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Abstract

Construction simulation has been widely used in academia for research purposes

and its usefulness as a planning and decision-making support tool has been proven.

However, it has been neglected by the industry for various reasons, including the

amount of data, skills, effort and time required to develop complex simulation

models, the difficulty of model reuse, and the abstract and confusing way in which

simulation results are usually presented.

This thesis proposes a simulation modelling approach that leverages existing sim-

ulation modelling paradigms used in the context of construction engineering and

management, namely, discrete-event simulation, distributed simulation, hierarch-

ical control structures and parametric modelling. The proposed simulation mod-

elling approach enables an accurate representation of resource allocation and task

interdependencies constraints while enabling model reuse to streamline the pro-

cess of developing complex simulation models. Moreover, the proposed simulation

approach provides a mechanism to enhance the visualisation of simulation results

by generating simulation-based animations, which can be used for different visu-

alisation purposes. The thesis discusses how the proposed simulation approach

could tackle some o f the barriers to adopting simulation in the industry.

Subsequently, the thesis presents a framework for the semi-automatic generation

of a construction simulation model and animations of its results from a building

information model (BIM). The development of the proposed conceptual framework
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was based on the proposed simulation modelling approach. The framework is

composed of five main modules: (1) the environment module, preloaded with a

library of generic simulation models of different construction activities, (2) the

user input, which includes the facility to import existing BIM models, (3) the pre-

processing module, which automatically generates a BIM-based simulation model,

(4) the simulation module, in which users can experiment with the model, and (5)

the visualisation module, which produces reports and simulation-based animations

to support planning and decision-making.

The proposed conceptual framework and its components were tested by design-

ing a game engine-based application implemented in the Unity game engine. The

features of the selected game engine were exploited to achieve the intended func-

tionality of the framework. The feasibility of the framework was assessed through

a case study based on a typical masonry construction problem.

Results of implementing the framework reveal that BIM-based simulations can

reduce the skills, effort and time required to develop simulation models, and enable

model reuse. The integration of simulation-based animations provides a model

verification and validation mechanism, and a means to communicate model results

to stakeholders that are unfamiliar with simulation.

Keywords: building information modelling, discrete-event simulation, construc-

tion simulation, simulation-based animation, game engine
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Chapter 1

Introduction

The purpose of this chapter is to introduce the research by providing an overview

of its background and a problem statement, which highlights the motivation to

conduct it. The chapter also states the research hypothesis and research ques-

tions. Furthermore, it presents the highlights of the study and its contribution to

knowledge. Finally, the chapter outlines the content of the thesis.

1.1 Background

Construction simulation is the method of modelling construction systems to under-

stand their behaviour and experimenting with the model on a computer (AbouRizk

et al. 2011). Simulation has become the method of choice for comparative research

as it provides a means to test what-if scenarios in a timely manner (Hamdan et al.

2015; Ben-Alon and Sacks 2017). Traditionally, the prevalent approach for simu-

lating construction systems has been discrete-event simulation (DES) (AbouRizk

2010). DES refers to modelling a system as it evolves by a representation in which

state variables change instantaneously at separate points in time at which an event

occurs (Law and Kelton 2000).

DES systems have been successfully implemented at the operational and project

1



levels independently in a wide range of applications in research (D.-E. Lee et al.

2010). Some examples of these applications are estimating the impact of diverse

variables on the duration of construction projects and operations (Ebrahimy et

al. 2011; Werner and AbouRizk 2015; Osorio-Sandoval et al. 2016; Seo et al.

2016; Larsson and Rudberg 2019), studying and improving safety performance

of construction projects (Pereira et al. 2018; Baniassadi et al. 2018), supporting

decision-making and resource management (Zayed and Halpin 2001; C. Zhang et

al. 2008; Feng et al. 2018), and studying and improving construction operations

(Rahm et al. 2016), among others.

Simulation studies typically consist of four elements, namely, the input data, a

process model, a simulation tool and the results (Puri and Martinez 2013). Each

of these elements presents challenges that have hindered the prevalence of simula-

tion modelling in the construction industry. Over the last four decades, numerous

researchers in the field have addressed them both separately and combined. Their

efforts have accomplished advancements in the modelling tools and proved that

simulation has the potential to enhance decision-making and support planning.

However, there are still barriers that prevent its widespread adoption by the in-

dustry, such as the amount of data, skills, effort and time required to develop

complex simulation models, the difficulty of model reuse, and the abstract and

confusing way in which simulation results are usually presented (AbouRizk 2010;

S. Lee et al. 2013; Leite et al. 2016; Abdelmegid et al. 2020).

On the other hand, building information modelling (BIM) is one of the most

promising recent developments in the architecture, engineering, and construction

industry. With BIM technology, an accurate virtual model of a building is digit-

ally constructed (Eastman et al. 2011). Such a model contains precise geometry

and relevant data needed to support the design, procurement, fabrication and con-
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struction activities required to realise the building (Azhar 2011). In contrast with

construction simulation, BIM technologies have been quickly adopted by industry

practitioners, as a wide variety of stakeholders are demanding BIM and changing

contract terms to enable it (Eastman et al. 2011). In 2018, 74% of the large ar-

chitecture, engineering and construction (AEC) companies in the UK were aware

of and using BIM, and it was projected that this number would increase to 90%

within three to five years (The National BIM Report 2018 2019).

In recent years, researchers have attempted to integrate BIM and construction

simulation techniques in an effort to overcome the barriers to adopting simulation

in the industry (König et al. 2012; W.-C. Wang et al. 2014; W. Lu and Olofsson

2014; H. Liu et al. 2015; S. Chang et al. 2015; C. Wu et al. 2016; Barkokebas

et al. 2017). However, most attempts have relied on using BIM-generated quant-

ity take-offs as input for the simulation models, which on its own is not sufficient

for detailed construction simulations. Constraints related to resource allocation

and task interdependencies should also be considered to represent accurately the

nature of construction. Moreover, a methodology to achieve this integration while

exploiting the benefits of both technologies in a simple, expandable and custom-

isable way is still needed. Among these benefits, 3D visualisation of simulation

results should not be overlooked.

This study presents a framework that integrates BIM and construction simula-

tion. The simulation approach of the proposed framework leverages various mod-

elling paradigms to account for their individual shortcomings, including distrib-

uted simulation, hierarchical control structures and parametric modelling. The

proposed framework semi-automatically generates a BIM-based construction sim-

ulation model that considers resource allocation and task interdependencies con-

straints. Furthermore, it produces simulation-based animations, which can be
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used for model verification and validation, or for other visualisation purposes.

The framework was implemented within a game engine. The features of the selec-

ted game engine were leveraged to achieve the sough functionality of the proposed

framework. The feasibility of the proposed framework is assessed through a case

study on a typical masonry construction problem.

1.2 Problem statement

In the context of this research, construction simulation refers to modelling the

construction process of a facility at the operational level. These models are used to

represent the sequence of tasks or activities of a construction operation or project,

their key performance indicators, such as duration and cost, and the utilisation of

different resources, including materials, equipment, labour and space during the

execution of such tasks.

Even though construction simulation is a valuable tool for planning and decision-

making support, it has been neglected by the industry for many reasons. These

include the amount of data, skills, effort and time required to develop complex

simulation models, the difficulty of model reuse given the uniqueness of every pro-

ject in the AEC industry, and the abstract and confusing way in which simulation

results are usually presented. As a result, the benefits that simulation could bring

to AEC companies and to the construction industry in general, are not exploited.

In an effort to overcome the above mentioned issues, researchers have proposed

to use BIM data as input for simulation models with limited documented success

(König et al. 2012; W.-C. Wang et al. 2014; W. Lu and Olofsson 2014; H. Liu et al.

2015; S. Chang et al. 2015; C. Wu et al. 2016). The integration of BIM and simula-

tion has many potential uses both in industry and in research. Such an integration
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must consider resource allocation and task interdependencies constraints, which

are fundamental to construction projects. Moreover, model reuse and visualisation

of simulation results must not be overlooked by BIM and simulation integration

approaches.

Therefore, in this research, a simulation approach that considers the typical con-

straints of construction projects is proposed first. The proposed approach aims

to enable model reuse while levering BIM models. In this approach, BIM mod-

els provide parameters to generic simulation models of each construction activity

required to build each element in the BIM model. Second, a framework based

on such an approach is developed and implemented within a game engine, with

the objective of taking advantage of the game engine’s capabilities to produce

simulation-based animations for visualisation purposes, including verification and

validation of the resulting simulation model. Finally, the implemented framework

is tested through a case study to illustrate and assess its usefulness as a tool to

support planning.

1.3 Aim and objectives

The primary aim of this research is to investigate how to use a BIM model to

facilitate the development of a construction simulation model that takes into ac-

count constraints related to resource allocation and task interdependencies. The

following objectives have been identified to achieve the aim of this study:

� Objective 1: To review existing simulation approaches used in the construc-

tion context and existing techniques applied to visualise simulation results.

� Objective 2: To design a framework to generate a simulation model from

a BIM model and show its results in the form of animations.
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� Objective 3: To develop a game engine-based application based on the pro-

posed conceptual framework that enables achieving its sought functionality.

� Objective 4: To assess the usefulness of the implemented framework through

a case study.

1.4 Research hypothesis

Based on the aim and objectives outlined in the previous section, this research

has adopted the following hypothesis:

A BIM-based construction simulation modelling approach can allow a

semi-automatic development of complex construction simulation mod-

els by enabling model reuse and providing a means to visualise simula-

tion results.

1.5 Research questions

The hypothesis was decomposed in the following research questions:

Q1 How is simulation used in the construction context?

Q2 What are the current trends in the field of construction simulation?

Q3 How are constraints related to resource allocation and task interdependencies

represented in construction simulation models?

Q4 How can model reuse be leveraged in the simulation domain?

Q5 How can the visualisation of simulation results be enhanced?

Q6 How can the features of a game engine be leveraged to achieve the sought

functionality of the proposed framework?
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Q1) How is simulation used in the construction
context?

Q2) What are the current trends in the field of
construction simulation?

Q3) How are constraints related to resource allocation
and task interdependencies represented in

construction simulation models?

Q5) How can the visualisation of simulation results be
enhanced?

Q4) How can model reuse be leveraged in the
simulation domain?

Q6) How can the features of a game engine be
leveraged to achieve the sought functionality of the

proposed framework?

Q7) How reliable is a construction simulation model
developed based on existing BIM data in solving a

typical construction management problem?

Objective 1: To review existing
simulation approaches used in the
construction context and existing
techniques applied to visualise
simulation results

Objective 2: To design a framework
to generate a simulation model from
a BIM model and show its results in
the form of animations

Objective 3: To develop a game
engine-based application based on
the proposed conceptual framework
that enables achieving its sought
functionality

Objective 4: To assess the
usefulness of the implemented
framework through a case study

Figure 1.1: Research objectives mapped to research questions

Q7 How reliable is a construction simulation model developed based on existing

BIM data in solving a typical construction management problem?

Figure 1.1 shows how the research questions are mapped to the research objectives

previously outlined.

1.6 Research contribution

The contribution of this research mainly lies in three aspects:

1. The proposed integrated simulation modelling approach that leverages vari-

ous modelling paradigms and accounts for their individual shortcomings.

This approach enables model reuse and considers resource allocation and

task interdependencies constraints.

2. The development of a framework, based on the proposed simulation ap-

proach, that is capable of semi-automatically generating a BIM-based con-
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struction simulation model.

3. The demonstration of the usefulness of the implemented framework as a

planning tool developed within a game engine.

Such contributions can be summarised in the following highlights:

� This research presents a framework that semi-automatically generates a

BIM-based simulation model.

� The framework produces animations to communicate simulation results.

� The framework leverages BIM, construction simulation and game engines.

� The framework reduces the skills, effort and time required to develop simu-

lation models.

1.7 Thesis layout

The remaining of this thesis is organised as follows:

Chapter 2: Literature review

This chapter reviews the existing state of knowledge regarding the field of simu-

lation in construction. It explores the latest research concerning the use of BIM

models to facilitate the development of construction simulation models. It also

reviews approaches for producing simulation-based animations for visualisation

purposes. The chapter also identifies the gaps in knowledge and the work required

to address them, to which this thesis contributes.
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Chapter 3: Research methodology

This chapter outlines the methodology adopted in this research work.

Chapter 4: A framework for the integration of construction simulation

and building information modelling

This chapter presents a framework for the integration of construction simulation

and BIM. The framework semi-automatically generates a BIM-based construction

simulation model that considers resource allocation and task interdependencies

constraints. Furthermore, it produces simulation-based animations, which can

be used for model verification and validation, or for other visualisation purposes.

The chapter provides an overview of the proposed framework first. The system

requirement analysis to design the proposed framework are also outlined. Finally,

the chapter describes the framework’s five main modules and their components,

as well as the required user input.

Chapter 5: Implementation of the proposed framework within a game

engine

This chapter describes the implementation of the developed framework for the

integration of construction simulation and BIM within a game engine. It discusses

the game engine capabilities leveraged in the proposed framework, and details how

they were used to model its components to deliver the desired functionality.
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Chapter 6: An illustrative case study to assess the feasibility of the

implemented framework

This chapter demonstrates the employment of the implemented framework through

a case study that seeks to assess the usefulness of the framework as a planning tool.

The case study also seeks to illustrate the development of the required compon-

ents of the framework and guides users on how to design customised environments

based on the proposed framework. The obtained results from the case study are

also analysed and discussed to evaluate the framework’s capabilities in regards to

scenario development.

Chapter 7: Conclusions and recommendations

This chapter summarises the contribution and achievements of this research. It

discusses how the objectives of the researchers were achieved and provides conclu-

sions relevant to those objectives. Additionally, the chapter discusses the limita-

tion of the work, and provides recommendations for future research.
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Chapter 2

Literature review

This chapter explores the latest research concerning simulation in construction.

It provides an overview of the relevant principles and theories from the field of

simulation, and their adoption and evolution within the construction domain. The

chapter also addresses the current trends within the field of simulation, with a par-

ticular focus on the use of BIM models to facilitate the development of simulation

models. Furthermore, it reviews current approaches for producing animations to

enhance simulation visualisation. Subsequently, this chapter identifies the gaps in

knowledge and the work required to address them, to which this thesis contributes.

2.1 Simulation in construction

Simulation can be defined as the process of numerically evaluating a model with a

computer, and gathering data to estimate the characteristics of such a model. In

this context, a model is a set of assumptions about how a physical or abstract sys-

tem of interest works. Simulation is needed when the relationships that compose a

model are too complex to allow an analytic solution (Law and Kelton 2000). Such

is the case of the construction process of facilities, which becomes more difficult
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to manage using other techniques as the projects increase in size or complexity

(AbouRizk 2010). In a real-world construction project, activities are often subject

to considerable uncertainty due to many different factors. They may take more or

less time than originally estimated, resources may become unavailable, materials

may arrive behind schedule, workers may be absent, and weather conditions may

cause severe delays (Li et al. 2012), to name but a few examples.

Therefore, construction simulation is the method of developing and experiment-

ing with computer-based representations, or models, of construction systems to

understand their underlying behaviour and, subsequently, develop better project

plans, optimise resource usage, minimise costs or project duration, or improve

overall construction project management (AbouRizk 2010). Equally, simulation is

also useful to identify critical elements of a system, such as weak or pinch points,

and to examine the effects of changes to a system that would be impractical to

implement in the real system (Long 2010). Thus, construction simulation has be-

come the method of choice for comparative research as it provides a means to test

what-if scenarios in a timely manner (Hamdan et al. 2015; Ben-Alon and Sacks

2017).

While there are other simulation applications in the construction domain, such as

indoor ventilation, building energy performance, lighting and daylighting or indoor

acoustic simulation (H. Wang and Zhai 2016), in the remainder of this document,

the term simulation is used to describe the simulation of construction processes at

the operational level. These models are used to represent the sequence of tasks or

activities of a construction operation or project, their key performance indicators,

such as duration and cost, and the utilisation of different resources, including

materials, equipment, labour and space during the execution of such tasks.

Simulation models are usually classified along the following four different dimen-
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sions (Law and Kelton 2000):

1. Static vs. dynamic simulation models : Static simulation models are used

to represent systems in which time does not play a role, while dynamic

simulation models represent systems as they evolve over time.

2. Deterministic vs. stochastic simulation models : Stochastic simulation mod-

els contain probabilistic components and produce a different outcome each

time they are run whereas deterministic models produce the same output

for a given input.

3. Continuous vs. discrete-event simulation models : In discrete-event simula-

tion models the state variables change at separated (discrete) points in time

in which events occur, where an event is an instantaneous occurrence that

changes the state of the system. Discrete-event simulation models are gen-

erally dynamic and stochastic in nature. In contrast, in continuous models

the state variables change continuously with respect to time.

4. Local vs. distributed simulation models: Local simulations represent single

applications in one computer, while distributed simulations consist of several

simulation models that communicate through a computer network (Taghad-

dos 2010). A very different way to distribute a simulation, adopted in this

research, is to decompose the model into several submodels (Law and Kelton

2000) that do specific functions while maintaining interoperability between

them (AbouRizk 2010).

Generally, in construction simulation models the duration and cost of construc-

tion activities are considered as stochastic variables represented by probability

distributions obtained from historical data sets, or assumptions on expected, op-

timistic and pessimistic values, which yield triangular distributions. The outputs
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of interest are analysed as the model evolves in time, and when, depending on

the granularity of the model, tasks or activities occur. Therefore, the prevalent

approach for simulating construction systems has traditionally been discrete-event

simulation (DES) (AbouRizk 2010).

2.1.1 Discrete-event simulation in construction

In the construction domain, DES has been successfully implemented in a wide

range of applications in research both at the operational and project levels.

DES has been used to support decision-making in regards to resource utilisation

by offering the possibility to analyse the effect of different resource management

strategies on one or more performance indicators of interest. For example, DES

was applied to evaluate how different resource combinations impacted the produc-

tion time and cost of concrete based on mix design and transportation distance

from the plant on concrete batching operations (Zayed and Halpin 2001), and on

the flow of operations and cost effectiveness of concrete paving operations (Hassan

and Gruber 2008). Furthermore, DES was used to optimise the resource combina-

tion for cost and time in bridge deck rehabilitation projects (C. Zhang et al. 2008)

and in asphalt concrete pavement operations (Younes et al. 2020), and to op-

timise the resource combination and material consumption for environment, cost

and time in hotel building projects (Feng et al. 2018). By comparing different

scenarios, managers can make an informed decision at the planning stage of their

projects, thus, reducing uncertainty and risk.

DES has also been used to provide decision support on supply chain strategies in

the construction domain. This approach can effectively model the material de-

mand of different activities comprising construction projects. For example, DES

was applied to show the impact of supply chain issues on the duration of tun-
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nelling projects (Ebrahimy et al. 2011), and to calculate construction objectives

under different supply chain strategies and construction configurations in pre-cast

concrete projects (S. Chen et al. 2019). This approach underlines the importance

of considering external aspects as integral parts of construction projects that can

also affect their performance.

DES is a useful methodology to study the individual impact of variables that affect

construction productivity but that cannot be isolated or controlled in real-life pro-

jects. For example, DES has been used to analyse the effect of equipment break-

down on productivity performance of tunnelling projects (Werner and AbouRizk

2015; Rahm et al. 2016), to estimate quantitatively the effect of labour absentee-

ism on the duration of construction activities in housing projects (Osorio-Sandoval

et al. 2016), to quantitatively evaluate the impact of workers’ muscle fatigue on

time and cost of construction operations (Seo et al. 2016), and to study the impact

of temperature, precipitation and wind speed on in situ wall operations (Larsson

and Rudberg 2019). This technique enables further analysis of the mitigation of

delays and cost overruns that these variables may produce, and the possibility

of designing optimised operations considering their effect. For example, Conrads

et al. (2017) combined DES with other simulation approaches to evaluate different

maintenance strategies for equipment used in tunnelling projects to mitigate the

bottlenecks identified by Rahm et al. (2016).

DES has been used in construction safety applications to assist managers with

proactive development of strategies to improve safety. For example, Pereira et

al. (2018) combined DES and continuous simulation to predict how resource al-

location and safety policies affected safety performance on construction projects.

Baniassadi et al. (2018) used DES to compare scenarios of complex and hazard-

ous construction operations with different levels of safety and productivity to help
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managers planning concurrently for the improvement of these two variables. Other

applications of DES that involve comparing different scenarios to support decision-

making are, to mention but a few examples, the evaluation of the impact of lean

construction principles on the performance of reinforcement operations (Bajjou

and Chafi 2020), and modelling the inspection processes and the behaviour of

technicians, traffic and testing devises to support planning of concrete bridge deck

inspections (Abdelkhalek and Zayed 2020).

2.1.2 Simulation tools used in construction

One of the first DES-based simulation languages specifically designed to model

construction operations is the Cyclic Operations Network (CYCLONE) technique

(Halpin 1977). In CYCLONE models, construction operations are represented

using cyclic Petri networks, which are a natural means to describe repetitive pro-

cesses and enable both the analysis and estimation of construction productivity.

An identified limitation of CYCLONE models is their inability to explicitly rep-

resent resources (AbouRizk 2010).

Several CYCLONE-based simulation tools have been developed to enhance and ex-

tend the capabilities of the CYCLONE methodology. Examples include INSIGHT

(Kalk 1980), UM-CYCLONE (Ioannou 1989) and MicroCYCLONE (Halpin 1990),

the latter with examples of successful implementation documented in the literature

more than a decade after its development (Zayed and Halpin 2001; C. Zhang et al.

2008). Furthermore, tools like RESQUE (D. Y. Chang and Hoque 1989) enhance

the CYCLONE concepts and functionalities by implementing an object-oriented

approach that allows the distinction of resources and defining their interactions

without complicating the model. Other examples of CYCLONE enhancements

that implement such an approach are COOPS (L.-Y. Liu 1991), DISCO (R.-Y.
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Huang and Halpin 1994) and CIPROS (Odeh 1992).

