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ABSTRACT

Building construction processes are dynamic, complex, and subject to constant
and unanticipated changes and delays. Learning to manage inherent construction
process variability and its associated risks is challenging, especially at the
undergraduate level when students typically have only limited practical construction
management experience. The advances in computing technology have afforded novel
approaches to teaching dynamic construction management concepts that could
transform undergraduate learning. One such advance — educational simulation games —
has shown great promise in teaching students construction process variability, allowing
learners to react and respond to unanticipated construction events in a safe, simulated
construction environment. To date, construction engineering undergraduate programs
have not yet fully embraced the potential of simulation games and have fallen short
when integrating this potentially transformative teaching approach into the classroom. In
addition, a literature review yields a paucity of research on the simulation game
development process and its effectiveness in construction engineering and management
education.

To address these gaps, the present study explores simulation game applicability
for construction engineering education and provides guidelines for the development of
the next generation of simulation game learning tools. This study begins by explicating
the simulation game attributes conducive to learning and motivation, and details the
development process of the Virtual Construction Simulator 3 (VCS3) game to teach
students the dynamic nature of construction project planning and management. The
VCS3 incorporates project constraints and real-time feedback, and allows students to
optimize for varying construction process strategies and observe results in real time. The
underlying system dynamics model encapsulates the feedback loop between varying
construction factors to simulate industry conditions and add to the content realism.

The pedagogical value of the VCS3 simulation game is estimated through a pre-
and post-testing of 97 students in a third-year introductory course to building
construction at Penn State. Findings indicate the value and the potential of the VCS3
simulation game to help students form a more holistic view of construction scheduling,
and increase student interest and motivation in learning about construction processes;
cost and time tradeoffs; and inherent management challenges. The VCS3 simulation
also helped students to discern the differences between the as-planned and as-built
construction schedules resulting from varying factors such as resource availability,
weather and labor productivity. Goal-driven exploration and immediate feedback
confirmed the value of the VCS3 simulation game to shift the student’s role from passive
to active learner complementing instructor feedback and creating opportunities to raise
more questions and more robust in-class discussions.

The development of the computational simulation game model, along with the
documented process and implementation findings further an understanding of the role of
simulation games for construction engineering education; address the changing mode of
learning for the current generation; and provide a basis for the promotion of the next
generation of effective learning tools based on simulation games.
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Chapter 1

Introduction

The education and training of young engineers in construction involves many
challenges. Building construction projects are becoming increasingly more complex to
match ever more strict cost, time, quality, safety, and sustainability requirements. This
increase in building complexity necessitates more efficient construction processes and
cost-effective management of available resources. Planning and managing a
construction project is a dynamic process subject to changes and unanticipated events,
and involves intricate relationships of various factors that affect construction progress
and project performance. The multifaceted nature of construction planning and
management processes is becoming more difficult for inexperienced students to grasp.
While on the job training has been traditionally a major portion of experiential learning,
construction industry progressively more demands graduates with sufficient domain
knowledge and adequate problem solving skills to enter the job force as productive
employees. Traditional lecture-based approach still focuses on memorization of facts
and limits students to explore different options and experience various situations found
in real world projects. To address some of the challenges, an evolving area of research
is the use of educational computer simulations to enhance the learning experience.
These educational simulations, sometimes also referred to as serious games, can be
developed to simulate real world scenarios which test and aid in the development of
decision making skills for students. Computer simulations can capture complex and
dynamic relationships between various factors and add to the content richness and
realism complementing the lecture format of instruction. Grounded in theories of situated
cognition and constructivist framework, simulations and serious games offer a more
active approach to learning, one where students can test various options, explore
consequences, and through constant feedback develop their own understanding of the

processes.
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Background

Problem solving, visualization of the built environment, decision making, and
construction knowledge itself are all important skills necessary for students in the
engineering disciplines. Students are often faced with the enormous challenge of
visualizing complex three-dimensional structures and understanding the spatial and
temporal relationships required for their construction. Furthermore, understanding the
logic of construction processes and managing inherent project risks is difficult, especially
at the undergraduate level with limited practical experience. Anecdotally speaking,
superintendents or project managers frequently comment that while newly-hired
engineering graduates often excel in computer skills and the use of scheduling
applications, they often lack an understanding of underlying schedule logics. This is not
surprising since the current generation of learners with information age mind set
represents the most technically savvy population in recent decades. However, current
teaching methods face challenge to address this change in learners’ characteristics and
equip students with necessary knowledge and problem solving abilities applicable in the
industry and practice. Traditional educational approaches toward teaching construction
processes have typically focused on lectures and class exercises focusing on
memorization of facts and presenting students with problems that are mostly well
structured and detached from the context. Field trips to construction sites as a
supplement to classroom teaching represent a critical learning experience. However,
exposure to actual construction sites is often hindered by logistics and lacks the
sufficient time for students to see various construction stages and gain deeper
understanding of construction complexities.

To bridge the gap between the theoretical knowledge and knowledge applicable
in real life settings, new approaches to teaching construction concepts concern the use
of computer simulation games to enhance the learning experience. Grounded in theory
of situated cognition and constructivist framework, simulation games are explored as
instructional settings where students can practice decision-making and solving of ill-
defined problems commonly found in design and construction domains. Through
immediate feedback students can start testing different scenarios and track and observe

the impact of their decisions in an environment that closely resembles reality. Simulated

2
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game environments can increase the sense of engagement and motivation identified as
critical aspects of learning. Advanced development of computer and media technology
has made simulation games highly interactive and engaging bringing various
opportunities for educators to promote active learning through exploration.

Educational simulation games are associated with scenario based and discovery
learning and allow users to practice problem solving by viewing it from different
perspectives (Warren 2001). Thus, the problem-solving and decision-making
environment of simulation games promotes them as potentially effective interactive
instructional tools. Capturing complex relationships between various variables,
simulation games promote learning through processes of identifying the relationships
and making corresponding decisions which may resemble real life situations. In this
sense, simulation games are also valued to promote skill transfer and knowledge
applicable in real world situations (Warren 2001). However, from the pedagogical
perspective, the design and the development of simulation games face challenges in
achieving the balance between the realism of the modeled reality and the level of
complexity that is not overwhelming to the students.

Research initiated at the Pennsylvania State University in 2004 focused on
developing a 4D learning module — the Virtual Construction Simulator — to immerse
students in a 3D model to interactively create a building construction sequence. The
main objective of this research was to address the limitations of existing construction
teaching methods that used the critical path method (CPM) and 2D drawings as their
primary educational tools. Wang (2007) and Jaruhar (2007) developed the Virtual
Construction Simulator (VCS) — a 4D learning module to visually immerse students in a
3D model as they interactively create a sequence of construction for a building project.
In its two versions, the VCS 4D learning module sought to integrate schedule creation
and 3D information review processes for developing 4D models allowing students to
create groups of individual objects, attach activities to these groups, and generate
sequences between these activities. To generate the construction sequence, students
must identify appropriate work packages; develop activities with appropriate durations
for each work package, and design an effective sequence for the construction activities.

After developing their process, they can then visualize their solution as a 4D model.

www.manaraa.com



Implementation of the VCS 1 in 2006, and VCS 2 in 2007 in an upper-level
construction management course demonstrated its value in helping students to more
easily and effectively create, review and visualize complex construction schedules
(Nikolic et al. 2009; Wang and Messner 2007). However, the VCS 4D module was
envisioned as only the first step in this research, and does not contain any specific
project-based constraints to motivate students to consider the most feasible resource
parameters or allow students to revise or modify initial plans based on project progress.
The lack of real-time performance feedback limits exploration of alternatives as students
receive their schedule evaluations exclusively from the instructor during in-class reviews.
While this format allows for a compelling learning experience, the exploratory nature of
the planning experience is limited since the instructor is leading the exploration and
evaluation.

Embedding substantive interactive feedback mechanisms and extending the
VCS from a simulation into a simulation game platform would encourage an active
learning and allow students to track and observe the impact of changes on their
developed construction plan. The development of VCS game enables students to
explore various tradeoffs when choosing construction methods or allocating resources to
manage cost, duration, quality and safety. Through the VCS simulation game
application, students can observe the differences between as-planned and as-built
schedules resulting from actors such as weather or labor productivity. Thus, the VCS
game affords incentives for students to examine project sequencing logic or optimize
efficiency of all available project resources through immediate feedback of project

management decisions.

The purpose of the study

The changes in learners’ characteristics of today’s generation, and the existing
discord with the one-way passive instruction of dynamic construction management
problems necessitate innovative teaching methods to address these changes for
enhanced learning. The increased pressure on instructors to equip students with
necessary knowledge, decision-making and problem-solving skills; along with the

increased acceptance of situated learning to promote active learning and complement

4
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traditional instruction, all create an environment which promotes the use of interactive
simulation technologies.

The goal of this dissertation is to address existing challenges in teaching
students dynamic construction processes, and understand how a simulation game
affects learning of construction planning and management concepts. This study explores
the elements of simulation games that are conducive to enhanced learning and
increased level of motivation. In particular, this study focuses on the effects of attributes
of simulations and games such as immediate feedback, factor variability, and challenge
on learning of construction concepts. The overview of current research reveals the lack
of a systematic and detailed documentation of the development process for the
simulation games for construction engineering and management. In addition to
evaluating the effects of the simulation game on learning of construction scheduling
concepts, this research aims to provide complete project documentation including the
development process, user's guide, and implementation procedures for broader
adoption and future improvement. This research aims to provide a theoretical
understanding of a simulation game concept and identify practical and methodological
implications for developing simulation games for construction education.

To leverage the current research and address some of the above mentioned
challenges, the focus of this research is to develop, implement, and evaluate a
simulation game to engage construction engineering students in active learning
experiences that improve their construction planning knowledge and decision-making
Skills. To achieve this goal, the following objectives include:

= Designing and developing an educational simulation game to allow for
scenarios where a student or student team plans and manages the

construction of a construction project;

» Testing and refinement of the application through preliminary

evaluation with students and faculty members;

* Implementing and evaluating the effectiveness of the educational
simulation experience in achieving the learning objectives for given
educational scenarios in an undergraduate construction engineering

course; and
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= Documenting the development process, implementation materials and

guidelines to disseminate the application and the results.

Research scope

The research focus is to explore the benefits and the pedagogical value of the
simulation game environment in teaching construction scheduling and management
processes in construction engineering education. To evaluate the effectiveness of
simulation game environment on learning and decision making, the VCS3 simulation
game development centers on planning, creating, reviewing, and modifying the
construction schedule with respect to decisions made about resources such as labor,
equipment, cost, and embedded variability. Through the implementation and
assessment of the VCS3 simulation game application, the goal is to evaluate the effect
this type of environment has on meeting learning objectives, as well on engagement and
motivation and their effect on learning. The aim is to add to the current research on the

pedagogical value of simulation games as teaching tools.

Method of inquiry

Digital and virtual technologies are gaining momentum changing the way and
speed with which information is processed. The effort to introduce computer simulation
technologies into traditional learning environments is the subject of an ongoing debate
among the learning theorists and the educators. The overview of existing challenges and
current teaching practices in the construction engineering and management education
along with the recognized potential of interactive simulation tools served as a basis for
formulating the research question in this study. Table 1 outlines the research steps taken

in conducting the study along with tasks involved in each step.
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Research steps:

1. Literature review

2. VCS simulation
game development

Implementation
and evaluation

Data collection

Data analysis

Findings and
conclusions

Documentation

Table 1: Research steps
Tasks involved:

1.1 Review of the current state;

1.2 Define terms / simulation game;

1.3 Identify simulation game attributes and
their relationships to learning;

1.4 Identify gaps in the current application
in construction education.

2.1 Clarify learning objectives

2.2 Develop the VCS concept model

2.3 Develop system dynamics model

2.4 Graphics user interface design

2.5 Develop system architecture and data
flow

2.6 Programming and development

2.7 Validation and verification of the
application functionality

2.8 Preliminary testing

3.1 Research design (one group pre- and
post-test)

3.2 Select the setting (third-year
undergraduate course in AE

3.3 Develop instruments, assessment
material, surveys, and procedures

3.4 Implement

4.1 Pre- and post-test surveys

4.2 Schedule /database solutions

5.1 Statistical procedures for quantitative
data
5.2 Content analysis of the qualitative data

6.1 Interpret and discuss findings
6.2 Implications

6.3 Limitations

6.4 Recommendations

6.5 Conclusions

7.1 Document design and development
process, and materials

7.2 Document lessons learned and
recommendations

7.3 Future research

Description

Identifies important research
trends and knowledge gaps in
the area of educational
simulation games for
construction.

