from Step 1. They help tokenize the 

input document, split sentences, get root format of a token, remove unnecessary symbols, and 

segment sentences, respectively. English tokenization is the process to split the English raw text 

into tokens, such as a word, a number, a punctuation, and a space (Manning and Schutze 1999). 

This process mainly identifies the unit element of the raw data to parse the text with its boundary. 

Sentence splitting aims to split the sentences of the text by typical sentence boundaries, such as 

periods, and question marks. It is similar to tokenization but performs at a sentence level. This 

process can split a large segment of raw text into sentences to get it ready for further processing. 

Morphological analysis refers to recognizing the different forms of a word (e.g., plural form of a 

noun, past tense of a verb) and mapping them to the lexical form of the word (e.g., singular form 

of a noun, infinitive form of a verb) in a dictionary (Fautsch and Savoy 2009). For example, 

“installs”, “installed”, and “installing” are all mapped to “install” when using morphological 
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analysis. In this step, morphological analysis is used to identify concepts (i.e., action) and relations 

(i.e., objects associated with an action) based on a construction ontology. For example, “installs”, 

and “installed” will both be extracted because “install” is an action concept in the ontology. 

Morphological analysis simplifies the matching process when implementing compliance checking 

between sensing data and extracted textual data. Customized symbol removal method is applied 

before applying the main language processing pipeline. The construction procedural documents 

are preprocessed by removing non-contributing symbols at certain locations of the contents (e.g., 

asterisks, blank spaces). Text segmentation is the process of dividing a long text into meaningful 

units (e.g., words, sentences, or topics), which reflects the subtopic structure of the text. Therefore, 

the author developed a customized sequence-based text segmentation method in the preprocess 

pipeline. For example, the text “Clean surfaces thoroughly prior to installation.” is segmented into 

“‘Clean surfaces thoroughly’, ‘prior to installation.’” based on time sequence terms (i.e., prior to) 

to segment sentence into two sub-activities.  

Step 3: Feature Engineering 

This step uses a construction ontology to define semantic features, which benefits IE 

processes beyond using syntactic features only, because the ontology encodes domain specific 

knowledge. The combination of using syntactic features and semantic features reduces the number 

of needed patterns during IE rule development. In this step, both syntactic features [e.g., Part-of-

Speech (POS) tags, dependency parsing) and semantic features (i.e., concepts from ontology and 

gazetteer lists) are generated. Accordingly, these features are used to further define the target 

patterns for extraction. 

POS Tagging. POS tagging assigns a tag to each word in a sentence based on its syntactic 

category (e.g., noun, and verb) (Moens 2006). For example, the tags of “NN” and “JJ” are for 

singular noun and adjective word in a sentence, respectively. In this step, POS tagging is used to 

help generate syntactic features. The author aims to extract operation action, associated object(s), 

and their support information from construction procedural documents. POS tagging provides 

important syntactic features to extract such information using NLP. For instance, a verb may be 

describing an action, such as “install,” “prepare,” and a noun may be describing an object, such as 

“concrete,” “door,” etc. All the other processing techniques in this method are built upon and 
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leverage POS tagging, such as noun chunks, dependency parsing, which will be discussed in detail 

as follows. 

Dependency Parsing. Dependency parsing is the task of automatically analyzing the 

dependency structure of a sentence in a document. Some dependency parsing methods are based 

on formal grammar that define permissible dependency structures, others are based on inductive 

machine learning from a large set of sentences with syntactic annotations (Kübler et al. 2009). In 

this method, dependency parsing and regular expression are used to identify prepositional phrases 

(e.g., if and where clauses) by extracting the sub-clauses led by prepositions. The prepositional 

phrases are extracted based on the POS tags that were generated in the previous step. After 

assigning POS tag to each word in a sentence, a dependency parser can be adopted to analyze how 

words are connected, resulting in “head” and “child” relationship between words. They are 

extracted and classified as support information for an activity in the same sentence. For instance, 

the sentence “Install window in window well with proper tools,” “in window well” and “with 

proper tools” are two prepositional phrases (with prepositions “in” and “with” as heads, “window 

well” and “proper tools” as children, respectively) that describe the details (i.e., location and 

method) of the activity “Install window”, and those would be extracted by using the preposition 

head words based on POS tags and categorized as support information.  

Name Entity Recognition. Name entity recognition is a technology to classify mentions 

of entities in unstructured textual data into pre-defined categories (Fan et al. 2020). Name entity 

recognition serves as an important tool for information extraction and retrieval. An entity is likely 

to have multiple expressions and it is not only necessary but also important to recognize and 

categorize those different expressions as one entity in IE. Those entities are often consisted of 

words with random syntactic tags, such as numbers, noun, verb, and it is better to identify them as 

a whole by performing named entity recognition. For example, New York, the city of New York, 

and N.Y., are different expressions of the same location entity. In this method, time and date, laws 

and regulations in the procedural documents are recognized and extracted as support information 

using named entity recognition, which are pre-defined categories in a document to be recognized.  

Noun Chunks. Noun chunks select a noun plus the words describing the noun. Noun 

chunks are phrases that have a noun as their head and the words describing it as children nodes in 

the dependency tree. The head word serves as a semantic head node of the dependency tree and is 

not necessarily in front of the words describing the head word. For example, it can be used to select 
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specific noun phrases (e.g., fire-rated-door) for describing objects in the documents. By using noun 

chunking technique in addition to POS tagging, the author can avoid counting the same object 

multiple times, and can extract meaningful objects. For instance, “door opening” should be one 

object instead of two objects “door” and “opening”, in addition, “fire rated door” should be 

extracted as a whole instead of separately as “fire” and “door”. 

Construction-Specific Gazetteer. A gazetteer provides a list of words that share the same 

category (e.g., a list of tools). In this step, a number of words that represent a similar meaning are 

collected as a gazetteer list. Accordingly, four gazetteer lists are manually developed: (1) a non-

operational action gazetteer list to classify non-operational activity actions for sensing technique 

selection and future integration into the automated framework, such as “notify,” and “contact” etc. 

These words are not actual operational actions and may not be reflected in sensing data on 

construction sites. These actions may be detectable through other means such as communications 

of office clerk (e.g., email and voice); (2) a gazetteer list of non-physical objects on sensed 

construction site, such as “instruction”; (3) an operational action gazetteer list to recognize 

operational activity actions, such as “installation,” “cleaning,” “preparation”; and (4) a time 

sequence phrase gazetteer list of terms to define the order of activities, such as “before,” “when,” 

and “after,” etc. These key words are used to recognize sentence components’ sequence before 

extracting execution steps. The operational sequence is an essential piece of information needed 

for progress monitoring. For instance, in this sentence “Clean the floor after painting walls,” the 

author pre-processes the sentence by identifying the two activities and their sequence according to 

the sequence term “after” from the developed gazetteer list. The activities after pre-processing are: 

“painting walls,” and “clean the floor”.  

Ontology-Based Semantic Analysis. In this step, a construction procedure and data 

collection (CPDC) ontology is developed to recognize the semantic features of the execution steps 

in the construction procedural documents, which classifies construction site information based on 

the nature of the activities in the construction documents and whether they could be detected 

through construction site sensors. In addition, it provides guidance on selecting sensing techniques 

for collecting jobsite information, which provides a new instrument to jobsite information 

acquisition. In this method, ideally all the information that appears in the construction procedural 

document will be considered and compared with sensing data, but there may be non-detectable 

information by the sensing techniques, such as regulations. The CPDC ontology aims to categorize 
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information on construction jobsite and use them to guide selection of sensing techniques to 

support decision makings on data collection for designated operations.   

As shown in Figure 23 (partial), two areas are covered in the ontology: construction 

information and sensing technique. In the construction information part, information of 

construction site is classified into two broad categories: internal information (e.g., labor, 

equipment, and material) that could be controlled by site personnel, and external information (e.g., 

meteorological information) that could not be controlled by site personnel. Internal information of 

construction site is further classified into three sub-categories based on information provided in 

the construction procedural documents, which are action, object, and support information, 

respectively. For “action” and “object” subclasses in the ontology, each of them is classified into 

two categories based on whether it can be detected or measured using available sensing techniques. 

Action is classified into physical operations (e.g., install and clean) and non-physical actions (e.g., 

notify and leave), and object is classified into physical objects (e.g., door and frame) and non-

physical objects (e.g., document). For “support information” subclass, it is classified into two 

categories: (1) essential support information (i.e., time and location); and (2) secondary support 

information (i.e., quantitative information, qualitative information, personnel, and regulation). In 

the sensing technique part, the author lists possible sensing techniques that can be used in the field 

based on the types of operations on the jobsite, grounded on literature. Figure 23 shows partially 

the CPDC ontology, which can classify jobsite information and help users select appropriate 

sensing techniques for collecting execution data on jobsites.  

The proposed method mainly focuses on extracting and classifying information that can be 

detected by sensing techniques for construction execution sequence checking, other types of 

information that do not directly contribute to the sequence checking (e.g., regulation) are extracted 

and classified as support information for future use. In addition, certain execution steps, such as 

“Verify the adequacy of the contractor’s application for payment”, are not suitable for processing 

by jobsite sensing information. While they might be processable with other types of technologies 

or systems, the processing of those information is out of the scope of this dissertation.  
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Figure 23. Framework of the developed construction procedure and data collection (CPDC) 

ontology (partial).  

 

After preprocessing the text, the syntactic and semantic features are selected for further IE 

rule development. To integrate the planned procedure of a construction procedural document and 

the executed procedure information from a sensed construction job site, all the execution steps of 

the internal information in the ontology, including action, object, support information (i.e., time, 

location, quantitative, qualitative, personnel, and regulation information), are extracted based on 

the customized semantic IE rules. POS tags, construction gazetteers, dependency parsing, named 

entity recognition, pattern matching, and noun chunks are selected as main syntactic features. 

Concepts from the ontology (i.e., action and object) as discussed above and time sequence phrases 

(e.g., before, and after) from gazetteer lists, are used as semantic features. Semantic features are 

used to extract domain-specific semantic information, which would be difficult to extract using 

solely syntactic features.  

Step 4: Semantic Information Elements Identification   

In this step, construction procedural documents are manually analyzed to identify the types 

of semantic information elements to be extracted and their sequence of extraction. The extracted 

semantic information elements include action, object, and support information in a sequence from 
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the documents. In addition, they may or may not include associated objects and their support 

information of actions based on the type of information provided in the documents.  

Target Information Analysis. Before developing the extraction rules in Step 5, the target 

information should be selected according to the specific requirements of the application. Three 

essential types of target semantic information for representing execution steps are extracted (i.e., 

action, object, and support information). The information corresponds to the concepts in the 

ontology (Figure 23) and components of execution steps. For example, a “door” (a concept in the 

ontology) belongs to a “physical object” entity (a super-concept in the ontology), which will be 

extracted as an object of an execution step. 

Extraction Sequential Definition. Because a sentence is usually composed of multiple 

concepts and relations, the sentence is analyzed by extracting primary information (i.e., activities) 

and support information (e.g., time, location) following a sequential order. It is not efficient if all 

instances are extracted at the same time, because the amount of possible patterns increase 

nonlinearly when the number of semantic information increase. In this step, the proposed IE 

algorithm is used to extract execution steps of construction procedural documents in a sequential 

manner. After analyzing the dependencies among the target information elements, the order of 

extraction was the following: action, object, and support information. Actions take the priority in 

the extraction sequence. The objects are associated with the corresponding actions, which could 

be extracted right after the actions. Support information is extracted lastly, in which time and 

location are essential support information that will be extracted before other types of support 

information (i.e., secondary support information). Object and support information may or may not 

be extracted based on the extraction order, because if the sentence does not contain action, the rest 

of the information cannot be extracted either. In this step, because the different activities are 

already reorganized based on sequence-based text segmentation in Step 2, time sequence phrases 

do not need to be used.  

Step 5: Information Extraction Rules Development  

In this step, a set of rules are developed to automatically execute the information extraction 

process, in which there are two types of rules: (1) pattern matching based core IE rules, and (2) 

customized supplement IE rules. Core IE rules are developed to automatically extract the instances 

of target semantic information elements. In addition, to order the activities, eliminate irrelevant 
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and redundant information in IE, three customized supplement IE rules (i.e., time sequence rule, 

association rule, and repetition rule) are developed to support core IE rules. Then classes of the 

extracted semantic information element instances are developed based on the components of 

execution steps (e.g., action, object) and if it is detectable using various sensing techniques, which 

is beneficial for future information selection and integration into the automated framework.  