Among the limitations of these tools, the extensive technical training and hands-on

experience that are required to use them properly, and the limitation on model-

ling and simulation capabilities stand out. Efforts to overcome these issues include

ABC (Shi 1999), which intended to make the simulation process as simple as the

critical path method (CPM) by using a single element to model construction oper-

ations. Regardless, these efforts have not been embraced by industry practitioners.

Two of the most prevalent languages for special purpose construction simula-

tion are Stroboscope (an acronym for STate- and ResOurce-Based Simulation of

COnstruction ProcEsses) (Martinez 1996) and Simphony (Hajjar and AbouRizk

1999). Stroboscope models consist of a series of programming statements that

define a network of interconnected modelling elements, give the elements their

unique behaviour, and control the simulation (Martinez 1996). Recent examples

of implementations of Stroboscope and its simplified version EZStrobe (Martinez

2001) can be found documented in the literature (Hassan and Gruber 2008; Puri

and Martinez 2013; Seo et al. 2016; Younes et al. 2020). Simphony simplifies

and standardises the development and utilisation of construction special purpose

simulation tools by allowing for the construction of hierarchical and modular sim-

ulation models using extendible templates (Hajjar and AbouRizk 1999). Several

examples of Simphony implementation for multiple construction applications are

documented in the literature (Ebrahimy et al. 2011; Werner and AbouRizk 2015;

Osorio-Sandoval et al. 2016; Pereira et al. 2018). One of the key advantages of both

Stroboscope and Simphony lies on the possibility of writing custom programming

code to manipulate the model and its components for more accurate and flexible

modelling (AbouRizk 2010).

Simulation software packages not specifically design for the construction domain
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have also been used by researchers in this field. Examples include AnyLogic (Rahm

et al. 2016; Conrads et al. 2017; Baniassadi et al. 2018; P. Zhang et al. 2019;

Abdelkhalek and Zayed 2020), Simio (Song and Eldin 2012; W. Lu and Olofsson

2014; Feng et al. 2018; S. Chen et al. 2019), and Arena (Nikakhtar et al. 2011;

Bajjou and Chafi 2020).

2.1.3 Limitations of construction simulation

Even though construction simulation has been proven to be a valuable tool for

planning and decision-making support, it has been neglected by the industry for

many reasons. A few comprehensive studies aiming at identifying the key chal-

lenges and barriers that have hindered the adoption of simulation techniques in

practice have been carried out in the past decade (S. Lee et al. 2013; Leite et al.

2016; Abdelmegid et al. 2020).

The most frequent barriers reported in the literature are related to the limitations

of the construction simulation tools and methods, which are often unable to rep-

resent the reality of construction systems (Abdelmegid et al. 2020). Moreover, the

typical modelling approaches adopted in construction simulation, which are often

borrowed from other industries like manufacturing, lack the generality to easily

capture the modelling needs or complex decision-making mechanisms of construc-

tion (Golzarpoor et al. 2017), such as resource allocation and task interdepend-

encies constraints. In turn, this leads modellers to come up with complicated

workarounds, thus, increasing, rather than reducing, the amount of effort, skills

and time required to develop useful simulation models. While there have been sev-

eral research attempts to provide more powerful simulation tools, these have not

been as prevalent in practice as those that offer modelling flexibility (AbouRizk

2010).
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Another of the identified barriers to adopting simulation modelling in the construc-

tion industry is the fact that developing the process model takes a lot of time, a

high level of effort, and requires the acquisition of specialised skills (W.-C. Wang

et al. 2014; Abdelmegid et al. 2020). However, attempts to simplify model develop-

ment have not been enough to enable the adoption of simulation in the industry

(AbouRizk 2010). In this regard, the reuse of simulation models is appealing,

based on the intuitive argument that it should overcome these issues (Robinson

et al. 2004) while leading to higher quality simulation studies (Kasputis and Ng

2000).

Model reuse ranges from using small portions of code to full model reuse. While

reuse at the higher end of the spectrum is problematic, reuse at the lower level is

more manageable (Robinson et al. 2004). Model reuse is an identified benefit of

the distributed simulation approach, described below. It is also one of the justific-

ations of the High Level Architecture (HLA), a technical architecture developed to

facilitate the reuse and interoperation of simulation systems and assets (Dahmann

et al. 1998; IEEE Computer Society 2010).

However, model reuse in construction simulation still faces some fundamental is-

sues. The nature of construction presents the challenge of modelling the dynamic

allocation, transit, and matching of an assortment of resources at specific activity

locations subject to various constraints (M. Lu and Wong 2007). These constraints

are typically project-specific and vary across different projects, which generally

makes model reuse not possible (AbouRizk et al. 2011; König et al. 2012). While

the distributed simulation approach may be applied for model reuse by adopting

a component-based development approach, this alone is not sufficient to overcome

this issue, and re-formalisation of federates (submodels) would still be required

when changes in the design model or in the project’s conditions occur. In other
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words, the same model for a construction activity may not be equally valid for

two projects with different constraints unless they are re-formalised accordingly.

Another identified barrier to adopting simulation modelling in the construction

industry is the amount and nature of the input data needed to build simulation

models (W. Lu and Olofsson 2014; Krantz et al. 2015; Abdelmegid et al. 2020).

Although several tools are available for construction simulation, they all require

proper input data to produce accurate results (Puri and Martinez 2013). How-

ever, preparing the input data for a simulation model is a time-consuming and

error-prone process (I.-C. Wu et al. 2010; König et al. 2012). Moreover, there

is also a significant amount of manual work needed to specify and maintain the

interdependencies between activities and resources (W. Lu and Olofsson 2014). In

recent years, researchers have turned to the integration of construction simulation

with building information modelling (BIM), which has shown that it has the po-

tential to overcome these issues. These research efforts are further described in

Section 2.4.

Finally, another identified barrier to adopting simulation modelling in the con-

struction industry that is related to the results from simulation models is that

they are usually abstract and confusing (C. Wu et al. 2016). Because of that,

decision-makers often misinterpret or fail to apply them. In turn, decision-makers

prefer to delegate simulation to specialists and separate themselves from the pro-

cess (Al-Hussein et al. 2006). All of this leads to a lack of trust by industry

practitioners toward their effectiveness (Leite et al. 2016).

The remainder of this chapter focuses on the distributed simulation approach as

adopted in this research, on the use of building information modelling (BIM) to

facilitate the development of simulation models, and on current approaches for

producing animations to enhance simulation visualisation.
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2.2 Distributed simulation modelling and hier-

archical control structures

Typically, distributed simulations consist of several simulation models that com-

municate through a computer network (Taghaddos 2010). In this research, a

different way to distribute a simulation is adopted. In this modelling approach,

several submodels (federates), such as process models of construction activities

or models that represent the aforementioned factors that affect construction, are

composed together (federated) to form an integrated model (federation) that rep-

resents the whole construction project. Figure 2.1 illustrates a typical architecture

of the distributed simulation approach.

Process model

Resource

Other models

Distributed simulation

Figure 2.1: Architecture of a distributed simulation

A distributed simulation approach offers modellers enough flexibility to integrate

different process models developed using different strategies. In the approach

adopted in this research, each process model represents a different construction

activity. Additionally, other elements such as resources or factors that affect con-

struction, like equipment breakdown, weather, delays in procurement or labour

absenteeism, can be modelled independently. This approach allows the capturing

of the modelling needs of a typical construction project. Modellers are also able

to scale down a process model that may not be of their interest, but that still

plays a role in the simulated project. For example, resource utilisation of subcon-
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tracted activities may not be relevant in a simulation model developed to support

resource allocation planning for a construction manager. However, their duration

may affect the project’s resource schedule for subsequent activities.

Distributed simulation allows modelling construction activities as independent fed-

erates. Each federate defines local interdependencies between the tasks that com-

prise the activity that they represent, as well as the resource utilisation during

their execution. However, a construction project federation requires several more

complex interdependencies to take into account the technological and strategic

aspects of the project (König et al. 2012). The federation also requires a sophist-

icated mechanism to allocate shared resources. In this regard, Furian et al. (2015)

introduced control units as part of the components of conceptual modelling. An

explicit implementation of control units has the potential to meet both conditions.

Control units act in entity flow hierarchical control structures that add more flex-

ibility in the abstraction and conceptual modelling process. Control units include

a set of rules that determine the conditional behaviour of the model and remove

the explicit use of queuing structures (Furian et al. 2015). The use of queuing

structures is prevalent in construction simulation even though queuing structures

are too rigid to model systems with complex behaviour (Golzarpoor et al. 2017).

Figure 2.2 depicts the logic of a four-level control structure. As seen in the figure,

this approach also contemplates modelling sequential tasks in a classical way (see

tasks A and B). Besides determining the flow of entities in the model, control units

also remove the need of classifying the role of entities (Furian et al. 2015). This

allows modelled resources to change roles during the simulation between entities

that serve and entities that are being served without modelling workarounds.

Implementing a hierarchical control structure to control entity flow in a distrib-

uted simulation provides a mechanism to allocate shared resources among tasks
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Figure 2.2: Logic of control structures

of different construction activity federates, and to comply with project-specific

strategic and technological decision-making rules.

2.3 Parametric modelling

In the context of geometric modelling, parametric modelling is a modelling process

with the ability to change the shape of model geometry as soon as the dimension

value is modified (Fu 2018). As pointed out by G. Lee et al. (2006), parametric

modelling is understood as the imposition of constrained relationships on the shape

of objects rather than just as the definition of parameters. In this approach, new

instances of an object can be created by assigning new values to a set of predefined

parameters (G. Lee et al. 2006). Its key advantage is that the model geometry

changes as soon as the parameters are modified, without the need to redraw the

model whenever it needs a change (Fu 2018). The characteristics of this paradigm

have made it attractive to many researchers, and both industry and academia

have dedicated efforts to improving parametric modelling technology, as evidenced

by the prevalence of building information modelling, for which 3D parametric

modelling is central (G. Lee et al. 2006). However, in the construction simulation

domain, this paradigm has not been exploited. Integrating BIM and construction
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simulation is a promising approach that could leverage this modelling paradigm.

2.4 Integration of building information model-

ling and construction simulation

Contrary to construction simulation, building information modelling (BIM) has

been quickly adopted by industry practitioners, as a wide variety of stakeholders

are demanding BIM and changing contract terms to enable it (Eastman et al.

2011). In 2018, 74% of the architecture, engineering and construction (AEC)

companies in the UK were aware of and using BIM, and it was projected that

this number would increase to 90% within three to five years (The National BIM

Report 2018 2019). With BIM technology, an accurate virtual model of a building

is digitally constructed (Eastman et al. 2011). Such a model contains precise

geometry and relevant data needed to support the design, procurement, fabrication

and construction activities required to realise the building (Azhar 2011). With

this advancement in computer technologies, the geometric dimensions of building

components can be added to process simulation models in order to obtain valuable

insight into the details of construction activities that are difficult to represent

(W.-C. Wang et al. 2014).

As previously discussed, developing and maintaining construction simulation mod-

els is a process that takes a significant amount of time, a high level of effort, and

requires the acquisition of specialised skills (W.-C. Wang et al. 2014; Abdelmegid

et al. 2020). Furthermore, simulation models require proper input data to produce

accurate results (Puri and Martinez 2013), and, given the amount and nature of

such data, preparing it is also a time-consuming and error-prone process (I.-C.

Wu et al. 2010; König et al. 2012; W. Lu and Olofsson 2014; Krantz et al. 2015;

24



Abdelmegid et al. 2020). Moreover, dynamic changes to physical aspects of the

simulated projects, such as walking distances and obstacles, need to be artifi-

cially pre-programmed in traditional simulation tools, since they do not enable

the simulation of the physical environment (Ben-Alon and Sacks 2017). In an

effort to overcome these issues, researchers have attempted to integrate BIM with

construction simulation, leveraging BIM models in different ways.

BIM-generated quantity take-offs can be used to calculate the duration of activities

in construction operation models (König et al. 2012; W.-C. Wang et al. 2014; W.

Lu and Olofsson 2014; Barkokebas et al. 2017) and to determine the number of

entities that must be processed in a model to complete an operation (Hamdan

et al. 2015). BIM data can also be used as input for simulation models through

databases (C. Wu et al. 2016). These approaches on their own, however, are not

sufficient to generate detailed construction simulation models, since constraints

related to resource allocation and task interdependencies cannot be determined

using solely quantity take-offs.

Data extracted from BIM models can be enriched with additional information,

such as topology, connections, supports, functionalities and work breakdown struc-

ture (WBS) information to guide entities through simulation models (H. Liu et al.

2015) and to use as simulation resource data (S. Chang et al. 2015; Jeong et al.

2016). This additional information could provide a means of considering relevant

data that is not necessarily included in the design BIM model, such as formwork

areas or temporary structures, in the simulation model. Furthermore, considering

the topological relationships between different elements within a BIM model also

provides the opportunity to automatically establish task interdependencies in the

simulation model according to rules based on such relationships.

Another approach to integrate construction simulation models and BIM consists
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of assigning simulation models of construction activities to individual building

components of a design model to interactively define complex simulation models

(I.-C. Wu et al. 2010; König et al. 2012; Hamdan et al. 2015). This approach

offers the additional benefit of enabling the reuse of simulation models across

different projects, which is generally not possible in the context of construction

simulation (AbouRizk et al. 2011). The following section addresses the reasons

why simulation model reuse is appealing yet challenging.

2.5 Simulation model reuse

The reuse of simulation models is appealing, based on the intuitive argument

that it should reduce the amount of time and effort required to build new models

(Robinson et al. 2004) while leading to higher quality simulation studies (Kasputis

and Ng 2000). Model reuse ranges from using small portions of code to full model

reuse. While reuse at the higher end of the spectrum is problematic, reuse at the

lower level is more manageable (Robinson et al. 2004).

Combining simulation models with BIM by assigning “modular” simulation mod-

els of activities to BIM elements to define a more complex simulation model that

encapsulates the construction of the BIM elements in the BIM model is a prom-

ising approach to enable model reuse. For example, König et al. (2012) presented

an approach to generate input data for construction simulations by using linked

BIM data and two types of reusable templates: process pattern assignment tem-

plates, used to automatically assign process patterns to building elements, and

interdependency templates, which reduce the effort to define individual interde-

pendencies between processes. Equally, W. Lu and Olofsson (2014) proposed a

framework in which BIM components are linked with construction recipes that link

the product information with the process information to build it. Both approaches
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allow exploration of changes in the BIM model without manually checking and

re-formalising the corresponding simulation models. However, these “modular”

simulation models must be defined following an approach that allows model reuse

since the conceptual modelling stage. To this end, in this research, two modelling

paradigms are combined with BIM to enable simulation model reuse: distributed

simulation and parametric modelling.

The distributed simulation paradigm allows existing models to be composed to-

gether (federated) to form simulations of large-scale systems (Anagnostou and

Taylor 2017). In this approach, independently developed submodels (also called

federates) can be reused to develop an integrated model (referred to as a feder-

ation) in a “grab and glue” fashion. In fact, model reuse is an identified benefit

of this simulation approach. It is also one of the justifications of the High Level

Architecture (HLA), a technical architecture developed to facilitate the reuse and

interoperation of simulation systems and assets (Dahmann et al. 1998; IEEE Com-

puter Society 2010).

On the other hand, in the context of geometric modelling, parametric modelling

is a modelling process with the ability to change the shape of model geometry as

soon as the dimension variable value is modified (Fu 2018). In this approach, new

instances of an object can be created by assigning new values to a set of predefined

parameters (G. Lee et al. 2006). Its key advantage is that the model geometry

changes as soon as the parameters are modified, without the need to redraw the

model whenever it needs a change (Fu 2018). The characteristics of this paradigm

have made it attractive to many researchers, and both industry and academia have

dedicated efforts to improving parametric modelling technology, as evidenced by

the prevalence of BIM, for which 3D parametric modelling is central (G. Lee et al.

2006). However, in the construction simulation domain, this paradigm has not
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been fully exploited.

These paradigms can be combined together to enable simulation model reuse.

Chapter 4 further details the simulation approach adopted in this research, which

is based on these simulation paradigms and on the use of BIM data as source of

project and product specific parameters that enable the automatic generation of

simulation models with model reuse in mind.

2.6 Visualisation of simulation results

Typically, the outputs of simulation studies are presented in an abstract and con-

fusing way (C. Wu et al. 2016), consisting of statistical tables and charts, which

are seen as impractical by construction practitioners, particularly when the mod-

elled system is complex (Abdelmegid et al. 2020). It is not uncommon for in-

dustry practitioners and decision-makers to view simulation modelling as a “black

box” system that can only be understood by those who are familiarised with it.

Coupled with the lack of simulation knowledge among practitioners, this issue

leads decision-makers to misinterpret or fail to apply simulation results in their

projects. At best, decision-makers prefer to delegate simulation to specialists and

separate themselves from the process (Al-Hussein et al. 2006). All of this leads

to a lack of confidence by construction practitioners toward the effectiveness of

simulation modelling (Leite et al. 2016), which has also hindered its adoption in

the construction industry (Abdelmegid et al. 2020).

Aligned with recent trends in the field of simulation, which consist of supporting

efficient integration between simulation models and other tools and software (W.

Lu and Olofsson 2014), researchers in the construction simulation domain have

a special interest in enhancing visualisation (AbouRizk 2010). In this regard,
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simulation-based animations are viewed as appropriate tools to reduce the com-

plexity in which simulation results are presented to stakeholders that unfamiliar

with simulation.

2.6.1 Animations

In this context, an animation consists of displaying graphically the operational

behaviour of a simulation model as it evolves through time (Sargent 2013). Com-

pared to traditional 4D modelling, or 4D simulations, which only allow for visual-

isation of construction schedules, remaining on the level of visualisation and not

planning (Jeong et al. 2016), simulation-based animations depict the construction

processes more accurately. This is achieved by displaying how the resource in-

teract with each other and how the construction site changes as the construction

activities are carried out during the simulation.

The most prevalent approach to generate simulation-based animations is based

on the post-processing visualisation concept (ElNimr and Mohamed 2011), which

relies on generating “trace files” during the simulation as it runs. Each trace file

contains all the information regarding the changes that the modelled system went

through at the moment of its creation. A key requirement of trace files is that they

must be time-stamped so that they can be ordered chronologically to track the

changes in the system as they occurred during the simulation. Subsequently, the

system uses the trace files to generate an animation that replicates what happened

during the simulation after it finishes (Kamat and Martinez 2001; Kamat and

Martinez 2003).

Simulation-based animations in the context of construction management have been

used for diverse purposes. For example, Kamat and Martinez (2003) used 3D

visualisations to verify and validate the DES model of an earthmoving operation
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with a complex control logic. In fact, animation is one of the techniques used

for validating and verifying submodels and overall models frequently found in the

literature of the simulation domain (Sargent 2013). Besides verification and val-

idation, Al-Hussein et al. (2006) used 3D animations based on simulation models

of tower crane operations to communicate the simulated operation and provide

detailed information to decision makers. Rekapalli and Martinez (2010) also used

3D visualisations with the purpose of validating and verifying simulation models

of earthmoving operations. Compared with previous research, they enabled user

interaction with the model to generate scenarios of interest.

2.6.2 Using game engines

As new technologies become more available and cheaper, researchers in the field

have turn to them to improve simulation-based animations. For example, ElNimr

and Mohamed (2011) used a game engine to produce simulation-based animations

of construction operations. The gaming industry is one of the leaders in utilizing

and advancing visualisation technologies (ElNimr and Mohamed 2011). Gaming

technologies, especially game engines, have drawn the attention of researchers in

the construction simulation field. Game engines provide ways to achieve immer-

sion in visualisation due to their compatibility with mixed reality technologies,

ubiquity as they offer multi-platform deployment, high-quality graphics and net-

work capabilities that allow for multiple simultaneous users, among other char-

acteristics (Osorio-Sandoval, Tizani and Koch 2018). Such an approach enabled

rapid prototyping and customisation of solutions with short decision-making time

windows (ElNimr and Mohamed 2011).

Other examples of integration of construction simulation and new technologies

include H.-M. Chen and P.-H. Huang (2013), who leveraged augmented reality
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to enhance visualisation of simulated operations, and both W.-C. Wang et al.

(2014) and W. Lu and Olofsson (2014), who used traditional BIM 4D animations

to display simulation results.

While there are many documented research attempts to improve the visualisation

of simulation results through animations, none have leveraged both BIM data and

game engines to accomplish this.

2.7 Gap in knowledge

It can be concluded from the literature review that the conventional implementa-

tion of construction simulation in the industry has not been exploited despite its

proven efficacy. Numerous researchers have suggested that industry practition-

ers are discouraged from using simulation during the planning process of their

projects due to the difficulties in model development and the inability to reuse

hardily-developed models across multiple projects. Moreover, it is challenging for

decision-makers to apply simulation results correctly due to the lack of confid-

ence in them caused by the abstract and confusing way in which they are usually

presented.

There is an essential need to streamline the model development process while en-

abling model reuse and enhancing the way in which the results are communicated

to stakeholders that are unfamiliar with simulation. The distributed simulation

approach coupled with hierarchical control structures can deal with interdepend-

encies between tasks of different construction activity federates and provide a

mechanism to allocate shared resources. This approach allows the capturing of

the modelling needs of a typical construction project and its complex decision-

making mechanism while offering modelling flexibility.
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Integrating construction simulation with other tools and software is believed to be

the future of this field of research (W. Lu and Olofsson 2014; Turner et al. 2016).

In this regard, BIM has been identified as a potential tool to facilitate model

development and to enable model reuse. This integration can also leverage the

parametric modelling approach of BIM applied to simulation modelling. However,

a methodology to achieve this integration while exploiting the benefits of both

technologies is still missing from the literature. Among these benefits, simulation-

based animations that enhance traditional 4D modelling must not be overlooked.