Addresses the identified gaps
and evaluate the effectiveness
of simulation games for
construction planning and
management through the Virtual
Construction Simulator 3 game
development.

Focuses on measuring the
change in the level of students’
learning and motivation as an
effect of the VCS game.

Provides raw data to be
analyzed.

Employs appropriate procedures
to identify trends and potential
effects of simulation games on
learning and motivation.

Evaluates and explains findings,
and discusses possible reasons
for given outcomes. Summarizes
the limitations of the study and
provides directions for future
research.

Establishes reproducibility of the
study by carefully documenting
the development and
implementation processes,
instruments, and materials.
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Research step 1: Literature review and research question

Literature review as the first step provides a critical overview of the current state
of research in the area of simulation technologies in education and their relation to
critical thinking and problem solving. The summary of existing learning theories provides
the basis for analyzing current instructional practices within the construction engineering
domain, and their effectiveness in supporting the development of problem-solving
strategies. The synthesis of the current research efforts to advance the construction
education through the use of simulation technologies identifies trends and existing
challenges, and also establishes the context and the purpose of this study. In the
process of recognizing the potential and applicability of simulation games within the
construction planning and management education, the literature review also serves to
consolidate existing definitions of simulation technologies for instruction. The
operationalization of the simulation game definition refines the scope for further analysis
of its current use for teaching construction planning and management concepts; assists

in identifying current knowledge gaps, and establishes the research question.

Research step 2: VCS simulation game development

The research question resulting from the overview of the current state focuses on
addressing the limitations of existing instructional approaches in teaching construction
planning and management concepts. The recognized potential of simulation games on
learning and scarce evidence about their effectiveness for learning construction
concepts direct this research to contribute to the present discourse on the applicability of
simulation games for instruction and inherent challenges in their development. To test
the concept of using simulation technologies for construction engineering education and
document the development process, the second step involves developing the Virtual
Construction Simulator (VCS3) simulation game for teaching construction planning and
management concepts, and its subsequent implementation in the undergraduate
construction course.

To test the effectiveness of the simulation game-based approach to teaching

construction planning and management, the second step involves the development of a

8
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construction method-based approach to planning and managing a schedule as opposed
to a typical sequence-based approach inherent in commercial 4D simulation
technologies. Placed in the context of undergraduate construction engineering and
management education, the development process involves the following subtasks.
Identifying the learning objectives and the list of assumptions which

guide the development of the simulation game conceptual model;

Developing the VCS3 concept model to correspond to the identified
learning objectives. In this stage, storyboarding is used to
conceptualize the user interface, application behavior, functions, and

the information flow;

Developing the system dynamics model to identify content factors
such as labor productivity, weather, or learning curve; and their
relationships to represent the dynamic nature of construction
processes and add to the realism of planning and managing
construction schedules. This step is continuously refined through
consultations with the faculty members and the corresponding

literature;

Developing the graphics user interface (GUI) based on the

conceptualized design;

Developing the system architecture through establishing object
classes and attributes; and structuring the data flow between the

application, database, and the game engine;

Programming and development of the functional prototype with

enlisting detailed application specifications;

Validation and verification of the application functionality and reliability

to check the model complies with the initial list of assumptions; and

Preliminary testing prior the implementation phase.
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Research step 3: Implementation and evaluation

To measure the level of change in learning and motivation as the result of the
VCS3 simulation game, the next step is to define the appropriate research design,
identify research setting and subjects; and develop the appropriate measurement
instruments. Chapter 5 describes in detail the research design and the implementation
procedures. The measurement instruments, surveys and questionnaires, as well as
additional material such as handouts and consent forms are included in the appendix

section.

Research step 4: Data collection

Online questionnaires and handouts were developed and refined throughout the
process of the VCS3 simulation game development and are included in the appendices.
Construction schedules in the form of Microsoft Project files, which students generated
during the assignment, were also collected for additional insights into the thinking
process related to grouping of objects and sequencing activities; and also for debugging
purposes and easier tracking of any problems should they arise.

In addition to pre- and post-test questionnaires, focus group interviews were
scheduled to provide an additional insight into the learning processes; debrief students
on the experiences in using the simulation game tool, and clarify any questions or
challenges students may have encountered during the simulation. However, due to
scheduling conflicts and the low response rate from the students, focus group interviews

were not conducted.

Research step 5: Data analysis

Collected data was analyzed using qualitative approach and content analysis for
all open-ended questions and word/image type of data. Close-ended questions and
numerical data were statistically analyzed. Both Chapter 5 — discussing the
implementation procedures and data collection, and Chapter 6 — reporting the results;

discuss in detail specific analysis methods used for each type of data.
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Research step 6: Findings and conclusions

The data analysis serves to establish relationships between the study findings
and existing theories and practices. This section explains the findings through identified
trends and patterns, and discusses how the evidences relate to the research question.
The discussion section addresses existing limitations of the study, summarizes lessons

learned and provides future research recommendations.

Research step 7: Documentation

Careful and systematic documentation of the simulation game development
process, the research methodology, implementation, and all accompanying materials will
allow the study to be scrutinized for future improvement. The documentation of both
development and implementation processes ensure the reproducibility of the study and

helps advancement of the knowledge in the field.

Contributions

In the emerging field of educational simulation games, this thesis makes the
following contributions:
= Development of the simulation game computational model that provides a
basis for the promotion of construction simulation games for education.
Specifically, the contributions include the development of the system
dynamics model in the form of a feedback loop between construction factors
and variables for calculating the as-built simulation results. The factors and
relationships were identified to support the development of customized
learning scenario and allow for a focused learning of complex information. To
implement this computational model, the systems architecture was outlined to
define the application structure, the relationships between its components
and their properties, and the data exchange processes. The overall

simulation game model encompasses broad research in simulation games for
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construction engineering education, and also identifies variables and
attributes of both simulations and serious games that lend themselves to

teaching construction scheduling and management concepts.

Documentation of the simulation game development process, along with the
reported and documented implementation material will allow for the model
and the simulation game to be further analyzed, scrutinized, replicated, or
implemented by future researchers and interested users. The simulation
game developed and tested in this research is also available for free
download at www.engr.psu.edu/vcs. To support further development and
customization of the VCS simulation game, a substantial amount of work has
been devoted to carefully documenting and commenting the code;
documenting the development process through flow-chart and UML (Unified
Modeling Language) diagrams, and also providing detailed user guidelines. In
addition to the application uploaded on the above stated website, the
supplementary documentation, including the manual, class handouts, and

procedures, is included in the appendix section of the thesis.

The implementation findings also contribute to the existing body of knowledge
on the pedagogical value of simulation games in construction engineering
education. One of the objectives of this research was to explore and advance
the theoretical and formal understanding of the learning process promoted by
simulation games, and also explain the applicability of the simulation games
as instructional tools from the methodological and practical perspectives. For
that reason, significant effort has been invested in developing an evaluation
procedure to provide a better understanding of how to measure learning as

well as the level of engagement as its contributing component.
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The thesis structure

The dissertation is organized as follows. Chapter 2 discusses simulation games
as instructional tools through the lenses of the constructivist framework and the theory of
situated learning, and explores the problem-solving and learning mechanism as a
function of different instructional approaches. The scope of the study and the research
question are further refined by examining the current status of simulation games for
construction planning and management education, and by identifying development
trends and existing gaps. As groundwork for this study, the Virtual Construction
Simulator project and its background are explained. Chapter 3 presents the point of
departure and in response to the research problem, details the development process of
the current VCS3 simulation game. Specifically, the VCS3 simulation game conceptual
model, the system dynamics model, systems architecture, and the user interface, are
explicated. Chapter 4 outlines research methods and procedures employed to evaluate
the effects of the VCS simulation game on students’ learning and motivation. Chapter 5
reports the implementation findings; and Chapter 6 discusses the results, implications
and limitations; and concludes with recommendations and the directions for future

research.
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Chapter 2

Review of Literature and a Research Problem

Problem solving and decision-making skills are essential for construction
engineering students. Experience is a critical learning component and the level of
experience builds expertise for construction engineers and greatly influences problem
solving strategies (Jonassen et al. 2006; Konradt 1995; Mukherjee et al. 2005). Students
lacking experience face many challenges in learning the concepts of planning and
managing construction schedules. In essence, a construction schedule represents a
timetable of construction activities needed to complete a building project and serves to
establish project goals, communicate the construction plan, monitor and control the
progress, and manage changes. Developing a construction schedule involves the
recognition of tasks and resources needed to complete each of the tasks. However,
there are complex interactions between factors such as resources, labor productivity,
budget and various changes that occur almost inevitably, which impose difficulties in
managing construction processes. Labor productivity alone represents a key factor to a
project cost and is influenced by competing factors ranging from workers’ experience
and fatigue to resource management strategies (El-Rayes and Jun 2009; Fulenwider et
al. 2004). Unexpected changes and delays require continuous adjustments to the plan
and management of resources, time, and cost. Students at the undergraduate level
struggle to understand concepts of critical activities and their relationships, while at the
same time they need to acquire skills to manage inherent project risks, safety, or quality,
and respond to schedule changes and delays.

Teaching students to solve problems related to construction scheduling requires
an understanding of the nature of those problems followed by adopting appropriate
instructional strategies. Construction scheduling represents an ill-defined problem
solving activity with no immediate solution to the problem but rather many possible
solutions. The process of achieving the most optimal solution consists of numerous

iterations and frequent solution evaluations. Construction scheduling typically begins by
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identifying constraints, project goals, appropriate construction activities and durations, in
order to compute the overall project timeline. As this is an iterative design process, the
first schedule iteration is rarely viable and the construction schedule is subject to
constant revisions and adjustments.

Traditional methods in teaching construction scheduling are criticized for
presenting students with problems that are inconsistent with problems encountered in
the industry. Complex and dynamic construction problems and scenarios are presented
in a well-structured and fragmented way in a classroom setting which does not
adequately prepare students with necessary decision making skills for the industry
(Lattuca et al. 2006; Mukherjee et al. 2005). Students are generally presented with
problems that are solved in a linear fashion with typically one correct solution. Instead,
students should be trained to engage in a problem solving activities in which they learn
to identify problems and test and evaluate multiple solution alternatives. Classroom
problems generally fail to capture the ill-structured nature of real construction problems
characterized by differing goals, multiple solutions, unexpected problems, various
constraints and human factors (Jonassen et al. 2006). Solving ill-defined problems
requires the ability to identify goals, determine constraints, generate possible solutions,
evaluate and adopt the most optimum solution (Eastman 1969; Jonassen 2000). To
learn to solve practical problems, students need to develop conceptual frameworks and
subsequently learn to apply those frameworks when solving ill-structured problems

(Jonassen et al. 2006; Jonassen 2000).

The nature of problem solving activity

A problem solving activity has two critical attributes - mental representation of the
problem and active manipulation of the problem space represented either internally or
externally (Jonassen 2000). More specifically, in addition to learners’ individual
differences, the problem type and the way it is represented influence problem-solving

skills (Figure 1).

15

www.manaraa.com



Problem Solving Skills

Problem Type Representation Individual Differences

Ill-structuredness Context Domain knowledge

Complexity Modality Conceptual knowledge

Abstract/Situated Cues/Clues Procedural knowledge
Experience

Domain-specific reasoning
Self-confidence
Motivation / perseverance

Figure 1: Problem solving skills. Adapted from (Jonassen 2000)

Well-structured and ill-structured problems

Cognitive psychology classifies problem types into two categories — well-
structured and ill-structured problems:

= Well-structured problems, also well-defined problems, have a clear goal and

a finite number of possible procedures leading to a correct solution.

Examples include mathematical operations, or solving equations.

= [ll-structured problems or ill-defined problems have multiple, competing or
conflicting goals; may involve ambiguities or lack sufficient information for
solving the problem, and have more possible solutions rather than one
correct solution. lll-structured problems, such as design or planning, require
consideration of different knowledge domains, and often rely more on

creative thinking than standard problem solving methods (Roberts 2000).

Experts are good problem solvers because experience allows them to recognize
problem types and apply familiar strategies (Swelller 1988). Conversely, novices rely on
general problem solving strategies which are weak when solving ill-defined problems
(Mayer 1992). Problems in construction engineering are dynamic with factors that
change over time. However, problems students learn to solve and which are typically
found in exams are well defined and organized in a prescriptive way and mostly rely on
learned concepts and procedures. Existing research in education argues that problem

solving activities are situated within the context and therefore, domain-specific strategies

16

www.manaraa.com



are stronger than general problem solving strategies (Brown et al. 1989; Herrington and
Oliver 1995; Mayer 1992).