Pattern Matching-Based IE Rules. Pattern matching aims to check a given sequence of 

tokens for the presence of the constituents of some patterns. Pattern matching is a method to 

generate specific terms in the text based on tags of each word in a sentence for information 

selection. The core IE rules utilize above-mentioned semantic (e.g., ontology concepts) and 

syntactic features (e.g., POS tags) in Step 3 for pattern composition, all potentially related 

information pieces are selected as candidate execution steps to help identify potential matching 

patterns. Patterns are defined in terms of sequences of features to be matched within a requirement. 

For example, pattern matching can be used to select passive voice of verb phrases or adverb-verb 

phrases. It is not uncommon to see those verb phrases in a procedural document, such as “is 

installed,” “carefully lift,” etc. To preserve the complete action information in extraction results, 

the author adopts pattern matching technique to extract such action information based on both 

syntactic and semantic features. For instance, rule-based pattern matching is adopted to extract 

verb phrases in various forms, such as “ADV+VERB” (e.g., carefully install), “AUX+VERB” 

(e.g., is installed), “AUX+ADV+VERB” (e.g., is carefully installed), etc. For another example, in 

text “Install components to manufacturer’s written instructions.”, a pattern is developed to identify 

“Install” (using “VERB” POS feature-based pattern matching), “components” (using noun 

chunking) and “to manufacturer’s written instructions” (using dependency tree parsing) as 

candidate action, object and support information for an execution step, respectively. This flexible 

configuration ensures the completeness and accuracy of execution step extraction from those 

different types of expressions due to the inherent complexity of natural language. 

Customized Supplement IE Rules (Time Sequence Rule). Time sequence rule aims to 

re-order execution step activities in one sentence based on time sequence terms (gazetteer list) 

before applying core IE rules. Time sequence terms (e.g., before, after) are used to classify the 

order between two execution step activities. As shown in Figure 24, the author summarized 

common time sequence terms of each construction sequence, which are frequently used in the 

construction procedural documents. Although there are many situations that describe the order of 
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two execution step activities (e.g., meet, equal, and during) (Huang et al. 2019), in this dissertation, 

the sequence is classified in two main types: successive relationship, and parallel relationship. 

Three or more execution step activities can be decomposed into multiple pairs of two execution 

step activities based on the structure of the procedural document. For instance, in the execution 

step “Install flooring after properly cleaning substrates,” there are two activities, “install flooring” 

and “cleaning substrates,” connected by time sequence term “after”. In this case, the execution 

step is divided into two short sentences and arranged according to the time sequence word, i.e., 

“After properly cleaning substrates” and “Install flooring,” before extracting execution step (i.e., 

action, object and their support information). This process makes sure the extracted information is 

in a correct order.  

 

 

Figure 24. Classifications and demonstration of order sequence of two execution step activities.  

 

Customized Supplement IE Rules (Association Rule). Association rule is developed to 

define candidate information that will be extracted using core IE rules. In the proposed IE method, 

the execution steps are represented as “action + object(s) + support information” phrases from each 

sentence in the procedural documents. Accordingly, when developing the association rule, only 

the selected information consisted of action verbs (or gerunds) with/without object nouns and their 

support information from the sentences are extracted. If there is no action in a sentence to be 
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extracted, the object and support information will not be extracted either, because actions are the 

essential information of the execution steps, which demonstrates the execution operation in a 

construction project. Sometimes, objects may not directly follow associated action. For example, 

for “prior to installation” in the context of the procedural documents, associated object of the 

“installation” is the object in the section title. In our method, the author extracts the dangling verb 

“installation” solely in the beginning sentence of the documents, and automatically assign 

associated object that is from section title.  

Customized Supplement IE Rules (Repetition Rule). A repetition rule is implemented 

to preserve only one instance of the same activity (i.e., action-object pair) per execution step in a 

sentence to eliminate potential repetition. Based on repetition rule, only one execution step activity 

is extracted when there are two or more occurrences of the same term in one sentence. For instance, 

in the following sentence “Install window frame to manufacture’s written instruction, the 

alignment, squareness, twist and plumbness of installed window frame are to be no more than 1/16 

inches”, “install window frame” occurred twice in one execution step (extracted verbs are 

converted to original form through morphological analysis, i.e., “installed” is also extracted as 

“install”) but semantically there is only one installation action. Other unrelated information that 

neither belongs to the activity information nor the essential support information will be eliminated 

during the following step. 

NLP Toolkit Error Adjustment. To remove unnecessary information in the execution 

steps (i.e., information that is extracted based on defined patterns using NLP toolkit and 

categorized into execution steps, but does not belong to either actions, objects, or essential support 

information of the execution steps), error adjustment is automatically performed after IE. For 

example, the phrase “in accordance with” will be extracted as a noun phrase after dependency 

parsing and categorized as an object. In reality, it is not an object in the activity of execution steps, 

because it only means that an activity should be in compliance with some specific standards. In 

this case, because this type of information cannot be filtered using NLP toolkit, an NLP Toolkit 

Error Adjustment algorithm is developed to automatically eliminate such information from 

execution steps accordingly. 

Information Classification. In this step, all the processed information is written into a 

CSV file, in which each column represents an information category (e.g., action, object, time, 

location). In addition, each category of information is assigned a Boolean value to represent if it 



 

82 

is sensing technique detectable or non-sensing technique detectable. The physical operations, 

physical objects, some support information (e.g., quantitative information, location, personnel) are 

sensing technique detectable information. The non-physical actions, non-physical objects, and 

other support information (e.g., regulations) are also extracted and classified as non-sensing 

technique detectable information. For example, in the IE procedure, in the sentence of “Install 

components to manufacturer's written instructions,” “to manufacturer's written instructions” is 

extracted as non-sensing technique detectable support information of the “install components” 

activity.  

Step 6: Information Extraction Rule Application  

This step aims to extract the target information elements from the construction procedural 

documents using the developed core IE rules and customized supplement IE rules in Step 5. For 

example, after implementing time sequence rule and association rule, the text “Do not begin 

installation until substrates have been properly prepared.” is processed into two activities 

“‘prepared substrates’, and ‘begin installation door and frame’” with the sequence as listed.   

Step 7: Evaluation 

The proposed IE method is evaluated using precision, recall, and F1-measure of generated 

execution steps [Eq. (1) to (3)] (Goutte and Gaussier 2005). A manually developed gold standard 

is used as ground truth in the evaluation, which includes the generation of construction execution 

steps in the procedural documents. Figure 25 demonstrates an example of the gold standard, the 

gold standard is developed by manually extracting and classifying textual data of a construction 

procedural document. Generally, at least three researchers (i.e., annotators) develop the gold 

standard by identifying all semantic information element instances from each sentence. For 

execution steps labeling, the annotators compare two versions - initial annotations (versions A and 

B) and the annotations after several steps of discussion and adjustment (version FINAL). The 

quality of the gold standard is evaluated by Fleiss’ kappa factor of inter-annotator agreement based 

on Eq. (4) to (8), in which n is the number of annotators, N is the number of labelled specifications, 

k demonstrates labelled situations/results, n_ij represents the number of annotators who assigned 

the i-th specification to the j-th annotated results/situation, P_i computes how many annotator-
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annotator pairs are in agreement for each specification, p_j calculates the proportion of labelled 

documents in the j-th annotated result/situation to all labelled documents (Falotico and Quatto 

2015), and adjusted if needed. Fleiss’ kappa is a statistical measure of the initial inter-annotator 

agreement for assessing the reliability of agreement among a fixed number of annotators when 

labelling items. It is adopted to measure how well multiple annotators can make the annotation 

decision for a certain category in a gold standard (Artstein 2017). 

 

Figure 25. An example piece of a gold standard from construction specifications.  
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4.2.2 Experimental Implementation and Result Analyses for the Proposed IE Method 

Experiment Implementation 

The open-source library spaCy (spaCy 2015) for advanced NLP in Python (Oliphant 2007) 

was used to develop the text processing pipeline and implement the following NLP techniques to 

implement the pattern matching-based core IE rules: English tokenization, rule-based morphology 

analysis, parts-of-speech tagging, dependency parsing, named entity recognition, and noun 

chunking. Meanwhile, three customized supplement IE rules (e.g., time sequence rule) were 

integrated into Python programming language to perform the IE procedure (Python 3.5.3). The 

CPDC ontology was developed based on nature of the objects in the construction documents and 

whether they could be detected in construction sensing data. It helps select semantic information 

elements (i.e., execution steps) and classify information into a comma-separated values (CSV) file 

for future information selection and integration for the automated framework (e.g., action, object, 

time, location), and guide sensing technique selection for construction jobsite data collection.  

The CSI specification was selected to help develop and test the IE algorithm, because CSI 

is a national association of more than 8,000 construction industry professionals who are experts in 

building construction and the materials used therein. Specifications include detailed descriptions 

of construction work processes dedicated to a specific construction project. Based on the definition 

in the Dictionary of Architecture and Construction, a specification is, “a written document 

describing in detail the scope of work, materials to be used, methods of installation, and quality of 

workmanship for a parcel of work to be placed under contract; usually utilized in conjunction with 

working (contract) drawings in building construction” (Harris 2006). Execution steps from the 

construction specification play an important role in communicating construction procedure of 

specific tasks of a project to the job site personnel.  

The selected specifications are separated into two sets: training set for helping IE algorithm 

development, and testing set for algorithm evaluation, which contain 35 and 11 specifications, 
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respectively. The information extraction algorithm was developed based on training set, i.e., 

execution procedure with SECTION 08 (e.g., 08 11 10, 08 11 16, and 08 15 00) of the CSI Master 

Formatted Specifications for Openings (Dunbarton 2020; Cline Doors 2020; PGT 2020; AMBICO 

2020; Sweets 2020).  

 

Experimental Test 

An experiment was conducted on a set of open-source specifications of the testing set to 

evaluate the IE algorithm. It was checked for execution procedure with SECTION 08 of the CSI 

3-Part Formatted Specifications for Openings (ARCAT 2020). In the experiment, the author inputs 

project execution section of the specification to be processed, which provided construction 

execution steps in each sub-procedure of a construction project. Figure 26 shown a partial example 

of the input specification in the experiment. 

 

 

 

Figure 26. Example of the original contents of execution section of construction specifications.  

 

 

As illustrated in Figure 27, the input specification in Figure 26 was preprocessed (Step 2) 

into intermediate files by removing spaces and other symbols at the beginning of the document, 

splitting sentences using sentence splitters, segmenting each sentence into sub-activities based on 

time sequence phrases, and reorganizing activities based on the order information obtained from 

time sequence phrases, respectively.  
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Figure 27. Intermediate files of specification preprocessing results.  

 

After implementing IE rules, the required information was extracted and stored in different 

columns in a CSV file (e.g., action, object, time, location). In order to eliminate the variation of 

syntactic forms of words for easy integration to the proposed automated framework, only 

lemmatized forms are stored in the CSV file. For instance, “prepares,” “prepared,” “preparing” are 

mapped to “prepare” and stored in the CSV file. In addition, they were categorized as sensing 

technique detectable or non-sensing technique detectable information (with their Boolean values). 

The category of sensing technique detectable information provided data that would be checked 

with sensing data as execution steps for future applications (e.g., progress monitoring and 

checking). However, certain information (e.g., OSHA regulations) relies on human observation 

and measurement to compare rather than detecting using sensing techniques, the author extracted 

such information and saved as support information for future examination or reference. For 

instance, this information can be compared with inspection reports or measurement results. Figure 

28 showed an illustrative example of extracted semantic information element instances in the 

specification.   
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Figure 28. An illustrative example of the extracted information from the textual data.  