2.8 Summary

This chapter provided an overview of the latest research in the construction sim-

ulation field. It underlined the proven usefulness and efficacy of this method in

construction engineering and management research and practice. The chapter re-

vealed that industry practitioners tend to neglect construction simulation despite

the many benefits that it offers to the AEC domain. Subsequently, the chapter

focussed on research trends that have attempted to mitigate the challenges that

hinder the adoption of simulation in the industry, particularly, the use of BIM

to facilitate model development and simulation-based animations that enhance

the visualisation of simulation results. Finally, the chapter identified the gaps in

knowledge and revealed that there is a need to streamline the model development

process while enabling model reuse and enhancement of results visualisation.

The next chapter explains the plan and design for the research project presented

in this thesis.
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Chapter 3

Research methodology

Based on the research findings from the literature review, a framework for the

integration of construction simulation and building information modelling is pro-

posed. The main purpose of such a framework is to streamline the process of

developing complex construction simulation models while providing a mechanism

to present simulation results to stakeholders that are unfamiliar with simulation.

This chapter outlines the adopted methodology for the development of the pro-

posed conceptual framework and its components, which are further described in

Chapter 4.

3.1 Framework objectives

The proposed framework aims to achieve the following objectives, drawn from the

limitations outlined in the literature review:

1. Reduce the skills, effort and time required to develop construction simulation

models.

2. Leverage BIM models to semi-automatically generate simulation models
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based on BIM models.

3. Produce animations to communicate simulation results.

3.2 Design-science research methodology

This research adopted the design-science research methodology proposed by Hevner

et al. 2004. The main result of this methodology is a purposeful artifact created

to address an important problem, which has been outlined in Chapter 1. The

artifact must be described effectively, enabling its implementation and application

in an appropriate domain (Hevner et al. 2004).

In Chapter 2, the theories that support the artifact design are outlined. Chapter 2

aims to respond to the research questions Q1 to Q3.

In Chapter 4, the proposed conceptual framework and its sought functionality are

described. This conceptual framework is a representation of the artifact product of

this research. Based on the literature review, specific requirements for the sought

functionality of the proposed framework were set in Section 4.2. The components

of the framework were designed iteratively. A hands-on approach was taken by

testing and exploring several design options to ensure that the components respon-

ded to the outlined requirements. The five modules of the proposed framework, as

well as their requirements, are described effectively. Chapter 4 further responds

to the research questions Q4 and Q5.

In Chapter 5, the proposed implementation of the conceptual framework in a

game engine-based artifact is described. The chapter details the requirements of

the components of the conceptual framework to implement them in a functional

prototype. The functionalities of a game engine, namely, Unity were investigated

and tested to justify their inclusion into the implementation of the system and into
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the conceptual framework. Chapter 5 aims to respond to the research question

Q6.

In Chapter 6, an illustrative example of the implementation of the artifact in a

typical problem of the construction management domain is presented in the form

of a case study. The presented case study follows its own methodology described

within the chapter. The purpose of the case study is to evaluate the employment

of the artifact based on the proposed conceptual framework. Furthermore, the

chapter also serves as a guide to enable users to develop, implement and apply the

framework to other problems of the construction management domain. Chapter 6

aims to respond to the research question Q7.

3.3 Summary

This chapter described the methodology adopted in this research project. The next

chapter provides a detailed description of the proposed conceptual framework for

the integration of construction simulation and building information modelling, its

design and components. The system requirement analysis is also provided in the

next chapter.

35



Chapter 4

A framework for the integration of

construction simulation and building

information modelling

This chapter describes the design and development of a framework to integrate con-

struction simulation and BIM. An overview of the proposed framework is presented

first, followed by the system requirement analysis. Then, the environment module

is discussed, which consists of three elements that enable the semi-automatic gen-

eration of BIM-based simulation models and simulation-based animations. The

required user input to leverage the features of the proposed framework is described

next, followed by the description of the preprocessing module, which develops the

simulation model based on elements from the environment module and the user

input. Then, the simulation module is discussed, which contains the required com-

ponents to execute the simulation of the model. Finally, the visualisation module

is described. This module uses simulation outputs to produces reports with relev-

ant information to support decision-making during construction planning, as well

as simulation-based animations for various visualisation purposes.
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4.1 Framework design

Figure 4.1 illustrates the proposed conceptual framework for the integration of

construction simulation and building information modelling and its components.

As shown in the figure, the proposed framework is composed of five main modules:

the environment, the user input, which includes the facility to import existing

BIM models, a pre-processing stage, the simulation module and the visualisation

module.

Pre-processing
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1
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3
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Distributed simulation

k

i j
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parameters

Project
parameters

Simulation module

User input

Resource
availability

Trace files
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Generic simulation models of
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Models of
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Construction project simulation model

Generate specific simulation models of
construction activities to build BIM elements Specific simulation models of

construction activities

BIM model

Other simulation modelsResources simulation models
Reports

Figure 4.1: Framework overview

The user imports a BIM model into the environment and defines the project para-

meters related to resource constraints (e.g. number of workers and their skills,

location of raw materials and available tools and equipment). The environment

is preloaded with a library of generic simulation models of different construction

activities. Based on the types and parameters of the elements of the input BIM

model, a simulation model of the construction of the project is generated semi-
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automatically. The simulation of this model considers the resource constraints

previously defined by the user. During the simulation, time-stamped trace files

that indicate the state and location of resources in the construction site are gen-

erated.

In the visualisation module, the trace files are processed to produce reports to

support planning and decision-making. Furthermore, the trace files, the BIM

model and other 3D models that are preloaded into the environment to represent

resources are used to create a simulation-based animation of the construction of

the project. The resulting animation gets into the details of resource interaction

and depicts the construction process at a high level-of-detail. The animation can

be used for various visualisation purposes, including simulation model verification

and validation, communicating results to stakeholders and as a decision-making

and planning support tool. The animation can also be visualised using mixed-

reality technology.

4.2 System requirement analysis

This section outlines the requirements for developing a system based on the con-

ceptual framework proposed in the previous section. The modules of the proposed

framework were designed based on these requirements.

4.2.1 Reuse of construction simulation models

As previously discussed, one of the limitations hindering the adoption of con-

struction simulation in industry is the fact that reusing hardily developed simula-

tion models across multiple projects is generally not possible due to project- and

product-specific constraints that are prevalent in construction. Implementing a

38



parametric simulation modelling approach aims to address this issue.

With a parametric simulation modelling approach, a simulation model can be

scaled by parameters that represent some of the project-specific constraints that

are prevalent in construction. Such parameters could modify directly one or more

process models or the control units that determine their behaviour. For example,

based on the height of a wall, it may be determined that a scaffolding system is

required, thus, prompting the model to direct entity flow to a scaffolding install-

ation federate. It is worth noting that the modifying parameters are not limited

to geometric constraints. For example, resources may be allocated differently ac-

cording to a parameter that establishes a limit in the number of workers on the

site at the same time. In this regard, modifying parameters may be related to

the product of the construction (product parameters), or to the constraints of the

project (project parameters).

The proposed strategy also benefits from a parametric modelling approach by

reducing the extensive manual modifications that simulation models are subject

to when small changes occur in the project. This allows modellers to develop

different scenarios to test construction alternatives quicker.

In order to fully take advantage of this approach, modellers should consider reuse

at an early stage of model development. The modifying parameters and how they

affect the fundamental models must be clearly documented. Reusable components

should be modelled at a granularity that responds to the modifying parameters.

Over time, as the library of fundamental models is built up, much more compre-

hensive representations of a construction project should be possible (Kasputis and

Ng 2000).

While parametric simulation modelling is a promising approach to enable model

reuse, there are two important challenges that must be considered. The first
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one is related to the complexity of parametric modelling. With large numbers of

parameters, parametric modelling becomes a technical skill in its own right and

communicating the model’s behaviour represents a challenge (G. Lee et al. 2006).

In this regard, conceptual modelling and proper documentation of the identified

modifying parameters and their effect on the fundamental models are needed at all

the levels of granularity. Equally, visualisation of the simulation results provides

a means to communicate the behaviour of the model.

The second challenge has to do with the scalability of the random variables that

simulation models take as input. As noted by Puri and Martinez (2013), conversion

of data from one discretisation unit to another affects its statistical properties. In

this regard, it is recommended to use the smallest possible discretisation unit and

accumulate the data points together, rather than subdividing the data into smaller

parts (Puri and Martinez 2013).

4.2.2 Simulation modelling flexibility

As discussed in Section 2.2, a distributed simulation approach offers modellers

enough flexibility to integrate different process models developed using different

strategies. Additionally, other elements such as resources or factors that affect

construction, like equipment breakdown, weather, delays in procurement or la-

bour absenteeism, can be modelled independently. In the distributed simulation

approach adopted in this research, independent federates representing construc-

tion activities are composed together to form a federation that represents the

construction process of a project. Such federates are parametric in nature, which

enables model reuse as well as modelling flexibility.
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4.2.3 Complex decision-making mechanism

The proposed system must address the complex decision-making mechanism of

construction management. It also requires a mechanism to allocate shared re-

sources.. An explicit implementation of control units Furian et al. (2015) in a dis-

tributed simulation approach has the potential to meet these conditions. Project-

and product-specific parameters can be embedded into the logic of control units

as parameter-based rules to adopt the parametric simulation modelling approach.

4.2.4 BIM-based simulation and the Constructable Ele-

ment class

In the BIM process, much of the information required to perform a simulation

study is defined and represented in a model. By using the resulting BIM model

as input to generic parametric simulation models of construction activities, an

integrated model of a construction project can be developed semi-automatically.

With this approach, interdependencies between tasks, activities and resources are

specified without a significant amount of manual work.

In the proposed framework for the integration of construction simulation and

BIM, the adopted approach consists of assigning parametric simulation models

of construction activities to individual BIM elements based on their type. The

parametric models are generic in nature, since they can represent the construction

process of a variety of construction products of the same type based on product

and project-specific constraints. New instances of the simulation models of con-

struction activities are created based on the product parameters provided by the

BIM elements. These new simulation models are specific rather than generic, as

they represent the construction activities required to build the BIM elements that
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provided the parameters to instantiate them. Figure 4.2 illustrates this process.
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Figure 4.2: Assigning parametric simulation models of construction activities to
BIM elements

Each of the parametric simulation models contains a control unit that determines

its behaviour based on a set of rules that depends on the product parameters

provided by the BIM element. Such control units are at the lowest level of the

hierarchical control structure of the integrated model. The rules of the control

units at higher levels of the hierarchy can be predefined by the user and can also

be expressed in terms of product and project parameters. Furthermore, entity

creation is also dependant on the product parameters. Figure 4.3 illustrates the

integrated simulation approach adopted in the proposed framework.

The advantage of using a BIM model to provide the product parameters to the sim-

ulation models is that a lot of the required object definitions are already provided

in the model. For example, in a BIM model, a column is clearly identified as an

object of the column type, and its height and location within the project are de-

termined. These parameters and definitions are often represented in the Industry

Foundation Classes (IFC) format, which is a neutral, non-proprietary and open

standard for sharing BIM data (König et al. 2012).
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Figure 4.3: BIM-based parametric distributed simulation with hierarchical
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However, IFC is a rich and redundant data-modelling schema and clear definitions

for implementation are required (S. Zhang et al. 2013). Moreover, temporary ele-

ments, which are frequently essential to consider in a simulation model such as

formwork areas, are not generally defined in the BIM model (W. Lu and Olofs-

son 2014) or its corresponding IFC file. While the locations of BIM elements are

defined in the model, the spatial relationships between them and site-related loc-

ations, such as the locations of material storage sites or work stations, are not

defined in the BIM model either.

To overcome these limitations, an interface that translates BIM data into the re-

quirements of the simulation models has been developed for the proposed frame-

work. The interface, called Constructable Element, can extract BIM data from

an IFC file or generate the parameters based on the geometry of a 3D model in a

different format, for example, a filmbox (fbx) file. The purpose of this feature is

twofold. First, it enables interoperability with non-IFC-based 3D modelling tools.
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Second, it allows designers flexibility in their 3D modelling approach while still

taking advantage of the framework.

The Constructable Element can be enriched to include required data that is not

contained in the original BIM model, for example, formwork areas for concrete

elements. This additional data can also be based on product or project parameters

if required. The implementation of the interface is also based on the type of

the BIM element. Figure 4.4 depicts the relationship between a BIM element,

its corresponding Constructable Element, and its generic and specific simulation

models.

BIM element 1
<X type>

<Parametric model of
construction activity X>

Simulation model of
construction activity X
to build BIM element 1

Constructable Element
<X type>

[requirements]

[parameters]

[define]

Figure 4.4: The Constructable Element interface

4.2.5 Animation of simulation results

In the proposed framework for the integration of construction simulation and BIM,

a game engine is utilised to produce and visualise an animation of the simulation

results. The approach used to generate the simulation-based animation is to adopt

post-processing visualisation. Trace files that indicate the position and state of

materials, workers and equipment during each step of the construction process

of the simulated project are generated during each simulation run. A new trace

file is published with the occurrence of each event in the simulation. Therefore,

a collection of chronologically ordered trace files is available for each simulation

run. Figure 4.5 depicts the concept of trace files in simulation-based animations.
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Figure 4.5: Trace file concept in simulation-based animations

The trace file concept is implemented following an object-oriented approach. Fig-

ure 4.6 depicts the trace file class diagram. When an event occurs during the sim-

ulation, the attributes of the game objects that represent the different resources

involved in the event (materials, workers or equipment) are modified. At the same

time, a new time-stamped trace file associated to each resource that changed is

published. The new trace file saves the attributes of its corresponding resource

at the corresponding simulation time. During the animation, the trace files are

“played back” in chronological order. The game objects are located in the scene

based on the attributes loaded from the trace file that corresponds to the anim-

ated time. A time-stamped trace file associated to a Constructable Element that

changes is also published to track the progress of its construction as the model

moves through time.

This approach allows users to create an animation with three different granular-

ities or levels-of-detail, as illustrated in Figure 4.7. The first level-of-detail shows

the Constructable Element at two distinct points during its construction, not con-
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TraceFile

+ currentTime: double
+ resource: Resource
+ constructableElement: ConstructableElement

+ SaveResourceCurrentProperties()
+ LoadResourceProperties()
+ SaveConstructableElementProgress()
+ LoadConstructableElementProgress()

Figure 4.6: Trace file class diagram

structed and constructed. In order to create this animation, the trace file signals

the game engine to switch the renderer off or on for the model of the element

depending on its built status. The second level-of-detail requires different models

of the Constructable Element at key stages of its construction. The trace file in-

dicates the game engine to display the appropriate model at each stage during the

animation. While this involves more modelling work, it may be relevant to present

an animation at this level of detail to decision-makers during the planning process.

The third level-of-detail shows the interaction between the different resources in-

volved in the construction process of the element throughout the animation. In

this case, the finalised model is displayed as the composition of its modelled ma-

terials. Although the trace files only contain the attributes of the resources at

the discrete points in time in which events occurred, the continuous motion of the

resources between two discrete moments could also be modelled using the game

engine’s functionalities.

The resulting animations can be visualised in a 3D environment that domain

experts that are unfamiliar with simulation can easily interpret. Furthermore, by

leveraging the game engine’s compatibility with mixed reality technologies, the

animations could also be visualised in an immersive virtual reality environment

using a Head-Mounted Display.
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Figure 4.7: Visualisation of progress with different granularities of animations

Besides supporting the visualisation of simulation results, simulation-based anim-

ations have other contributions to the proposed framework for the integration of

construction simulation and BIM, discussed in the following subsections.

4.2.6 Model verification and validation mechanism

In the context of simulation modelling, verification is defined as ensuring that the

model matches the modeller’s understanding of the system (Martinez 2009). On

the other hand, validation confirms if the model possesses a satisfactory range of

accuracy consistent with its intended application (Sargent 2013). In the simula-

tion domain, it is widely accepted that though models cannot possibly be fully

validated, it is useful to have some form of ensuring that the model is fit for

its intended purpose, which is more important than model fidelity (Robinson et

al. 2004). Simulation-based animations can serve both purposes (Kamat 2003;

Sargent 2013). Modellers can view the animation to check the behaviour of the
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simulation model against its conceptual design to verify that it reflects their in-

tentions. Domain experts that are not necessarily familiar with simulation can

use the animation to validate the model.

4.2.7 Planning support

Simulation models are designed to help decision-makers make decisions or gain a

better understanding of the modelled system (Robinson et al. 2004). Visualisation

assists in investigating events that are hard to quantify in a definitive manner, but

yet can affect the final outcome, for example, work zones overcrowding or safety

hazards (Akhavian and Behzadan 2012). While 4D modelling is widely used for

visualisation of construction, it only allows for the visualisation of construction

schedules, remaining on the level of visualisation and not planning (Jeong et al.

2016). In this regard, the simulation approach utilised in this framework, coupled

with the simulation-based animation at various levels-of-detail presented in this

section can be exploited to support planning.

4.3 Environment

As shown in Figure 4.8, the environment module of the framework consists of

three components: constructable elements, generic simulation models of construc-

tion activities and models of resources. These components enable the automatic

generation of a construction simulation model based on a BIM model. 3D models

of the different resources involved in the construction are also used to generate

simulation-based animations.

Each component of the environment module of the framework can be seen as a

container that stores loadable elements that the system uses to develop simula-
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Figure 4.8: Environment components

tion models and animations. Once stored in their corresponding container, these

elements can be reused as-is across multiple projects that involve similar construc-

tion products or resources. Each container can be expanded with new elements

developed from scratch or adapted from existing elements to accommodate the

user’s requirements. As discussed earlier, the simulation approach of the pro-

posed framework allows modellers to develop these elements at various levels of

granularity and verify that they meet their requirements. The remaining of this

section describes in more detail each component of the environment module of the

proposed framework.

4.3.1 Constructable elements

The Constructable Element is an interface that extracts data from BIM elements

and translates it into the requirements of the simulation models of construction

activities. Furthermore, it can enrich the extracted data to include required para-

meters that are not contained in the original BIM model, but that can be com-

puted from its product parameters, for example, formwork areas for a concrete

element. The Constructable Element interface supports the Industry Foundation

Classes (IFC) format. Additionally, it can also generate the required parameters
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based on the geometry of a 3D model in different formats, for example, an fbx

file. This feature enables interoperability with non-IFC-based 3D modelling tools

and flexibility in the 3D modelling approach of designers. Figure 4.9 depicts the

information flow from a BIM element to its corresponding construction activity

simulation model through the Constructable Element interface.

Constructable
Element

BIM data

Enriched data
Parameters

BIM element Simulation model of
construction activity

Requirements

Figure 4.9: Information flow through the Constructable Element interface

The extracted and enriched data that the Constructable Element transfers to the

generic simulation models of construction activities serve four purposes, discussed

in the following paragraphs.

Determine the appropriate simulation model for the BIM element

The Constructable Element interface serves as a link between a BIM element

and a simulation model of the construction activity required to build it. The

Constructable Element assigns an appropriate simulation model from a library of

models to the BIM element based on its type. When more than one simulation

model exists for a given type of building element, additional parameters can be

considered to support this feature. Alternatively, this process can also be done

manually.

Create required entities

Entities in a simulation model are abstract representations of the objects that are

processed in the system. In a typical construction activity, entities are closely
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related to materials. Based on the geometry of a construction product, the re-

quired amount of materials to build it can be computed. Therefore, the number

of entities that the modelled activity needs to process to complete the simulation

can be obtained from this type of parameter.

Change the control unit decision mechanism

Entity flow to tasks within each simulation model is controlled by a control unit.

The decision mechanism of the control unit is based on a predefined set of rules.

Some of these rules can be parameter based. For example, in a simulation model

to fabricate and install the reinforcement of a column, the height of the column

could be taken as a parameter that affects its tasks in different ways. The control

unit of the federate could direct the entity flow to the task of overlapping rebar for

transversal reinforcement if this parameter exceeded a certain length, for instance.

Establish interdependencies with other activities

One of the data that the Constructable Element interface generates from the geo-

metry of an element’s model is its topological relationship with other elements

within the model. Based on these relationships and predefined rules at the top

levels of the control structure hierarchy, the Constructable Element interface can

automatically establish interdependencies between elements. For example, build-

ing elements located furthest from the material storage site could be built before

or after those located closest. In another example, the construction of building

elements that are supported by other building elements could begin as soon as the

supporting elements are completed.
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4.3.2 Generic simulation models of construction activities

This component of the environment module of the proposed framework consists

of parametric simulation models that can represent the construction process of a

variety of construction products of the same type based on product parameters

and project-specific constraints. In this regard, these models are defined at the

activity level as illustrated in Figure 4.10.

Project

Activity

Task

Activity Activity

Task Task

Level 1

Level 2

Level 3

Figure 4.10: Typical hierarchy of a construction project

These activity models are based on the simulation modelling approach presented

in the previous section. As such, they consist of a control unit linked to the simple

tasks that compose the modelled activity. New instances of the simulation models

are generated based on the parameters of each BIM element in the project. These

instances are federated to form the construction project federation, following the

distributed simulation paradigm. The subcomponents of the generic simulation

models are described in the following paragraphs.

Simple tasks

As shown in Figure 4.10, tasks are the smallest unit into which a project is broken

down. Within a construction activity, each task can take place zero, one or several

times. They can also take place in sequential order, in parallel or in an overlapped

fashion (Martinez 1996). When a task takes place, the state of one or more of
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the resources involved in it changes in some way over a time span defined as the

duration of the task.

Each generic simulation model of a construction activity is composed of one or

more tasks that specify which resources change and how when they take place.

Additionally, each task has a duration that indicates by how much the simulation

clock is advanced, as illustrated in Figure 4.11. Such duration can be either

deterministic or stochastic. If the duration is deterministic, each time that the task

takes place during simulation, the clock is advanced by the same predetermined

amount of time.