Visualization

A second critical component to problem solving is the way the problem is
represented. The connection between visualization ability and problem solving has been
widely discussed and it is argued that visualization can greatly support creative thinking
and problem-solving (Alias et al. 2002; Kosslyn 1994). Rice (2003) argues that the
medium of representation can have a significant impact on spatial ability and the creative
process. Information can be visualized in one’s mind until it becomes too complex and
difficult to imagine, in which case the external display serves as an aid in analyzing the
information. In this manner, it is possible to mentally test different solutions using
externally presented information. Thus, if the information is displayed in a way that is

easily perceived, it will facilitate problem-solving (Ware 2003).

Problem solving in construction domain

Construction projects and concepts are inherently spatial in nature and place
great emphasis on adequate visualization skills in construction engineering education.
Engineering, among math, science, and computer-aided design has been identified as
an area where spatial ability and visualization are critical in helping students understand
complex concepts by establishing relationships between reality and the abstracted
model of that reality (Alias et al. 2002; Trindade et al. 2002). Visualization has been
recognized as a powerful problem-solving tool (Finke 1990; Finke et al. 1996; Rieber
1994) and yet remains underutilized as such in teaching construction scheduling
concepts.

In construction engineering and management education, teaching construction
scheduling still mainly relies on critical path method (CPM) schedules, Gantt charts, and
network diagrams which require a high level of technical competency (Shah and Haque
2006). The level of abstraction in the CPM schedules does not allow for easy

implementation of changes that can affect the progress of a project and its cost
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(AbouRizk 2010). Because scheduling entails not only identifying construction activities
and their sequence, but also management of resources such as labor, equipment, and
materials, these forms of representation may limit student ability to visualize and make
appropriate decisions related to factors affecting the schedule. Supporting the problem
solving process becomes critical and greatly affected by the medium. According to
Johnson (1997), poor external representations can affect internal representations by
forcing the user to extrapolate and filter information, resulting in an inferior mental
performance. For this reason, enhancing visualization skills and allowing for creative
thinking greatly depends on the use of appropriate representation medium. Multimedia
has gained a significant role in helping learners visualize and understand information
verbally described by instruction. Highly visual computer-based learning environments
suggest great opportunity to tackle complex ideas and concepts in a visual and intuitive
way (Rieber 1994). The growing trend of coupling 3D models with temporal schedules to
create and simulate a construction sequence begins to address the difficulty in
visualizing construction processes. Construction sequence simulations and 4D models
provide spatial, sequential and temporal project construction data and are therefore
valued as effective tools for construction process and problem analysis visualization
(Haque 2007).

Innovative teaching approaches attempt to include more active, hands-on and
problem-based learning opportunities for students to synthesize and test acquired
knowledge aligned with real-life scenarios (Wiliams and Pender 2002). Interactive
environments such as simulations and games offer opportunities to actively involve
learners to practice decision making and problem solving through direct interaction with
the knowledge domain. The shift in focus from traditional methods of teaching to
simulated environments and games is supported by the shift in the view of learning from

a passive to an active process where engagement and motivation have a critical role.

Learning theories

Learning is the focus of educational and cognitive psychology and represents a

multidimensional construct that comprises of cognitive, metacognitive, and a
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motivational component (Mayer 1998). Cognitive aspect involves two types of
knowledge — declarative, defined as the ability to memorize and recall information; and
procedural knowledge defined as the ability to apply acquired knowledge in new
situations (Gagné 1985). Metacognitive aspect is context based, and refers to one’s
knowledge about how, when and which skills to use when solving a problem (Ke 2009;
Mayer 1998). Instructional implications of the metacognitive aspect involve providing
realistic problem based situations for learning and the acquisition of meta-skills.
Knowledge constructed through context based activities is at the core of constructivist
view and the theory of situated cognition or situated learning (Brown et al. 1989; Van
Eck 2006). Based in Piaget’s (1970) theory of cognitive development in which individuals
construct their knowledge from experience, constructivist view and the theory of situated
learning have made a significant impact on educational thinking by placing emphasis not
on memory, but process and perception (Herrington and Oliver 1995). Research
confirms that the information retention is affected by the level of learner’s involvement
(Figure 2).

nformationremembered after 2 weeks

10% - passive
20% Hearing
30% Seeing pictures
50% Watching a video
Seeing a demonstration
Seeing it done on location
70% Participating in discussion active 3
Giving a talk

go% Simulating the real experience .lF

Real experience

Figure 2: Forms of active and passive learning methods. Adapted from:(Dale 1954)
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Traditional view of learning is based in the information processing theory which
places the content at the core of instruction with the goal of adopting a pre-defined set of
concepts, rules, and procedures (Swelller 1988). Alternatively, constructivist framework
takes learning as an active process of constructing and transforming knowledge through
experience. Kolb (1984) describes this learning, also termed experiential, as a four-stage
process in which each experience through reflection is abstracted into a more general

concept and continuously tested through new experiences (Figure 3).

Concrete
experience

A

Concrete, Concrete,
. active reflective .
Active Reflectionand
experimentation observation

Abstract, Abstract,
active reflective

v

Abstractionand
generalization

Figure 3: Kolb’s cycle of experiential learning (Kolb 1984)

The shift from learning through listening model of instruction towards learning by
doing, places emphasis on the set of skills and ability to find and use the information as
needed as opposed to ability to recall the information (Garris et al. 2002; Simon 1996).
The outcome of the former approach is the set of generalizable skills that can be applied
across domains, while the latter focuses on the development of context-dependent and
expert problem-solving skills within a specific domain.

The third component of learning is motivation. Motivation is a multidimensional
construct comprising of components such as learner’s perceived competence, learner’s
beliefs in importance of the task, and learner’'s emotional reactions to the task (Ke 2009;
Mayer 1998; Pintrich and Groot 1990). Motivation is influenced both by external factors
such as rewards, and by internal factors such as individual interest, effort, values and

self-confidence (Ainley 2004). Research has confirmed a strong correlation between
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high motivation and engagement, and learning and student success (Becker 2007; Dev
1997; Gee 2007; Prensky 2001a; Squire 2006). Intrinsically motivated students retain
information longer and are more likely to engage in a lifelong learning outside the
classroom (Dev 1997). However, motivation in general instruction is still subject to an
ongoing debate about the relationship between fun and learning. While some educators
still consider fun as trivial and unimportant in education, Prensky (2001b) argues that fun
brings relaxation and motivation for the learner to put forth effort without resentment,
resulting in a better learning.

Computer simulations and games are being increasingly explored for their ability
to support situated learning by providing a close to realistic environment for problem
solving through visualization, exploration, and immediate feedback (Gee 2007; Ke
2009). Games and simulations have been introduced in education in 1950s, however
their application has been mostly reserved for business, military and medical fields
(Gredler 1996). Some empirical evidence confirms that simulation games can be
effective learning tools and help understanding of complex concepts (Cordova and
Lepper 1996). Although strong evidence still lacks, recent research increasingly explores
the relationship between simulation games, motivation and learning outcomes. Two
major themes promoting the use of simulation games as learning tools are their
motivational power to engage the learner, and an active process of learning by doing
(Gee 2007; Kirriemuir and McFarlane 2004; Squire 2006).

Simulation technologies for learning

Pervasive presence of technology and the information age has brought a
generation of learners who learn differently than generations who grew up without
technology (Blunt 2007; Kirkley and Kirkley 2005; Prensky 2001a). Generation born after
1982, called “Millennials”, is a digital generation heavily influenced by information
technology (Frand 2000; Jonas-Dwyer and Pospisil 2004; Nguyen et al. 2010; Oblinger
2003; Prensky 2001a). Millennials demonstrate different learning characteristics
compared to earlier generations; they are collaborators and goal oriented, with strong
preference for teamwork, experiential activities and the use of technology (Jonas-Dwyer

and Pospisil 2004; Oblinger 2003). As information-age generation they are most
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technology savvy — they spend more time on the computer than watching TV, they
multitask; prefer typing to writing; expect instant feedback and have little to no tolerance
for delays (Frand 2000; Nguyen et al. 2010; Oblinger 2003). Learning for the new
generation results from trial and error approach where actions and results are preferred
over knowledge and facts. For the new generation of learners, engagement becomes
the critical part of the learning experience (Prensky 2001a).

While the ability to learn dynamically is growing in its importance, there is also a
growing need for educational methods and tools which are capable of capturing and
teaching highly complex systems in a way that is also easy to understand. Designing
contextual learning experiences to engage students in a more active process of learning
and problem solving is the subject of continuous research in construction education.
Traditional educational methods have become insufficient to equip students with
required problem solving skills and knowledge applicable in real life situations (Brown et
al. 1989; Chinowsky and Vanegas 1996; Dossick et al. 2007; Galarneau 2005; Howard
et al. 2010). In-class lectures and case studies are valuable learning tools, but learning
that occurs through instructor’s review and feedback remains mainly passive. Bridging
the gap between theoretical and abstract knowledge qualified as inert, and knowledge
that is applicable in practice has long been a primary concern in education (Brown et al.
1989; Galarneau 2005).

Grounded in a constructivist framework and the theory of situated cognition,
simulated environments as an instructional method share assumptions with views known
as the ‘learner-centered”, “problem-based”, “discovery” or “experiential” learning
(Norman and Spohrer 1996). The overarching idea behind these views is that learners
learn most when engaged in problem-solving activity reflecting real life situations and
problems; and actively explore, seek and construct their knowledge. Simulations and
games have thus become increasingly considered for their potential to support strategic
thinking, planning, communicating, negotiating, and decision making (Kirriemuir and
McFarlane 2004).

An overview of literature reveals that current terminology blurs the distinction
between simulations and serious games. Simulation and game characteristics identified

to potentially enhance the learning process often overlap and frequently these two terms
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are used interchangeably. The following is an overview of definitions and main

characteristics of games and simulations.

Games

Games in general, as well as serious games developed for education, are
broadly defined as goal-directed contests under certain set of rules and constraints
(Dempsey et al. 1995; Gredler 2003; Hays 2005). Contests can be either between
individuals or between an individual and the system, and may involve elements of
chance or fantasy (Hogle 1996; Randel et al. 1992). In essence, whether instructional,
computer-based or not, games are fun and intrinsically motivating (Dempsey et al. 1995;
Gibson et al. 2007; Hogle 1996; Lepper and Malone 1987). As Prensky (2001b)
explains, games are engaging since the primary goal of games is to keep the user
engaged. Key game elements include:

» Rules and Goals. The rules define actions and moves players are allowed
to make in order to win the game. Rules depend on a game type and may
not be entirely included in the game instructions (Bartles 2003; Blunt

2007). The goal defines rules and establishes the criteria for winning.

» Interaction and feedback. Immediate response to decisions made places
the player firmly within the learning environment and decisions can affect
the course of the game (Prensky 2001a). Depending on a goal, players
take an active role in testing different responses to a specific problem and
start viewing the situation from various perspectives (Blunt 2007; Kirkley
and Kirkley 2005).

» Challenge/Strategies. Success in a game depends on the strategies
players take. Players need to consider factors and variables as well as
likely consequences and manage their thinking and actions accordingly
(Gredler 1996). During that process, players’ knowledge of phenomena is
challenged and mistakes become more educational than success (Aldrich

2003). Failure is a critical precondition for learning forcing students to
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cycle through play and resolve conflicts and gaps in their current

understandings (Squire 2005).

= Motivation/Fun. Fun is essential to games to make them interesting and
engaging. Increased interest leads to increased engagement and thus
invested time in the game. From the pedagogical perspective, the more
players are engaged in a game they are more willing to invest in the
learning process and more likely to remember the experience (Blunt
2007).

Other characteristics pertaining to games include control, sensory stimuli and a
scoring mechanism (Garris et al. 2002; Jacobs and Dempsey 1993). Within games,
there are different genres such as action, puzzle, sports, or adventure, each
emphasizing different attributes. For example, puzzles and board games require skill,
card games are games of chance, while chess is a game of strategy. The broad range of
game types further complicates an agreed upon, comprehensive definition of games that

would include properties common to all types of games.

Simulations

A simulation is defined as a simplified model of reality or set of abstract concepts
that may be developed for teaching purposes, predicting behavior or testing models and
processes, and for entertainment (Dede and Lewis 1995; Prensky 2004; Rieber 1994;

Rieber 1996; Sawhney et al. 2001). Simulations for teaching are developed around

learning situations that contain contextual information students master through reflection
and interaction with the environment (Dede et al. 1999). Simulations and games are
similar in that they are both interactive exercises in which learners observe the change in
output based on their input and almost instantly observe the consequences as the result
of their actions (Gredler 1996; Gredler 2003). The key distinction of simulations is they
generally represent a real world model, system, or a concept, while games necessarily
do not (Garris et al. 2002; Hays 2005). Simulations further differ from games in that they
do not contain key game attributes such as fun, goals, risks, or competition. While

games are competitive exercises with the goal of winning, simulation games can
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simulate real life experiences and focus on role-play. Gredler (1996) defines simulations
as experiential interactive exercise, in which participants assume roles with serious
decision-making responsibilities. This engages player to investigate the scenario from a
specific role view and allows freedom to explore and experiment (Howard et al. 2010).