 

Evaluation 

Fleiss’ kappa statistical measure was adopted to evaluate inter-annotator agreement of 

manually developed gold standard by three independent annotators, it checked the reliability of 

agreement among them. Table 12 demonstrated the parameters that were used for calculating 

evaluation result k of inter-annotator agreement. In this method, three annotators (i.e., n in Eq. (4) 

to (6)) developed gold standard based on eleven specifications (i.e., N in Eq. (4) to (6)) in the 

experiment. Firstly, three annotators independently labelled each specification (version A in Step 

7: Evaluation). Secondly, three annotators conducted self-checking on version A, and provided 

version B (in Step 7 Evaluation). Thirdly, three annotators discussed several steps and adjusted 

labels in version B to provide version FINAL (in Step 7 Evaluation). After summarizing the 

annotation results: (1) 5 instances were incorrectly labelled in a specification; (2) 3 instances were 

incorrectly labelled in a specification; (3) there was no disagreement for any instances in a 

specification; (4) 1 instance contained extra label in a specification; (5) 2 instances contained extra 

labels in a specification. So the number -5, -3, 0, +1, +2 of labelled instances were adjusted to the 

total labelled semantic information element instances in the final version of the gold standard of 

each specification (Table 12). For example, the first row in Table 12 shows that three annotators 

labelled semantic information element instances with the same results for the first specification 
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therefore all the three annotators fell into the column for 0 (i.e., there was no disagreement for any 

instances in a specification). Based on the provided value of parameters and Eq. (4) to (8), k 

=0.8370, which demonstrated that the results achieved almost perfect agreement (i.e., 0.81-1.00 

indicates almost perfect agreement; 0.61-0.80 indicates substantial agreement; 0.41-0.60 indicates 

moderate agreement; 0.21-0.40 indicates fair agreement; 0.01-0.20 indicates slight agreement; <0 

indicates poor agreement) (Landis and Koch 1977).  

 

Table 12. Inter-Annotator Agreement Results of Gold Standard Comparison of Three 

Annotators. 

Specification 𝑛𝑖𝑗 -5: 5 

instances 

were 

incorrectly 

labelled 

-3: 3 

instances 

were 

incorrectly 

labelled 

0: there was 

no 

disagreement 

for any 

instances 

+1: 1 

instance 

contained 

extra 

label 

+2: 2 

instances 

contained 

extra 

labels 

𝑃𝑖 

1st 0 0 3 annotators 0 0 1 

2nd 2 

annotators 

0 0 1 

annotator 

0 0.3333 

3rd 0 0 0 0 3 

annotators 

1 

4th 0 3 

annotators 

0 0 0 1 

5th 0 0 0 3 

annotators 

0 1 

6th 0 3 

annotators 

0 0 0 1 

7th 0 0 3 annotators 0 0 1 

8th 0 0 0 3 

annotators 

0 1 

9th 0 0 3 annotators 0 0 1 

10th 0 3 

annotators 

0 0 0 1 

11th 0 0 2 annotators 1 

annotator 

0 0.3333 

Total 2 

annotators 

9 

annotators 

11 

annotators 

8 

annotators 

3 

annotators 

 

𝑝𝑗 0.0606 0.2727 0.3333 0.2424 0.0909  
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Table 13 demonstrated the evaluation performance of the proposed IE method for 

execution steps extraction. The number of patterns used to extract “Action,” “Object,” “Support 

Information” were 259, 187, and 136, respectively. The gold standard includes 268, 191, and 147 

instances of “Action,” “Object,” and “Support Information”, respectively. A performance of 

97.08% precision and 93.23% recall for execution steps IE were achieved, which indicates that the 

proposed IE algorithm is effective in extracting execution steps from construction procedural 

documents. In addition, the extracted support information maintains the completeness of the 

execution steps in the procedural documents. 

Error analysis resulted in three findings. Firstly, the reason for the relatively low precision 

of “object” and “support information” IE was the use of the customized Association Rule. Because 

the Association Rule defined that “object” and “support information” are associated with their 

“action,” which means that if the “action” is not extracted, the associated “object” and/or “support 

information” cannot be extracted either. In the future, the author will improve the IE rules, such 

as, adding a morphological rule that will incorporate more gerunds of execution step actions in the 

construction procedural documents to improve the precision of “action” extraction, accordingly to 

improve the precision of associated “object” and “support information” extractions. In addition, 

manually incorporated algorithms can be developed to eliminate the irrelevant object information 

and support information extractions. Secondly, the reason for the relatively low recall of “support 

information” was mainly because the limited definitions or usage of defined dependency structures 

of a clause in a sentence. In the future, the author will incorporate more syntactic structure of a 

clause in a sentence into NLP techniques to define the clauses when selecting “support 

information” in the procedural documents. Thirdly, the reasons for the relatively low recall of 

“object” were the internal errors when using the open-source library spaCy for advanced NLP in 

Python, as follows: (1) The word “glazing” in execution step activity “install glazing” was 

extracted as a verb when extracting defined patterns thus it was classified into the “action” 

category. But in reality, it is a noun that should be selected and extracted into the “object” category 

based on the meaning in the documents; (2) a noun (i.e., metal) was identified as an adjective, 

which was not selected or extracted as an “object” of the action of execution steps; and (3) a noun 

in a clause of support information was identified and extracted as an “object,” which was not an 

object of an action based on the meaning in the documents. For example, in text “Install door 

according to instructions,” “instructions” was incorrectly extracted as an object for “install” action. 
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In the future, the author will improve the use of the construction-specific gazetteer to help select 

and extract domain specific concepts. 

 

Table 13. Testing Performance of Information Extraction for Execution Steps IE.  

Number of 

Instances 

Action Object Support 

Information 

Total 

In Gold 

Standard 

268 191 147 606 

Extracted 259 187 136 582 

Correctly 

Extracted 

254 178 133 565 

Precision 0.9807 0.9519 0.9779 0.9708 

Recall 0.9478 0.9319 0.9048 0.9323 

F1 0.9640 0.9418 0.9399 0.9512 

 

4.2.3 Construction Ontology-Based Jobsite Sensing Guidance 

IE Results for Sensing Technique Selection. After execution steps were extracted from 

construction procedural documents, the IE results were used to provide guidance on sensing 

techniques selection based on CPDC ontology. For example, in the text “A. Do not begin 

installation until substrates have been properly prepared.” (Figure 28), there were two activities 

extracted using the proposed IE method: “prepare substrate” and “begin installation door and 

frame,” with a sequence as described. There was a dangling verb “installation” that is contained in 

the first sentence in the document, the object “door and frame” from section title was automatically 

added as associated object. Because the actions “prepare” and “begin installation” are the concepts 

from “Physical Operation” entity of CPDC ontology, therefore skeleton-based human activity 

recognition technique is recommended for collecting activity sensing data on the jobsite (Shi et al. 

2019). In addition, the objects “substrate” and “door and frame” are concepts from “Physical 

Object” entity of CPDC ontology, therefore, machine vision detection technology and object 

detection are recommended for collecting object sensing data on the jobsite, respectively (Yang et 

al. 2009, Tian et al. 2010). The IE results are used as the criteria/instruction to guide sensing 

techniques selection for collecting data on the jobsite based on the developed CPDC ontology, 
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which classifies the construction site information and demonstrates the relationship between 

construction information and preferred sensing techniques to collect for future information 

monitoring.  
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CHAPTER 5 – HETEROGENEOUS DATA PROCESSING AT THE 

SERVICE AND APPLICATION LEVEL  

A portion of this chapter was previously published by: 

 

“Semantic Rule-Based Construction Procedural Information Extraction to Guide Jobsite Sensing 

and Monitoring.” Journal of Computing in Civil Engineering, 35(6), 04021026. DOI: 

10.1061/(ASCE)CP.1943-5487.0000971. 

 
“A New Framework to Address BIM Interoperability in the AEC Domain from Technical and 

Process Dimensions.” Advances in Civil Engineering, 2021. 

https://doi.org/10.1155/2021/8824613   

 

“A BIM Information Processing Framework to Facilitate Enriched BIM Applications.” Proc., 

ASCE Construction Research Congress, ASCE, Reston, VA, accepted. 

 

“An Integrated Framework to Support Construction Monitoring Automation Using Natural 

Language Processing and Sensing Technologies.” Proc., 2021 ASCE International Conference 

on Computing in Civil Engineering, in press. 

 

“An Ontology-Based Interface to Guide Jobsite Sensing and Construction Tasks/Applications to 

Support Construction Information Management.” In Preparation 

 

5.1 BIM-Based Construction Applications  

5.1.1 Information Checking, Provision, and Application Process (ICPAP) Framework  

To integrate and leverage different types of information among all the phases of the life 

cycle of a facility and implement it to support various construction tasks and applications, in this 

dissertation, an ICPAP framework is proposed to demonstrate an all-in-one-place information 

management framework, including model information analysis, guided information provision 

based on user requirements, and information consumption application to support different tasks 

and functions. The proposed ICPAP framework for enriched BIM applications mainly focuses on 

four steps (Figure 29). Step 1: Model Information Analysis – This step represents, extracts, and 

checks the needed information from inputted IFC model. The needed information will be 

represented in the IFC format, extracted from inputted model, and checked to see if the needed 

information exists or does not exit, respectively. Step 2: Guided Information Provision – This step 
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provides the recommendations regarding information selections based on user input requirements, 

such as material selection based on input parameters (e.g., stress, strain, and Young’s modulus). 

The information from Step 1 and Step 2 could be used as the input for Step 3, which provides the 

reference information that could be implemented in different BIM applications. Step 3: 

Information Consumption Application – This step implements the extracted information from an 

IFC model in Step 1 and the recommendations provided in Step 2 to support various BIM 

applications, such as structural analysis based on geometric information from Step 1 and material 

information from Step 2, and material cost estimation based on the extracted quantitative 

information from Step 1 and recommended material types from Step 2. Step 4: Framework 

Evaluation – This step evaluates the proposed ICPAP framework from time efficiency and 

accuracy perspectives.  

The proposed ICPAP framework consisted of three levels: model level, service level, and 

implementation level. At the model level, IFC model is used as the input, which contains different 

types of data for the life cycle of a facility. The output will be the: (1) selected information 

represented in the IFC format; (2) extracted information based on requirements from the model; 

and (3) information checking results regarding if the required information exists or not. 

Information backed in IFC model plays an essential role to support information representation, 

extraction and checking processes at the model level. At the service level, the input information is 

the user requirements. For example, the user could select the range requirements of the material 

parameters (e.g., stress, strain, and Young’s modulus), the material type recommendations will be 

provided correspondingly. A customized dataset is developed based on exploring literature and 

online resources to help provide recommendations based on user inputs. At the implementation 

level, the extracted information from Step 1 and the recommendations that are provided from Step 

2 could be integrated and implemented into different enriched BIM applications, such as structural 

analysis, and cost estimation. For example, the quantitative and dimensional information could be 

extracted from Step 1 that will be integrated with the material selection recommendations from 

Step 2 to compute the material cost estimation. The dataset that will be used in the different BIM 

applications is based on referenced literature and online resources (e.g., supplier websites for cost 

estimation and green building codes for energy efficiency application).  
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Figure 29. Proposed information checking, provision, and application process (ICPAP) 

framework.  

 

Step 1: Model Information Analysis 

IFC models are developed to cover all needed information in the context of integrating the 

life cycle information requirements of a facility, including design activities, and construction and 

maintenance management, among others (Kiviniemi et al. 2005). An IFC model contains both 

entity information that represents elements of a building (e.g., geometric information and material 

type) and attribute information that demonstrates functional information of the entity (e.g., material 

parameters, and dimensional information) (Ren and Zhang 2019). For example, in the content of 

an entity information in an IFC file, “#80=IFCEXTENDEDMATERIALPROPERTIES (#86, 

(#87,#88,#89,#90,#91,#92),$,’STD-CONCRETE’);” “#80” is the line number, 

“IFCEXTENDEDMATERIALPROPERTIES” is the entity name, “’STD-CONCRETE’” is an 

attribute value of the entity to represent the material type. Therefore, an attribute value could be 

extracted to describe characteristics of an entity in an IFC model. In this step, IFC models are 

inputted into the ICPAP framework, which then represents needed information in the IFC format, 

extracts necessary information from the IFC model, and checks its existence to further support 

information integration and application.  
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Step 2: Guided Information Provision 

Decision making plays an essential role for successes in any domain, especially in the AEC 

domain that contains a variety of information sourced in different ways. Therefore, making an 

efficient and accurate decision could contribute to the success of an AEC project. A large portion 

of construction processes are consisted of different requirements, tasks, and procedures, which 

contain various factors and conditions that need to be considered (Jato-Espino et al. 2014). 

Therefore, to fulfill different application requirements, leveraging existing information to make a 

suitable decision in an efficient manner becomes important for construction project management. 