<duration = n>
Task start Task end

Simulation
clock t t + n

Figure 4.11: Duration of a task

On the other hand, if the duration of the task is stochastic, each time that the task

takes place, the simulation clock is advanced by a different amount of time. This

variation can be due to two different causes. First, the duration may be sampled at

each occurrence of the task from a random variable with a predefined probability

distribution. Second, the duration could depend on the state of the resources

involved in the task at the time of its occurrence. For example, the duration of

transporting materials between two areas of the construction site depends on the

distance between the areas. The model can deal with such cases in two ways. First,

the duration of the task can be expressed as a function that takes the condition

that affects it as a parameter. While this is a straightforward workaround, if the

dependent variable of the expression is random, which is when simulation models

are more useful, it can lead to some degree of statistical error that reduces the

fidelity of the model (Puri and Martinez 2013). Second, the modelled task can
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have more than one duration and take a sample from the most appropriate one

based on the given conditions.

Control unit

Each activity simulation model has a control unit that controls entity flow within

its tasks. The decision mechanism of the control unit of each model is based on

predefined parameter-based rules to represent the logical relationships between the

simple tasks that compose the modelled activity considering resource utilisation.

These control units are automatically linked to control units in higher levels of the

control structure hierarchy upon the instantiation of the activity simulation mod-

els to generate the simulation model of the construction project. Communication

between control units at different levels of the hierarchy is both ways, meaning that

the submodel of one activity can communicate with another submodel through the

control unit at the level above them. This feature allows considering interdepend-

encies between tasks of different submodels without re-formalising them.

Parametric requirements

As discussed previously, the generic simulation models take their required para-

meters from a BIM element through an instance of the constructable element

interface. Such parameters determine the rules of the decision mechanism of the

control unit of the submodel, the number of entities required to complete it and

the duration of the tasks that depend on them.

4.3.3 Models of resources

Resources are things required to perform tasks (Martinez 1996). Resources in

the framework are modelled following an object-oriented approach. Each resource
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object in the environment consists of the combination of two components, a 3D

model that represents the resource in the simulation-based animation, and a set

of attributes that represents it in the simulation model. In a construction activity,

resources can be classified in three types, materials, workers and equipment. While

all resources share some attributes, each type has some unique ones, as illustrated

in Figure 4.12. The following paragraphs describe each of these resource types.

Material

+ bulk: bool
+ height: double
+ width: double
+ length: double
+ volume: double
+ weight: double

Worker

+ idle: bool
+ skills: List<Skill>

Equipment

+ idle: bool
+ needsMaintenance: bool
+ productivity: double

Resource

+ gameObject: GameObject
+ name: string
+ location: Vector3
+ rotation: Vector3
+ available: bool
+ cost: double

+ Instantiate()
+ Locate()

Figure 4.12: Resource class diagram

Materials

Elements of this type of resources are generally processed by workers, equipment

or a combination of both. As previously mentioned, in a simulation model, this

type of resource is closely related to the concept of entities. In this regard, the

amount of materials that are required to complete the simulation model is com-

puted from the parameters that the constructable elements extract from the BIM

model. Materials are instantiated accordingly to represent this. It is worth men-

tioning that the simulation approach of the proposed framework allows modelling

the procurement process of materials as an independent model that constrains

their availability in the integrated model.
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In construction, materials are further classified as discrete or non-bulk materials,

such as bricks or reinforcement bars, and bulk or non-discrete materials, such as

water or cement. Materials in the environment module of the proposed framework

can represent both types. In some instances, bulk materials can be handled as

discrete. For example, when mixing concrete on site, cement can be measured in

terms of bags. In that case, one bag of cement is a discrete material.

Workers

Workers in the framework have two unique attributes. First, their state during

simulation, which can be either idle or busy. Workers are busy while they are

performing a task, and idle while they are not. Second, the list of skills that they

have. Workers can have one or more skills, each of which makes them eligible to

perform different tasks during the simulation. When a task is ready to be executed,

if the required number of workers that have the required skills to perform it is idle,

they are assigned to the task and their states change to busy.

Equipment

Generally, each piece of equipment is specifically designed by the manufacturer

to perform specific operations (Schaufelberger and Migliaccio 2019). An attribute

similar to the workers’ list of skills is not appropriate for this type of resource.

Instead, each instance of this class should represent a specific type of equipment

that the simulation model should explicitly demand. On the other hand, the state

of the equipment is similar to that of workers (busy or idle) with the addition

of a third state (requires maintenance), which can change based on its utilisation

time or any other rules imposed by the modeller. The simulation approach of

the proposed framework allows modelling equipment breakage and maintenance
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as independent models that constrain equipment availability in the integrated

model.

Combination of different types of resources

Combinations of different types of resources are too common in construction. For

example, a worker transporting a wheelbarrow filled with fine aggregate is com-

posed of the combination of a worker, a piece of equipment (the wheelbarrow)

and a quantity of bulk material (the aggregate). The object-oriented approach to

modelling resources enables these combinations to occur during simulation without

modelling workarounds.

4.4 User input

To build a simulation model that represents the uniqueness of a construction pro-

ject, it is essential to input data that accurately describes such uniqueness. BIM

models, which have been widely adopted by the construction industry, provide in-

formation that can be leveraged to semi-automatically develop a simulation model.

In addition to this, the proposed framework enables users to explore scenarios un-

der different resource availability and other project-specific constraints. With that

in mind, this module of the proposed framework is composed of the three com-

ponents depicted in Figure 4.13. The remaining of this section describes in more

detail each of these components.

4.4.1 BIM model

A BIM model stores a significant amount of information of a building. For the

purpose of construction simulation, only certain properties of the BIM elements
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Figure 4.13: User input components

are relevant. As described previously, an instance of the constructable element

interface extracts from each BIM element the relevant information required by

the simulation model based on its type. Such information can be enriched to

provide the simulation with data that is not necessarily included in the original

BIM model. Therefore, the level of information that each BIM element should

contain is based on the requirements of the relevant simulation model. However,

there are some product parameters that should be considered in most cases. These

parameters are identified and discussed in the following paragraphs.

Building component type

The simulation model of the construction activity required to build the BIM ele-

ment is assigned based on the building component type. Therefore, the building

component type must be clearly defined for each BIM element that will take part

of the construction project federation. In this regard, the building component

type makes reference to the data hierarchy of Revit, a popular BIM software, as

illustrated in Figure 4.14.

58



Beams

Concrete
beams

Steel
beams

Concrete
beams

300 x 300 mm

Concrete
beams

350 x 300 mm

Steel
beams

610x229x101

Steel
beams

254x102x25

Category

Instances

Family

Type

Figure 4.14: Revit data hierarchy

The building component type of a BIM element not only indicates the element’s

type of component, but also some common characteristics usually related to ma-

terials or standard geometry. These characteristics govern all the unique instances

of the same type in the model.

ID

To differentiate between different instances of the same element type, BIM ele-

ments usually have a unique identifier. This identifier is the name of the unique

building component that the element represents.

Location

This parameter refers to the coordinates that place the BIM element in a specific

location in reference to a known base point. Coupled with the geometry of the

element, this datum is useful to identify the topological relationships of the element

to other building components. Moreover, spatial relationships with other relevant

known locations within the model, such as storage sites or related workstations,

can also be established.
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Geometry

Besides facilitating the visual representation of the building components in the

3D model, their geometry also allows the calculation of the material quantities

required to build them. Thus, this parameter is typically required as input for

the corresponding simulation model. Naturally, the required level of detail of the

modelled geometry depends on the requirements and granularity of the simulation

model.

4.4.2 Resource availability

As described in Section 4.3, resources in the proposed framework are loadable

components separated from the simulation model. In fact, they are modelled as

independent federates that also subscribe to the federation. To represent resource

availability and constraints in the simulation, users can define the parameters

discussed in the following paragraphs.

Workers

Users set up the number of available workers in the model. New instances of the

worker type with unique identifiers will be created in the environment based on

this number. Users can define how many and what skills each instance of the

workers has. An area within the construction site can also be defined to locate

idle workers for visualisation purposes.

Equipment

Users set up the number and type of each piece of equipment available in the

model. An initial location can be defined for each piece of equipment as well as
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an area to locate each idle instance of equipment.

Materials

As mentioned in Section 4.3, the quantities of materials required to build the in-

put model is computed from the parameters extracted from the BIM model and

enriched by the Constructable Element interface. For this reason, quantities of

materials are generally not subject to user input. However, users can define the

locations and capacities of the storage sites of each type of raw material. Restock

of such storage sites is automatic by default, but a time-stamped informative

report is provided as output. Additionally, the simulation approach of the pro-

posed framework allows users to include independent federates that represent the

procurement process of materials.

4.4.3 Project parameters

Users can input parameters that affect the decision mechanism of control units

at the top levels of the control structure hierarchy, such as working shifts, limits

on the number of workers in certain areas of the site, etc. Additionally, users

can override the automatically generated interdependencies between federates by

explicitly determining a construction sequence or scheduling specific activities.

In addition, users can input independent federates to represent other project-

specific constraints. The simulation approach adopted to design the proposed

framework allows users to include independent federates of factors that affect the

semi-automatically developed construction simulation model. Examples of these

factors are labour absenteeism, equipment breakage and maintenance, materials

procurement processes, safety inspections or location-based weather.
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4.5 Pre-processing module

The purpose of this module of the proposed framework is to semi-automatically

develop the construction simulation model of a construction project based on its

BIM model and predefined generic simulation models of construction activities.

To do that, it instantiates a specific simulation model of the required construction

activity to build each element of a BIM model. These specific models are instan-

tiated by assigning values to the parameters of a corresponding generic simulation

model. Such values are extracted from the BIM elements by an instance of the

Constructable Element interface. The remaining of this section describes in more

detail this process and the requirements of the module.

4.5.1 Inputs and outputs

Figure 4.15 illustrates the inputs and outputs of the preprocessing module of the

proposed framework. As the figure shows, in this module only the BIM model

is input by the user since the Constructable Elements and generic simulation

models are preloaded in the environment module of the framework, as detailed in

Section 4.3.

Pre-processing

Constructable
Elements

Generic simulation models of
construction activities

Specific simulation models of
construction activitiesBIM model

Figure 4.15: Inputs and outputs of the pre-processing module

The outputs of this module are the specific simulation models of the construction

activities required to build the BIM elements from the model. These simulation
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models are added to the control structure of the distributed simulation model

that represents the construction process of the entire project. By doing this, the

construction activity federates form the construction project federation, which can

be simulated in the simulation module.

4.5.2 Instantiating simulation models of construction activ-

ities

Figure 4.16 depicts the flow diagram of the pre-processing module of the proposed

framework. As the figure shows, the process to instantiate the specific simulation

models of the construction activities is automatic. However, users can override

this process manually before the simulation begins to accommodate their needs.
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Figure 4.16: Flow diagram of the preprocessing module

4.6 Simulation module

As shown in Figure 4.17, the simulation module of the proposed framework is

composed of six components: a distributed simulation, a construction project
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simulation model, resources simulation models, modifying parameters, other sim-

ulation models and trace files. The first five components make up the conditions

under which the simulation is carried out, while the latter one produces the results

for visualisation and analysis. This module and its components are designed based

on the requirements outlined in Section 4.2.

1
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Distributed simulation
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Modifying
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Simulation module

Trace files

Construction project simulation model

Other simulation modelsResources simulation models

Figure 4.17: Simulation module components

The remaining of this section describes in more detail each component of the

simulation module of the proposed framework and how they interact with each

other.

4.6.1 Distributed simulation

The distributed simulation component is the central component of the simula-

tion module of the proposed framework. As such, it interacts with all the other

components of the module in different ways. Moreover, it contains the required

infrastructure to run the simulation and produce its results. The simulation clock

is embedded within this component and it is advanced by it based on requests

from other elements of the module.
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Interaction with other components

The distributed simulation component interacts with all the other elements in the

module in three different manners: read-only, write-only and read and write, as

illustrated in Table 4.1.

Table 4.1: Types of interactions between the distributed simulation component
and other elements in the simulation module

Interaction
type

Characteristics Receiver components

Read-only
Extract information from re-
ceiver component without up-
dating its data

Modifying parameters

Write-only
Update data of receiver compon-
ent without extracting data from
it

Trace files

Read and write
Extract and update data of
receiver component

Construction simulation model
Resources simulation models
Other simulation models

In a read-only interaction, the distributed simulation component is able to extract

information from another element without being able to update that element.

This type of interaction occurs with the modifying parameters input by the user.

The distributed simulation component reads these parameters and updates other

elements in the module based on them. On the other hand, in a write-only inter-

action, the distributed simulation component updates data of another component

without extracting any information from it. This type of communication happens

with the trace files, which are generated (or published) by the distributed simula-

tion component based on information from other components of the module.

The read and write type of interaction refers to two-way communication. In

this type of interactions, the distributed simulation component is able to extract

information from another element as well as to update its data. This type of inter-

action occurs between the distributed simulation component and the construction
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simulation models of construction activities, the resources simulation models and

the other simulation models in the module. In other words, the central component

of this module communicates in this way with all the simulation federates of the

federation.

The remaining components of the module can communicate with each other through

the distributed simulation component. None of them is able to directly update

the information of another element; however, they can request that the distributed

simulation component do so. For example, a construction activity federate model

may request the relocation of a resource so that one of its tasks can be carried

out. The distributed simulation component reads the resource information and,

if the resource is available, it updates its location and status to represent that

the resource has been assigned to the required task. Equally, none of the other

components of the module can directly change the simulation clock.

Time advancement and model update mechanism

Whenever a task is due to take place, its parent federate sends a request to the

distributed simulation component of the module to schedule the task. The distrib-

uted simulation component checks if all the conditions for executing the task are

met. If that is the case, the resources required to perform the task are assigned to

it and the task is added to a list of scheduled tasks alongside its expected duration.

Figure 4.18 depicts how the distributed simulation component of the simulation

module advances the simulation clock and updates the properties of the federates

based on the scheduled task with the earliest finish time. The simulation clock is

advanced to the finish time of the scheduled task that has been executed.
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Figure 4.18: Time advancement flow diagram

4.6.2 Construction project simulation model

This component of the simulation module is composed of the specific simulation

models of construction activities to build the elements of the BIM model imported

by the user. These models are automatically generated in the pre-processing

module of the proposed framework, as detailed in Section 4.5. As previously

described, each of these models contains a control unit and the set of simple tasks

that make up the modelled construction activity. The control units of the models
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are linked to control units in higher levels of the control structure hierarchy.

The control unit at the highest level of the structure communicates with the

distributed simulation component before and during the simulation. Before the

simulation begins, the control unit gets information regarding the modifying para-

meters input by the user. Consequently, the parameter-based rules of the control

units located downstream in the control structure hierarchy are adjusted accord-

ingly.

During the simulation, the control unit at the highest level of the control structure

hierarchy gets updates from the distributed simulation component regarding the

current state of the project and resource availability. Subsequently, it sends signals

downstream to the control units in the lower levels of the hierarchy based on its

predefined behavioural rules until all the conditions to execute one of the tasks of

one of the models are met. In this regard, control units act as valves that allow

or prevent information flow to relevant submodels.

Once a task is ready to be carried out, a request is sent upstream to the distrib-

uted simulation component through the control structure hierarchy to acquire the

required resources and schedule the task. Such request includes the value of the

duration of the task, which, as detailed in Section 4.3.2, can be either determin-

istic, sampled from a probability distribution or computed from a parameter-based

expression. As previously discussed, the distributed simulation component up-

dates the simulation clock, the resources information and the status of the project

accordingly. This process is repeated until the completion of the project.

4.6.3 Resources simulation models

As described in Section 4.3.3, the attributes of the different simulated resources are

predefined in the environment module of the proposed framework. During simula-
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tion time, several instances of the different resources involved in the construction

project are available to participate in the tasks of the construction simulation

model. The properties of each resource instance are available for reading by the

distributed simulation component. These properties are also available for updat-

ing by the distributed simulation component based on requests generated by the

tasks that utilise the resources. The following paragraphs describe the different

ways in which resource models change during simulation based on their type.

Workers and equipment

Based on user input, resources of the worker and equipment types are instantiated

and available during the simulation. Generally, these types of resources are needed

to process materials in a construction task. Whenever all the conditions that

are not related to these types of resources are met for a task of the simulation

model to take place, a request to assign the required resources is sent to the

distributed simulation component of the module. If the resources are available,

they are assigned to the task, which is scheduled to be performed, as illustrated

in Figure 4.19. This means that the statuses of the resources are changed from

idle to busy and that the resources are associated with the scheduled task until it

is finished.

One of the conditions that are not related to workers or equipment resources that

has to be met to schedule a task is material availability on site, discussed below.

Materials

Before the simulation begins, based on the quantities of materials required to build

the BIM elements in the model computed by the corresponding constructable

elements, resources of the material type are instantiated in the simulation model.
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Figure 4.19: Workers and equipment assignment

These initial instances represent the raw materials required during construction.

Such materials are processed by workers and equipment during the simulation as

the tasks that utilised them are performed.

Material processing can result in different types of changes in the properties of the

processed materials. For example, if a material is transported from one location

to another, its location property is updated. If materials are transformed into new

different materials, the amount or number of the source materials decreases while

the amount or number of the new materials increases. The last case may involve

instantiating new materials during simulation time. As the distributed simulation

component of the module updates these properties, submodels that require the

materials request them so that their tasks can be scheduled.

4.6.4 Modifying parameters

As discussed in Section 4.4, these parameters are either direct user input or based

on features extracted from the user input BIM model. Some of these parameters

are passed to the relevant construction activity simulation models in the pre-

processing stage, as discussed in Section 4.5.
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In this module, the distributed simulation component extracts the relevant modify-

ing parameters and uses them to update the parameter-based rules of the control

units in the higher levels of the control structure hierarchy of the construction

simulation model. This process occurs only once, before starting the simulation.

However, the process is not part of the preprocessing stage because modifying

these parameters does not lead to instantiation of new simulation models of con-

struction activities. Instead, it modifies the behavioural rules of their control

units.

4.6.5 Other simulation models

Based on the distributed simulation approach adopted in this research, other simu-

lation models can run concurrently with the construction simulation model. These

federates are subscribed to the distributed simulation component and communic-

ate with it in a similar fashion than the construction simulation model federate.

They can also send requests to acquire available resources, schedule tasks, advance

the simulation clock or interrupt scheduled tasks.

Figure 4.20 illustrates a labour absenteeism simulation federate interacting with

the distributed simulation component. This model instantiates a new labour ab-

sence and requests a worker to “execute” it. The distributed simulation component

selects a random worker regardless of its status. If the worker is idle, the absence

is immediately scheduled with the now busy worker assigned to it. If the worker

is busy, the task to which the worker is assigned is interrupted and the other re-

sources involved in the task are released. The status of the worker is set back to

idle once the duration of the absence is met.
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Figure 4.20: Labour absenteeism simulation model interacting with the
distributed simulation component

4.6.6 Trace files

This component of the simulation module stores the information required to visu-

alise and analyse the simulation results. During each simulation run, the distrib-

uted simulation component publishes a new time-stamped trace file every time

that there is an update on the system. Essentially, the chronologically ordered

set of trace files of a given simulation run is a detailed log of all the events that

occurred during the simulation. Such sets of trace files include all the required

information to produce reports on resource utilisation and task durations.

Equally, the trace files store the values of the properties of the resources involved

in the construction throughout the simulation time. This information can be util-

ised to produce a simulation-based animation for different visualisation purposes,

including model verification and validation, planning and decision-making support

and communicating results to stakeholders unfamiliar with simulation. The fol-

lowing section further discusses the utilisation of trace files to visualise and analyse

the simulation results.
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4.7 Visualisation module

As discussed in Section 4.6.6, the simulation module of the proposed framework

produces a set of time-stamped trace files for each simulation run of the integrated

simulation model. Such trace files contain relevant information that can be used

to support planning and decision-making in the earlier stages of the construction

project management process. The visualisation module of the proposed frame-

work displays the simulation outputs in different ways, classified into two main

categories: reports and animations, as depicted in Figure 4.21.

Visualisation module

AnimationsReports

Simulation-based

Multiple
viewpoints

High
level-of-detail

Resource
histogram

Schedule

Project duration

Productivity

Option to use
immersive VR

Figure 4.21: Simulation results categories

The remainder of this section describes the categories into which the simulation

outputs are classified in more detail.
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4.7.1 Reports

While a set of trace files generated in the simulation module contains a large

amount of useful information for construction managers, these raw data need

to be organised in order to support informed decision-making properly. This is

especially true when the durations of the tasks are not deterministic since more

than one simulation run is necessary to obtain reliable results to make predictions

on the performance of the project. In this case, more than one set of trace files

becomes available to analyse, resulting in an immense amount of data.

In the visualisation module of the proposed framework, the data contained in

the trace files can be displayed in four different types of reports, discussed in the

following paragraphs.

Project duration

When the durations of the tasks of the modelled construction activities is stochastic,

each simulation run results in a different project duration. The last trace file of

the set of trace files that corresponds to a simulation run indicates the project

duration in that run. The project duration report shows a frequency histogram

of the resulting project duration in each simulation run. According to the central

limit theorem, if the number of simulation runs is greater than thirty, the data

set of durations will be approximately normally distributed. The parameters of

the normal distribution (mean and standard deviation) that adjusts to the pro-

ject duration data set can be used to determine the probability of completing

the construction project on a given date. This information is particularly useful

during construction planning, as it may reveal the need to make changes to the

construction strategy to meet the project deadlines.
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Schedule

A schedule can be automatically generated for each simulation run using its cor-

responding data set. During the planning stage of the construction project, two

or more of these schedules can be compared to support decision-making. Users

can select which schedules they want to visualise based on the probability that

their total duration is met, as described above.