At the core of simulations are computational models which include factors, their
relationships, and assumptions about their importance (Prensky 2004). According to
Prensky (2004), simulations can be further categorized by whether they simulate
“things”, “systems”, or “people”. Simulating “things” is the most straightforward input-
output type of simulations with a fully predictable set of behaviors. Systems may involve
factor variability and can significantly vary in complexity, while simulating “people” would
be the most complex and difficult set of behaviors to predict with accuracy.

In general, simulations are designed as a training environment where skill is
acquired through repetition of a certain activity (e.g., a flight simulator) while the concept
of serious games incorporates additional features, such as goal-driven activities,
competition, uncertainty, risks, a scoring mechanism, or rewards. Nevertheless,
simulations can include any of the game characteristics, such as a scoring mechanism,
and thus become game-like. This has led researchers to use the term gaming
simulations or simulation games as an attempt to reconcile the multiple perspectives on

each. A simulation game for instruction is thus defined as:

- a simplified model of reality in which students compete for a certain outcome
based on the set of rules and constraints (Szczurek 1982; Van Eck and
Dempsey 2002).

With simulation games, students have the ability to examine, experiment, and
reinforce theories learned in a classroom in a close to realistic setting (Nassar 2002).
Figure 4 shows key characteristics pertinent to games, simulations and simulation

games.
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Simulations

Fantasy / Real

Real world model

Prediction/training

Competition
Task specific

Rules/Goals
Risk
Reward
Challenge Practice
Interaction Interaction
Feedback Feedback
Scoring
Fun

Figure 4: Key characteristics of games and simulations

A further distinction is made between simulation games which clearly determine
the state of winning and losing, and simulation games which focus more on open
exploration of the system through modifying variables and observing the effects. Warren
(2001) indicates that the inclination towards the closure is greater among the commercial
simulation game developers, while instructors generally prefer open exploration format.

Educational games and simulations are however, only as valuable as the
pedagogical approach taken in their design (Galarneau 2005). Aldrich (2003) argues that
an ideal learning environment contains elements of both simulations and serious games.
While simulation elements facilitate practicing skills, game elements add familiar and
entertaining interactions to the activity that can increase enjoyment of and time spent on
an experience, ultimately increasing learning (Aldrich 2003; Aldrich 2004). Similarly,
Bartles (2003) argues that game elements create a competitive environment that
promotes motivation and engagement, critical aspects of effective learning. Ultimately,
simulation games can provide realistic tasks and environment and challenge student’s
critical thinking and problem solving by testing alternative strategies and scenarios at no

real-life risks. The non-linear learning process characteristic of simulation games is
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reflected in the shifting of the control of information from the instructor onto the learner.

Warren (2001) explains:
“Simulation/games allow learners to construct understanding by immersing
themselves in a complex situation, making choices and sequencing information
in a way that is personally meaningful—while not deferring to the authority of a
knowledge ‘expert’. This type of learning is non-linear because a teacher cannot
identify a linear, hierarchical structure of knowledge presentation that will be
optimal for each learner. Rather, the learner is expected to socially construct

knowledge in a manner that is optimal for them.”(pg.11)

Implications for design of instructional simulation games

Situated learning as a framework faced certain challenges in its implementation
in classrooms. Computer-based simulations can complement traditional teaching
methods and have the potential to bring situated learning into the classroom. Although
the criticism that computer simulated environments represent another courseware
learning environment rather than authentic situation (Hummel 1993), researchers have
generally accepted the idea of simulated environments as a suitable and viable
alternative to real life settings (Herrington and Oliver 1995). Specific characteristics that
promote simulation games as effective learning tools relate to their ability to:

= Challenge the existing mental models through constant testing of the

knowledge and ideas and resolving of occurring conflicts;

= Help establish a big picture of the subject matter through a more holistic

approach to representing complex systems and interrelated components;

= Accelerate the learning process by allowing learners to experience the

outcomes of their decisions and actions within a short time frame; and

* Provide a close to realistic, risk-free experiential environment where learning

occurs through both success and failures without real world consequences.

Although the value and the potential have been largely identified, the greatest
criticism of the constructivist approach targets the lack of detailed and systematic

development of instructional design guidelines and translation of the constructivist views
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inside classrooms. While this type of learning environment enables students to construct
the knowledge in an active manner, current research identifies the potential problems
that may arise in designing these environments, as well as strategies that should be
employed to ensure an effective learning. Designing game-based simulated
environments should specifically consider challenges related to a discovery-based and
unguided learning; learner types and preferences; structuring of the learning
environment; and assessment methods.

» Guidance: The core idea of the learner-centered, discovery-based, or
problem-based learning in which the learner is responsible for constructing
own knowledge, have come under criticism with the argument that self-
guided learning lacking instructed guidance can cause frustration and
cognitive overload in the novice learner who is exploring the problem space
for relevant information (Kirschner 2006). de Jong and van Joolingen (1998)
discuss the explorative and discovery learning — often referred to as strong
points of instructional games and simulations — and argue that learners often
have difficulties with forming and testing hypotheses in these environments.
Similarly, Sweller (2002) explains that effective problem solving in the
simulated environments can place a large cognitive load if there are too many
elements to be learned. Related to this, Kirschner (2006) argues that the
learner needs to have a prior knowledge to be effective in a problem-based
learning environment. For this reason, guidance becomes a critical part in
implementing these types of learning experiences. Implication for the design
of simulation games is the incorporation of appropriate assistance tools, help
content and additional scaffolding that will be available to learners at critical

times.

» [earner types. Gagne’s (1985) theory of learning conditions has few
implications for the design of instructional technology, including simulation
games. Among five major categories of human capabilities, cognitive
strategies refer to inductive and deductive reasoning and represent a skill to
manage one’s thinking and learning (Gagné 1985; Gredler 1996). These
cognitive strategies however can vary greatly among students. Several
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theorists argue that novices and students who lack prior knowledge about the
domain should not interact with ill-structured learning environments
(Jonassen 1997; Moreno and Mayer 1999; Mousavi et al. 1995). Jonassen
(1997) explains that while ill-structured learning environment rely on the
learner’s ability to discover solutions, this may impose a significant cognitive
load for novices due to lack of sufficient domain knowledge. For this reason,
novices should be taught in a well-structured environment. Simulation games
are a particular kind of experience that may not appeal to everyone. While
failure is almost a starting state when playing games and identified as critical
aspect of learning, failure may stimulate some learners and equally frustrate
others. Squire (2005) reports findings on implementing historical and
geographical simulation game Civilization Il in the classroom for learning
about planning, building, and managing civilizations. While more confident
students saw failure as a learning opportunity, others identified failure with
their value as students, or found the game not interesting or too difficult,
dismissing the entire learning experience (Squire 2005). Different learner
types may show preferences for different teaching methods. Kolb (1984)

identified four main learning types of students:

Reflector: Ponders experiences and observes, seeks data and
considers thoroughly, postpones decision making until all information

is collected, watches and listens before offering an opinion.

Theorist: Approaches problems using vertical, step by step approach;
pulls together disparate fact into coherent theories; seeks perfection;

dislikes flippancy and uninformed decision making.

Pragmatist. displays practical problem solving and decision making
skills; sees problems as opportunities; acts quickly and confidently to

implement ideas; dislikes ruminating and open-ended discussions.

Activist. acts first and considers the consequences later; focuses on

the present; thrives on challenges.

29

www.manaraa.com



The differences in learner types are likely to result in different approaches to
solving problems with simulation games. A study by McGuire and Babbott
(1967) observed problem-solving styles in simulations with 186 fourth year
medical students, and recognized two patterns where one group of students
would make fewer and deliberate choices, while another group of students

made more random choices resulting in a higher level of error.

Structure. The challenges inherent in the new approach relate to appropriate
structuring of learning activities to ensure that students are meeting the
learning objectives. Theorists and proponents of situated learning

recommend that design of the learning environment should aim to provide:

Authentic setting with realistic tasks reflecting the knowledge that will

be used in real settings;

Multiple roles and perspectives of the situation and problem;
Support and scaffolding during the learning process;
Reflection to reinforce an understanding of new concepts;

More specifically when designing simulation games for learning, Prensky
(2001) and Gee (2007) agree that a good learning environment that supports
practice is the one where the learner invests a lot of time on a task and
engages. For that reason, additional elements that have been identified as
critical in developing instructional strategies to support effective and active

learning include:

Clear goal;

Immediate feedback (during the play);
Uncertain outcome (increases curiosity);
Competition (against another player or oneself);
Elements if randomness and variability; and

Reflection.
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Reflective learning is stated as the most critical component to ensure the
learning process and resolve conflicts students may encounter. Though the
general assertion of the active learning approach is that learners learn
through experience, debriefing has been included as a critical part for players
to highlight and generalize lessons learned in order to be able to apply it later
in different situations (2007; Prensky 2001c).

Assessment. Research in using simulation and game technology in education
has traditionally focused on qualitative methods to determine the
effectiveness of these types of instructional tools. In the large pool of
research, only few studies have used quantitative approach but have come
under scrutiny for the lack of rigor and confounding results. Although
simulations and games have been largely stated to be advantageous and
beneficial as instructional tools, their wide acceptance in the curriculums has
not yet happened due to the lack of convincing data. The reason for such
state is because the direct measurement of the effectiveness of games and

simulations has proven to be rather difficult.

The comparison of traditional teaching methods and those that involve games
and simulations have long been the focus of great number of studies that
aimed to determine the advantages of the latter. Although comparison of
simulation games to a regular classroom instruction in most cases seeks to
quantify clear benefits of one method over the other, the difference in nature
of instructional objectives of both methods may vary greatly. More recent
studies however, question the validity of comparing the two teaching methods
different in nature due to the content, involved activities, and abilities they are
intended to support. The evaluation of simulation games yielded outcomes
such as attitude changes or tolerance for ambiguity, which remain mostly
irrelevant in the traditional assessment (Warren 2001). Conversely, traditional
learning evaluation and measurement methods mainly utilize test scores
which measure the ability to recall information and not necessarily the ability

to apply it (Norman and Spohrer 1996). An interactive simulation game
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exercise and a regular lecture instruction are very different in nature and thus
their comparison based on the traditional achievement test is not well suited
to yield definitive information on the effectiveness of one over the other
method (Gredler 1996). Another major challenge in the assessment methods
identified is the lack of consideration of students’ characteristics. Gredler
(1996) argues that studies about games and simulations fail to document the
level of interaction among students with the subject. To conduct a usable
research and evaluate the problem solving gains from using simulation

games, Gredler (1996) recommends a three-step approach in which:

o The first step is to ensure that the simulation model is reflective of the
knowledge domain and demonstrative of the variable processes and
relationships excluding chance or random strategies as means for

SUCCess;

o The second step is to verify that the game or a simulation promotes
intended skills, and to determine students’ behavior and attitudes

toward the simulation game;

o The third step is to conduct a follow-up study and identify types of
students’ abilities, attitudes and thinking strategies. This component of
research may use both quantitative and qualitative data where
pretests of domain knowledge may be compared to problem solving

strategies following the simulation.

However, for teaching and learning there is still a general agreement that one
method is not superior to the other. Traditional teaching is still quite useful in situations
when presenting a wide spectrum of information. Rote learning and memorization may
be weak in motivating the learner, but still have place in situations when new knowledge
or skill need to be automated and applied in new situation without requiring significant
conscious effort (Norman and Spohrer 1996). Active, learner-centered approach is on
the other hand more engaging, motivating and can provide a better conceptual

understanding (Norman and Spohrer 1996).
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Simulation games for teaching construction

In construction engineering education, simulations are becoming an accepted
concept for instruction for their ability to expose students to realistic experiences without
real costs or risks. Simulations mirroring the reality start to prepare students with skills
that can be applied in real world situations (Scott et al. 2010).

Case studies and site visits are generally employed as a means to introduce
students to the practical issues surrounding construction projects. However, hands-on
experience and site visits, while valuable, are difficult to implement extensively in
courses due to the limitations of cost, safety, and availability. Several current research
initiatives in engineering education focus on surmounting the limitations of employing
traditional 2D documents in teaching concepts such as scheduling, site congestion,
trades coordination and other project-related construction issues. Recent research, such
as CALVisual (Bouchlaghem et al. 2002), has demonstrated innovative attempts aimed
at bringing real construction site experience into the classroom. This initiative brings the
experience of a construction site into the classroom by employing multimedia

technologies to build a construction image database (ibid, 2002).