This step automatically and efficiently provides information recommendations based on the user 

requirements and the feasibility of the selection. For instance, general carbon and alloy steel 

materials will be provided based on the parameter ranges that are inputted from a user (e.g., 

Material Type: steel material, Mass Density: 7-8 g/cc, Young’s Modulus: 300-350 MPa, and Shear 

Modulus: 70-80 GPa). After inputting requirements (e.g., parameters, and dimensional 

information), the corresponding recommendations will be provided automatically. The 

recommended information is based on analyzing referenced literature and other information 

sources such as matweb.com (MatWeb 2021).  

Step 3: Information Consumption Application 

Enriched BIM tasks and applications in the construction domain need the support by 

different types of information, including geometric information, material information, dimensional 

information, and load information, among others. An IFC model as a data conveyer provides the 

necessary information that can be extracted and used to support various BIM applications. In this 

step, the information extracted from Step 1 and the provided recommendations from Step 2 could 

be integrated, analyzed, and selected to support various construction tasks and applications, such 

as structural analysis and cost estimation. For example, the dimensional and quantitative 

information that is extracted from an IFC model in Step 1, and material recommendation that is 

provided in Step 2 could be used to help conduct material cost estimation. The process of 

generating construction information to support various BIM applications will be conducted based 

on automatically exploring and parsing online sources.  
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Step 4: Framework Evaluation 

This step evaluates the proposed ICPAP framework from time efficiency and accuracy 

perspectives, in which the information representation, extraction, and checking methods in Step 1 

will be compared with pure manual information representation, extraction, and checking, 

respectively. An example of information provision in Step 2 and a proposed BIM application in 

Step 3 will be presented in the experiment below to demonstrate the adaptability and feasibility of 

the proposed ICPAP framework.  

5.1.2 Experimental Results and Discussion for the Proposed ICPAP Framework 

Experimental Implementation 

In order to integrate the three functions (i.e., model information analysis, guided 

information provision, and information consumption application) in the proposed ICPAP 

framework, a user-friendly interface was developed to implement the proposed framework (Figure 

30). For the interface development, Python programming language (Python 3.5.3) was used, in 

which an open-source IfcOpenShell library was adopted to process IFC data, and three open-

source libraries (i.e., tkinter package, SQLite library, and win32api library) were used to help 

develop graphic user interface for integration into the main processing algorithm. In this 

dissertation, the author mainly focused on material information to demonstrate the functions of the 

proposed framework, in which the model information analysis, guided information provision, and 

information consumption application are discussed around material information.  

The ICPAP framework-based interface covers three main functions: model information 

analysis, guided information provision, and information consumption application. For model 

information analysis, the user could select an IFC model by clicking on the first button (i.e., 

“Choose an IFC file”), the corresponding content of the IFC file would be demonstrated in the text 

display box (white) at the top of the interface. Then the user could select the information 

representation method in either manual or automatic mode by clicking on corresponding buttons 

(i.e., “Information Representation_Manual” or “Information Representation_Auto”). In terms of 

manual information representation, the notepad plus plus software (7.8.8 version) will be opened 

to demonstrate the IFC file, which will help users read IFC file to represent and extract needed 

information. When selecting automatic information representation method, the users could choose 
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material properties (e.g., mass density, and shear modulus) in the list box at the center of the 

interface. For example, “IfcShearModulusMeasure” is the IFC representation of the Shear 

Modulus parameter of material that is demonstrated in the text display box (dark green). Similarly, 

users could select information checking method in either manual or automatic mode. The material 

type and its parameters could be demonstrated and a user report would be generated automatically 

regarding what material entity information and its parameter information exists or does not exist 

(Ren and Zhang 2021a). In addition, the BIM Vision software (2.24.4 version) would be opened 

when users selected automatic information checking method. The material information would be 

extracted automatically when a user pressed the “Information Extraction” button. For guided 

information provision, the user could select the range of specific parameters of different material 

types, then the material recommendations would be provided based on the user input after clicking 

on the “Please Provide Material Suggestion” button. Consequently, for information consumption 

application, the cost estimation would be provided based on the material information 

recommendation from Step 2 and extracted information from Step 1. The provided material 

information recommendation and the cost estimation information come from the databases that are 

developed based on manually exploring referenced literature and online resources.    

Experimental Test 

An experiment was conducted to test the ICPAP framework, in which the 12-storey 

concrete IFC model (Figure 19) was selected as an input file for testing. In this dissertation, the 

author mainly focused on material information implementation. In the proposed framework, the 

material information was represented in the IFC format, extracted, and checked based on concrete 

material type. The proposed material selection recommendation and cost estimation could be 

provided based on the range of specific material parameters that the user input, and the extracted 

information in the IFC model. Figure 31 demonstrates an example use of the proposed framework. 

In this example, the 12-storey concrete model was imported as the input file into the framework. 

One specific material parameter (i.e., Shear Modulus) was represented in the IFC format (i.e., 

IfcShearModulusMeasure), extracted from the IFC model [i.e., 

#90=IfcPropertySingleValue(‘ShearModulus’,$,IfcShearModulusMeasure(1.3461538E+006),#3

0)], and checked if it is in the file (i.e., [Info] ShearModulus exists). In addition, plain concrete 

material would be provided based on the parameter ranges that were inputted from user (i.e., 
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Material Type: concrete material, Young’s Modulus: 40-45 GPa, and Shear Modulus: 5-7 MPa) 

(Li and Li 2010). Then the cost estimation information would be provided based on visiting the 

supplier website (e.g., Menards.com). 

 

 

Figure 30. A user-friendly interface to implement the proposed ICPAP framework (partial).  

 

 

 

Figure 31. An illustrative example of the use of the proposed framework.   
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Evaluation 

The proposed ICPAP framework was evaluated in terms of time efficiency and accuracy. 

Table 14 demonstrates the evaluation results. Manual information representation, checking, and 

extraction took 4.7 minutes, 6.8 minutes, and 6.2 minutes, respectively. Meanwhile, automatic 

information representation, checking, and extraction took 5 seconds, 2 seconds, and 2 seconds, 

respectively. In addition, manual information representation method achieved 83.33% accuracy 

because of human error. Manual information checking and extraction methods both achieved 100 % 

accuracy after double checking. However, automatic information representation, checking, and 

extraction methods all achieved 100% accuracy in the first iteration. The evaluation results 

demonstrate that the ICPAP framework is promising to represent, check, and extract needed 

information to support information provision and applications. It could be easily adopted to fulfill 

enriched BIM applications for various tasks in the AEC domain.  

 

Table 14. ICPAP Framework Evaluation Results.  

Method Number of Instances Time 

Consumption 

Accuracy 

Information Representation-Manual 6 4.7 minutes 83.33% 

Information Representation-

Automatic 

6 5 seconds 100 % 

Information Checking-Manual 7 6.8 minutes 100 % 

Information Checking- Automatic 7 2 seconds 100 % 

Information Extraction- Manual 7 6.2 minutes 100 % 

Information Extraction- Automatic 7 2 seconds 100 % 

 

5.2 Construction Information-Based Monitoring Application  

5.2.1  Construction Monitoring Framework  

The author proposed a seven-step integrated construction monitoring framework as follows 

(Figure 32). Step 1: Construction Procedural Document Input - This step inputs the construction 

procedural document, in which the planned construction execution steps in each sub-procedure 

(e.g., opening construction, finishes) of a construction project will be used as the instructions to 

follow. Step 2: Information Extraction - This step extracts the required information (i.e., execution 
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steps) from the procedural document and exports an eXtensible Markup Language (XML) file. 

Step 3: Annotation Information Postprocessing - This step postprocesses the XML file from Step 

2 by structuring the annotated execution steps in an organized list, to be used in Step 7. Step 4: 

Sensed Video Input - This step inputs the corresponding surveillance video that is captured from 

the construction jobsite, which provides the construction execution procedure to be monitored 

based on the planned execution in the procedural document in Step 1. Step 5: Sensed Video 

Analysis – This step analyzes the input surveillance video and returns a text file with labels of the 

activities (e.g., door installation) detected from the input video frames. Step 6: Label Information 

Postprocessing - This step postprocesses the labels from Step 5 by reducing repetitions in 

consecutive frames and within the same video frame by considering real-world scenarios. Step 7: 

Compliance Checking Integration – This step integrates and compares the respectively processed 

annotation file and label file from Steps 3 & 6, to check the compliance of construction procedure 

on the jobsite with the planned execution. A user report is generated regarding 

compliant/noncompliant activities.  

 

 

Figure 32. Proposed construction monitoring framework.  

 

5.2.2  Experiment, Results, and Analysis for Construction Monitoring Framework  

To test the proposed framework, an experiment was conducted on a test case developed 

based on the specifications of the AMBICO LIMITED products (ARCAT 2021). The author 

synthesized related videos with execution steps of the selected specifications, which included 

installation, cleaning, and excavation preparation activities. 
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Step 1: Construction Procedural Document Input. 

SECTION 08 11 00 of the CSI 3-Part Formatted Specifications for Openings was 

randomly selected as the procedural document input (AMBICO 2020). CSI specifications were 

used because most of the listing resources of the construction products followed CSI Master 

Format (CSI 2017). 

Step 2: Information Extraction 

The author implemented NLP-based IE algorithms and extracted execution steps including 

actions (i.e., installation, preparation, etc.), associated objects (i.e., wood, door, etc.), negation 

terms (i.e., not, no, etc.), and time sequence phrases (i.e., before, until, etc.) in each step of 

execution in the procedural document. The General Architecture for Text Engineering (GATE)’s 

Processing Resources were used to implement the extraction process (University of Sheffield 

2021), including: English Tokenizer, Sentence Splitter, A Nearly-New Information Extraction 

(ANNIE) Gazetteer which consisted of a collection of lists (e.g., actions and objects). In addition, 

the author developed Java Annotation Patterns Engine (JAPE) transducer rules which defined 

regular expression-based grammars to use for extraction. The IE algorithms interfaced with the 

Processing Resources using GATE’s API 7.0 (Zhang and El-Gohary 2017). An XML file with 

annotations that depict extraction results was exported from GATE (Figure 33) to be used in Step 

3. There was no error found in the information extraction step.  

 

 

Figure 33. An example of the execution steps from construction specifications with 

corresponding extraction annotations.  
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Step 3: Annotation Information Postprocessing 

In this step, Python programming language (Python 3.5.3) was used to implement the 

annotation information postprocessing algorithm. The annotations of objects, actions, negation 

terms, and time sequence phrases were extracted from the exported XML file (Figure 34(a)) and 

matched to customized Gazetteer lists in GATE to obtain actions and objects of execution steps. 

In addition, customized time sequence rules were used to re-organize the activities based on 

different time sequence situations (e.g., before, not … until). The re-organized execution steps 

were written into an intermediate file (Figure 34(b)) to be integrated and processed in Step 7. For 

example, the first step of Section 3.2 PREPARATION in the specifications was “Clean surfaces 

thoroughly prior to installation”. “Clean” action would be kept in this step, and the “installation” 

action would be checked in the following step to make sure the correct sequence in the 

specifications was followed. In this method, the algorithm extracted the dangling verb “installation” 

solely in the beginning sentence of the documents, and automatically assigned associated object 

that was from section title. Figure 35 illustrated the procedure of postprocessing. 

 

 

Figure 34. (a): An example of the extracted annotations, (b): An example of postprocessed 

annotations results.  

 

 

 

Figure 35. Procedure of annotation information postprocessing.  

 

(a) (b) 
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Step 4: Sensed Video Input 

The synthesized video of construction jobsite was inputted into the implementation system 

of the proposed monitoring framework, to be analyzed in Step 5.    

Step 5: Sensed Video Analysis 

Efficiency plays an important role when applying the proposed monitoring framework to 

implement it in a real-world project. To achieve real-time service, you-only-look-once version3 

(YOLOv3) was selected as the classifier to detect the activities, which was a state-of-the-art real-

time object detection model (Redmon and Farhadi 2018). YOLOv3 split up each video frame 

image into a grid, in which each region of the grid was predicted by a convolutional neural network 

(CNN) and the bounding box for each detected class was returned. To evaluate the detection 

performance, the author created a customized coco-format (a notation format for labels) dataset. 