Productivity

Productivity is an important metric in construction. Using the trace files, pro-

ductivity can be computed for each simulation run at three different levels using

Equation 4.1 (Project Management Institute 2013).

P k
ij =

Qij

Dij ∗Nij

(4.1)

where P k
ij is the productivity, Qij is the total amount of work executed, Dij is the

duration of the execution of the work and Nij is the number of resources involved

in the work.

At the project level, one productivity value is calculated for each simulation run.

At this level, Qij is considered as one unit of the simulated project, Dij is the total

duration of the simulation run and Nij is considered as one unit of workforce and

equipment.

At the activity and task levels, several productivity values are computed for each

simulation run. At the activity level, a productivity value is calculated for each

submodel of each construction activity for each simulation run. Qij is computed

from the corresponding BIM element parameters extracted by the constructable
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element interface (e.g. the side area of a concrete block wall), Dij is the total

duration of the construction activity and Nij is considered as one unit of workforce

and equipment. Similarly, a productivity value can be calculated whenever a task

takes place. At this level, Qij is considered as the amount of production units of

the task (e.g. volume of mortar mixed, concrete blocks carried from the storage

site to the wall construction site or concrete blocks laid), Dij is the total duration

of the task and Nij is considered as one unit of workforce and equipment.

At each level, this information is useful for different purposes. At the project

level, it can be used as a benchmark for similar projects. At the lower levels,

productivity can be useful to identify bottlenecks in the model and help decision-

makers to implement measurements to prevent productivity loss in the real system.

Resource histogram

Based on resource utilisation during each simulation run, type-based resource his-

tograms can be plotted to support resource scheduling and levelling during con-

struction planning. This information is useful to identify long periods in which

workers or pieces of equipment are idle, as well as the needed frequency of restock-

ing of the different materials.

4.7.2 Animations

Simulation-based animations can be used for model verification and validation, as

a mean of communication with stakeholders unfamiliar with simulation and as a

tool to support planning and decision-making. Game engines can be leveraged to

produce simulation-based animations.

The visualisation module of the proposed framework produces a simulation-based
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animation for each simulation run. Such animations take as input three elements,

as depicted in Figure 4.22. First, the 3D model subcomponent of the resources

instantiated during simulation. These 3D models are initially loaded into the

environment module, as discussed in Section 4.3.3. Second, the geometry of the

BIM elements of the BIM model input by the user, as discussed in Section 4.4.1.

Third, the set of trace files corresponding to the simulation run of interest. This set

of trace files is generated in the simulation module, as discussed in Section 4.6.6.

Trace files

Animation

3D models of
resources

BIM model

Figure 4.22: Inputs to produce a simulation-based animation

The adopted approach of the proposed framework to produce simulation-based

animations allows producing animations at three levels-of-detail. Figures 4.23, 4.24

and 4.25 depict the process to prepare an animation at level-of-detail one, two and

three, respectively.

Scan set of
trace files

has
BIM element?

Initiate animation
Duplicate set of trace files

Get trace file
with earliest time

BIM element
complete?

[yes]

Activate element
renderer

[yes]Remove trace file
from set

[no]

[no]

set empty?

[no]

[yes]

Record action
and time

for animation timeline

Figure 4.23: Preparing a simulation-based animation at level-of-detail 1

Once the set of trace file has been processed as shown in the figures, the simulation-

based animations can be replayed and visualised from multiple viewpoints. Fur-
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Figure 4.24: Preparing a simulation-based animation at level-of-detail 2

[yes]

Scan set of
trace files

has
resource?

Initiate animation
Duplicate set of trace files

Get trace file
with earliest time

[yes]

Remove trace file
from set

[no]

set empty?

[no]

[yes]

Record action
and time

for animation timeline

Get resource

resource
instantiated

now?
Instantiate

resource model
[yes] resource

resized
now?

resource
moved
now?

[no]

[no]

resource
consumed

now?
Hide

resource model
[yes]

[no]

[no]

Scale
resource model

Locate
resource model

[yes]

has
BIM element?

BIM element
complete?

[yes]

Activate element
renderer

[yes]

[no]

Figure 4.25: Preparing a simulation-based animation at level-of-detail 3
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thermore, leveraging the functionalities of game engines, the animations can also

be visualised in an immersive virtual reality environment, which has shown a

great potential to improve workflow efficiency in the construction context through

enhanced common understanding (Du et al. 2018).

At the third level-of-detail, the simulation-based animations show resource inter-

action in detail as the construction process progresses. A current limitation of

this approach is that it only shows the location of resources at the discrete points

in time in which events occurred and triggered the instantiation of a trace file.

Thus, the continuous motion of resources is not available to detect, for example,

intersections of moving routes in the construction-site.

However, the source and target points, as well as the start and finish times of the

motion are available in the trace files. Therefore, there is potential to overcome this

limitation by using these data to model the missing continuous motion and support

clash detections. Notably, this can be achieved without redefining submodels

discretisation to an impractical higher granularity, such as modelling every step

that a worker takes to move materials.

4.8 Summary

This chapter provided an overview of the proposed framework to integrate con-

struction simulation and building information modelling, and described in detail

its five main modules. It described the system requirements to develop a system

based on the proposed conceptual framework. Moreover, it discussed how the

components of each module respond to the adopted simulation approach. The

chapter also described the required user inputs to semi-automatically develop a

construction simulation model based on an existing BIM model. It additionally ad-
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dressed the uses of the outputs of the simulation in construction planning, resource

scheduling, decision-making, model verification and validation and as a mean of

communication with stakeholders unfamiliar with simulation. The next chapter

covers the implementation of the proposed framework within a game engine.
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Chapter 5

Implementation of the proposed

framework within a game engine

The previous chapter introduced a framework for the integration of construction

simulation and building information modelling (BIM). In addition to exploiting

simulation and BIM technologies, the proposed framework leverages gaming tech-

nologies, specifically a game engine, to produce and visualise simulation-based

animations.

This chapter describes the implementation of the proposed framework for the

integration of construction simulation and BIM within a game engine. An overview

of the game engine concepts utilised in the presented implementation is introduced

first. Then, the chapter details the implementation of each module of the proposed

framework within the game engine in the same order in which they were introduced

in Chapter 4.

This chapter illustrates many of the components of the proposed frameworks using

Unified Modelling Language (UML) class diagrams. Appendix A shows a table

with the notation used in such diagrams.
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5.1 Game engines

In recent years, game engines have drawn the attention of researchers and practi-

tioners in the architecture, engineering and construction industry. Game engines

provide the complex technological foundation upon which digital games are built

(Anderson et al. 2013). They are commonly implemented as an integrated col-

lection of modules with different functionalities, for example, graphics generation,

physical behaviour of objects, collision detection, user interaction, sound manage-

ment, etc. (Petridis et al. 2010). Game engines provide ways to achieve immersion

in visualisation due to their compatibility with mixed reality technologies, ubiquity

as they offer multi-platform deployment, high-quality graphics and network cap-

abilities that allow for multiple simultaneous users, among other characteristics

(Osorio-Sandoval, Tizani and Koch 2018).

While there are several commercial off-the-shelf game engines available in the

market, researchers that use them tend to have a preference for Unity, as revealed

by a literature review on serious games with focus on technology application.

Amongst the reasons for choosing Unity over other game engines, the most relevant

appear to be functionality, multi-platform deployment, availability at no cost and

capability of interacting with major 3D tools and file formats (Osorio-Sandoval

et al. 2017), including 3D models authored in Autodesk Revit, a popular building

information modelling software (Bille et al. 2014; Dib and Adamo-Villani 2013;

W. Wu and Kaushik 2015). For these reasons, the Unity game engine was selected

as the game engine to implement the proposed framework for the integration of

construction simulation and BIM. However, the framework can be implemented

in other platforms due to its generic conceptualisation.

In the remainder of this section, some key concepts related to the game engine
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utilised in the implementation of the proposed framework are described.

5.1.1 Scene, game objects and game components

Within a game engine, game objects are the fundamental objects that represent

characters, props and scenery. They can be seen as containers for the game com-

ponents, which implement the real functionality (Unity Technologies 2019). The

scene is what manages all of the game objects. It receives updates and passes

them onto the components attached to game objects in the scene (Lambert 2014)

to dictate their behaviour.

Most game engines have a set of several predefined types of game components

with different specific functionalities, and a single game object can have multiple

of them attached. For example, a simple solid object in a game scene requires at

least four game components: one to hold the information of the object’s mesh,

one to render the surface of the object based on its mesh data, one to represent

the volume of the object in terms of physical behaviour and one to represent the

object’s position and orientation in the scene.

The game components of a game object should be able to access the other com-

ponents of the object and query them for information (Lambert 2014). In some

cases, game components should be able to read and write the values stored in

other components of their parent object or of another game object in the scene.

Equally, they should be able to query the scene for information regarding other

game objects in the scene.

Game objects can also be composed of other game objects hierarchically. In this

regard, the topmost game object is called the parent, and all the game objects

underneath are called child or children (Unity Technologies 2019).
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Furthermore, game objects can be stored as reusable assets. A reusable asset

is essentially a template of a game object complete with all its game compon-

ents, property values and children game objects from which new instances of the

game object can be created (Unity Technologies 2019). Reusable assets can be

instantiated during scene development or at runtime.

5.1.2 Scripts

As previously mentioned, game components control the behaviour of the game

objects to which they are attached. In the context of game engines, a script is

a type of game component that consists of a piece of code that implements the

developer’s own features. Scripts can be used, for example, to trigger game events,

modify the properties of other game components or respond to user input (Unity

Technologies 2019).

Similar to other game components, a script defines a blueprint for the properties

and behaviour of a type of component, but its code is not active unless an instance

of the script is attached to a game object in the scene (Unity Technologies 2019).

This means that several of the game objects in the scene can have a different

instance of the same script attached to them. Each instance executes its code

independently, producing different results in each game object.

In the Unity game engine, scripting supports the C# programming language nat-

ively. Furthermore, it allows integration with Microsoft’s integrated develop-

ment environment (IDE) Visual Studio, which provides a more sophisticated

C# development environment. This feature was leveraged in the implementation

of the proposed framework presented in this chapter.
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5.1.3 Editor and play modes

During the game development process in Unity, a project is created by loading

assets into scenes in “editor” mode. In “play” mode, the project starts and runs.

When play mode starts, the scene is loaded, and the scripts in it are reset to their

initial values (Unity Technologies 2019). It is in play mode that the game engine

executes the code in the scripts; therefore, play mode is also referred to as runtime.

In the implementation of the proposed framework, scripts and reusable assets are

developed in editor mode while the simulation runs in play mode. Simulation

results are also displayed in play mode, but they can be exported for visualising

outside of the game engine.

5.2 Environment

As discussed in Section 4.3, the environment module of the proposed framework

consists of three main types of components: Constructable Elements, generic sim-

ulation models of construction activities and models of resources. These compon-

ents can be reused as-is across multiple projects that involve similar construction

products or resources. In this regard, they are implemented in the game engine

as game components or as reusable assets that can be instantiated either in editor

mode or at runtime, depending on their use.

In the remainder of this section, the implementation of each type of component

in the game engine is described.
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5.2.1 Constructable Elements

The Constructable Element is an interface between a BIM element and its cor-

responding construction activity simulation model. Its main purpose is to extract

and enrich the data from the BIM element and feed it as input to the simulation

model.

The Constructable Element is implemented in the game engine as a game com-

ponent through scripting. Figure 5.1 depicts the base class of the Constructable

Element game component. As the figure shows, the Constructable Element game

component is attached to a game object, which also has a BIM element attached.

The Constructable Element extracts and enriches the data of such BIM element.

<<Script>>
Constructable Element

+ id: string
+ gameObject: GameObject
+ nominalLength: double
+ nominalWidth: double
+ nominalHeight: double
+ bounds: Bounds
+ hasPredecessor: bool
+ predecessors: List<ConstructableElement>
...

+ GetParameters()
+ AddPredecessor()
...

<<Game object>>
BIM element

+ id: string
+ transform: Transform
+ mesh: Mesh
+ meshRenderer: MeshRenderer
...

Game object

Figure 5.1: Constructable Element class diagram

The Constructable Element class should be extended to extract and enrich BIM

data from each type of element in the model. The fields of the Constructable

Element should reflect the requirements of its corresponding construction activity

simulation model. However, once the Constructable Element for a given type of

BIM element has been modelled, it can be instantiated and attached to various

game objects that represent that type of building component in the scene. Fur-

thermore, such game component can be reused in different projects with the same
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type of building components.

Fields and methods

The id, nominalLength, nominalWidth, nominalHeight and bounds fields of the

class are read from the BIM element using the GetParameters method. The id

property is the unique identifier of the element. The geometric properties or the

element can be used to compute the required materials to build it. The bounds

of the element are used to find its location and its topological relationship with

other elements in the scene.

The hasPredecessor field indicates if there are other elements that need to be

built before the element in question, while the predecessors field indicates which

elements have this requirement. The AddPredecessor method populates the latter

field automatically according to predefined customised rules.

As mentioned earlier, the Constructable Element should be extended to reflect the

requirements of its corresponding construction activity simulation model. This

extension should include the appropriate methods to compute the required ma-

terials to build the element, the rules to establish interdependencies and the ad-

ditional parameter-based information that the simulation model requires. For

example, Listing 5.1 depicts a method that establishes a predecessor interdepend-

ency between a Constructable Element and the building components supported

by it based on their topological relationship. This method belongs to a class that

extends the Constructable Element, but is not part of the base class as it may not

be relevant to all the BIM elements in the model.
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1 void SupportsAnotherElement ( )
2 {
3 Bounds bounds = gameObject . GetComponent<Renderer>() . bounds ;
4 f l o a t y = bounds . c en t e r . y + bounds . ex t ent s . y ;
5 f l o a t xmin = bounds . c en te r . x = bounds . ex t ent s . x ;
6 f l o a t xmax = bounds . c en t e r . x + bounds . ex t ent s . x ;
7 f l o a t zmin = bounds . c en t e r . z = bounds . ex t ent s . z ;
8 f l o a t zmax = bounds . c ent e r . z + bounds . ex t ent s . z ;
9 // Points (xmin , y , zmin ) , (xmax , y , zmin ) , ( xmin , y , zmax) and

(xmax , y , zmax) r ep r e s en t the top su r f a c e o f t h i s c on s t ru c t ab l e
element

10

11 ConstructableElement [ ] a l l =
FindObjectsOfType<ConstructableElement >() ;

12

13 f o r each ( ConstructableElement element in a l l )
14 {
15 Vector3 bottom = new Vector3 (
16 element . bounds . c en t e r . x ,
17 element . bounds . c en t e r . y = element . bounds . ex t ent s . y ,
18 element . bounds . c en t e r . z ) ;
19

20 i f ( bottom . y == y &&
21 bottom . x < xmax && bottom . x > xmin &&
22 bottom . z < zmax && bottom . z > zmin )
23 {
24 element . AddPredecessor (
25 gameObject . GetComponent<ConstructableElement >() ) ;
26 }
27 }
28 }

Listing 5.1: A method that establishes a predecessor interdependency between a
constructable element and the building components supported by it

Instantiation

Game components of the Constructable Element class are instantiated and at-

tached to their corresponding game objects during the pre-processing phase of the

proposed framework. This process can be done either automatically at runtime,

or manually in editor mode, as detailed in Section 5.4.
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5.2.2 Generic simulation models of construction activities

The generic simulation models represent the different construction activities re-

quired to build the BIM elements of the input BIM model. These models are

generic until their input parameters are fed by a Constructable Element that ex-

tracts and enriches the data from their corresponding BIM element.

Generic simulation models are implemented in the game engine as game compon-

ents through scripting. Similar to Constructable Elements, these game compon-

ents are attached to a game object, which also has a Constructable Element game

component attached. Figure 5.2 depicts the base class of the generic simulation

model game component.

<<Script>>
Constructable Element

<<Game object>>
BIM element

<<Script>>
Generic simulation model

of construction activity

+ id: string
+ element: ConstructableElement
+ complete: bool
+ controlUnits: List<Event>
+ tasks: List<Event>
+ edges: List<Edge>
...

+ IncludeInSimulation()
- StateChangeListener(Event): void
...

Game object

Figure 5.2: Generic model of construction activity class diagram

The generic model of construction activity class should be extended for each type

of element in the model. Nevertheless, the developed game components can be

instantiated and attached to multiple game objects that represent the products of

the construction activity that they represent.
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Model development

Each game component of the generic simulation of construction activity type con-

sists of a script developed in the C# programming language using the SharpSim

library, an open-source discrete-event simulation (DES) code library developed by

Ceylan and Gunal (2011). This library was chosen because a review of state-of-

the-art open-source DES software used for decision support in operations research

revealed that SharpSim was the only tool written in the C# programming language

(Dagkakis and Heavey 2016), which is supported by Unity.

Models developed using the SharpSim library are composed of events and edges.

In SharpSim, an event causes a state change in the modelled system, while edges

establish the relationships between the events and the flow of the system. Each

event in the model needs a “State Change Listener”, represented by a private

method that takes the event as its only argument. State change listeners are

related to C# event handling mechanism and help connect SharpSim events with

C# events (Ceylan and Gunal 2011). Basically, each generic simulation model

consists of events and edges that encapsulate the logical relationships between the

tasks that comprise the modelled construction activity, and state change listeners

that contain the code that produces and tracks the changes in the system when

events occur. Finally, SharpSim provides an abstract Entity class, which can be

extended to create model related entities (Varol et al. 2011).

Figure 5.3 illustrates the class diagram of a basic SharpSim simulation model.

These classes are adopted in this implementation of the proposed framework to

integrate construction simulation and BIM as described in the following para-

graphs.
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Edge

+ attribute: Entity
+ condition: bool
+ interEventTime: double
- sourceEvent: Event
- targetEvent: Event

Simulation Model

- events: Event [ ]
- edges: Edge [ ]

- StateChangeListener(evt: Event)
+ Simulate()

Event

Entity

+ identifier: int

1

2

1

1

Figure 5.3: SharpSim model class diagram

Fields

As detailed in Section 4.3.2, generic simulation models of construction activities are

composed of simple tasks, control units and parametric requirements. As shown in

Figure 5.2, both the tasks and control units are implemented as SharpSim Events.

The edges field contains the SharpSim Edges that connect the events of the model.

The condition field of the SharpSim edges determines whether the flow of entities

through the edge is allowed or not. In SharpSim models, the simulation clock is

advanced by edges via their interEventTime field. Thus, as shown in Figure 5.4,

edges that connect control units to tasks do not have a value for the interEvent-

Time field, while those that connect tasks to control units take the value of the

duration of the task.

Event i
Control unit

Event j
Task

Edge i-j
<<interEventTime = 0>>

Edge j-i
<<interEventTime = j.Duration>>

Figure 5.4: Task duration as interEventTime of a SharpSim Edge
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As detailed in Section 4.3.2, the duration of the tasks in the proposed framework

can be sampled from a probability distribution to represent the stochastic nature of

construction tasks. SharpSim implements this feature natively (Ceylan and Gunal

2011), however, its built-in library of distributions is limited and the method to

input different distribution parameters is not straightforward. To overcome these

issues, tasks duration in the generic simulation model class in this implementation,

were modelled using the Math.Net Numerics library, which provides methods and

algorithms for numerical computations and it is written in C# (Ruegg et al. 2019).

The element field of the generic simulation model game component is the con-

structable element game component, which, as previously discussed, contains the

parametric requirements of the simulation model. Finally, the boolean complete

field indicates whether the construction activity is complete or not.

Methods

As previously stated, a state change listener method is required for each SharpSim

event in the model. This means that the generic simulation model class has one of

these methods for every control unit and task modelled. These methods contain

the code that produces and tracks the changes in the system when events occur.

State change listeners of control units determine the flow of the system by changing

the value of the condition field of the edges that connect them to tasks or to other

control units. On the other hand, state change listeners of tasks produce changes

in the resources of the system.

The IncludeInSimulation method is used to instantiate the events and edges of

the simulation model of the construction activity, and to add them to the list of

events and edges of the simulation model of the simulation project, as detailed

in Section 5.4. This method includes the instantiation of an edge between the
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topmost control unit of the construction activity simulation model and a control

unit in a higher level of the control structure hierarchy. By creating this edge,

the construction activity simulation model becomes a submodel of the distributed

simulation composed of all the simulation models of construction activities in the

scene.

Instantiation

Similar to Constructable Element game components, game components of this

class are also instantiated and attached to their corresponding game objects dur-

ing the preprocessing phase of the proposed framework. This process can be done

either automatically at runtime, or manually in editor mode, as detailed in Sec-

tion 5.4.

5.2.3 Models of resources

As detailed in Section 4.3.3, resources in the proposed framework are classified

in three categories: materials, workers and equipment. Each of these categories

extends the resource class following an object-oriented modelling approach, and

each resource instance consists of the combination of two components: a 3D model

and a set of attributes that model the resource in the simulation model. In the

game engine, each of these components is implemented as a game component

attached to the same game object, as depicted in Figure 5.5. The resulting game

object composes a reusable asset, which, as discussed, can be instantiated during

scene development or at runtime.
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<<Script>>
Resource

+ gameObject: GameObject
+ name: string
+ location: Vector3
+ rotation: Vector3
+ visible: bool
+ available: bool
+ cost: double

+ Locate()
+ ToggleVisibility()

<<Component>>
3D model

+ id: string
+ mesh: Mesh
...

Game object

Figure 5.5: Resource game object

Instantiation

Resources of the worker and equipment type are instantiated based on user input.

On the other hand, materials are instantiated at runtime during simulation.

5.3 User input

As introduced in Section 4.4, the proposed framework enables users to develop a

construction simulation model based on an existing BIM model. Furthermore, it

allows users to run the simulation under different resource availability and project-

specific constraints scenarios. This section details some technical aspects regarding

user input in the proposed framework.