Construction simulation and 4D models

The growing trend of combining 3D models with construction schedules to create
4D models begins to address the problem of construction process visualization. Because
4D models provide spatial, sequential and temporal information, they are valued as tools
for effective visualization of construction processes and problem analysis among project
participants (Haque 2007). Main components in developing a 4D model are the 3D
model and a CPM schedule (Figure 5). Typically, the development of a 4D model is a
four-step process starting with acquiring of the 3D model; developing a construction
schedule based on knowledge and experience; grouping 3D objects into construction
elements or assemblies; and lastly, linking the 3D components to corresponding
activities in the construction (CPM) schedule (Wang 2007).
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Figure 5: Critical Path Method (CPM) Schedule Example

4D modeling technology has become widely implemented in the architecture,
engineering, and construction fields for its ability to facilitate communication between
project teams related to visualization of construction documents, identification of
potential conflicts, safety issues and other potential challenges (Koo and Fischer 2000).
In addition to easier detection of schedule inconsistencies and conflict resolution, 4D
models can significantly decrease construction costs through better coordination of
trades, and through critical design feedback help reduce construction interferences in
the field (Messner et al. 2002). The construction industry increasingly employs 4D CAD
(Figure 6) models for detailed schedule reviews, but commercial applications currently
used for creating these 4D models are often inadequate for construction engineering

education due to their inability to concurrently create and review schedules.
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Figure 6: Construction sequence simulation combines 3D information with a construction
schedule (Source: http://www.exponent.com/virtual_design/)

Commercial 4D models as schedule review tools remain limited in their ability to
teach students the logic of activity sequences and dynamic nature of construction
schedules. The inherent limitation in the process of using commercial 4D application is
the preceding development of the CPM schedule and subsequent linking to 3D objects.
Critical path method and the sequencing oriented approach has traditionally been used
as the primary visualization technique for teaching construction scheduling; however, as
project complexity increases, this method, represented as network diagrams or bar
charts, can contain an unwieldy amount of information. This can be daunting for students
learning to visualize and understand construction processes and the interdependence of
activities embedded within these processes. This challenge further impedes students’
ability to visually understand the logic of construction and develop alternative solutions to
construction project issues, such as construction method selection, activity sequencing,

activity durations, and temporary facility locations.

Educational simulations for construction planning and management

A small but growing amount of research explores the value of educational
simulations as opportunities to experience simulated construction scenarios that closely
resemble actual construction processes (Park and Meier 2007; Sawhney et al. 2001).
Simulations developed for teaching construction processes include bidding, planning,
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schedule review, productivity analysis, resource allocation, risk analysis and site
planning. Al-dibouri et al. (2005) developed a simulation to plan construction, monitor
progress and manage contingencies for the construction of rock and clay dams, and
initial results of classroom implementation indicated the simulation was a valuable
supplement to traditional teaching methods. Martin (2000) developed the Project
Management Simulation Engine for generating customized simulations for project
management education. A particular implementation called Contract and Construct for
teaching contract management was deemed useful not only in the classroom but also to
commercial project engineers and managers (ibid, 2000). Chen & Levinson (2006) used
a network growth simulator program called SONG for teaching transportation-
engineering students about traffic planning. Similarly, Rojas and Mukherjee (2005)
developed Virtual Coach, a web-based general purpose situational simulation
environment conceived as a temporally dynamic environment with system-generating
random events which challenged participants to make quick decisions. Although not yet
fully developed to a level of implementation and assessment, this project demonstrates
the possibilities for developing contextually rich construction education environments by
investigating general-purpose situational simulations for effective student training.

Visual computer-based learning environments also suggest opportunities to
tackle complex ideas and concepts in a visual and intuitive way (Rieber 1994). Jaffari et
al. (2001) argue that in construction planning, the mental framework to visualize
construction processes and determine the feasibility of decisions made is acquired
through practice and years of experience on actual projects. For that reason, contrary to
experienced professionals, students generally have insufficient mental references to
visualize the physical component and the magnitude of tasks involved on the
construction site (Jaafari et al. 2001). Construction planning due to its complexities thus
lends itself to the use of tools that can help understanding and visualizing plans and

processes.
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The Virtual Construction Simulator Project

Ongoing research at Penn State initiated in 2004 has sought to address
challenges in visualizing construction processes. The development of the Virtual
Construction Simulator (VCS) application focused on the challenges students encounter
when visualizing and understanding complex construction schedule processes. The
main objective was to address the limitations of existing teaching methods for
construction concepts that employed critical path method (CPM) method and 2D
drawings as their primary educational tools.

In 2005, Penn State graduate student Grace Wang developed the Virtual
Construction Simulator (VCS) as an educational module for improving knowledge in
sequencing using the Deep Creator game engine (Wang 2007; Wang and Messner
2007). In 2007, the second version of the VCS was developed using the Irrlicht' open
source rendering engine with an improved user interface and functionality (Jaruhar
2007). This VCS project focused on investigating an interactive 4D educational
simulation application for construction schedule creation and allows for expansion of its
functionality to other construction concepts. At the time of the VCS project inception,
commercially available 4D applications functioned primarily as schedule review tools in
which visualizing a 3D model and creating the schedule were separate processes
carried out in discrete applications. One major limitation of this process was that the
schedule and the 3D model were seen as separate inputs subsequently linked to create
a 4D model output (Figure 7a). This approach involves the development of the CPM
schedule independently of the 3D model that is subsequently linked to the 3D model in
order to create and simulate the 4D model. Conversely, the VCS approach makes both
creating schedules and reviewing 3D information integral parts of developing 4D models
(Figure 7b). The VCS application allowed students to interact with a 3D model by
creating groups of individual objects, attaching activities to these groups, and generating
sequences between these activities. Thus, the VCS approach generated a construction

schedule directly from a 3D model, eliminating the need for a separate schedule.

! http://irrlicht.sourceforge.net/downloads.html
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Figure 7: (a) Traditional approach to 4D modeling with a CPM schedule as an input; (b) VCS
approach to 4D modeling with a CPM schedule as an output

The Virtual Construction Simulator was implemented in 2006 and 2007 in an
upper-level construction management course at Penn State. The Virtual Construction
Simulator has demonstrated an improvement on the process of creating, reviewing and
visualizing construction schedules (Nikolic et al. 2009; Wang and Messner 2007). The
visual aspect of the application provided a common language for helping students to
better communicate and focus on tasks. The 4D modeling process confirmed its value in
its ability to aid students in the problem solving process and support schedule
development learning.

Nevertheless, a major limitation of the VCS is that no specific project-based
constraints exist that would motivate consideration of the most feasible construction
sequence. For all groups in both implementation years, the comparison of initial
schedules developed during the lab session and the final schedules reviewed in class
revealed that although student groups went back to make corrections to obvious and
logical errors in the sequence after developing an initial schedule, they rarely revised
and significantly altered their sequences to test for alternative solutions. Possible
reasons for this may have been the time consuming nature involved in developing the
initial sequence as well as the lack of any intermediate feedback or performance metrics

against which to compare the generated schedule. In the future, reviews of solutions and
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the feedback on the quality of the developed sequence could be included in the
application to guide and motivate students to develop and test more than one option.
The quality of schedule solutions did not vary significantly between groups, possibly
because of the relatively small project scope.

The VCS 4D module was envisioned as only the first step in this research, and
does not contain any specific project-based constraints to motivate students to consider
the most feasible resource parameters or allow students to revise or modify initial plans
based on project progress. The lack of real-time performance feedback limits exploration
of alternatives as students receive their schedule evaluations exclusively from the

instructor during in-class reviews.

Research problem

This literature review provided an overview of simulation technologies and their
role in learning and problem solving viewed through the lenses of situated learning
theory and the constructivist framework. Challenges inherent in constructivist approach
and simulation games for learning, such as design process and assessment have also
been discussed. Although extensive research exists on simulation technologies for
instruction, detailed documentation of the design process and their effectiveness
remains fragmented and inconclusive. This research aims to address these issues in the
context of construction engineering education.

The goal of this research is to explore the effects of a simulation game in
engaging construction engineering students in active learning experiences to improve
their construction method knowledge, planning and decision making skills. This research
focuses on exploring the pedagogical benefits and value of a simulation game
environment in the specific context of teaching construction processes in construction
engineering education. The development of the next step — VCS3 simulation game
focuses on planning, creating, reviewing, and modifying construction schedules with
respect to decisions made regarding resources such as labor, equipment, cost, and

embedded variability.
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Chapter 3

The VCS Simulation Game

Construction planning typically begins by identifying project goals and
appropriate construction activities and durations in order to compute the overall project
timeline. This is an iterative design process, and the first schedule iteration is rarely
viable and typically subject to constant revisions and adjustments. The main reason for
this schedule variability is that interconnections between labor, equipment, and other
factors such weather or work hours are in constant flux, which is rather difficult for
inexperienced students to grasp. The Virtual Construction Simulator as a 4D learning
module has demonstrated its value in allowing student teams to more easily and
effectively create, review and visualize complex construction schedules. However, both
VCS 1 and the VCS 2 do not contain any specific project based constraints that actively
seek to motivate students to consider the most feasible set of resources to perform work,
or to allow students to revise their initial plan based on progress throughout a project. To
evaluate the schedule quality, the primary source of feedback students receive comes
as instructor’'s comments. Although valuable, this delayed feedback limits the exploration
of different schedule solutions and their immediate outcomes. In addition, the manual
calculation of activity durations still being a part of the schedule planning process also
hinders an extensive analysis and comparison of different solutions. Along with fewer
solution iterations, the lack of dynamic factors and project based constraints limit
students’ understanding of factors that could impact the construction progress.

Building upon the initial VCS 4D learning module, the current VCS3 development
phase takes a more active approach to learning by incorporating additional learning
content and integrating simulation and serious games attributes for richer feedback and
scenario-based learning. To explore the VCS3 simulation game effectiveness on
learning of construction planning and management concepts, the following sections

explain the development process and implementation steps.
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The VCS3 Simulation Game Concept

The main concept for the VCS3 simulation game is based on demonstrating the
dynamic nature of construction schedules and the changes that frequently occur to the
construction progress. The VCS3 simulation game focuses on planning and managing of
construction schedules and demonstrates the difference between the as-planned and
the as-built schedule. On one level, the VCS3 simulation game targets the acquisition of
basic knowledge in construction scheduling; and on the other, the development of higher
level management skills related to making decisions about resources, cost / time

tradeoffs, risks, varying productivity, safety, and quality. The objective is for students to:

Understand: * Project goals and conditions

= Construction methods

= Resources As planned

= Activities

= Construction sequence

= Project reports

VS.

Manage: * Resources needs

= Cost/Time trade-offs

» Risk factors As built

= Productivity fluctuations
= Safety, quality

On a broader level, the VCS simulation game is developed to:

» Improve the learning process through active and interactive engagement;
= Provide students with an opportunity to test their ideas and decisions;
= Demonstrate the inherent uncertainty on projects and how to manage, and

= Provide an enjoyable and stimulating learning experience.

Specific learning objectives guiding the development of the VCS simulation game
aim to increase knowledge in students about factors affecting the construction schedule

such as choosing appropriate construction methods; developing an efficient construction
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sequence; understanding the resource management needs of the project; and
understanding tradeoffs in managing project duration, cost, quality and safety.

To achieve these objectives, the simulation game is conceived as a stepped
decision process where students would develop a construction schedule based on a
defined goal such as budget constraints, meeting a deadline, or owner’s satisfaction.
The planned schedule would be subsequently simulated with additional factors being
triggered and thus affecting the schedule progress. Students, assuming the role of
superintendents, would observe the daily or weekly progress of construction for a given
project, and make necessary adjustments to the initial schedule and resource allocation
based on the simulation reports (Figure 8). This process would demonstrate the
difference between the as-planned and as-built schedule resulting from the impact of
factors such as weather, congestion, learning curve, or overtime based on construction

project conditions.

: Review project/ Select and group objects into work packages.

: Select construction methods for each work package.

: Determine the resources for each work package.

: Develop construction activities sequence.

: RUN Simulation / Manage daily resources

: Review daily project performance reports

@ Planning ([ Simulation

Figure 8: The planning and simulation steps in the VCS simulation game
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The planning phase would thus involve schedule planning activities such as
reviewing the project information and goals, analyzing work packages, choosing
construction methods, deciding on the resources needs, and creating the construction
sequence. The simulation side of the game places students on the virtual construction
site where in the role of superintendents they start making decisions related to resource
management and the dynamic changes affecting the schedule progress. By monitoring
cost, time, and the productivity, students learn to maintain the project timeline and
respond to any delays that may occur due to various factors. In this manner, the
difference between the plan and the actual construction offers incentives for students to
examine project sequencing logic or optimize efficiency of all available project resources.