The dataset included 6 classes: 3 actions (i.e., installation, preparation, and cleaning) and 3 

associated objects (i.e., wood, excavator, and wall). The dataset contained 800 frames that were 

extracted from 12 videos, four videos for each action, and the associated objects varied for each 

action (Figure 36). Among the frames, 80% were used for training and validation, and 20% were 

used for testing. Each frame was labeled independently. In addition, a corresponding .txt file with 

the same name as the labeled frame was created simultaneously, depicting the labeled class and its 

bounding box information. The customized configuration file and pre-trained CNN weight file 

were imported to perform training on the training dataset. For testing, the customized configuration 

file and trained weight file were added to the model to use. Testing results of the trained model 

were shown in Table 15 based on the parameters/metrics of total loss (i.e., the value of error 

function, a smaller total loss indicates a higher prediction accuracy), mean average precision (i.e., 

average precision across all labeled classes), intersection over union (IoU) norm (i.e., intersection 

area of predicted bounding box and labeled area over union of the two, IoU = 1 means predicted 

bounding box coincides with the labeled area), recall (i.e., true positive over the sum of true 

positive and false negative) and F1-score (harmonic mean of precision and recall) (Redmon and 

Farhadi 2018). The gold standard included labels for different classes/execution steps in the video. 

Detection results of each action and object using this trained model are shown in Table 16. The 

low precision of “wood” object was because the author did not label all the wood pieces when 
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preparing the dataset due to its extensive complexity, so the trained detectors could not detect all 

the related wood objects in each frame (Figure 36). An example is shown in Figure 37(a) where 

an installation action with associated wood object were successfully detected.  

 

 

Figure 36. Examples of customized dataset.  

 

Table 15. Testing Performance of Trained Model.  

Total 

Loss 

Mean Average 

Precision 

Recall F1-

Score 

Intersection over Union (IoU) 

Norm 

0.23 0.88 0.86 0.87 0.75 
 

Table 16. Detection Results of Each Activity and Object.  

Class Preparation Installation Cleaning Wood Excavator Wall 

Precision 83.23% 81.23% 92.02% 45.47% 93.2% 93.77% 
 

Step 6: Label Information Postprocessing 

Label information post processing was implemented in Python. The regular expression (i.e., 

“re”) module in Python was used to extract the semantic features from the labels based on pattern 

matching. An example of the postprocessing result and the algorithm flow diagram are shown in 

Figure 37(b) and Figure 38, respectively.     
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Figure 37. (a): Successful detection of installation action with associated wood object, (b): An 

example of post processing labels.  

 

 

 

Figure 38. Flowchart of labels postprocessing.  

Step 7: Compliance Checking Integration 

The information input, extraction, analysis, and postprocessing algorithms for project 

procedural document and surveillance video could be executed in parallel. After that, longest 

common subsequence algorithm was implemented in Python to help identify similarity (i.e., 

longest common subsequence of execution steps) between planned execution steps of procedural 

document and processed labels of sensed video data (Figure 39). The user report regarding steps 

that have been executed correctly or incorrectly was then generated (Figure 40).   

 

 

(a) (b) 
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Figure 39. Process of monitoring framework integration.  

 

 

 

Figure 40. (a): An example of newly developed label data, (b): Compliance checking of 

construction execution steps using the label data.  

Result Analysis and Discussion  

Table 17 shows the evaluation performance of the proposed monitoring framework. In this 

experiment, the author tested the framework on seven execution steps from the used procedural 

document (i.e., specifications). Only one execution step (“notify architect of unsatisfactory 

preparation before proceeding”) could not be generated as it was not a video-detectable activity in 

this discussion. Overall, 83.84% recall and 71.43% precision were obtained for construction 

execution steps compliance checking. The gold standard was developed by three researchers 

through manually generating planned execution steps from procedural document, then comparing 

them with execution procedure in the surveillance video to generate a list of executed steps that 

would be compared with user report. This shows that the proposed monitoring framework is 

promising. In execution steps generation, recall is more important than precision (Zhang and El-

Gohary 2016). Recall errors are more critical because they could lead to wrong execution steps 

undetected, whereas precision errors could be eliminated by later double-checking and filtering by 

the user. 

(a) (b) 
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Table 17. Evaluation Performance of the Proposed Monitoring Framework.  

Parameter Number of 

execution 

steps in 

gold 

standard 

Number of 

execution 

steps 

generated 

Number of 

execution 

steps 

correctly 

generated 

Precision 

of 

execution 

steps 

generated 

Recall of 

execution 

steps 

generated 

F1-

measure of 

execution 

steps 

generated 

Results 6 7 5 71.43% 83.33% 76.92% 

 

5.2.3 IE Method-Based General Implementation Framework of Construction Monitoring 

Application- Construction Procedural Data Integration (CPDI) Framework 

Traditional construction progress monitoring requires a physical site observation, which 

includes observing/monitoring materials, workers, equipment, etc. on the jobsite based on 

construction procedural documents. During this process, two types of information are extracted 

and compared: planned procedure from construction procedural documents, and executed 

procedure on the construction site that needs to be monitored. To incorporate construction 

procedural documents into an automated progress monitoring procedure, the author proposed a 

construction procedural data integration (CPDI) framework, which can integrate operational 

requirements from construction documents and execution operations from monitored construction 

jobsite leveraging NLP and sensing techniques (e.g., computer vision, RFID) (Figure 41).  

In this framework, the author focuses on monitoring sequence of execution steps on the 

construction jobsite, which will be checked based on construction procedural documents. The 

proposed CPDI framework can analyze two types of data simultaneously (Figure 41) as explained 

below. Procedural Document Input - This step inputs a construction procedural document, in which 

the construction execution steps will be used as the instruction in the framework. Sensed 

Construction Site Information Input - This step inputs the corresponding sensing data that is 

captured from a construction jobsite, which provides the execution procedure that will be 

monitored based on the construction procedural document. Textual Information Processing – This 

step analyzes input textual data from the procedural document, and extracts execution steps based 

on IE rules. Sensing Data Analysis and Label Information Processing – This step analyzes input 

sensing data from construction job site, and returns a detection result file, in addition, processes 

the result file for matching and checking under the CPDI framework. Framework Integration – 

This step integrates and compares the processed IE file and the processed detection result file to 
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check the compliance of job site execution steps with corresponding construction procedural 

requirements. For instance, the execution step (e.g., install door, on the door frame) was extracted 

from procedural document using textual information extraction and processing model, in addition, 

the sensing data processing model will be used to detect the corresponding action (i.e., install), 

associated object (i.e., door), and their support information (i.e., on the door frame) from the input 

sensing data and return detection result after post-processing (i.e., install door, door frame), then 

the integration model will process the extracted information from document and detection results 

from sensing data to conduct sequence compliance checking and return report to users providing 

if the correct execution steps exist and in a right sequence based on input documents. The 

integration model compares clauses of extracted information from textual information extraction 

and processing model and clauses of detection results from sensing data processing model. The 

two models extract, analyze, and process data at the same time based on the customized rules to 

eliminate irrelevant and redundant information and make sure the process sequences both in the 

textual document and sensing data are comparable. 

The ultimate goal of IE in the proposed CPDI framework is to select suitable sensing 

techniques based on the extracted information from procedural document, collect sensing data 

from construction jobsite, then integrate the extracted execution steps from construction 

procedural document with construction execution operations from corresponding sensing data 

collected, which enables real time automated monitoring of the construction site. 

 

Figure 41. Construction procedural data integration (CPDI) framework.  
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General Application Extensions of the Proposed IE Method and CPDI Framework  

The proposed IE method can be applied to virtually any textual document in the 

construction domain, such as designer specifications, contractor method statements, which 

requires only the adjustment in the use of a corresponding ontology. The proposed method serves 

as a general-purpose IE for execution action, associated object, time, location, and personnel, etc. 

For example, the IE method can process the contents of a work breakdown structure (WBS) and 

extract action, object, duration and other support information (e.g., start/finish time).  

The proposed IE method and the CPDI framework can be extended to any domain 

applications that require textual information and activity information that need to be 

matched/compared. For example, the proposed method and framework can be applied to lab 

monitoring in educational settings, IE method can extract demo procedure in the documents and 

monitor students’ operations based on the captured sensing data. 

5.3 Ontology-Based Construction Jobsite Sensing Technique Guidance and Application  

5.3.1 Construction Tasks, Resources, and Techniques Integrated (ConTaRTI) Ontology  

 Construction information management needs to leverage different types of data represented 

in different formats, such as planned construction execution information in the construction 

procedural documents, and equipment information (e.g., location, movement, operational status) 

on the jobsites, etc. To collect and incorporate heterogeneous data both from offsite and onsite 

sources, the author: (1) developed a construction tasks (i.e., construction activities), resources (i.e., 

labor, materials, and equipment), and techniques (i.e., sensing techniques) integrated (ConTaRTI) 

ontology to classify construction site information; and (2) encoded construction sensing technique 

selection recommendations for monitoring construction site information into the proposed 

ConTaRTI ontology to help collect data.  

The proposed ConTaRTI ontology offers a novel way to classify construction information 

that needs to be collected, measured, and detected on the construction site, it also provides sensing 

technique recommendations to guide methods and tools selection for the data collection on specific 

construction tasks and resources. It demonstrates a new method by linking construction site 

information with their data collection methods to support information management. The 

quantitative and qualitative evaluation results of the proposed ontology demonstrate that it is 
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promising to be used in the construction domain to support decision-makings in sensing technique 

selection for data collection and information management.   

Ontology Development  

The term “Ontology” was firstly developed in 1613 by two philosophers independently, 

and it was firstly recorded in the Oxford English Dictionary in English in 1721 (Smith 2003). 

Ontology aims to simplify the point of view to represent something for specific purpose, which is 

a straightforward specification of an abstract (Guarino et al. 2009; Khan and Luo 2002). It defines 

a list of terms (i.e., concepts), the relationships among them, and the axioms (i.e., definitions of 

concepts and relationships, and their constraints), which are coded in the hierarchal structure (El-

Gohary and El-Diraby 2010). Concepts define the “things’ (e.g., entities and families) either 

abstractly or concretely in the domain of interest. An entity represents an action, actor, product, 

resource, project, or mechanism, which has an attribute, a modality, and is a member of a family. 

An entity is controlled by a constraint. The affiliations between entities and families are defined 

by modalities (El-Gohary and El-Diraby 2010). Concepts in the ontology are associated with three 

relationships: is-a, part-of, and cross-concept relationships. Is-a relationship is also known as 

subsumption relationship, which is developed for the specialization of a super-concept into 

specialized sub-concept. Part-of relationship is known as partonymy relationship, which is 

developed for decomposing a concept into corresponding parts and structuring processes into 

patronymic hierarchies. Cross-concept relationship represents non-hierarchical semantic links 

between concepts, which emphasizes the reason of each link.  

There are five main steps in the general procedure of ontology development, including: (1) 

define purpose and scope of the ontology; (2) build classes and class hierarchy in the ontology; (3) 

define relationships between classes; (4) implement ontology; and (5) evaluate ontology (Noy and 

McGuinness 2021; Xu and Cai 2021). In this dissertation, the author developed a ConTaRTI 

ontology to demonstrate the connections between construction site information and their 

corresponding sensing techniques for jobsite sensing guidance and data collection. It aims to 

provide sensing technique recommendations and further support construction information 

management. This purpose and scope dominate the represented information in the ontology (i.e., 

construction site information and sensing techniques), which will be demonstrated and classified 

in a hierarchical way. In addition, the recommendations regarding sensing technique selections 
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based on different construction site information are enumerated based on referenced literature. 

Figure 42 illustrates the ConTaRTI ontology development procedure. In Figure 42, the purpose of 

the proposed ontology aims to fulfill the construction application (i.e., sensing technique 

recommendation provision), which determines the structure of the proposed ontology and helps 

define the classes and class hierarchy in it. The author conducted literature review regarding both 

construction site information and sensing techniques for data collection, which help define the 

concepts and their relationships between them. The proposed ConTaRTI ontology is encoded in 

the Protégé (version 5.5.0) using Web Ontology Language (OWL) (Figure 43). Protégé is an open-

source ontology development editor, which is used to build knowledge-based intelligent systems 

(Gennari et al. 2003). OWL is a knowledge representation language for processing information in 

a computer rather than only presenting information to human (McGuinness and Van Harmelen 

2004). The ConTaRTI ontology will be evaluated from quantitative and qualitative perspectives, 

which will be performed iteratively to improve the ontology.  

Construction tasks and resources together with their corresponding sensing techniques for 

data collection provide the main theme for the ConTaRTI ontology development. Additionally, it 

could be used to collect jobsite data and further support construction information management. 

The ConTaRTI ontology would not be the “only one” information management model, because 

“there is no “perfect” ontology and no “optimum” classifications or concept hierarchies” according 

to El-Gohary and El-Diraby (2010). 