5.3.1 BIM model

In the proposed framework, users are able to import their own BIM models into the

game engine. Once imported into the scene, each BIM element of the model be-

comes an individual game object with the necessary game components to provide

the system with the relevant data to instantiate a simulation model of the con-

struction activity required to build the BIM element. Such game components
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include first, a transform component, which holds information regarding the po-

sition, orientation and scale of the BIM element relative to a known reference.

Second, a mesh component, which is a collection of triangular boundaries, which

collectively forms the 3D shape of the element. Third, a renderer component,

which renders the element in the scene based on its mesh and material properties.

Figure 5.6 depicts the class diagram of a BIM element as a game object.

<<Game component>>
Mesh filter

+ mesh: Mesh

<<Game component>>
Mesh renderer

+ materials: Material[ ]
...

<<Game object>>
BIM element

+ id: string
+ type: string
... <<Game component>>

Transform

+ position: Vector3
+ rotation: Vector3
+ scale: Vector3

Figure 5.6: BIM element as game object class diagram

Importing the BIM model into the game engine can be achieved using two different

methods, namely, importing the model as a filmbox (fbx) file or as an Industry

Foundation Classes (IFC) data model. As discussed in Chapter 4, the rationale

behind this feature is to enable interoperability with non-IFC-based 3D modelling

tools, and to provide flexibility in the 3D modelling approach of designers. The

advantages and drawbacks of both methods are discussed below.

Importing an fbx file into the game engine

Unity natively supports filmbox (fbx) files, which can be imported from many

3D modelling applications (Unity Technologies 2019). In this regard, Broadbent

(2011) and Dalton and Parfitt (2013) proposed a workflow to import BIM models

into Unity as fbx files. The workflow has been adopted by several researchers
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working with BIM and game engines (Bille et al. 2014; W. Wu and Kaushik

2015; Natephra et al. 2017; Ben-Alon and Sacks 2017). This method consists in

exporting models produced in Revit to an fbx file, processing the fbx in Autodesk

3ds Max and importing it into the game engine. The additional processing of the

fbx file in Autodesk 3ds Max was suggested to prevent the loss of colours and

detailed textures that occurs when the model is imported directly into the game

engine. This workflow is depicted in Figure 5.7a.

A similar workflow was adopted in the proposed framework. However, the pro-

cessing of the fbx file in Autodesk 3ds Max was omitted. The reason for this

omission is that most game engines, including Unity, allow users to import or

create their own materials and textures, and adjust their properties to achieve the

desired visualisation without the need of another piece of software. This approach

is shown in Figure 5.7b.

A drawback of both approaches shown in Figure 5.7 is that the non-geometrical

meta-data of the model is lost when the fbx file is imported into the game engine.

Figure 5.8 illustrates a solution to this issue. Non-geometric meta-data can be

assigned back to the model elements that require it within the game engine by

attaching a game component that contains the desired data to the relevant game

object through scripting.

An advantage of importing BIM models as fbx files into the game engine is that

the model can be modified in the editor mode of the game engine. This means that

additional functionality can be added to each BIM element within the environment

before going into play mode. Assigning non-geometric meta-data by attaching

scripts to game objects or changing materials and textures of the different game

objects are examples of this added functionality.
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Autodesk
Revit Build the

model fbx file non-geometric
meta-data

BIM model

Autodesk
3ds Max

Process 3D model
to account for lack of

materials/textures
fbx file

Game
object

Game
engine Import

3D model

(a) Option 1: Additional processing in Autodesk 3ds Max

BIM
authoring tool Build the

model fbx file non-geometric
meta-data

BIM model

Process game object
to account for lack of

materials/textures
Game
object

Game
engine

Import
3D model

(b) Option 2: Additional processing in game engine

Figure 5.7: Options to import an fbx file into a game engine

BIM
authoring tool Build the

model fbx file non-geometric
meta-data

BIM model

Process game object
to account for lack of

materials/textures

Game
object

Game
engine

Import
3D model

Attach script
game component

with meta-data

Figure 5.8: BIM meta-data as script game component
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Importing an IFC data model into the game engine

At the time of writing, commercial game engines do not support direct import

of Industry Foundation Classes (IFC) files. The extensible building information

modelling (xBIM) toolkit, developed by Lockley et al. (2017), was tested during

the implementation phase of the proposed framework. This toolkit was chosen

among the few alternatives available to import IFC into game engines because it

is free, open-source, and it has up-to-date activity in its community forum.

Using the xBIM toolkit, the geometry data contained in an IFC file is read and

saved into meshes. A new game object is created in the game engine for each mesh

in the model. Through scripting, the non-geometric meta-data contained in the

IFC file can be attached as a game component to each game object. This meta-data

includes information regarding the materials and textures, which is assigned to a

renderer game component that is also attached to the game object, eliminating the

need to process the model to improve visualisation of the objects. Furthermore,

additional type-based game components can also be attached through scripting to

the game objects that are created from the IFC model. These game components

can enhance the functionality of the model within the game engine, for example,

triggers to open doors upon approaching them during model navigation. Figure 5.9

depicts this process.

An inconvenience of xBIM compared to more expensive alternatives is that it

allows to import IFC files into the game engine only in play mode, which does

not allow for further modifications of the model in editor mode before starting

the application. However, it enables the automation of model preparation upon

importing the IFC data model.

Figure 5.10 shows an IFC file imported into a game engine using the xBIM toolkit.

98



BIM
authoring tool Build the

model
IFC

data model

Game
engine

Import
model

BIM element

mesh

meta-data

material

Game object

Mesh filter

Scripts

Renderer

type-based
features

Figure 5.9: Workflow to import an IFC data model into a game engine

A script that displays the BIM properties of an element when it is selected was

attached to every beam element in the model as an example of type-based func-

tionality.

Figure 5.10: IFC file imported into a game engine. 1) Selected element in the
Scene view 2) Imported model hierarchy 3) Components added to the game

object 4) BIM properties extracted from the IFC file

One of the advantages of importing a BIM model into a game engine using the IFC

format is that the model’s non-geometrical information is not lost as it happens
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when the model is imported as an fbx file. On the other hand, the drawbacks of

this workflow are that it is not as straight forward as importing an fbx file, and

that it requires additional tools that may not be easily acquired or compatible

with all commercial game engines

5.3.2 Resource-related input

As discussed in Section 4.4.2, users are able to define some resource-related para-

meters to simulate different scenarios. During scene development, users can in-

stantiate the desired number of resources of the worker and equipment types by

dragging and dropping the corresponding reusable assets into the scene in the user

interface of the game engine. The attributes of each instance can be defined in

the inspector window of the user interface. Figure 5.11 illustrates an instance of

the worker type in the inspector window of the game engine. The 3D model of

the resource can be visualised in Figure 5.11a, and its properties can be defined

in editor mode as shown in Figure 5.11b.

(a) Worker 3D model (from Unity
Technologies (2017))

(b) Worker script game component

Figure 5.11: Resource of the worker type in the inspector window
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Storage sites of each type of raw material are implemented as game objects with a

transform that determines its location, and a simple script game component that

determines its capacity. Users can define both the location and capacity of each

storage site in the inspector window of the relevant game object.

Equally, users can input compatible independent models to represent other project-

specific constraints by attaching such models to active game objects in the scene

as script game components. Such game objects can be “empty” game objects,

meaning that they act solely as a container for those game component (i.e. they

do not need to have a mesh or a physical representation in the scene).

5.4 Pre-processing module

As described in Section 4.5, in this module of the proposed framework, a con-

struction simulation model is semi-automatically generated based on the input

BIM model.

In the game engine, this process is implemented within a script that first attaches

two game components, a Constructable Element and a generic simulation model

of a construction activity, to each BIM element game object in the scene based

on its type. Then, it executes the GetParameters method of each Constructable

Element game component, which extracts and enriches the required data from

its corresponding BIM element, and feeds it into the generic simulation model

game component. Finally, it executes the IncludeInSimulation method of the now

specific simulation model of the construction activity of each BIM element, which

adds its events and edges to the simulation of the construction project. Listing 5.2

shows the process described above.

Once this process is complete, game objects that represent BIM elements in the
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1 pub l i c void Preproce s s ing ( )
2 {
3 BIMElement [ ] e lements ;
4 ConstructableElement con s t ru c t ab l e ;
5 Act iv i tySimulat ionModel s imulat ionModel ;
6

7 e lements = FindObjectsOfType<BIMElement>() ;
8 f o r each (BIMElement element in e lements )
9 {

10 //These methods attach appropr ia te game components based on
the element ’ s type

11 AttachConstructableElement ( element ) ;
12 AttachAct iv itySimulat ionModel ( element ) ;
13

14 con s t ru c t ab l e = element . GetComponent<ConstructableElement >() ;
15 con s t ru c t ab l e . GetParameters ( ) ;
16

17 s imulat ionModel =
element . GetComponent<Activ itySimulat ionModel >() ;

18 s imulat ionModel . Inc lude InS imulat i on ( ) ;
19 }
20 }

Listing 5.2: Preprocessing script

scene have the necessary game components to start the simulation. Figure 5.12

depicts two game objects created from two BIM elements. The properties of

the Constructable Element game component of the game object highlighted in

orange are shown in the inspector window highlighted in red. The figure shows

that the Constructable Element script has extracted data from the BIM element,

and populated its fields. Moreover, it has enriched the data by establishing a

predecessor interdependency with the game object that supports it.

Furthermore, the simulation models of construction activities in the scene are no

longer generic since they represent the construction activities required to build

the BIM elements associated with them. Figure 5.13 illustrates how a generic

simulation model becomes specific to a BIM element after taking its parameters,

and how the model of the activity is aggregated to the simulation model of the

construction project.

Figure 5.14 depicts a sequence diagram regarding how the distributed simulation
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Figure 5.12: Game objects with Constructable Element scripts

BIM element 1
<X type> Game object 1

Constructable Element 
<X type>

Activity simulation model 
<generic model of

construction activity X>

Activity simulation model
<construction activity X
to build BIM element 1>

Simulation model
of construction project

Figure 5.13: Aggregation of simulation model of construction activity to
simulation model of construction project
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for each BIM
element

:Generic
Simulation

Model

User :BIM
model

:Constructable
Element

System
interface

<<Import 
BIM model>>

GetElements

:Distributed
simulation
component

<<instantiate>>

<<instantiate>>

GetParameters

return

return

GetParameters

return

IncludeInSimulationModel

Figure 5.14: Sequence diagram showing how federates are included in the
federation

component, implemented as a C# script, includes the now specific construction

activity federates in the construction project federation.

5.5 Simulation module

As described in Section 4.6, the simulation module of the proposed framework

is composed of six components: a distributed simulation, a construction project

simulation model, resources simulation models, modifying parameters, other sim-

ulation models and trace files. This section describes the implementation of each

component of this module.
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5.5.1 Distributed simulation

The distributed simulation component of the simulation module is implemented as

a script game component developed in C# using the SharpSim library (Ceylan and

Gunal 2011). Figure 5.15 depicts the class diagram of the distributed simulation

component of this module and its relationships with other components.

1 1..*

<<Script>>
Distributed simulation

+ simulation: Simulation
- run: Event
+ controlUnit: Event
- end: Event
+ edges: List<Edge>

- Run(evt Event): void
- ControlUnit(evt Event): void
- Terminate(evt Event): void
+ Simulate()

1

1..*

<<Script>>
Simulation model

of construction activity

1

1..*

<<Script>>
Other

simulation models

<<Script>>
Resource

Entity TraceFile

1

*

1

1..* <<Script>>
Modifying paramters

Figure 5.15: Class diagram of the distributed simulation component

As the figure shows, the distributed simulation component is composed of three

SharpSim events. First, the run event, which determines the beginning of the

simulation. Second, a control unit event, which is the highest control unit in the

control structure of the project. If needed, further control units can be instantiated

at this point. Third, an end event, which determines the ending of the simulation.

As detailed in Section 5.2.2, each SharpSim event requires a state change listener

method. In addition, it has an instance of the SharpSim Simulation class. The

method Simulate instantiates and executes the simulation object, which includes

all the events and edges in the individual submodels of construction activities and

other simulation models.
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5.5.2 Construction project simulation model

As discussed before, this component is composed of the specific simulation models

of construction activities, which are instantiated during the preprocessing phase

of the proposed framework, as detailed in Section 5.4.

5.5.3 Resources simulation models

During the simulation, the distributed simulation component verifies if a task’s

required resources are available by scanning the scene to find resources that match

the task’s requirements. The implementation of resources was discussed in more

detail in Section 5.2.3.

5.5.4 Modifying parameters

As discussed in Section 4.6.4, modifying parameters are either direct user input

or based on features extracted from the user input BIM model. How the latter

affect the simulation model is discussed in Section 5.4, since this occurs during the

preprocessing phase of the proposed framework. The parameters directly input by

the user are discussed in Section 5.3.2. Before the simulation starts, the distributed

simulation component updates the parameter-based rules in its control units based

on user input parameters through scripting.

5.5.5 Other simulation models

Based on the distributed simulation approach adopted in this research, other simu-

lation models can run concurrently with the construction simulation model. These

models can be implemented as script game components attached to active “empty”

game objects in the scene. In order to be compatible with the implementation
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presented in this chapter, such models should be developed with SharpSim com-

ponents. However, the proposed framework can be implemented to support other

simulation modelling tools due to its generic conceptualisation.

5.5.6 Trace files

Trace files are implemented following an object-oriented approach. Figure 5.16

shows the class diagram of the trace file class in this implementation of the pro-

posed framework. A new object of the trace file class is instantiated whenever

there is a change in the modelled system. The instantiation is invoked in the state

change listener methods of the events that produce the changes in the system.

The trace file object contains all the relevant information to produce the reports

in the visualisation module.

TraceFile

+ currentTime: double
+ resource: Resource
+ constructableElement: ConstructableElement

+ SaveResourceCurrentProperties()
+ LoadResourceProperties()
+ SaveConstructableElementProgress()
+ LoadConstructableElementProgress()

<<Script>>
Constructable element

<<Script>>
Resource

1

1

1

1

Figure 5.16: Class diagram of the trace file implementation

5.6 Visualisation module

As described in Section 4.7, the visualisation module of the proposed framework

utilises the trace files generated in the simulation module to generate reports and

animations to support planning and decision-making. The implementation of this

module leverages the capabilities of the game engine as described in the remainder

of this section.
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5.6.1 Reports

A user interface (UI) was developed using the Unity UI toolkit, a game object-

based UI system that uses components and the game view to arrange, position,

and style user interfaces (Unity Technologies 2019). Using this toolkit, scripts

to plot the relevant results in the corresponding reports were developed in the

C# programming language. Figure 5.17 depicts the developed user interface.

Figure 5.17: Visualisation module user interface

5.6.2 Animations

Users can generate a simulation-based animation after the simulation is com-

plete using the Animate button shown in Figure 5.17. Such an animation can be

visualised continuously or frame by frame. As previously discussed, even when

visualised continuously, the animation only shows the positions of resources at the

beginning and ending of the tasks in which they are taking part. Visualisation of
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the continuous motion of resources has not been implemented at the moment of

writing.

5.7 Summary

This chapter described the implementation of the proposed framework for the

integration of construction simulation and building information modelling within

the Unity game engine. It also discussed the game engine capabilities leveraged

in the proposed framework, and how they were used to model its components and

achieve the sought functionality. The chapter presented the classes developed to

implement the components of the proposed framework introduced in Chapter 4

using the Unified Modelling Language. The next chapter further illustrates the

implementation and usage of the proposed framework by presenting a case study

based on a typical masonry construction problem that follow the implementation

approach introduced in this chapter.
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Chapter 6

An illustrative case study to assess the

feasibility of the implemented framework

The previous chapter described the implementation of the proposed framework

for the integration of construction simulation and building information modelling

within the Unity game engine. It described the game engine concepts appropriated

in this research, and how they were used to achieve the intended functionality of

the framework.

This chapter presents a case study to evaluate the employment of the implemented

framework. The case study is based on a typical masonry construction problem,

and it showcases the usefulness of the proposed framework as a planning tool. The

chapter analyses and discusses the results obtained from the case study.

6.1 Objectives

The main objective of this case study is to evaluate the applicability of the pro-

posed framework as a planning tool. A case study is considered an appropriate

approach for such an assessment (Kitchenham et al. 1995). Additionally, this case
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study also seeks to illustrate the development of the required components of the

framework, which should guide users on how to design customised environments

based on the proposed framework. The example also demonstrates and assesses

scenario development for what-if analysis. Finally, this case study explains how

to utilise the obtained results for informed decision-making.

6.2 Methodology

The case study presented in this chapter was performed according to the following

methodology:

� A typical construction problem was selected to test the suitability of the

framework.

� Model assumptions were documented.

� The studied construction activity was broken down into several simple tasks.

� A conceptual model of the system was developed and documented.

� Based on the conceptual model, a generic simulation model of the selected

construction activity was developed following the implementation approach

presented in Section 5.2.2.

� An instance of the Constructable Element class was developed for the selec-

ted construction activity.

� A BIM model was imported into the scene following the steps described in

Section 5.3.1.

� A simulation model based on the imported BIM was developed using the

proposed framework.
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� The simulation model was validated using a combination of two techniques,

namely, animation and traces.

� 14 different scenarios were developed to represent solutions to the prob-

lem selected for the case study. Three simulation outcomes were selected

to provide insights to support the decision-making process in the selected

problem.

� Each modelled scenario was simulated twenty times and the results were

compared to provide recommendations. An empirical cumulative distribu-

tion function (ECDF) was plotted based on the obtained results. The ECDF

was compared to its corresponding normal cumulative distribution function

(CDF) to verify that the number of simulation runs was enough to produce

a normal distribution. Additionally, a Kolmogorov-Smirnov goodness-of-fit

test was also applied to the results.

6.3 Background

Masonry walls with concrete blocks represents one of the most common construc-

tion activities in the industry. Although in the 20th century masonry was displaced

for many applications by steel and concrete, it remains of great importance for

walls in low- and medium-rise buildings and for internal walls and cladding of

buildings where other materials meet the structural function (Hendry 2001).

Furthermore, the construction of masonry walls with concrete blocks is one of the

most representative construction activities in terms of the impact of its direct cost

on the total cost of the projects that include it. According to a comparison of the

cost estimates of several housing projects in South East Mexico, the direct cost of

this construction activity represented on average 8.28% of the total cost of each
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project, surpassed only by rubble stone masonry foundations and pre-cast beam

and block slab roofing. The direct costs of the latter two activities had, on average,

a higher impact on the total cost of the projects that included them. However, not

all the analysed projects included them, since other roofing and foundation systems

were employed instead (Osorio-Sandoval 2015). For these reasons, masonry walls

with concrete blocks was selected to demonstrate and evaluate the employment of

the proposed framework.

A typical masonry crew consists of two types of workers, skilled workers, or ma-

sons, and unskilled labourers, or helpers. Depending on the job, the size and

composition of this crew may vary. In general, an objective in construction pro-

jects is to decrease the crew size to the minimum possible for each job. Contractors

usually start the job with a pilot minimum crew and increase it gradually to keep

a continuous workflow (Hassanein and Melin 1997).

The presented case study analyses several compositions of crews performing the

construction of masonry walls with concrete blocks in a large housing project to

assess the employment of the proposed framework.

6.4 Project description

The selected project consists of the construction of 746 one-storey houses as part of

a larger housing project in South East Mexico. The case study seeks to determine

the number of helpers that a mason needs to keep a continuous workflow based

on the distance between the house that the crew is working on and the materials

storage site. For this purpose, the site has been divided into four zones, as depicted

in Figure 6.1.
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Zone 1
Less than 200 m

to storage site

Zone 2
200-400 m

to storage site

Zone 4
More than 600 m

to storage site

Materials
storage site

Zone 3
400-600 m

to storage site

Figure 6.1: Case study site layout

6.5 Model assumptions

This section discusses the rationale behind the assumptions made during the de-

velopment of the simulation model.

6.5.1 Workers

As stated before, a standard masonry crew consists of two types of workers, masons

and helpers. Although in construction sites there may not be a clear demarcation

between the tasks that each type of worker performs (Gerek et al. 2015), in this

model, it is assumed that masons prepare the mortar and lay the concrete blocks,

while helpers move materials from the storage site to where they are needed.

Therefore, the minimum masonry crew that can be formed would consist of one

mason and one helper.
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6.5.2 Materials

There are two materials involved in the construction of masonry walls, namely,

the concrete masonry unit (CMU) and the cement mortar. Although there are

several types of concrete blocks available in the market, the most commonly used

in the construction of masonry walls in the industry in South East Mexico is the

6-inches hollow concrete block with two cores (15x20x40 cm). For this reason, the

CMU in this model is this type of block. The cement mortar typically used in this

construction activity has a proportion of portland cement and fine aggregate of

1:4 and water. In this model, it is assumed that 0.0008 m3 of mortar are consumed

to lay each CMU.

6.5.3 Equipment

In this model, it is assumed that the usual tools required in the construction of

masonry walls, such as trowels and chisels, are available at all times. On the other

hand, material handling and processing pieces of equipment are modelled as inde-

pendent resources based on the following assumptions: 1) Wheelbarrows are used

to carry concrete blocks, fine aggregate and cement. It is assumed that wheelbar-

rows have a capacity to carry eight concrete blocks, 0.09 m3 of fine aggregate or

a 50 Kg cement bag at a time. 2) Buckets are used to carry water and mortar. It

is assumed that buckets have a capacity of 0.02 m3. 3) A concrete mixer is used

to prepare the mortar. It is assumed that the concrete mixer produces 0.14 m3

of mortar with one bag of cement, 0.16 m3 of fine aggregate and two buckets of

water.
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6.5.4 Related activities

Tasks and resource related to scaffolding are not considered part of the modelled

system, although constraints on scaffolding resources can affect the labour pro-

ductivity, duration and cost of the construction of masonry walls with concrete

blocks. There are several project-specific variables that have an impact on scaf-

folding activities, including the scaffolding’s type, size, movement, assembly and

disassembly patterns (Kim et al. 2018). These variables need to be defined in ad-

vance as part of the strategy for temporary structures (Jin et al. 2020). Moreover,

the construction of different scaffolding types is subject to varied labour productiv-

ity and resource constraints (Hou et al. 2017). For these reasons, it is considered

that scaffolding activities are independent of the construction of masonry walls

with concrete blocks. Using the proposed framework, however, a dependency

between the installation of scaffolding and concrete block laying at a predefined

height could be established, for example, to study the interaction between these

linked activities.