In summary, specific competencies promoted by the VCS3 simulation game include:

Fundamental engineering and management competencies critical for effective
construction process planning. These include the development of
intuitive skills to primarily understand the relationships between
activity sequence; resource leveling and utilization; construction
method selection and cost control; as well as construction site layout
planning; temporary structure planning; safety assessment and

planning; and risk assessment.

Problem-solving competencies ranging from problem identification and
clarification to information gathering, solution generation, testing, and
solution optimization. These skills will be encouraged by a guided
step-based decision making process embedded in the simulation
game that directs and encourages students to test variety of solutions,
evaluate the performance of these solutions, and explore alternative

methods.

To provide an engaging and realistic construction learning environment, the next
VCS3 step integrates the learning content with attributes of both simulations and serious
games identified as mechanisms to support active learning. Figure 9 illustrates the
general approach to developing the VCS3 simulation game and identifies attributes of

simulations and serious games to be incorporated together with the learning content.
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Figure 9: The VCS3 simulation game learning structure

Simulation game attributes — the learning mechanisms

Studies in educational simulations and serious games have recognized attributes
which can potentially enhance learning and information retention. The critical attributes
identified as beneficial for learning include:

e Interactivity and immediate feedback — Students actively build knowledge by
manipulating input variables, testing assumptions, and through system feedback,
see the outcomes of their solutions and deepen their understanding of concepts.
The interactive nature of games and simulations enhances hand-eye
coordination, the ability to visualize 3D space through representations, and the
skills of rule-discovery through trial and error (Prensky 2001a). Interactivity
supports active learning by engaging students with the material which is
responsive to students’ actions instead of passively receiving the information
(Thomas 2001).

e Realism — When testing options and assumptions, realistic representation of
environments or processes is important to allow for realistic feedback. In a

construction project simulation game environment, the absence of any
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constraints in the 4D simulation environment significantly limits the realism of a
simulated project (Rojas and Mukherjee 2006). It is important, then, that students
not only understand the 3D representation of a project, but that they also
visualize planned construction sequence in four dimensions with respect to time.
Realism depending on the context can be defined as either representational or
functional isomorphism (Otto 2002). While representational isomorphism refers to
photorealistic representation of the virtual world, functional isomorphism refers to
how closely the virtual world behaves comparably to a real world experience. In
the context of the VCS3 simulation game development, realism refers to the
representation of the processes involved in planning and managing of the project
construction; factors impacting progress; associated decision-making, and the
feedback.

o Repeatability — Repetition has been identified as an essential part of play where
repeating processes and operations serve as a means of exploring possibilities
(Coyne 2003). Students can easily practice processes, adopt and modify
different strategies, test outcomes and repeat activities as needed at their own
pace. This allows for internalization of processes and concepts as opposed to

rote memorization (Graven and MacKinnon 2005).

Serious game attributes that have been identified to contribute and support active

learning include:

e Goal-driven exploration — developing construction project scenarios with specific
goals enable students to explore different strategies to meet the project goal and
observe decision outcomes. For example, while the goal may be completing the
project under the minimum costs or in the shortest time frame, students can test
different options when choosing construction methods or developing activity
sequence to meet the set goal. This goal-driven exploration allows students to
build their own understanding of various tradeoffs and learn to identify sub goals

and prioritize relevant information.
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e Uncertainty — studies in educational psychology recognize uncertainty to both
engage in and stimulate effective learning through mechanism employed to
resolve a cognitive conflict resulting from the uncertainty (Piaget 1970).
Uncertainty in construction processes is reflected in factors that often fluctuate in
real life projects such as weather, labor productivity, congestion, or overtime.
Incorporating these factors and their variance provides students with a more
realistic picture of the dynamic and variable nature of constructions processes.
The variability raises awareness of the factors and their intricate relationships
and forces students to consider measurements to respond to changes. Variability
in games stimulates the development and testing of different strategies and

strategic thinking.

o Competition — the competitive aspect of simulation games is identified as a
motivational and engaging attribute that can enhance learning experience
(Aldrich 2005; Shih and Gamon 2001; Van Eck and Dempsey 2002). Competition
against other players or one own score can promote both extrinsic and intrinsic
motivation respectively, and thus learning through perseverance (Van Eck and
Dempsey 2002). Competition is closely related to the Lepper and Malone’s
(1987) concept of challenge that contributes to the intrinsic motivation. The
competition can be structured within the game against the predefined

performance metrics, or externally against other players.

e Engagement and motivation — Motivation is a driving force behind learning and
“‘learning by doing” raises interest and investment in time spent on an experience
(Gee 2007; Squire 2006). The above mentioned factors work together to promote
and stimulate curiosity, exploration through trial-and-error approach, questioning,

sustained attention, and intrinsic motivation and engagement.

These attributes support active learning by allowing students to test construction
options and observe progress over time. By actively testing different approaches to
manage factors that impact construction schedules, students start to develop personal

understanding of processes.
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Learning content

Integrated with the simulation game attributes as the learning mechanisms, the
learning content is the second component in the VCS3 simulation game learning
structure. The learning content focuses on the information and decision processes
involved in planning and managing a building construction. Typically, when students
develop a construction plan, they do not necessarily foresee changes that may affect the
schedule, and furthermore, do not have opportunities to observe changes and make
necessary decisions. Planning and managing construction schedules involve dynamic
processes and impact of various factors such as labor productivity, or weather on the
project progress and cost. Students with little experience struggle to understand that
construction schedules are subject to constant changes and the process of achieving the
most optimal solution consists of numerous iterations and frequent solution evaluations.
Typically, when students schedule resources they tend to assume both maximum
efficiency and minimal changes to their initial schedule. The learning intent of the VCS3
simulation game is to demonstrate the difference between the as-planned and the as-
built schedules, and engage students in making decisions involved in both planning and
managing of the construction processes. For those reasons, critical content elements the

VCS simulation game introduces include:

Project-based constraints — represent an umbrella of factors to
influence the development of the construction schedule, such as
resource types, methods, and cost; as well as additional project goals
set by the given scenario. In addition to general project constraints,
additional building element and activity constraints are incorporated to
ensure the logics of a construction sequence. Physical constraints
prevent, for example, the column to be installed before its
corresponding footing is in place. Similarly, activity constraints ensure
that that pouring of concrete can start only after the excavation has

been completed.

Construction methods, activities, and resources — in VCS3

simulation game, planning a construction schedule is primarily a
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function of choosing construction methods and resources. For each
assembly type listed for a given project, students choose between
possible construction methods by comparing data such as resources
types, daily output, and costs. Choosing one construction method
over the other may have a different effect on activity’s duration and
cost, and will depend on the project goal. Selecting construction
methods and respective crew sizes creates a pre-defined list of
construction activities attached to student-created assembly groups.
Based on selected methods and crew sizes, activity’s as-planned
duration is automatically calculated. With the list of auto-generated
activities, students decide on the activity sequence as the last step in
planning a schedule. The automated calculation and a pre-defined
activity list eliminate the laborious manual calculation of activity
durations and serve to motivate students to more efficiently explore
alternatives for the most optimum solution. The process of planning a
schedule is explained in more detail in the user interface section of

this chapter.

Costs — by comparing costs and daily outputs of different construction
methods and resources, students can start thinking about various
cost-time tradeoffs depending on the project goal. When managing
the project construction, cost reports enable students to track and
understand resources costs and how they correlate to efficient

resource utilization.

Dynamic factors — factors that impact the construction progress
appear to be the most challenging for students to grasp in traditional
educational settings. Learning to respond to any changes and delays
to the construction schedules that occur due to weather, fluctuating
labor productivity, congestion or other unanticipated events is difficult
when using CPM schedules or listening to a lecture. The VCS3
simulation game incorporates productivity factors that can vary

depending specific project conditions. Labor productivity for example
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fluctuates depending on the weather conditions, congestion, working
overtime for extended period, or laborers’ project experience.
Understanding the effect of these factors and their intricate
relationships can improve the decision-making process to manage
construction efficiently. To simulate these dynamic changes of the
construction progress, the calculation of the as-built schedule is

approached from a system dynamics model.

System dynamics model

Studies of the CM domain generally agree on the dynamic nature of planning and
managing construction projects, involving multiple feedback loops between various
resources. Modeling and simulating these processes is thus very complex and
challenging due to a high level of unpredictability of factors involved in these processes.
A widely accepted approach to simulating construction has been representing processes
as discrete events. However, construction projects and processes are too complex and
subject to constant changes to be managed in a linear and deterministic way (Toole
2005). Discrete event simulation has been predominantly employed in construction
simulations that focus on measurable and observable processes such as excavation or
earthmoving. However, while discrete event approach understands the complex system
in terms of its components through a Work Breakdown Structure (Han et al. 2005),
system dynamics considers the system as a whole through capturing feedback effects,
managerial actions, and behavioral relationships.

System dynamics is thus considered as a complementary approach to modeling
the construction environment due to its ability to model “softer” variables, relating to
behavioral and qualitative relationships in the existing system such as morale, fatigue,
rework, overtime impact on the productivity, or the learning curve of new workers coming
to the construction site (Han et al. 2005; Pena-Mora and Park 2001). The relationships
between the schedule progress, productivity, cost, and labor utilization are dynamic and
multidirectional forming a complex and a non-linear system, thus lending itself to the

system dynamics approach (Pena-Mora and Park 2001). For example, in practice when
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construction schedule faces the pressure to meet the deadline, few actions typically
employed include increasing the work hours, hiring more laborers, or working overtime.
Simple calculation would mean increase in the production and accelerated construction.
However, a certain amount of overtime work causes fatigue resulting in a lower quality of
performed work and decreased productivity, ultimately increasing the overall cost. The
productivity of workers also fluctuates depending on the time spent on the site and their
project experience level. The dynamics in this process is reflected in the constant
change of the required work level, based on the amount of work that needs to be
completed. The challenge in this however, would be to quantify the human behavior and
achieve the necessary precision in the factors and valid outcomes.

In the VCS3 simulation game, to demonstrate the difference between the as-
planned and as-built schedule resulting from the impact of factors such as weather,
congestion, learning curve, or overtime based on construction project conditions, the
calculation of the as-built schedule is approached from a system dynamics model.
Although the project construction and management feedback loop is quite complex in
real world projects; the number of variables in this study is decidedly limited to control for
the complexity of the simulation game and avoid information overload to allow for more
efficient learning in students.

Figure 10 shows the system dynamics model underlying the VCS3 development
with factors identified as the most common to affect the project schedule and cost.
Construction factors and their relationships have been identified and adapted from the
construction productivity studies (Fulenwider et al. 2004; Neil 1982; Thomas and Raynar
1997; Thomas and Sakarcan 1994) and scoped to the level which allows for scenario
based and focused learning. The metric for satisfactory project construction completion
is defined through owner’s satisfaction, as a function of project duration, cost and overall
quality. Productivity rate is a variable that will influence the project duration and is
directly affected by factors such as learning curve, overtime, congestion, and weather

conditions.
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Figure 10: The VCS system dynamics model

Students have traditionally had very little understanding and awareness of
workers’ productivity fluctuation during construction and therefore tend to adopt
schedules as a determined sequence of activities with fixed durations. For example, at
the start of the construction activity, workers’ productivity may be lower due to a lack of
knowledge about the work environment. The productivity may start below average when
new resources are brought to the site but slowly increase as workers become more

familiar with the construction environment.

Learning curve

The learning curve is an exponential curve with more rapid growth in the
beginning followed by a more steady growth with time. For the VCS3 purpose, this curve
has been transformed into a series of multipliers as a function of time spent on a project
(Figure 11). Worker’s productivity thus starts at 75% efficiency in the first hour and
increases from 90% in the first four hours to 100% between four and 24 hours. To
account for the project experience, the productivity for the subsequent hours increases
to 110%.
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The weather is a common factor which can affect the productivity and cause

major schedule delays. In conditions such as extreme cold or very hot and humid

summer days, the productivity can degrade significantly. To demonstrate the concept of

the weather effects on the construction progress, two major weather states are defined —

the ideal weather conditions which do not affect the productivity, and the rainy state

which reduces the productivity to 90% efficiency (Figure 12). Also, at this stage of the

VCS3 development, the weather change is not random but programmed to change on a

four-day cycle. At later development stages, a wider range of weather conditions can be

introduced with random changes, which may be appropriate for advanced levels of

difficulty.
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Figure 12: Weather adjustment factors in the VCS 3
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Overtime

In situations where the project is under strict time constraints, overtime may be
one method to increase the production. Overtime, however, as a psychological effect
and resulting in fatigue leads to a reduction of productivity throughout both the normal
work period and overtime (Neil 1982; Pena-Mora and Park 2001; Thomas and Raynar
1997). Thus, work beyond a standard five day week and eight hour day period will cause
an overall reduction in productivity. In the VCS3 system dynamics model, overtime
affects the project cost both directly through higher labor cost for overtime hours, and
indirectly through reduced productivity and longer activity durations. Figure 13 shows the

productivity adjustment factors as a function of the number of work days and work hours.
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Figure 13: Overtime adjustment factors, adapted from (Neil 1982)

Congestion

Another method to increase the production and meet the project deadline would
be to hire more workers in which case issues may involve the availability of work space.
In this situation, people, equipment and materials need to share the same space which
can lead to overcrowding and reduced productivity. Resource allocation and resource

leveling therefore become very challenging under budget, duration or resource
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constraints. Figure 14 shows the general approach to adjusting the productivity

depending on the amount of available space.