 

 

Figure 42. ConTaRTI ontology development process. 
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Figure 43. ConTaRTI ontology (network components module) structure (partial). 

 

ConTaRTI Ontology Concepts. The proposed ConTaRTI ontology aims to capture 

construction site information (i.e., tasks and resources), and provide recommendations regarding 

sensing technique selections to specific construction site information for data collection. 

Therefore, it could be used to manage sensing techniques to support various construction 

applications on the construction site to facilitate information management (e.g., material tracking).   

Accordingly, at the highest level, the ConTaRTI ontology includes two main parts: construction 

site information and sensing techniques, which contribute to the use of the ConTaRTI ontology 

for jobsite sensing guidance. Construction site information is categorized into two main families: 

construction resources and tasks, which include labor, materials, equipment (El-Diraby et al. 

2005), and their related activities on the construction sites, respectively. Sensing techniques mainly 

focuses on construction jobsite sensing techniques (e.g., passive infrared sensor) to support data 
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collection. At the following level in the ConTaRTI ontology, construction tasks include six types 

of construction activities based on the use of different construction resources: labor-based, 

equipment-based, labor with equipment-based, labor with material-based, labor with equipment 

and material-based, and equipment with material-based activities. In addition, construction 

resources capture construction labor, materials, and equipment categories. In each category, the 

specific terms (e.g., walking from labor-based activity category, excavator from equipment 

category, and IMU from sensing technique category) are collected based on referenced literature 

in the context of construction jobsite data collection using sensing techniques. 

ConTaRTI Ontology Relationships. In the ConTaRTI ontology, the “part-of” 

relationship is developed based on the nature of the construction site information and the data 

collection requirement. For example, construction tasks and resources are two parts of the 

construction site information, which contain the objects and activities that need to be detected, 

collected and measured for data collection purpose. Similarly, “Is-a” relationship demonstrates the 

connection between sub-concept and its super-concept. For instance, walking is one type of labor-

based activities, which shares the same concept level with sitting and hand washing, which are 

also labor-based activities in the ConTaRTI ontology. Meanwhile, the “cross-concept” relationship 

is assigned based on literature to provide the recommendations regarding sensing technique 

selections. For example, tri-axial accelerometer will be recommended based on the ConTaRTI 

ontology for detection of sitting type of labor-based activity, based on reference Chen et al. (2008). 

Ontology Implementation and Experimental Results Analyses 

The ConTaRTI ontology was developed based on the nature of the construction resources 

and data collection needs of construction tasks on the jobsite, which covers construction site 

information that needs the sensing techniques to collect, including (1) resources: labor, materials, 

and equipment; and (2) tasks: labor-based activities, equipment-based activities, labor with 

equipment-based activities, labor with material-based activities, labor with equipment and 

material-based activities, and equipment with material-based activities. The corresponding sensing 

techniques for each construction resource and task were incorporated into the ontology and 

assigned to the specific resource and/or task. All above-mentioned information of the proposed 

ConTaRTI ontology was developed and encoded in the Protégé (version 5.5.0) using OWL. Then 

it was implemented with a user-friendly interface. For the developed ontology interface, Python 
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programming language (Python 3.5.3) (e.g., tkinter package, SQLite library) was used for 

implementation. 

The method for implementing the proposed ConTaRTI ontology includes five main steps 

(Figure 44). Step 1: Construction Tasks and Resources Information Development – This step 

defines the content in the ontology and classifies construction site information into different 

categories to support ontology development, which contains construction tasks (i.e., construction 

activities), and resources (i.e., labor, materials, and equipment). Step 2: Construction Sensing 

Techniques Information Development – This step lists the sensing techniques that are used to 

collect corresponding construction site information in different categories in Step 1. The selected 

sensing techniques were involved based on literature, which provides evidence to support the 

further sensing technique recommendation provisions in Step 3. Step 3: Technical 

Recommendation regarding Sensing Technique Selection – This step bridges the selected 

information in the ontology in Step 1 and their corresponding sensing technique information in 

Step 2 to help data collection for jobsite sensing guidance. Step 4: Ontology Integration – This 

step incorporates the defined construction site information in Step 1, sensing techniques in Step 2, 

and their relationships in Step 3, then implements them into an ontology-based user-friendly 

interface for guiding jobsite data collection. The developed interface makes the provision of jobsite 

sensing guidance one step closer to full automation to support decision-makings in the construction 

domain. In the interface, the corresponding sensing technique(s) for the specific type of 

construction site information will be provided based on the user selection of specific task (i.e., 

construction activity) or resource (i.e., labor, material, and equipment) in the ConTaRTI ontology. 

Step 5: Ontology Evaluation – This step evaluates the developed ontology from quantitative and 

qualitative perspectives. The evaluation results will be used iteratively to improve the ontology 

(i.e., refinement and development). 
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Figure 44. Method for ConTaRTI ontology implementation.  

 

Step 1: Construction Tasks and Resources Information Development. The developed 

ConTaRTI ontology mainly covers three areas: (1) construction site information; (2) sensing 

techniques information; and (3) their relationships. For construction site information, the 

ConTaRTI ontology focused on two categories: (1) construction tasks (i.e., activities); and (2) 

resources (i.e., labor, materials, and equipment). Accordingly, construction resources include labor 

(e.g., construction worker), equipment (e.g., excavator), and materials (e.g., concrete). In addition, 

construction tasks contain all the resource-related activities, including labor-based activities (e.g., 

sitting), equipment-based activities (e.g., tower crane hook moving), labor with equipment-based 

activities (e.g., welding), labor with material-based activities (e.g., inspection of a weld), labor 

with equipment and material-based activities (e.g., concrete truck pouring concrete), and 

equipment with material-based activities (e.g., tower crane load concrete). The ConTaRTI 

ontology covers major types of information on the construction jobsites that needs the support by 

sensing techniques to help collect data, therefore, it could be used to support different applications 

(e.g., equipment tracking) to further support information management on the jobsite. 
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Step 2: Construction Sensing Techniques Information Development. With the 

improvement of the sensing techniques in the construction domain, there are more opportunities 

to fulfill different needs and construction operations during different phases of the life cycle of a 

building (Vähä et al. 2013). Sensing techniques play an important role for transferring traditional 

manual data collection method to an automated one to support business operations, such as site 

conditions monitoring, equipment and material management, worker safety, and facility 

management, among others (Ellis 2020). Accordingly, to facilitate data collection on the 

construction jobsite, the sensing techniques are incorporated into the ConTaRTI ontology to fill 

the gap. In the ConTaRTI ontology, the construction tasks and resources with their corresponding 

sensing techniques for data collection follow one-to-one and/or one-to-many relationships. All the 

sensing techniques in the ConTaRTI ontology were selected based on literature, the literature 

provides both the data source and specific reference information, which demonstrates the 

relationships between sensing techniques and the corresponding construction site information for 

which to collect data. 

Step 3: Technical Recommendation regarding Sensing Technique Selection. In this 

step, the relationships between the construction tasks and resources information that were 

developed in Step 1 and corresponding types of sensing techniques that were developed in Step 2 

are defined and encoded into the ontology. For example, the recommendation of the Crossbow 

MICA2s with sensor board MTS310CA and tri-axial accelerometer will be provided based on the 

ConTaRTI ontology to collect data for walking type of labor-based activity (Yin et al. 2008; Chen 

et al. 2008). After linking the construction tasks and resources with their data collection sensing 

techniques, the two parts of the ConTaRTI ontology have been integrated.   

Step 4: Ontology Integration. In this step, the ConTaRTI ontology is encoded in OWL 

using Protégé. To make it easy to support jobsite sensing guidance, an ontology-based user 

interface is developed to support the use of the ontology (Figure 45). When running the interface, 

users could select specific terms of construction tasks or resources in different categories, then 

press the corresponding button regarding different categories, the sensing technique 

recommendations with their reference will be demonstrated in the text display box in different 

colors. Figure 45 illustrates the ontology-based user interface with zoomed-in looks. In Figure 45, 

the sensing technique Crossbow MICA2s with sensor board MTS310CA and tri-axial 
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accelerometer with reference is provided for walking in the labor-based activity category (pink 

color). 

 

 

Figure 45. Ontology-based user interface.  

 

Step 5: Ontology Evaluation. Currently, ontologies are widely used for representing 

knowledge as the foundation for Semantic Web (Antoniazzi and Viola 2019). Because the 

ontologies are expected to be reused in various domains, it is important to evaluate the ontologies 

in a scientific way (Raad and Cruz 2015). Based on Hlomani and Stacey (2014), quality and 

correctness are the two important metrics to evaluate the ontologies as a reference model, in which 

several criteria are considered, including conciseness, accuracy, adaptability, completeness, 

computational efficiency, clarity, and consistency (ElHassouni et al. 2020). Based on Raad and 

Cruz (2015), there are four methods to evaluate an ontology, which include gold standard-based 

methods, corpus-based methods, task-based methods, and criteria-based methods. Gold standard-

based methods are the most straight-forward, they are also named as ontology alignment or 

ontology mapping (Ulanov 2010). In terms of using the gold standard-based methods, the 

comparison between the developed ontology and a reference ontology is procedurally conducted. 

Corpus-based methods evaluate the coverage of the developed ontology for a specific domain, 

they are the data-driven methods. When using the corpus-based methods, the comparison between 
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the proposed ontology and a domain specific text corpus is conducted. Task-based methods assess 

the improvement to a certain task when using the proposed ontology, which only evaluate the 

performance of the ontology for a specific task without considering its structural characteristics. 

Task-based methods are usually used to evaluate the adaptability of an ontology. Criteria-based 

methods assess the adherence of the proposed ontology to a specific criterion. Table 18 

summarizes different criteria for each ontology evaluation method, in which three levels (i.e., high, 

medium, and low) are assigned to the corresponding criterion in different methods (Raad and Cruz 

2015). 

 

Table 18. An Overview of Ontology Evaluation Methods. 

 Gold 

Standard-

Based 

Approaches 

Corpus-Based 

Approaches 

Task-Based 

Approaches 

Criteria-Based 

Approaches 

Accuracy High High Low Medium 

Completeness High High Medium Low 

Conciseness High High Medium Medium 

Adaptability Medium Low High Medium 

Clarity Medium Medium Medium High 

Computational 

Efficiency 

Low Low High High 

Consistency Medium Medium High High 

Experimental Test 

An experiment was conducted to evaluate the developed ConTaRTI ontology using task-

based method, in which the proposed ontology was implemented with an interface to perform the 

assigned task. Accordingly, a given task was assigned to the ontology, that is, to provide 

recommendations regarding sensing technique selection for specific construction information (i.e., 

construction resources and tasks) data collection. Figure 46 demonstrates an example procedure 

of using the ConTaRTI ontology. In addition, the ontology evaluation was performed based on the 

procedure in Figure 46. Firstly, a user could select specific construction resources and tasks in 

different categories (e.g., labor-based activity). Then, the user pressed the corresponding button 

(e.g., Sensing Technique Recommendation for Labor-Based Activity), the sensing technique 
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selection recommendation with its referenced literature would be provided in the text display box 

with the same color as the name of the selected category (e.g., pink for Labor-Based Activity). 

 

 

Figure 46. Ontology-based interface explanation with an example. 

Evaluation 

In the dissertation, task-based method is used to evaluate if the proposed ontology could 

provide recommendations regarding sensing technique selection appropriately, for data collection 

of specific construction site information. In this dissertation, there are three criteria considered for 

ontology evaluation (Raad and Cruz 2015): adaptability, computational efficiency, and 

consistency, which represent the criteria that are well covered by task-based ontology evaluation 

methods (Table 18).  