In the modelled system, the reinforced concrete plinth bases of the walls are as-

sumed to be already built.

6.5.5 Interruptions

Interruptions due to external factors, such as weather conditions, labour absent-

eeism or material delays were not considered in the modelled system.
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6.6 Conceptual model

This section documents the basis upon which the generic simulation model of the

selected construction activity was developed considering the assumptions previ-

ously outlined. A work breakdown structure (WBS) was constructed first in order

to identify the simple tasks that compose the activity. Then, a conceptual model

was developed.

6.6.1 Simple tasks

The selected construction activity was first broken down into simpler and more

manageable tasks considering resource allocation factors. For example, moving

the concrete blocks from the storage site to the wall construction site was broken

down into three separate simpler tasks performed in sequential order, namely,

loading the blocks into an empty wheelbarrow at the blocks’ storage location,

moving the wheelbarrow loaded with the blocks from the storage location to the

wall construction site, and unloading the blocks near the wall construction site. In

this case, the first and third tasks are not affected by the location of the storage

site of the concrete blocks. However, the duration of the second task depends on

the distance between the storage and the wall construction sites. Table 6.1 shows

the WBS for the modelled activity.

6.6.2 System behaviour

Figure 6.2 illustrates the conceptual model of the construction of a masonry wall

with concrete blocks based on the WBS and the assumptions outlined earlier.

In this figure, the squares represent tasks (annotated with the ID provided in

Table 6.1), the rectangles with headings represent locations, the circles represent
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Table 6.1: Work breakdown structure of the modelled activity

Task ID

Load blocks into empty wheelbarrow MW-01
Move blocks to wall construction site MW-02
Unload blocks in wall construction site MW-03
Load fine aggregate into empty wheelbarrow MW-04
Move fine aggregate to mortar preparation site MW-05
Unload fine aggregate in mortar preparation site MW-06
Load cement bag into wheelbarrow MW-07
Move cement bag to mortar preparation site MW-08
Unload cement bag in mortar preparation site MW-09
Load water into empty bucket MW-10
Move water to mortar preparation site MW-11
Prepare mortar MW-12
Load mortar into empty bucket MW-13
Move bucket with mortar to wall construction site MW-14
Lay concrete block MW-15

workers, the arrows represent the sequence of work, and the diamond represents

the control structure, which is further expanded in Figure 6.3. As depicted in the

figure, some tasks happen in a sequence (e.g. MW-01, MW-02 and MW-03), while

others are performed without a specific, static order. In Figure 6.2, materials and

equipment have not been modelled as separate entities for simplicity.

Figure 6.3 depicts the conceptual model of the selected activity again. This figure

shows the expanded control structure of the system, which consists of two control

units (CU-1 and CU-2). The control mechanisms of Control Units CU-1 and CU-2

are shown in Tables 6.2 and 6.3, respectively.

Table 6.2: Decision making mechanism of Control Unit CU-1 (from Figure 6.3)

Next node Conditions

CU-2 mortar volume in preparation site = 0

MW-01
blocks in wall construction site = 0

blocks in storage site > 0

MW-13
bucket of mortar in wall construction site = 0

mortar volume in preparation site > 0

MW-15
blocks in wall construction site > 0

bucket of mortar in wall site = 1
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Mason/s Helper/s

MW-08

MW-05

MW-02

Concrete blocks
site storage

MW-01

Wall construction site

MW-03

MW-14

MW-15

Mortar
preparation site

MW-06

MW-09

MW-12

MW-13

Fine aggregate
site storage

MW-04

Cement storage
site

MW-07

Water source

MW-10

MW-11

Mason/s

Helper/s

Helper/s + wheelbarow (empty)

Helper/s + wheelbarow (loaded)

Helper/s + bucket (empty)

Helper/s + bucket (full)

Representation of movement

Figure 6.2: Conceptual model of the selected activity with locations

Table 6.3: Decision making mechanism of Control Unit CU-2 (from Figure 6.3)

Next node Conditions

MW-04 fine aggregate volume in mortar preparation site < 0.16

MW-07 cement bags in mortar preparation site < 1

MW-10 water buckets in mortar preparation site < 2

MW-12
fine aggregate volume in mortar preparation site ≥ 0.16

cement bags in mortar preparation site ≥ 1

water buckets in mortar preparation site ≥ 2

In Figure 6.3, the circles represent a step in the simulation in which the availability

of the required workers and equipment is verified. If these resources are available,

the task or block of tasks is executed. On the other hand, if the required resources

are not available, the task or block of tasks is not executed nor scheduled. The
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CU-1

CU-2
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MW-06
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MW-09
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MW-11
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MW-01

MW-03

MW-14

MW-13 MW-15

Update
model conditions

Figure 6.3: Conceptual model of the selected activity with control structure

reason for this is that changes in the conditions of the integrated model may render

some of the scheduled tasks redundant. For example, if the task “prepare mortar”

is scheduled, but another submodel executes a task in which mortar is prepared,

there is no need to execute the scheduled task. With this modelling approach,

tasks are only considered if all their requirements are met.

As Figure 6.3 shows, in this model entities only flow downstream from the control

units. In this case, entities can be seen as signals that prompt the model to

execute the tasks when all their conditions are met. After a task or block of tasks

is executed, the conditions of the model are updated and new entities can flow

from the distributed simulation component accordingly.
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6.6.3 Duration of tasks

Table 6.4 shows the probability density functions of the durations of the simple

tasks outlined in Table 6.1 alongside their parameters. These durations are given

in minutes unless explicitly stated otherwise in the comments. Whenever a task

is executed during simulation time, a random value of its duration is generated

based on its functions and parameters.

6.7 Environment

This section details the development of the components of the environment module

of the proposed framework following the implementation approach introduced in

Section 5.2.

6.7.1 Constructable Element

As detailed in Chapter 5, Constructable Element interfaces were implemented as

C# script game components. Figure 6.4 depicts the class diagram of the Con-

structable Masonry Wall, which extends the Constructable Element class.

The first five fields in Figure 6.4 make reference to the required materials to build

the element based on its geometry. As discussed in Chapter 4, these properties

determine the amount of materials that need to be instantiated to complete the

model. The GetRequiredMaterials method is used to populate these properties.

The firstBlock field indicates the position of the first CMU of the wall within

the 3D environment. The courses and unitsPerCourse fields are integers that

determine, respectively, the number of courses or rows of blocks that comprise

the wall, and how many blocks comprise each course. These properties are also
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Table 6.4: Duration of masonry wall with concrete block tasks

Key Tasks Probability distribution Parameters Comments

D-01
MW-01
MW-03 Triangular

a = 0.125
Loading/unloading

a concrete block
b = 0.625
c = 0.2

D-02
MW-02

Triangular
a = 0.0125

Moving loaded wheelbarrow
(minutes per metre)

MW-05 b = 0.03
MW-08 c = 0.02

D-03 MW-04 Triangular
a = 0.6

Loading wheelbarrow using
shovelsb = 1.2

c = 1.0

D-04 MW-06 Triangular
a = 0.16

Unloading wheelbarrow by
overturningb = 0.5

c = 0.3

D-05
MW-07
MW-09 Triangular

a = 0.3
Loading/unloading

cement bag
b = 0.9
c = 0.5

D-06
MW-10

Deterministic t = 0.5 Filling bucket
MW-13

D-07 MW-11 Deterministic t = 1.0
Based on the assumption
that there are multiple
water sources on site

D-08 MW-12 Normal
µ = 12.562

Preparing mortar in mixer
σ = 5.1949

D-09 MW-14 Normal

Based on the assumption
µ = 1.73463 that the mortar is prepared
σ = 0.35884 no further than 100 m

from the walls

D-10 MW-15 Weibull
k = 2.01378 Laying a concrete block

in placeλ = 1.27307

D-11 Return Triangular
a = 0.01 Helper moving
b = 0.02 unloaded wheelbarrow
c = 0.0125 (minutes per metre)

computed from the element’s geometry, and their purpose is twofold. First, they

are used to determine the position of the next block in the wall with the values

of the nextBlock, currentCourse and currentUnitInCourse properties, which are

updated during the simulation. Second, they are used to identify the CMUs at the

edges of the wall that need to be resized based on the criteria shown in Figure 6.5.

Figure 6.6 shows a block at the edge of a wall within the 3D environment high-
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<<Script>>
Constructable Element

+ id: string
+ gameObject: GameObject
+ nominalLength: double
+ nominalWidth: double
+ nominalHeight: double
+ bounds: Bounds
+ hasPredecessor: bool
+ predecessors: List<ConstructableElement>
...

+ GetParameters()
+ AddPredecessor()
...

<<Script>>
Constructable Masonry Wall

+ blocks: int
+ mortar: double
+ cement: double
+ fineAggregate: double
+ water: double
+ courses: int
+ unitsPerCourse: int
+ firstBlockPosition: Vector3
+ currentCourse: int
+ currentUnitInCourse: int
+ nextBlockPosition: Vector3
+ resizeNextBlock: bool
+ resizeNextBlockScale: Vector3
+ progress: double

+ GetParameters()
+ GetRequiredMaterials()
+ UpdateNextBlock()

Figure 6.4: Constructable Element script for masonry walls

firstBlock

resize
(half) resize if needed

to complete
course length

Figure 6.5: Criteria to resize CMUs at the edges of the wall
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lighted in orange. Based on its position within the course where it was laid, this

block would be resized. In the case presented in this section, block resizing has

visualisation purposes only. However, it can be noted that by identifying indi-

vidual pieces in this manner, the proposed framework can be used to estimate the

number of blocks that require cutting, and the time and cost that this task would

imply.

Figure 6.6: A block that needs to be resized

Construction progress of this activity, represented by the progress property, is

measured by counting the number of blocks laid in place and comparing them to

the total number of blocks required.

6.7.2 Generic simulation model of the construction activ-

ity

Based on the conceptual model outlined in Section 6.6, a generic simulation model

for masonry walls with concrete blocks was developed following the implementa-

tion approach described in Section 5.2.2. This model consists of a C# script game
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component developed using the SharpSim library (Ceylan and Gunal 2011). The

federate is composed of eighteen events. Fifteen events represent the activity’s

tasks documented in table 6.1. Two events represent the activity’s control units

depicted in Figure 6.3. The remaining event (labelled R.R. for resource released)

updates the distributed simulation component when resources are released by tasks

or blocks of tasks in the federate.

Figure 6.7 depicts the generic simulation model of this activity. In the figure,

circles represent events, black arrows represent edges that link events within the

submodel, and green arrows represent edges that link events in the submodel with

an event in the distributed simulation component, labelled as Main CU. The latter

type of edges are automatically generated by the system for each federate of the

construction activity.

As detailed in Section 5.2.2, the simulation clock in SharpSim models is advanced

by the interEventTime property of the Edge class. Furthermore, edges also act as

valves that allow or prevent the flow of entities in the system based on predefined

behaviour coded into the event’s State Change Listener. Figure 6.8 depicts the

flow diagram of the state change listener of the event MW-01 as an example of

the edges’ behaviour. In the figure, the interEventTime property of edges utilises

the duration key provided in Table 6.4. As the figure shows, the duration of the

edge between events MW-01 and MW-02 depends on the distance between the

concrete block storage site and the corresponding wall construction site. Equally,

before starting to load blocks, the helper needs to move an empty wheelbarrow to

the block storage site. The duration of such movement depends on the distance

between the wheelbarrow and the block storage site.
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CU-2

MW-03

MW-05

MW-04

MW-02

MW-01

CU-1

MW-06 MW-09

MW-13 MW-15

MW-14

MW-11

MW-10

MW-08

R.R.

MW-07 MW-12

Main
CU

Federate event Event of distributed simulation component

Federate edge Edge between federate and distributed simulation component

Figure 6.7: Generic simulation model of the selected construction activity
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MW-01_MW-01.condition = false
MW-01_MW-02.condition = false

Signal

Entity type Capture
resources

[Signal] [no]

Flow from CU-1

MW-01_MW-01.
condition = true
attribute = Wheelbarrow
interEventTime = D-11 * distance to storage site

Wheelbarrow

[yes]

Move wheelbarrow to block storage site

Entity arrives

Wheelbarrow
is full

[Wheelbarrow]

MW-01_MW-02.
condition = true
attribute = Wheelbarrow
interEventTime = D-02 * distance to wall site

Move wheelbarrow to wall site

Wheelbarrow Flow to MW-02

[yes]
MW-01_MW-01.
condition = true
attribute = Wheelbarrow
interEventTime = D-01

Load block into wheelbarrow

Wheelbarrow

[no]

Figure 6.8: Flow diagram of the state change listener of event MW-01

6.7.3 Models of resources

As discussed in Section 5.2.3, resources of the material type are instantiated at

runtime during simulation. In this model, all the required materials are instanti-

ated at the beginning of the simulation. Game objects representing such materials

are located at the storage site position as indicated in Figure 6.1. These game

objects are instantiated from predefined reusable assets loaded into the scene. Fig-

ure 6.9 shows the storage site with the required materials to complete the masonry

walls of one house.

Equally, resources of the equipment and worker types are instantiated from pre-

loaded reusable assents. However, the number of available resources of these types

available during the simulation is user defined. The objective of the case study

was to determine the number of helpers that a mason needs to keep a continuous
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Figure 6.9: Materials instantiated in the storage site

workflow based on the distance between the house and the storage site. Thus, the

construction activity was simulated for a randomly selected house from each zone

using crews of a mason and a different number of available helpers. The number

of available wheelbarrows matched that of the helpers for each scenario. A single

concrete mixer was also loaded into the scene.

6.8 BIM model

A BIM model of the house prototype that was built in the selected project was

imported into the scene as an fbx file, as detailed in Section 5.3.1. Once in the

scene, a script of the Constructable Element type and a script of the generic

simulation model type were attached to each game object representing masonry

walls. The model is composed of 21 masonry walls. Figure 6.10 shows the BIM

model loaded into the scene. Both attached scripts can be seen on the inspector

window on the right side of the figure for the highlighted wall.
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Figure 6.10: BIM model of masonry walls loaded into scene

6.9 Simulation model

The simulation model of the selected construction activity for the input BIM

model consists of 21 federates based on the generic simulation model depicted in

Figure 6.7. As the figure shows, each federate is linked to the Main CU event of

the distributed simulation component. This event represents the control unit at

the topmost level of the control structure hierarchy.

Listing 6.1 shows the State Change Listener of the Main CU event. This is the

first event that is executed when the simulation starts. Subsequently, it sends

a signal to each incomplete wall federate. As shown in Figure 6.7, this event is

executed again every time that a resource becomes available.
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1 void MainCU(SharpSim.Event evt)
2 {
3 evt.EventExecuted += delegate (object obj1, EventInfoArgs e)
4 {
5 // All edges from the Main CU event are disabled
6 foreach(Edge edge in edgesList)
7 {
8 if (edge.targetEvent != mainCU)
9 {

10 edge.condition = false;
11 }
12 }
13

14 // Edges from the Main CU event to incomplete wall submodels
15 // are activated
16 foreach(GenericSimulationWall wall in wallSubmodels)
17 {
18 if(!wall.complete)
19 {
20 edgesList.Find(
21 edge => edge.name == ”Link to wall ” + wall.id).
22 condition = true;
23 }
24 }
25 };
26 }

Listing 6.1: State Change Listener of the main control unit of the distributed
simulation component

6.9.1 Modelled scenarios

As previously stated, the model seeks to determine the number of helpers that a

mason needs to keep a continuous workflow based on the location of the house

within the zones depicted in Figure 6.1. Table 6.5 shows the different scenarios

that were simulated to achieve the objective of the case study. Each scenario was

simulated twenty times and the results were compared to provide recommenda-

tions. A Kolmogorov-Smirnov goodness-of-fit test was applied to the results to

ensure that the number of simulation runs was enough to produce a normal distri-

bution. Three simulation outcomes were observed in order to conclude about the

different crew compositions: 1) the average duration of the construction activity,

2) the average waiting time of the mason, and 3) the average walking distance per
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day of helpers.

Table 6.5: Modelled scenarios

Scenario Zone
Average distance to

storage site
Number

of masons
Number

of helpers
(m)

1 4 670.93 1 1
2 4 670.93 1 2
3 4 670.93 1 3
4 4 670.93 1 4
5 4 670.92 1 5
6 3 470.93 1 1
7 3 470.93 1 2
8 3 470.93 1 3
9 3 470.93 1 4
10 2 320.93 1 1
11 2 320.93 1 2
12 2 320.93 1 3
13 1 120.93 1 1
14 1 120.93 1 2

6.9.2 Model validation

The model was validated using a combination of two techniques, namely, anima-

tion and traces. The animation technique consists of graphically visualising the

operational behaviour of the model as it moves through time, while in the traces

technique the behaviour of different types of entities in the model are followed

through the model to determine it its logic is correct (Sargent 2013). Validation

was performed by visualising the simulation-based animation of a randomly selec-

ted run of each scenario. Figure 6.11 shows the location of workers from a random

run of Scenario 2 at different times.

6.9.3 Simulation results

This case study did not attempt to draw generic conclusions from the obtained res-

ults that favour a crew composition over another. Its purpose was to demonstrate
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(a) Time: 14.25
Helper 1 loading cement

(b) Time: 14.25
Helper 2 moving aggregate

(c) Time: 14.25
Mason idle

(d) Time: 42.57
Mason ready to
prepare mortar

(e) Time: 42.57
Both helpers loading

concrete blocks

(f) Time: 184.13
Mason waiting for mortar
Helper 1 loading mortar

Figure 6.11: Resources at different points in time in Scenario 2
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that the implemented framework enables the comparison of the performance of a

construction project with different conditions without re-formalising the simula-

tion model. This section presents the results of the observed simulation outcomes

to illustrate the employment of the proposed framework.

Figure 6.12 illustrates the resulting durations obtained from the scenarios of

Zone 3. The graphs on the left side of the figure show the frequency with which the

durations were observed throughout the simulation runs, while those on the right

side show a comparison between the empirical cumulative distribution function

(ECDF) of the observed results and the normal cumulative distribution function

(CDF). As shown by the figures, the obtained results are normally distributed.

Additionally, a Kolmogorov-Smirnov goodness-of-fit test was applied to the dur-

ation data sets. Results show that, as expected, all the duration data sets follow

normal distributions with a significance level of α = 0.05.

Table 6.6 reports the means of the three simulation outputs observed for each

modelled scenario analysed in this case study. These results provide valuable

information to support informed decision-making. For example, in Zone 4 the

estimated completion date of the activity performed by a crew of a mason and

a single helper (Scenario 1) occurs on the ninth day, considering working days of

eight hours. In contrast, in the same zone, both estimated completion dates of the

activity performed by crews of a mason and four helpers (Scenario 4) or a mason

and five helpers (Scenario 5) occur on the fourth day. Equally, the average daily

walking distance of helpers in Scenarios 4 and 5 is reduced by 43.33% and 54.34%,

respectively, compared to that of Scenario 1.

Figure 6.13 depicts a comparison between two equal time segments of the resource

histograms of random runs of Scenarios 2 and 4. Coupled with the animations,

these reports provide sufficient insights to support an informed decision-making.
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(a) Scenario 6

(b) Scenario 7

(c) Scenario 8

(d) Scenario 9

Figure 6.12: Simulation results from the scenarios of Zone 3
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Table 6.6: Simulation results

Zone Scenario
Duration

Waiting time of
mason

Walking distance
per helper

(min) (min) (Km/day)a

4

1 4256.61 1644.22 12.44
2 2519.07 404.74 9.53
3 1947.24 112.40 8.00
4 1804.36 47.87 7.05
5 1711.72 45.45 5.68

3

6 3349.44 1149.85 10.85
7 2133.53 208.81 7.92
8 1777.11 44.67 6.60
9 1657.15 25.71 4.96

2
10 2581.16 622.17 8.87
11 1778.35 89.50 6.75
12 1611.93 22.72 4.47

1
13 1802.66 201.62 4.90
14 1522.13 24.67 2.49

a Considering working days of eight hours.

For example, Table 6.6 also shows that in both Scenario 4 and 5, the average

waiting time of the mason was similar, although the mean estimated duration is

approximately 1.5 hours shorter in the latter. When comparing the simulation-

based animations of these scenarios, it is observed that this difference is due to the

fact that when the mason requires preparing mortar, the materials arrive faster

to the mortar preparation site in Scenario 5, thanks to the availability of more

helpers. With such insights, the model can support decision-makers to decide

whether the cost of larger crews is worth gaining approximately 1.5 hours per

house in Zone 4.

Figure 6.14 shows a comparison of the performance of the construction activity in

the different modelled scenarios. In the figure, the performances of the construc-

tion activity in the modelled scenarios of a given zone are compared to that of the

minimum crew scenario for that same zone.
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(a) Scenario 2 (b) Scenario 4

Figure 6.13: Comparison between histograms of two scenarios

6.10 Remarks

The results of the discussed case study show how small changes in the composition

of the crews lead to a significant impact on the performance of a construction

activity. This case study demonstrates the usefulness of simulation studies to

support planning. The proposed framework enabled the automatic generation

of a simulation model based on an existing BIM model. This simulation model

considered project-specific constraints (i.e. the distance between the construction

site and the material storage site) and allowed a quick scenario development for

what-if analysis. The simulation-based animations were used firstly to validate the

model and, secondly, to compare resource usage between two different scenarios.