Available space and
the productivity
level

Adeguate

Figure 14: Site congestion adjustment factors, adapted from (Neil 1982)

For educational purposes and to have a more focused and guided learning, the
system dynamics model for the VCS3 as mentioned previously is a simplified feedback
loop compared to those typically found on real construction projects. The as-built
schedule calculations thus, are not intended to make accurate predictions but to
demonstrate more clearly the dynamic concepts and the nature of decisions made on a
construction project. To test the VCS3 model concept, the scenario for the first stage of
the VCS3 implementation focuses on the varying labor productivity as a function of the
learning curve and the weather factor, and their overall impact on project cost and
duration. The reason for limiting the number of factors is to control for the task
complexity and information overload. From the educational perspective, the intention is
to have a more guided learning experience and focus students’ attention to specific
schedule factors and available measures to manage changes to the schedule. From the
methodological perspective, this would allow for further validation of the concept and
whether the application user interface supports the learning of the incorporated factors.
Identifying the challenges in the learning process would provide guidance in

implementing additional factors and developing additional learning scenarios.
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The case study project - Pavilion

To demonstrate the dynamic nature and the greater level of complexity in
managing construction processes, a relatively small-scope pavilion project was deemed
as the most appropriate to avoid information overload. This pavilion project adapted from
a real world project comprises of work packages such as cast in place foundations, a
slab, wood columns, beams, trusses, sheathing, and shingles (Figure 15). For each work
package, a minimum of one and maximum of two possible construction methods are
offered for students to choose depending on the scenario and project goals.
Construction methods differ sufficiently in parameters such as daily production output,
cost, and crew types to allow for analysis of advantages of each.

To construct the pavilion, students step through the planning phase and develop
the schedule by selecting the construction methods for each building element; plan crew
sizes, and develop the sequence of activities. Based on the as-planned schedule,
students run the construction simulation and in the role of superintendents make day-to-
day decisions regarding resource allocation and observe the progress of their planned

as-built schedule.

Figure 15: The pavilion project used for VCS simulation game
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A significant difference between previous VCS1 and VCS2 4D learning modules
and the current VCS3 simulation game iteration is that students do not directly create
activities or calculate their own activity durations when developing a construction
schedule. Instead, activities are automatically created from the selected construction
methods attached to building element groups, while the activity duration is calculated
using the crew’s daily output for the chosen method and the appropriate building
element quantities embedded in the model. This enables students to test different
scenarios in which construction method selection and resource allocation directly affect

activity durations and schedule productivity.

Systems Architecture

Based on the concept of demonstrating the difference between the as-planned
and as-built schedule, the user interface and the VCS3 application are structured around
a planning and a simulation mode. Figure 16 charts the VCS3 system architecture,

major VCS3 game components, and the data flow path between the components.
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Figure 16: The System Architecture of VCS3 simulation game
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The three major system architecture components include the VCS3 application, the

game engine, and the database.

= The VCS3 application — consisting of the series of graphical user interfaces,
the VCS3 application is the interactive part of the system accessible to the
user and is supported by the other two elements. The VCS3 application itself

is comprised of three core control modules:

1. The three-dimensional geometry module supports viewing and
navigating the 3D model and the 4D simulation. Supported by the
Microsoft XNA game engine, the 3D geometry module loads and
displays the binary 3D model of the pavilion project and visually
simulates the construction progress by using each building element’s

color and texture properties.

2. The construction planning module enables the user to develop the as-
planned schedule by choosing construction methods, allocating
resources to each activity and developing sequences for construction

activities attached to each building element group.

3. The simulation module calculates the as-built schedule and visually
simulates the construction progress. The simulation module starts
new activities based on user-allocated resources, calculates the
progress of ongoing activities, updates the resources utilization and
status, and generates the report at the end of the simulation run. The
module continues the process until the construction project is

completed.
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3D game engine - The Microsoft XNA game engine supports the visual
display of the three-dimensional geometric models of the pavilion building
elements, as well as the 4D simulation side. XNA Game Studio incorporates
the XNA Framework, an extensive set of class libraries designed to support
cross-platform computer game development based on Microsoft .NET
Framework 2.0. The XNA Framework enables game portability between
compatible platforms allowing greater focus on the content development and
gaming experience. The Microsoft XNA game engine was chosen for its
performance and 3D rendering quality being based on DirectX technology. In
addition, XNA game engine is based on the .NET framework which is
advantageous to the C++ alternative for allowing more rapid and efficient

game development.

Access database — the Microsoft Access relational database in a series of
tables stores detailed project information data about building elements and
their properties, quantities, construction methods, resources, and cost (Figure
17 and Figure 18); as well as global variables such as visibility attributes,
camera views, and factors variability. The construction methods, crew, cost,
and productivity data are adapted from a common construction data source
such as RS Means database. During planning and simulation, the VCS3
application simultaneously retrieves data from the database and stores users’

input.
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Project 3D Modeling

The pavilion project was modeled in 3D Studio Max with applied image textures.
To load the model into the VCS application, each individual 3D object was exported as a
separate .fbx file. The total of 57 pavilion objects were exported including the
background, 8 footings, one slab, 8 columns, 6 pairs of beams, 13 trusses, 12 sheets of
sheathing, 6 blocks of shingles, and 2 roof closures. Due to initial slow loading of the
fbx files into the VCS application, all FBX files and associated texture images were
further converted into an .xnb format using a template windows game. Initially intended
to be loaded from the database, all the building elements are loaded from the content
folder associated with the VCS application. Figure 19 shows the pavilion model before

and after it is exported into the VCS3 application.

Figure 19: The pavilion project in 3D Studio Max (left) and VCS3 (right)

The VCS3 object data model

An object-oriented programming paradigm is used to represent objects such as
building elements, construction methods, resources, and functions needed for
communicating with the database and for calculating construction simulation progress.
Figure 20 shows the VCS3 class diagram in the Unified Modeling Language (UML)
describing the system structure and object classes, their attributes, and class
relationships. This class diagram underlies the programming code of the VCS3

simulation game.
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The VCS3 simulation game object data model has four general classes:

i. VCSBuildingElement class defines project building elements including footings,
slab, columns, beams, roof, and trusses. The attributes of this class include
geometry representation, associated construction activities, physical

constraints, and construction status (Figure 21a).

ii. VCSResource class defines resource types associated with construction
activities. The resource class further defines human resources, equipment, and
crew classes as child classes (Figure 21b). A construction crew represents a
unit required to perform a given construction activity, and consists of either
laborers only, or both laborers and equipment. Therefore, the Crew class has a
list of HumanResource class instances and a list of EquipmentResource class
instances to form a construction team unit that performs a specific construction
activity. Human resources have an additional attribute of project experience
measured in hours worked on the project, which affects the learning curve

factor activated in the simulation.

iii. VCSConstructionActivity class defines construction activities. The class
attributes include associated building element group, construction method,
assigned human and equipment resource lists, crew size, duration, total and
remaining workload quantity, activity status, and the predecessor and

successor activity lists (Figure 21d).

iv. VCSGeometry class defines building elements geometries. Associated
attributes include color, transparency, and GeometricModel (Figure 21c). In
addition, for programming convenience, static functions are also used to
perform specific functions independent from the object classes, such as SQL

(Structured Query Language) functions.
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Figure 21: VCS object model classes a) building element class; b) resource class; c¢) construction
activity class, and d) geometry class

Activity duration and cost data is automatically generated within the simulation using
information from the RS Means Database, a commonly accepted cost and production
data source. The process of semi-automated schedule development process is

described in more detail in the following section.

User interface

The system of graphical user interfaces is developed to support the stages in
decision making process involved in planning a schedule, and subsequently managing
the construction based on the as-planned schedule. The main window opened upon
application startup, consists of a 3D model view and the building element tree view

listing all the objects and their properties (Figure 22).
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Figure 22: The VCS main window

The main window is organized into a two set of tabs. The first set of four tabs below the
3D view switches between views:

Model view tab — for displaying and navigating the model;
Project description tab — displays project specific information;

Simulation view tab — activates when the simulation starts to show the

construction progress; and

Report tab — showing the report summary of the construction

progress, generated at the end of the each simulation cycle.

The second set of three tabs left to the 3D view contains functions organized into:
Objects tab listing all the building elements; selecting and highlighting
objects in the model view window; and displaying each element’s

properties upon selection,
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Grouping tab in which the first step is breaking the project into
construction zones and grouping objects into work packages. In the
process of grouping, only objects of the same type can be grouped,
for example footings to footings, but not footings to columns. The
reason is the construction methods are provided for assembly types

and respective activities.

Scheduling manager tab in which the majority of activity takes place is
organized into a planning phase and a simulation phase (
Figure 23). Each phase becomes active once the preceding steps

have been completed.

Mode 1: Planning the schedule

The planning part of the scheduling manager comprises of three sequential
steps to plan a project construction schedule including (1) choosing construction
methods; (2) deciding on the crew sizes and work hours, and (3) creating a sequence (
Figure 23).

|52 Virtual Construction Simulator 30 mE]

File

l STEP 1. Choose Methads l

I Planning

STEF 2. Plan Resources

STEP 3. Create Sequence

| STEP 1. Choose Methods

II Simulation

STEP 2. Plan Resources

Time and Resources

DAY: People |;|

Equipmert |

STEP 2. Create Sequence

Resourze Utilization
Idle. Active

Activity Progress

Model | Project Infa || Smuistion || Report |

Figure 23: The Scheduling manager tab - Planning mode
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A series of corresponding graphical user interfaces (GUI) in the construction plan
control module allows the user to make informed decisions for each of the three steps.
The first step after all the objects are in a grouped status is to choose construction
methods for each of the assembly types and their corresponding construction activities.
Each assembly depending on the type has the list of embedded activities. For example,
a cast-in-place concrete footing assembly involves excavation, formwork placement,
reinforcement, concrete placement, and formwork removal activity. Each activity can be
performed by different methods (Figure 24). The automated calculation of as-planned
durations is thus a function of assembly’s material quantity, chosen construction method,

and its associated crew size.

Assembly type

— Method 1

Activity (1)

Method 2

) g
-

— Method1

Activity (n)

Method 2

Matertal Crew size /
uantities _
) Activity duration Daily output

Figure 24: Schematic representation of the relationships between assembly, construction
activities, and construction methods

1 . STEP 1 - Choose MethOdS: STEF 1. Choose Methods

The construction method selection GUI displays available methods for each
activity with corresponding crew types and daily costs so students can readily

understand and compare construction methods (Figure 25).
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Figure 25: Construction methods selection (GUI)

For the cast-in-place concrete footings assembly only, an additional decision
step is introduced. Before selecting construction methods for each of the
associated activities, students are asked to decide whether they would like to
have formed or ground-formed footings. A brief description of each method
explaining their differences in cost due to additional labor for formwork or
material waste is provided. Thus, depending on the choice, the list of
subsequently displayed activities for cast in place footings will include, or

exclude the formwork placement and formwork removal activities.