In this dissertation, computational efficiency and consistency are used for quantitative 

analysis, and adaptability is used for qualitative analysis. Based on reference Raad and Cruz 

(2015), “Computational efficiency measures the ability of the used tools to work with the 

ontology.” Accordingly, the computational efficiency demonstrates the time consumption with and 

without using the ConTaRTI ontology, which is reflected/implemented with a user-friendly 

interface, to obtain sensing technique selection recommendations. With the use of the implemented 

ConTaRTI ontology, users only need to select the corresponding button to get sensing technique 
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recommendations backed by referenced literature. On the contrary, without using the implemented 

ConTaRTI ontology, the users need to either browsing online or checking the book or other 

resources to get the sensing technique recommendations, which is time consuming and labor-

intensive. The evaluation process of the computational efficiency was conducted by three 

independent researchers, in addition, each of them randomly tested twenty-five construction tasks 

and/or resources in the ConTaRTI ontology, then calculated the time spent for each of the twenty-

five selections in order to get the average time consumption. The average time consumption when 

using the ConTaRTI ontology to get sensing technique recommendations was 4.664 seconds 

(standard deviation = 1.36), meanwhile, the average time consumption was 5.489 minutes 

(standard deviation = 73.45) without the use of the ConTaRTI ontology. Figure 47 shows the line 

chart of computational efficiency testing results. In Figure 6, the time consumption with the use of 

ConTaRTI ontology (i.e., blue line) is much less than without using the ontology (i.e., red line). In 

addition, the time consumption with the use of ontology is much more stable than without using it 

in the computational efficiency testing procedure. Table 19 demonstrates the computational 

efficiency testing results. It shows that the time consumption efficiency improvement achieves 

98.58% when using the ConTaRTI Ontology. It demonstrates that the proposed ConTaRTI 

ontology is promising to be used in providing sensing technique recommendations for construction 

site information in an efficient way. 

 

Table 19. Evaluation Results of the Computational Efficiency. 

Method Without the Use of 

the ConTaRTI 

Ontology 

With the Use of the ConTaRTI 

Ontology 

Evaluation 

Result 

Computational 

Efficiency 

Average 5.489 

minutes 

Average 4.664 seconds Improved by 

98.58% 
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Figure 47. Line chart of computational efficiency testing results. 

 

Adaptability illustrates how far the ConTaRTI ontology is anticipated to apply to different 

tasks/applications/scenarios (Raad and Cruz 2015). Therefore, the author considered other 

potential applications of the ConTaRTI ontology in several broad areas (e.g., education, 

commercial, and research areas), such as: (1) illustrating sensing techniques recommendations for 

specific construction site information, which can be used as a digital education tool to motivate 

students’ learning for education innovation (i.e., education purpose); (2) serving commodity 

purchase analysis from sensor selection perspective for construction contractors in mitigating 

inadequate budget (i.e., commercial purpose); and (3) providing research tool guidance for target 

construction site applications in an efficient way, including safety management, construction 

worker monitoring, and smart construction, among others (i.e., research purpose). It provides the 

conceptual foundation for the anticipated tasks. In addition, because the proposed ConTaRTI 

ontology was implemented with a user-friendly interface, in which the two types of information 

(i.e., construction site information and sensing techniques) and their relationships are encoded with 

Python programming language. Its structure can be used directly and the contents are easy to be 

adapted to other applications, such as providing recommendations regarding project delivery 

methods based on different types of projects and organization structures, only the corresponding 

adjustments for ontology concepts are needed to fulfill the purpose. For instance, within the same 
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structure of the ConTaRTI ontology, the two main parts (i.e., construction information and sensing 

techniques) could be replaced with different types of project and organization structures, and 

project delivery methods, respectively. Then the relationships between them could be assigned 

based on referenced literature accordingly. Therefore, the ConTaRTI ontology provides structure 

foundation with matching relationships to support other tasks/applications. 

Consistency demonstrates that the ontology does not contain or allow for any 

contradictions (Raad and Cruz 2015). In this dissertation, for the evaluation of consistency of the 

proposed ontology, an open-source reasoner, named HermiT (Motik et al. 2021), was used. 

HermiT is an OWL ontology reasoner, which determines if the ontology is consistent, and 

identifies subsumption relationships between classes. In this dissertation, the ontology was 

imported into Protégé, HermiT reasoner runs and evaluates the ontology, in which the majority of 

the ontology contents are consistent (95%). The ontology was fully consistent after minor revisions 

(100%).    

Based on the evaluation results, the proposed ontology could provide the conceptual 

foundation for the anticipated tasks based on adaptability evaluation, achieved 98.58% 

improvement in computational efficiency comparing to the manual approach, and 100% in 

consistency, which demonstrate that the proposed ontology is promising and could be used for 

providing sensing technique selection recommendations to different construction resources and 

tasks, and further support construction information management. 

5.3.2 Potential Ontology Application - Proposed Framework of Construction Applications 

Information Management 

Obtaining different types of information throughout the entire life cycle of a project to 

support information management is an essential research topic of great interest in the AEC domain. 

To facilitate the process of managing construction information by leveraging and integrating 

different functions and applications, the author proposed an ontology-based construction 

applications information management framework (Figure 48), in which the textual procedural 

information extraction, sensing technique recommendation and selection, and information analysis 

application are integrated into one framework to support construction information management. 

There are three main levels in the proposed framework, which includes textual procedural 

information extraction (IE) (i.e., information level), sensing technique recommendation and 
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selection (i.e., service level), and information analysis application for different tasks (i.e., 

application level). Therefore, in the proposed framework, construction information could be 

extracted, collected, and implemented based on the proposed ConTaRTI ontology. For example, 

firstly, planned execution steps could be extracted using textual IE from construction procedural 

document based on the ontology, which provides the guidance for execution steps on the 

construction sites. Then sensing technique selection recommendations will be provided based on 

the IE results and the developed ConTaRTI ontology, which provides the recommendations 

regarding how to collect onsite information (i.e., construction resources and tasks) that is extracted 

from offsite sources (i.e., construction procedural documents). It helps data collection for further 

information comparison and analysis. Lastly, the collected data using recommended sensing 

techniques can be used to support different construction applications, such as inventory checking, 

and safety and health monitoring (Shults et al. 2019; Ahn et al. 2019). The proposed construction 

applications information management framework is supported by the newly developed 

construction tasks, resources, and techniques integrated (ConTaRTI) ontology, it illustrates a new 

method to integrate and leverage heterogeneous data for construction site information 

management. 

 

  

Figure 48. Proposed ontology-based construction applications information management 

framework. 
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6.1 Conclusion  

6.1.1 Data Analysis at the Information Level   

Interoperable data exchange is important in the architecture, engineering, and construction 

(AEC) domain because of: (1) the collaborative nature of the domain; and (2) the many differences 

in the tools and data formats used by different stakeholders. In this dissertation, the author 

conducted a preliminary literature review about BIM interoperability trying to identify topics and 

trends on the BIM interoperability problem with a focus on the structural analysis domain, from 

both the theoretic perspective and the application perspective. Based on the review and preliminary 

experimental analysis, research gaps were identified in the BIM interoperability with structural 

analysis area where future researches are recommended: (1) the need of better information 

coverage in the IFC schema; (2) the need of stronger IFC importation/exportation support in 

structural analysis software; (3) the lack of methods other than the “top-down” approach in 

representing model elements and tracking semantic changes of elements between different models; 

and (4) the lack of tools and methods in addressing model information distortion and geometric 

precision lost problems. Addressing these research gaps can improve interoperability of IFC-based 

BIM, and therefore facilitate information flow between different parties in the AEC domain with 

a central model/database, resulting in a simpler information flow pattern and less interoperability 

problems. 

In addition, to be specific, information missing during model exportation from BIM 

structural analysis software is an important problem that needs to be solved to support BIM 

interoperability in the AEC domain. To address this problem, the author conducted a preliminary 

analysis of the information coverage among three structural analysis stages (i.e., intrinsic, 

extrinsic, and analysis stages) from text and IFC files exported from different structural analysis 

BIM software. The files exported from the same BIM model were compared in horizontal and 

vertical perspectives. The results showed that (1) models could be exported as text files and IFC 

files from BIM analysis software, (2) geometric, material, supports and load information could be 

exported both to the text files and IFC files from BIM analysis software, and (3) structural analysis 

results could not be exported from BIM analysis software directly neither to text nor to IFC files. 

With the anticipated full life cycle comprehensive information support goal of BIM for structural 
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analysis, more research and development need to be performed to close the roundtrip information 

transfer loop for all intrinsic, extrinsic, and analysis results information. 

Furthermore, the author analyzed and addressed BIM interoperability problems and used 

it to analyze BIM interoperability between architectural design and structural analysis. Six 

common project delivery methods were taken into account as the background context and a BPMN 

diagram was created based on the transfer and use of modelling information between architectural 

models and structural models in the architectural design and structural analysis processes. Six 

technical route segments were summarized to explain any BIM interoperability application 

between the architectural design and structural analysis processes. In the process and management 

dimension in the context of BIM interoperability application at the information analysis level, the 

proposed technical routes (Figure 11) with different combinations, and their applications to 

different project delivery methods provide new instruments for stakeholders in industry to use for 

supporting their decision making. Therefore, it enables the interaction between architects and 

structural engineers to be more efficient and therefore more frequent to contribute practical impact 

in a project process not only for a shorter schedule and faster information delivery but also for a 

better design and safer structure. All above-mentioned information analyses methods provide 

foundations to support BIM interoperability at the data process level.  

6.1.2 Data Refining at the Process Level   

To facilitate data interoperability, the author devised invariant material signatures and 

developed material signatures for three common construction materials. Then the author developed 

a formal material information representation and checking method in a systematic way to help 

solve the material information gap identified through the experiment. The advantage of the 

proposed material information representation and checking method was demonstrated in a 

comparative experiment with manual information transfer and checking through a case study. It 

shows that applying the proposed material information representation and checking method to a 

construction project could improve information exchange between the architectural models and 

the structural models for facilitating communication efficiency between architects and structural 

engineers, therefore bringing the time and cost benefits to the entire project delivery process. 

In addition, to facilitate information management in the context of construction monitoring 

application, this dissertation presented a semantic, rule-based IE methodology for automated 
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execution steps IE from construction procedural documents. A set of pattern matching-based IE 

rules and customized supplement extraction rules were used in IE processes. The extracted patterns 

were represented in terms of syntactic and semantic text features. A set of NLP techniques were 

utilized to select the syntactic features of the construction procedural documents. A construction 

procedural and data collection (CPDC) ontology was developed and used to select the semantic 

features, which represented execution steps in the procedural documents. In addition, it provides 

a new instrument for selecting sensing techniques to collect data on the jobsite. Semantic 

information element instances were extracted separately and sequentially to reduce the number of 

needed patterns for further use.   

The proposed IE method was tested on execution steps of a set of open-source specifications. 

Comparing to a manually developed gold standard, 97.08% precision, 93.23% recall, and 95.12% 

F1 measure were achieved for execution steps IE. The high-performance indicates that the IE 

method is promising.  

6.1.3 Data Processing at the Service and Application Level   

In terms of leveraging BIM-related Information, this dissertation proposed an all-in-one-

place information checking, provision, and application process (ICPAP) framework, which is 

implemented into a python-based user interface by integrating model information analysis, guided 

information provision, and information consumption application. An experiment of a 12-storey 

concrete IFC model was conducted to mainly test the framework at the material information level. 

The evaluation results of the proposed framework demonstrated that the proposed framework 

achieved information representation, checking, and extraction in a more efficient and accurate 

manner comparing to performing them manually. Therefore, the proposed framework could better 

leverage BIM-related model (e.g., IFC model) in helping: (1) information representation to 

facilitate communication between different software/platforms/systems/applications, (2) 

information checking to better understand and check the useful information in an accurate and 

efficient manner, (3) guided information provision to help provide customized recommendations 

and support decision-making in the AEC domain, and (4) information consumption application to 

better use and integrate the provided information in the construction applications.  

Meanwhile, to integrate, analyze, and manage construction site information, the author 

proposed a new construction monitoring framework, which integrates NLP and sensing techniques 
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(i.e., computer vision) for automatically monitoring construction jobsite based on construction 

procedural documents. The proposed framework consists of three main components: (1) a textual 

information extraction and processing model, which uses an NLP-based algorithm to extract 

information from procedural documents and process it automatically; (2) a label information 

extraction and processing model, which utilizes a deep learning computer vision algorithm to 

detect, analyze and process jobsite execution steps from sensed video on the construction jobsite; 

and (3) an integrated compliance checking model, which utilizes longest common subsequence 

algorithm to automatically match and check the similarity of the execution steps from the 

construction procedural document and the analyzed video. The proposed monitoring framework 

was experimentally tested in checking the execution steps of selected construction specifications 

and a corresponding synthesized video. Comparing to a manually developed gold standard, 

83.33% recall, 71.43% precision, and 76.92% F1-measure in construction procedure compliance 

checking were obtained.  