This process provided a better understanding of the modelled case study.
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Figure 6.14: Comparison of the performance of the construction activity in the
different modelled scenarios

6.11 Summary

This chapter assessed the employment of the implemented framework for the in-

tegration of construction simulation and BIM through a case study based on a

typical masonry construction problem. The system recognised BIM elements rep-

resenting masonry walls and assigned to each one an appropriate Constructable
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Element script. The Constructable Element scripts effectively extracted paramet-

ers from their corresponding BIM elements. Subsequently, the system instanti-

ated appropriate simulation models based on the generic simulation model of the

selected activity and the information contained on each Constructable Element

script in the scene. Different scenarios based on the resulting simulation model

were developed to support the decision-making process of the selected project in

terms of masonry crew composition. Most notably, the simulation models were

not re-formalised at any point during scenario development. Simulation-based an-

imations were produced for each simulation run, allowing for an enhancement of

the visualisation of results. The results of the case study reveal that the selected

game engine allowed to achieve the sought functionality of the proposed frame-

work. Furthermore, the case study showcased the usefulness of the framework as

a planning and decision-making support tool.

This chapter also illustrated how the Constructable Element and the generic sim-

ulation model for the selected construction activity, as well as scenarios for what-if

analysis, were developed. Thus, this chapter provides guidance to users to develop

customised environments based on the proposed framework. The next chapter

presents a summary of the research and concludes the thesis.
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Chapter 7

Conclusions and recommendations

This chapter summarises and concludes the thesis. It discusses how the objectives

of the research were achieved and provides conclusions relevant to those objectives.

The chapter also recapitulates the main contributions of this work to the current

body of knowledge and lists publications produced in connection with this research.

It also discusses the limitations of the work. In addition, the chapter provides

recommendations for future work to further extend the research.

7.1 Research summary

Although construction simulation has been proven to be effective as a planning

and decision-making support tool, it has not been fully embraced by industry prac-

titioners. Therefore, the recognised benefits of construction simulation have not

been exploited. On the other hand, the academic community in the field of con-

struction engineering and management has valued simulation as an essential tool

to understand the behaviour of construction systems and to carry out comparative

research studies.

Recent research efforts have attempted to identify the reasons for the gap between
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research and current industry practice in regards to construction simulation. The

difficulty of developing complex simulation models with respect to the amount of

data, skills, effort and time that this process entails has been identified as one of

the challenges hindering industry adoption of simulation. Equally, the fact that

these hardily-developed models are usually single-use and cannot be capitalised

by reusing them across multiple projects also discourages decision-makers from

devoting resources to model development. Moreover, simulation results are often

presented in such a way that only those familiar with this method can easily

interpret them, forcing decision-makers to separate themselves from the process.

In turn, simulation results are either ignored or misapplied, resulting in a lack of

confidence in the method.

BIM models have been suggested as a means to streamline the simulation model

development process while enabling model reuse to a certain extent. On the other

hand, simulation-based animations are regarded as practical tools to communic-

ate complex models and their corresponding results to domain experts that are

unfamiliar with simulation. However, current simulation approaches have failed

to leverage BIM to develop simulation models that consider resource allocation

and task interdependencies constraints while providing a mechanism to produce

animations that enhance the visualisation of the simulation model and its res-

ults. Therefore, this research investigated how BIM models can be integrated into

the simulation model development process without overlooking fundamental con-

straints found in construction projects. The proposed approach aimed to enable

model reuse and to provide a means to enhance results visualisation.

The study investigated modelling and simulation approaches, the challenges that

prevent their adoption in the construction industry, and the aspects that could

assist in overcoming those challenges. Based on this review, the research proposes
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an integrated simulation approach, described in Chapter 4. The proposed strategy

consisted of a distributed simulation in which construction activities were modelled

using a hierarchical control structure. This approach provides a mechanism to

deal with interdependencies between tasks of different activities and allocating

shared resources and enables model reuse. The construction activity federations

in the distributed simulation were parametric simulation models, which reduce

the extensive manual modifications that simulation models are typically subject to

when small changes occur in the project. As such, the models are able to represent

a variety of products of the same type based on product parameters and project-

specific constraints inherent to construction, thus, further enabling model reuse.

For that reason, construction activity federations were called generic simulation

models.

The role of BIM in the proposed simulation approach was to provide input para-

meters to these generic simulation models of construction activities. To this end,

an interface between the BIM element and its corresponding generic simulation

model, called Constructable Element, was developed. The purpose of the Con-

structable Element interface was to extract and enrich data from BIM elements

and translate it into the requirements of generic simulation models.

The proposed simulation approach also adopted the post-processing visualisation

technique, which consists of generating time-stamped trace files at each update

of the modelled system during each simulation run. These race files indicate the

position and state of materials, workers and equipment during each step of the

construction process of the simulated project. Therefore, a collection of chro-

nologically ordered set of trace files represents a detailed log of what happened

during its corresponding simulation run. The main purpose of these trace files

was to provide a means to produce an animation that depicts accurately how the
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model changed in time during the simulation run, getting into the details of re-

source interaction. Such animations can be used for several visualisation purposes,

including model validation and verification.

Based on this integrated simulation approach, the research proposed a framework

for the integration of BIM and construction simulation, detailed in Chapter 4. The

components of the framework were designed to respond to the proposed integrated

simulation approach, thus, facilitating simulation model development using BIM,

enabling model reuse and enhancing results visualisation. The framework consists

of five main modules. (1) The environment module is preloaded with a library of

Constructable Elements for different products, a library of generic simulation mod-

els that represent the construction activities to build such products, and a library

of 3D models of resources for visualisation in the simulation-based animations. (2)

The user input module provides the facility to import existing BIM models into

the system. (3) The pre-processing module automatically develops a simulation

model of the construction project based on its BIM model. This is accomplished

by assigning a Constructable Element and a generic simulation model to each BIM

component of interest based on its type. (4) The simulation module provides an

environment to experiment with different construction alternatives and resource

constraints without the need to re-formalise the simulation model. Furthermore,

it allows integration of other independently-developed simulation models due to

the distributed simulation approach. Such models could, for example, represent

weather, labour absenteeism, equipment breakage and maintenance, material pro-

curement processes, etc. (5) The visualisation module produces different reports

for planning and decision-making support as well as animations for diverse visu-

alisation purposes. The reports include resource histograms, project duration,

productivity at various levels and schedules.
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The proposed framework for the integration of BIM and construction simulation

was implemented within a game engine. Chapter 5 describes the details of the

development of a tool based on such an implementation. Several game engine

related concepts were leveraged to achieve the sought functionality. Game objects

are the fundamental objects that represent characters, props and scenery. Game

components implement the functionality of game objects. Scripts are a type of

game component that consists of a piece of code that implements the developer’s

own features. Reusable assets are templates of game objects and their game com-

ponents from which new instances of the game object can be created.

The application described in this research was developed in the Unity game en-

gine. The Constructable Elements and the generic simulation models were imple-

mented a C# script game components. For the latter, an existing C# open-source

discrete-event simulation code library, SharpSim, was used. Equally, the Math.Net

Numerics library was used to model the durations of tasks within the SharpSim

models.

BIM models can be imported into the scene as an fbx file or as an IFC data model.

Once imported, each BIM element of the model becomes an individual game ob-

ject. Game components of the Constructable Element and generic simulation

model classes are instantiated and attached to BIM element game objects in the

scene based on their type. Once this process is complete, the simulation models

in the scene are no longer generic, since they represent the construction activities

required to build the BIM elements associated with them. Subsequently, the dis-

tributed simulation component, also implemented as a C# script game component,

can include the construction activity federation to the federate.

Trace files were also implemented as C# script game components following an

object oriented approach. A new object of the trace file class, which contains all
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the relevant information to produce reports and animations, is instantiated upon

updates in the modelled system.

This thesis assessed the feasibility of the implemented framework through a case

study based on a typical masonry construction problem, described in Chapter 6.

The case study analysed several compositions of crews performing the construction

of masonry walls with concrete blocks in a large housing project. The project was

divided into four zones based on the distance between the houses and the materials

storage site. The selected construction activity was simulated for a randomly

chosen house from each zone using crews of a mason and a different number of

available helpers. The model was validated using a combination of animation and

traces by visualising the simulation-based animation of a randomly selected run

of each scenario and following the behaviour of workers.

The presented case study underlined the usefulness of simulation studies to support

planning and decision-making. Furthermore, it demonstrated that the proposed

framework enables the automatic generation of a BIM-based simulation model, and

reduces the skills, data, time and effort required to develop a traditional simulation

model. The resulting simulation model considered project-specific constraints,

such as the distance between the construction site and the material storage site,

and allowed a rapid scenario development for what-if analysis. The simulation-

based animations were used firstly to validate the model and, secondly, to compare

resource usage between two different scenarios. The animations provided a better

understanding of the modelled case and the simulation results.

Finally, this study also illustrated the development of the required components of

the framework and provided a guide on how to design customised environments

based on the proposed framework.
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7.2 Achievement of aim and objectives

The primary aim of this research was to investigate how to use BIM models to

streamline construction simulation model development without overlooking con-

straints inherent to construction projects, particularly, resource allocation and

task interdependencies constraints. The development of the framework for the in-

tegration of BIM and construction simulation, as well as the proposed integrated

simulation approach that underpins such a framework, satisfy this primary aim.

This thesis shows that:

1. The proposed framework semi automatically develops a simulation model

based on an existing BIM model.

2. The framework provides a suitable environment to experiment with different

construction alternatives and resource constraints without the need to re-

formalise the simulation model.

3. The framework is capable of producing simulation-based animations that en-

hance the visualisation results and that can be used for diverse visualisation

purposes.

4. The proposed integrated simulation approach can be leveraged for model

reuse.

5. A game engine is a suitable environment to implement the proposed concep-

tual framework.

6. The implemented framework is reliable to solve a typical construction man-

agement problem.
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The primary aim of this research was also achieved through the completion of

the research objectives outlined in Section 1.3. This section summarises how such

objectives were achieved.

Objective 1: To review existing simulation approaches used

in the construction context and existing techniques applied

to visualise simulation results

This work contributed to respond to the following research questions: Q1) How

is simulation used in the construction context?, Q2) What are the current trends

in the field of construction simulation?, and Q3) How are constraints related to

resource allocation and task interdependencies represented in construction simu-

lation models? Research into construction simulation, its uses, tools and limita-

tions, presented in Chapter 2 revealed the current practice and trends in the field

of simulation in the construction context. More specifically, the current trend

on facilitating the simulation model development process using BIM was identi-

fied as a promising approach to overcome the challenge posed by the amount of

data, skills, effort and time that this process entails. Hierarchical control struc-

tures were identified as a potential solution to represent constraints inherent to

construction projects. These control structures coupled with the distributed simu-

lation approach adopted in this research are able to represent allocation of shared

resources and interdependencies between tasks of different construction activities.

During the development of the simulation approach presented in Chapter 4, sim-

ulation model reuse was also addressed from the conceptual phase of simulation

modelling by adopting the parametric modelling paradigm. Finally, animations

were identified as an effective means to enhance the visualisation of simulation

results, which is another identified challenge of simulation. The work presented
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in Chapters 4 - 5 details how the proposed framework implements post-processing

visualisation to produce simulation-based animations. More specifically, Chapter 5

details how a game engine was leveraged to produce such an animation.

Objective 2: To design a framework to generate a simulation

model from a BIM model and show its results in the form

of animations

This work contributed to respond to the following research questions: Q4) How

can model reuse be leveraged in the simulation domain?, and Q5) How can the

visualisation of simulation results be enhanced? Chapter 4 describes the work

that satisfied this objective. Supplemented by the work presented in Chapter 2, a

framework for the integration of construction simulation and BIM was proposed.

Such a framework enables the semi automatic development of a BIM-based simula-

tion model by using BIM data as input parameters for generic simulation models

that represent the construction activities required to build an associated BIM

element. It also enables model reuse due to its simulation approach. The frame-

work has a mechanism to present simulation results in an enhanced way through

simulation-based animations.

Objective 3: To develop a game engine-based application

based on the proposed conceptual framework that enables

achieving its sought functionality

This work contributed to respond to the following research question: Q6) How can

the features of a game engine be leveraged to achieve Chapter 5 details how this

objective was satisfied by developing an application based on the proposed frame-
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work within the Unity game engine. C# script game components were developed

to achieve the sought functionality of the proposed framework. the sought func-

tionality of the proposed framework? The features of the Unity game engine were

investigated, and the way in which these features were integrated into the proposed

conceptual framework was described.

Objective 4: To assess the usefulness of the implemented

framework through a case study

This work contributed to respond to the following research question: Q7) How re-

liable is a construction simulation model developed based on existing BIM data in

solving a typical construction management problem? This objective was achieved

by developing a case study on a typical masonry construction problem. The case

study, presented in Chapter 6, demonstrated that the framework implemented in

a game engine meets its theoretical functionality. A simulation model based on an

existing BIM model was automatically developed by the system. The application

provided a suitable environment to rapidly develop multiple scenarios to analyse

the case study. The system produced simulation-based animations that were used

to verify and validate the automatically-developed model and to present simula-

tion results. It is worth noting that the implementation of the system has some

limitations, discussed in more detail in Section 7.6. Primarily, developing a com-

prehensive library of generic simulation models of construction activities and of

Constructable Elements in the environment module of the framework is time con-

suming and, therefore, represents a difficult challenge. However, as the libraries

are built up, developing more complex simulation models would become easier, as

more activities would be available to streamline the process.
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7.3 Revisiting the hypothesis

The hypothesis tested by this research was as follows:

A BIM-based construction simulation modelling approach can allow a

semi-automatic development of complex construction simulation mod-

els by enabling model reuse and providing a means to visualise simula-

tion results.

The research hypothesis was decomposed in seven research questions, mapped to

the research objectives described in the previous sections.

It can be concluded from the above remarks that the hypothesis is true. The pro-

posed approach allows a semi-automatic development of construction simulation

models. However, the implementation of the system requires investment in the

development of large libraries of generic simulation models of construction activ-

ities and of Constructable Elements in the environment module of the framework.

While this limits the immediate practical application of the proposed conceptual

framework, the process would become easier as these libraries are expanded and

built upon.

7.4 Contribution to knowledge

The novelty of this research lies mainly in the development of the proposed frame-

work for the integration of construction simulation and BIM. Equally, this research

demonstrates that a game engine is a suitable environment to implement the pro-

posed framework. A game engine-based artifact developed based on the proposed

conceptual framework was applied to solve a typical construction management

problem to assess its functionality.
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The integrated simulation modelling approach that underpins the development

of the proposed framework leverages a distributed simulation approach coupled

with hierarchical control structures and parametric simulation models, which take

input from existing BIM data.

The proposed framework enables model reuse and considers resource allocation

and task interdependencies constraints. Furthermore, it is capable of semi auto-

matically generating a construction simulation model based on a user input BIM

model, which can be used to experiment different construction strategies and re-

source allocations for planning and decision-making support, as well as for research

applications.

The implemented framework provides a mechanism to validate and verify the

semi-automatically-developed simulation model and a means to present simula-

tion results for visualisation purposes. It consists of producing simulation-based

animations that follow a post-processing approach.

The research also demonstrates that the proposed framework is useful as a plan-

ning support tool by presenting an illustrative case study, which also serves as

a guide to users on how to implement the framework and develop customised

environments based on the work presented in this document.

7.5 Research dissemination

The following publications were produced in connection with the work presented

in this thesis:

� Carlos Arturo Osorio-Sandoval et al. (2017). ‘Computer technology for ser-

ious games in education: A literature review’. In: Proceedings of the 24th

EG-ICE International Workshop on Intelligent Computing in Engineering
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2017. EG-ICE, pp. 239–249

� Carlos Arturo Osorio-Sandoval, Walid Tizani, Christian Koch and Abdelaziz

Fadoul (2018). ‘Integration of building information modelling and discrete

event simulation within a game engine’. In: 17th International Conference

on Computing in Civil and Building Engineering

� Carlos Arturo Osorio-Sandoval, Walid Tizani and Christian Koch (2018).

‘A method for discrete event simulation and building information modelling

integration using a game engine’. In: Advances in Computational Design

3.4, pp. 405–418

� Carlos Arturo Osorio-Sandoval et al. (2020). ‘Discrete-event simulation and

building information modelling based animation of construction activities’.

In: Proceedings of the 18th International Conference on Computing in Civil

and Building Engineering. ICCCBE 2020

� Carlos Arturo Osorio-Sandoval et al. (2021 (tentative): Manuscript in re-

view). A framework for the integration of building information modelling

and construction simulation

7.6 Limitations

This section discusses some of the limitations of the work presented in this thesis.

� Extending the libraries of Constructable Elements and generic simulation

models of construction activities in the environment module of the frame-

work to implement it in different types of projects represents a difficult

challenge. This situation makes impractical the wider application of the

proposed framework without significant previous work. However, as the
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libraries are built up, developing more complex simulation models would be-

come easier, as more activities would be available to streamline the process.

� The proposed framework lacks a mechanism to evaluate and optimise the loc-

ations of material storage sites and, therefore, relies entirely on user input

to determine them. Nevertheless, the implemented system can aid decision-

makers to find suitable locations of material storage sites by comparing the

performance of the project with different scenarios in terms of such a vari-

able. While this implies that users would need to devote time to develop

such scenarios, the illustrative case study presented in Chapter 6 demon-

strates that this process is not time-consuming and that the insights that

the system provides are helpful to support decision-making.

� Equally, the framework is not able to evaluate the paths of resources moving

within the construction site. This limitation hinders the possibility to use

the system to improve safety by flagging plausible paths that may result in

collisions. This is particularly important when the paths of heavy machinery

and human workers intersect because being struck by a moving vehicle or

heavy equipment is one of the most frequent causes of work-related casualties

in the construction industry.

� The simulation-based animations produced in the visualisation module of

the proposed framework only show the location of resources at the discrete

points in time in which events occurred and triggered the instantiation of a

trace file. Consequently, the continuous motion of resources is not available.

However, the source and target points, as well as the start and finish times

of the motion are available in the trace files. Therefore, there is potential to

overcome this limitation by using these data to model the missing continuous
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motion. Although resource paths would not be optimised, this solution may

also serve to detect the hazardous paths of resources discussed above.

7.7 Recommendations for future research

This section outlines recommendations for future research, including, but not lim-

ited to, suggestions to overcome the limitations identified in the previous section.

� The proposed framework for the integration of BIM and construction sim-

ulation could benefit greatly by implementing a simulation optimisation

method. To this end, an optimisation module capable of evaluating the

outputs of the simulation module should be designed. By iterating between

the optimisation and simulation modules, a suitable solution for resource al-

location and construction alternatives based on project-specific constraints

could be automatically detected by the system to facilitate the decision-

making process. Such a module could be extended to also find optimal

locations of material storage sites.

� While the proposed integrated simulation modelling approach is based on

the distributed simulation paradigm in the sense that several models of con-

struction activities are combined together (federated) to form a more com-

plex simulation model (federation), the system at this stage is not prepared

to run concurrently on different computers. This aspect describes another

meaning for distributed simulation, which has the added benefits of enabling

wider collaboration in the model development process, and speeding up the

execution time of more complex federations by leveraging parallel (distrib-

uted) computing. To this end, developing an HLA-compliant application

based on the proposed framework should be considered as a next step. The
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distributed simulation component of the proposed framework should match

the specifications of the HLA standard Run-time Infrastructure component

and provide services to exchange information between federates in different

servers (IEEE Computer Society 2010). The capabilities of game engines in

regards to developing multi-player games could be leveraged to accomplish

such an application.

� A mechanism to consider the continuous motion of resources in the simulation-

based animations would provide decision-makers with more insightful in-

formation on the modelled system to make an informed decision. These

type of animations could contribute to improving health and safety in con-

struction sites by facilitating the process of identifying hazards produced by

multiple resources in limited space, for example. As previously discussed,

the trace files already provide sufficient data to implement such a solution.

Notably, this can be achieved without redefining the discretisation of the

federates to an impractical higher granularity, such as modelling every step

that a worker takes to move materials.

� Test the framework in a real-life construction project and evaluate its impact

on supporting informed decision-making.

7.8 Final remarks

This thesis presented a framework for the integration of BIM and construction sim-

ulation by investigating existing modelling and simulation approaches and identi-

fying aspects that enable, firstly, an appropriate capturing of constraints frequently

found in construction projects, and secondly, model reuse. The framework enables

to semi automatically generate a BIM-based construction simulation model and
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produces animations based on the simulation results. The developed framework

was implemented in a game engine to leverage its capabilities and achieve the pro-

posed functionality. The thesis presented an illustrative case study to demonstrate

the feasibility of the framework and its usefulness as a tool to support planning

and informed decision-making.

The thesis also addressed the research objectives and met the primary aim of the

project, namely, to investigate how to use a BIM model to facilitate the devel-

opment of a construction simulation model that takes into account constraints

related to resource allocation and task interdependencies. Limitations of the re-

search were discussed and future work has been outlined.
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Appendix A

UML notation

Table A.1 depicts the notation used in the UML diagrams in this document.

Table A.1: UML notation

Name Symbol Description

Class
Represents a class without including its
fields or methods

Class with fields
and methods

Represents a class including its fields
and methods

Association
There is a simple association between
ClassA and ClassB

Inheritance
Represents an ”is a” relationship.
ClassB is a specialization of ClassA and
inherits its fields and methods

Aggregation
Represents a ”part of” relationship.
ClassB is part of ClassA, but they have
separate lifetimes

Composition
A special type of aggregation in which
the parts cannot stand by themselves

Dependency
ClassA depends on ClassB. Changes on
ClassB affect ClassA

Multiplicity
How many instances of each class take
part in the relationship
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