Similarly, the author also proposed an IE method-based general implementation framework 

of construction monitoring applications, which is named as construction procedural data 

integration (CPDI) framework. It provided a fully automated approach to monitor sequence of 

execution procedure for construction job sites. This dissertation mainly focused on the IE of 

execution steps from construction procedural documents. The proposed IE method in this 

dissertation presented a textual information extraction and processing model, which utilized 

Python algorithm to automatically extract information from textual data and processed it based on 

different situations such as time sequence relations to support CPDI framework. 

This dissertation also presented a construction tasks, resources, and techniques integrated 

(ConTaRTI) ontology by incorporating construction site information, its corresponding sensing 

technique for data collection, and the relationships between them. It covers the major types of 

information on the construction site that may need the support by sensing techniques in data 

collection. In the ConTaRTI ontology, both the recommended sensing techniques and the 

corresponding referenced literature are provided to demonstrate the sensing technique selection 

recommendations, which can support the decision-makings in the construction domain in an 

efficient and accurate manner. The proposed ConTaRTI ontology was quantitatively and 

qualitatively evaluated using task-based approach to assess the adaptability, computational 

efficiency, and consistency. It demonstrates that the proposed ConTaRTI ontology is promising 
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and could be implemented in the construction domain to help provide sensing technique selection 

recommendations regarding data collection methods for specific construction resources and tasks. 

In the meantime, the author proposed a ConTaRTI ontology application: an all-in-one-place 

construction applications information management framework, which integrates textual 

procedural information extraction, sensing technique recommendation and selection, and 

information analysis applications (e.g., inventory checking). The proposed framework can help 

integrate and leverage data from different construction stages, functions, and applications into one 

framework in an efficient and accurate manner.   

In addition, the proposed ontology-based construction applications information 

management framework integrates different functions into one framework, which provides a 

potential knowledge model-based implementation to facilitate construction information 

management by integrating heterogeneous data and leveraging them in different construction 

applications. 

6.2 Contributions to the Body of Knowledge  

6.2.1 Data Analysis at the Information Level   

This research is one of the first systematic explorations of BIM interoperability between 

architectural design and structural analysis that was targeted at supporting BIM interoperability 

research and development. This research contributes to technical routes by summarizing six route 

segments of BIM interoperability between architectural design and structural analysis. A 

combination of one or more route segments could form a closed loop for information transfer to 

support BIM interoperability, which is what the AEC industry ultimately needs. The technical 

route segments with different combinations for information transfer, and their applications to 

specific project delivery method provide new instruments to stakeholders in industry for efficient 

and accurate decision making. The gap analyses regarding information missing and information 

inconsistency between architectural models and structural models were conducted to find that in 

some situations, such as the technical route from proprietary architectural BIM to IFC and from 

IFC to proprietary structural analysis model, material information could be missing. The author 

developed gap analyses of material information between architectural models and structural 

models and proposed a new set of invariant material signatures and a corresponding material 
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information representation and checking method. The proposed material information 

representation and checking method could improve information transfer between architectural 

design and structural analysis to support BIM interoperability in different project delivery 

methods. The case study results showed that the proposed method could improve information 

exchange efficiency between architectural design and structural analysis to facilitate BIM 

interoperability. In addition, the proposed method can be adapted to facilitate the information flow 

between any two stages of the lifecycle of a building or infrastructure (e.g., roadway, bridge, 

culvert) project (e.g., between pre-construction stage and post-construction stage to deal with the 

maintenance issues).       

The impact of applying this research in the AEC domain could be far-reaching. This 

research provides a formal invariant signatures-based material information representation and 

checking method to support BIM interoperability. This method facilitates information exchange 

between architectural models and structural models, which helps improve the information transfer 

and coordination between architects and structural engineers and therefore the efficiency of the 

whole project. The proposed method can be extended and applied to other application phases and 

functions such as cost estimation, scheduling, and energy analysis. 

6.2.2 Data Refining at the Process Level   

BIM-based data processing methods that are developed in this dissertation, including 

invariant signature-based information representation, and MVD-based information checking 

algorithm, can be applied to the construction domain to support information analysis, information 

processing, and information applications in general. 

At the data process level in the context of considering construction site information, this 

research contributes to the body of knowledge in three main ways. Firstly, this research offers a 

domain-specific, semantic NLP method that can assist in capturing domain-specific meanings 

from construction procedural documents. Construction procedural documents are important 

documents for contractors in the construction sites to guide on how to install objects and the desired 

level of quality. This work demonstrates an automated IE method to extract execution steps from 

construction procedural documents, which can be used for the proposed construction procedural 

data integration (CPDI) framework implementation, it would reduce the time, cost, and errors of 

the checking process in the construction site. Secondly, the proposed method provides a new 
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information classification method based on a new construction procedural and data collection 

(CPDC) ontology, which links the planned procedure of construction documents with executed 

procedure that is collected from sensing techniques in the construction sites. In addition, it provides 

a new instrument for selecting sensing techniques on the jobsite to collect execution data. Thirdly, 

this research offers a novel way to include construction activities in the construction procedural 

documents that were seldom analyzed in the previous research (e.g., preparation surface and 

cleaning floor), but they are important source of information for the construction job sites.  

     The proposed IE method can be applied to integrate both textual information and activity 

information into one framework. In this research, a set of information extraction, information 

reorganization, and processing algorithms were prepared to effectively implement into the unified 

framework for automated monitoring 

6.2.3 Data Processing at the Service and Application Level   

The proposed ICPAP framework can be used to integrate and leverage different types of 

information from different phrases, stages, functions, and applications in the AEC domain to 

support various enriched BIM applications. 

Similarly, the developed construction monitoring framework, and Construction Procedural 

Data Integration (CPDI) Framework enable the traditional construction monitoring application one 

step closer to an automated one. In addition, they offer a new way to monitor construction activities 

that were seldom analyzed (e.g., installation) in the previous research, in an automated fashion.   

 Furthermore, this dissertation incorporates construction site information and sensing 

techniques into a newly developed construction tasks, resources, and techniques integrated 

(ConTaRTI) ontology. The proposed ConTaRTI ontology includes construction resources (i.e., 

labor, materials, and equipment) and tasks (i.e., construction activities), and their corresponding 

sensing techniques for data collection. It can provide sensing technique recommendations based 

on specific construction site information. Thus it is implemented with a user interface to 

demonstrate the ontology purpose, which successfully demonstrated and integrated the 

construction tasks and resources, their corresponding sensing techniques for data collection, and 

relationships between them that are backed by referenced literature. It can be easily applied to the 

construction domain to provide sensing technique recommendations in an efficient and accurate 

way to support decision-makings. In addition, the ConTaRTI ontology could be used to select 
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sensing techniques for different construction site information to help data collection, which could 

motivate students’ learning and facilitate education innovation. Similarly, the ontology structure 

could be adopted for other tasks/applications, the contents can be easily adjusted and used for other 

tasks/applications (e.g., providing recommendations regarding project delivery methods based on 

different types of projects and organization structures). This dissertation also offers a novel 

framework to demonstrate a potential ConTaRTI ontology application by integrating textual 

procedural information extraction, sensing technique recommendation and selection, and 

information analysis application into one framework to support construction information 

management. It demonstrates a new approach to leverage and integrate heterogeneous data into 

one framework to facilitate construction information management. 

6.3 Limitations and Future Work  

The limitations and future work mainly focus on data processing methods, which are 

developed based on information analysis approaches and can be used to further support other 

proposed frameworks, systems, and applications in the AEC domain. For the proposed formal 

information representation and checking method, the author acknowledges the following 

limitation in its current shape. Although the proposed method was tested in representing and 

checking required material information for information transfer between an architectural model 

and a structural model, how it will perform in representing and checking other types of information, 

such as analysis results information, needs to be further explored. In future work, the author plans 

to expand the proposed method in representing and checking other types of information such as 

logistic information and in different interoperability scenarios such as between architectural design 

and energy simulation. 

Similarly, three limitations of the proposed construction procedural IE method are 

acknowledged which the author plans to address in her future/ongoing research. (1) The proposed 

IE in this dissertation was only focused on extracting execution steps of construction procedural 

documents. It could be extended to support the checking of other types of requirements, such as 

material requirements; (2) The proposed method was only tested in checking execution steps of 

openings section in a set of construction procedural documents. As part of future/ongoing research 

work, the proposed method will be tested on more sections (e.g., finishes); (3) The proposed 

method was tested only on construction procedural documents. In future work, the proposed 
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method will be extended to extract information from other types of contractual documents (e.g., 

inspection report). In addition, the author plans to integrate the IE method into scheduling 

applications by considering critical path method (CPM) and activity-on-node (AON) network 

diagram.  

In terms of the ontology-based sensing technique guidance and application, three 

limitations are acknowledged, which the author plans to address in her future/ongoing work: (1) 

The proposed ontology focused on providing construction sensing technique recommendations for 

construction resources and tasks on the jobsite. It could be extended to provide sensing techniques 

recommendations for other types of construction information, such as weather station information 

for meteorological monitoring; (2) The proposed ontology focused on providing construction 

sensing technique recommendations. It could be extended to provide other types of 

recommendations, such as green building material selection based on construction site weather 

scenarios, etc.; and (3) The proposed ontology-based construction applications information 

management framework only considers textual procedural information extraction, sensing 

technique recommendation and selection, and information analysis application. As part of the 

future/ongoing research work, the author proposes to incorporate and implement other types of 

functions/applications into the framework, such as stakeholders’ communications. 
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APPENDIX B: IMPLEMENTATION FIELDS OF INFORMATION 

CHECKING AND INFORMAITON EXTRACTION FOR CHAPTER 5 

import ifcopenshell 
import re 
ifc_file = ifcopenshell.open("journal.ifc") 
extendedproperties = ifc_file.by_type("IfcExtendedMaterialProperties") 
extendedproperty = extendedproperties[0] 
if extendedproperty in ifc_file: 
    print('[Data]', extendedproperty) 
else: 
    print('[Info]', "IfcExtendedMaterialProperties doesn't exist") 
 
 
materialselects = ifc_file.by_type("IfcMaterialSelect") 
materialselect = materialselects[:] 
if materialselect in ifc_file: 
    print('[Data]', materialselect) 
else: 
    print('[Info]',"IfcMaterialSelect doesn't exist") 
 
 
materials = ifc_file.by_type("IfcMaterial") 
material = materials[0] 
print('[Data]', material) 
##singlevalue = ifc_file.by_type ("IfcPropertySingleValue") 
##singlevalue = singlevalue [0] 
##print (singlevalue. Name) 
 
 
singlevalue = ifc_file.by_type("IfcPropertySingleValue") 
ifcconversionbasedunit = ifc_file.by_type("IfcConversionBasedUnit") 
PROPERTIES = ['CompressiveStrength', 'MassDensity', 'PoissonRatio', 'ShearModulus', 'ThermalExpansionCoefficient', 'YoungModulus'] 
 
for n in range(0,6): 
    if PROPERTIES[n] in str(singlevalue): 
        #print("STRENGTH FCU", PROPERTIES[n]); 
        print('[Info]', PROPERTIES[n], "exis") 
    else: 
        compressivestrength = float(input("Please input CompressiveStrength of the material (Unit:Psi): ")); 
        unit_compressivestrength=input("Please input unit of CompressiveStrength of the material: "); 
        print("STRENGTH FCU", compressivestrength * 145.038 / 10E6); 
for item in singlevalue: 
    if 'CompressiveStrength' in item: 
        print('[Data]', item) 
        print('[Info]', item.Name) 
        y = str(item.NominalValue) 
        print('[Info]', re.findall(x,y)) 
        print('[Info]', item.Unit) 
    elif "MassDensity" in item: 
        print('[Data]', item) 
        print('[Info]', item.Name) 
        print('[Info]', item.NominalValue) 
        print('[Info]', item.Unit) 
    elif "PoissonRatio" in item: 
        print('[Data]', item) 
        print('[Info]', item.Name) 
        print('[Info]', item.NominalValue) 
        print('[Info]', item.Unit) 
    elif "ShearModulus" in item: 
        print('[Data]', item) 
        print('[Info]', item.Name) 
        print('[Info]', item.NominalValue) 
        print('[Info]', item.Unit) 
    elif "ThermalExpansionCoefficient" in item: 
        print('[Data]', item) 
        print('[Info]', item.Name) 
        print('[Info]', item.NominalValue) 
        print('[Info]', item.Unit) 
    elif "YoungModulus" in item: 
        print('[Data]', item) 
        print('[Info]', item.Name) 
        print('[Info]', item.NominalValue) 
        print('[Info]', item.Unit) 

 