In addition, concrete curing is the only activity that is implemented as a
continuous activity in a manner that it will take between 10 and 12 hours to

complete after the concrete is poured, and is independent of crew size.
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2. STEP 2 - Plan Resources: |STEP2- lagesans I

The resource allocation GUI allows users to select crew sizes for each
construction method and calculates as-planned durations (Figure 26).
Although not implemented at this stage, this step will also allow changing the
work week and the number of work hours with the inclusion of the overtime

factor.

m
~Work Calendar
Select work days per week 5 daysfweek Select work hours per day & hr/day
& daysfweek 10 hriday
7 daysfweek [_| 24 hriday
- Choose Crew Size
Assembly | Activity | Method | Crew | Crew Size |
i_lixcavate footings Truck mounted excavator 1laborer1.. |1
~ |Footing Reinforce footings Spread footings #4 - &7 2 rodman 1
~ |Fodting Place concrete - footings Walking cart 501t 1laborer1... |1
~ |Footing Cure -footings Cure 1laborer 1
~|Slab Excavate slab Truck mounted excavator 1laborer1... |1
~ |Slab Farm slab Edge forms, wood, 4 use, 4in ... |2 carpenters |1
~ |Slab Reinforce slab Welded mesh; Bx6 W21 xW.. |2 rodman 1
~ |Slab Place concrete - slab Concrete pump 1laborer1... |1
~ |Slab Strip forms - slab Strip forms 1laborer 1
~ |Slab Cure and finish - slab Cure 1labarer 1
~ |Column Install wood columns Wood framing - columns Gin ... |2 carpenters |1
~ |Beam Install beams Joistframing 2in x 10in - pneu... |2 carpenters |1
- |Truss Install trusses Manual installation; 12ft span ... | 1 carpenter... |1
| Sheathing | Install sheathing Plywood 1/2in; water barrieri... |2 carpenters |1
| shingles Install shingles Wood shingles with #15felt- .. | Troofer1la.. |1
~ |Eaves Install eaves Plywood siding, 1/2in 2 carpenters |1
| g |

Figure 26: Resource allocation GUI
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3_ STEP 3 — Create sequence: STEP 3. Create Sequence

The activity sequence GUI displays the list of auto-generated construction
activities and their calculated durations based on the chosen method and
crew size (Figure 27). The sequencing GUI allows users to develop activity
sequences either by typing in the activity predecessor's number manually or
loading Microsoft Project activity list and duration information. The integration
with the MS Project allows the list of activities to be imported from the VCS3
into the MS Project by clicking the “View in MS Project” button (Figure 27).
After developing the sequence, the predecessors’ data and the sequence can
then be updated from the MS Project inside the VCS3 application. The
integration with the MS Project allows students to use either environment
depending on their comfort level, and provides an option to save each

schedule in a standard format.

The activity list in the sequencing window is sorted by their physical
precedence and constraints starting with footings, slab, columns, and
continuing until the roof closure. Currently implemented constraints include
both the building element and activity order which may not be violated. Thus,
if the constraints are not met (e.g. sequencing column before footing, or
concrete placement before excavation), the VCS3 will display the error

message and will not continue with the visual simulation of the sequence.
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Figure 27: The sequencing interface (GUI) and the integration with the MS Project
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As mentioned earlier, instead of the user deciding on the construction activities,
the list of construction activities is generated within the application. Once the user
chooses construction methods, each of the assembly’s embedded activities becomes
attached to the user created groups (Figure 28). This streamlines the process of
developing the construction schedule and ensures the comparability of the schedules
developed between simulation runs and between different players. With the automated
activity creation, the idea is for students to get a more holistic overview of the scheduling
process. In this way, students can focus more on the types of decisions involved in the
process rather than investing time in searching for data and manually developing and
calculating the schedule. The predetermined set of activities can be both limiting and
advantageous, however, this allows for customized project scenarios and focus on

specific issues depending the learning objectives.

Elementgroups Methods Construction activities

Activity(Method)_Element Group

Form Footings (Method 1) Footing Groupl

V> :
. ‘ Form Footings (Method 1) Footing Group2

Method 1

A

o -‘-'V - H H H

s ._-" / Reinforce Footings (Method 1)_Footing_Groupl

Method 1 @ Reinforce Footings (Method 1) Footing_Group2

Footing_Groupl

Footing Group2

Figure 28: The process of automated construction activity generation in VCS
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Mode 2: Simulating the construction

Upon developing the as-planned schedule, the next step is to start the project

construction and manage its daily progress. The simulation control module calculates

daily schedule progress based on scheduled construction activities and the type and

number of human resources and equipment allocated for each activity. Figure 29 shows

the simulation mode user interface consisting of “Run Daily Simulation” and p/ay buttons,

and the “Time and Resources” information summary panel below, displaying the

following:

The simulation day counter — displaying which day of the construction is
currently being simulated;

The number of resources (human and equipment) on site that day;

Active and idle resources — during the construction simulation process the

utilization of resources is tracked by updating at ten-minute intervals the

resources who have been assigned to an activity and those who are waiting

to be assigned to the next activity;

a7 Virtual Construction Simulator 3D
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!
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H
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Fiqure 29: The Scheduling manager tab - Simulation mode
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= Activity progress — real time reporting of the ongoing activities along with the
amount of work completed and work remaining, also updated on a ten-minute

interval.

In the simulation mode, the user assumes the role of a superintendent and
makes decisions related to managing daily resources needs. The following are the

steps:

1. Run Daily Simulation ‘ Run Daily Simulation l

Clicking on the button activates the simulation mode and opens the new
window for choosing the resources to be on the site that day (Figure 30).
Each day before the construction starts, the user “hires” resources to be on
the site that day based on the as-planned schedule and the list of activities
planned to start on the same day. Resources consist of both laborers and
equipment. In addition, human resources have a property of project
experience directly related to their productivity rate. The level of each
laborer’s experience is displayed in the properties window in the form of time

spent on the project.

The user interface for choosing daily resources displays the list of activities
with the planned start day and the resources needed. However, each activity
can be accelerated by hiring multiple crews if necessary. In this manner, the

planned schedule can be altered and updated based on the progress.
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Figure 30: Choosing daily resources GUI in the simulation mode

2. Start the construction simulation

> ]

Once the labor and equipment has been selected for the day, the “play”

button starts the actual construction simulation, both the visualization part

and the as-built calculation with the weather and learning curve factors taking

effects. The daily counter and the list of resources hired for the day are now

displayed in the simulation panel.

When the simulation begins, the user is prompted to allocate available

resources each time new activity is scheduled to start (Figure 31).
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Figure 31: Resource allocation GUI

In instances where there are more than a required number of available resources
listed, the user can choose to allocate multiple crews for a starting activity. However, if
the activity is scheduled to start and there are no available resources, the user is notified
and required to wait until necessary resources become available. The simulation
progress is updated at a ten-minute interval, each showing resources that are assigned
to ongoing activities (active resources) and resources that are on the site but not
assigned to any activities (idle resources).

After completing the daily simulation, the user can review daily and cumulative
construction progress on the reporting GUI. The report shows the information about the
weather and its effect on the overall productivity; the construction progress and the
status of each activity; resource utilization, and daily and cumulative labor and
equipment costs (Figure 32). After reviewing the report, the user repeats the simulation
process by clicking “Run Daily Simulation” button again, and hiring resources for the

next day until the project construction is complete.
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Figure 32: The report generated at the end of a daily simulation cycle

Although the simulated sequence is based on the as-planned schedule,

additional factors are triggered to demonstrate the schedule variability and the need to

manage and update the as-built schedule. The factors such as weather or labor

productivity fluctuate affecting the construction progress. Calculating the new as-built

activity duration takes into consideration new factors that were triggered in the simulation

mode.

Program verification and validation

Following the conversion of the system dynamics model into a computational

simulation model, the simulation model underwent a verification process in which the

simulation was checked for both its internal and external representational validity.
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Internal validity refers to the simulation game functionality and whether the
running model complies with the initial list of assumptions. The validation process sought
to ensure that specified information in a learning scenario was included in the
computational model. For consistent and reliable application performance, each
simulation step output was manually calculated to check the simulation model for
accuracy; and in repeated simulation runs all outputs were checked for consistency.

External representational validity refers to how closely the simulation model
behaves and corresponds to its relevant real world experience. External validity thus
refers to appropriate inclusion of identified construction factors and decision processes
found on real construction projects. The simulation model external validity was confirmed

through reviews by several faculty members and two industry practitioners.

User Interface Testing

To further assess the usability of the application from a student perspective, a
group of 10 graduate students were asked to voluntarily complete the assignment using
the VCS3 application. Only students who were not involved in the actual VCS3
implementation were selected. The obtained feedback was used to further improve the
user interface, application performance, and correct any application errors. Application
parameters such as the length of the simulation and the number of cycles to complete

the VCS 3 activities were also tested prior to full scale classroom implementation.

To summarize, through different scenarios, the VCS3 simulation game aims to
actively involve students in learning to manage daily resource needs and ensure
maximum utilization of resources, along with managing trade-offs in minimizing activity
delays. Students will learn to make initial decisions about construction methods,
resources and activity sequence, and subsequently observe the daily progress ending
with the summary report on the cost, duration, resource utilization and any additional
information explaining the changes to the as-planned schedule. Based on the report,
students can make necessary adjustments to the initial schedule and run the simulation

again repeating the process until the project construction is completed.
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Chapter 4

The VCS3 Simulation Game Evaluation

The VCS3 simulation game is evaluated on two main levels — for its
representational validity and effectiveness as a teaching tool. Representational validity,
described in the previous section, is part of the program verification and precedes the
educational evaluation. Representational validity as a required basis for educational
evaluation ensures the consistent and reliable application performance and relevant
content.

The second evaluation level examines the educational value and effectiveness of
the simulation game for achieving specific learning outcomes. Measuring the educational
effectiveness focuses on the extent to which the learners’ knowledge has changed or
improved as effect of the simulation game, as well as whether students’ motivation to
learn has improved. Additional evaluation questions may focus on the relevance of skills
and knowledge gained to the real world scenarios.

Table 2 summarizes main categories of evaluation questions and respective
feedback sources to evaluate the VCS3 simulation game on both levels. While
application performance and content validity are evaluated before implementation, the
remaining categories focus on measuring learning, motivation and experience from
students’ participation. In the implementation stage, students and other potential users
evaluate the VCS3 effectiveness as an instructional tool for meeting learning objectives;
its usability, and the realism of the experience through ratings of engagement and
satisfaction.

To evaluate the effects of a simulation game for learning construction planning
and management concepts, the VCS3 simulation game was implemented and tested in
an undergraduate construction engineering course at Penn State. The following section
describes in detail the research design, procedures, and instruments used to evaluate
the VCS3 simulation game as a teaching tool for construction planning and management

concepts.
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Table 2: Evaluation categories and questions for the VCS3 simulation game

The Evaluation Questions | Data / Method Source
épfflication Is the simulation game Crashes, bugs, error Betatestin
eriormance 1 eliable? messages 9
Is the simulation consistent Same output in each .
. Beta-testing
in its performance? run
Content Review with faculty
Is the content accurate? and industry members | Faculty / experts
if applicable
, Review with faculty
Is th tent te? Facult rt
s the content appropriate members aculty / experts
Usability Is the simulation game easy Survey Students
to learn to use?
Does the simulation game
account for learner’s Survey Students
experience?
Learning ;
What gre the learning Review with faculty Faculty
objectives?
How weII. do stl.Jde.nts meet Tests/questionnaires Students
the learning objectives?
Realism
I Is the simulation game
compelling/engaging for the | Survey Students
students?
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Research Question

Given that a computer simulation game for construction can capture dynamic
spatial and temporal relationships, the explorative and interactive nature of this virtual
construction environment makes it a powerful visualization tool supportive of the learning
process. Simulation game attributes, such as immediate feedback, variability, goal-
driven exploration and competition, integrated with the learning content create the VCS3
as an environment to support learning and a rapid testing of construction-related
decisions. While automated calculations of planned and simulated construction activities
support easier and faster testing of different strategies, the engaging aspect of the VCS3
aims to support sustained attention and time investment in the learning exercise.

This study aims to investigate the effects of the VCS3 simulation game on
learning construction planning and management concepts, as well as student
engagement and motivation. More specifically, the VCS simulation game is evaluated to
improve students’ understanding of project constraints, different construction methods,
activities and resources; as well as gaining an understanding of dynamic changes, risks,

and tradeoffs. Specific competencies targeted by the simulation game include:

Fundamental engineering and management competencies critical for
effective construction process planning. Examples include the
development of skills to understand activity sequence relationships,
resource leveling and utilization, construction method selection, and

cost control.

Problem-solving competencies as abilities to identify problems, test, and
optimize solutions. A stepped decision-making process embedded in
the simulation game encourages students to practice problem solving
and test relatively fast variety of solutions, evaluate the performance

of these solutions, and explore alternative methods.
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To understand the effects of the VCS simulation game on meeting the objectives
and provide guidelines for future improvement, specific learning evaluation questions
include:

How has the students’ learning changed based on the simulation

gaming activity?
Does the simulation activity result in significant learning gains?

Was the time commitment for learning appropriate for the skills and

information gained?
Were the students engaged and did they enjoy the simulation activity?

How do students feel that the simulation activity needs to be changed

in order to maximize learning?

Research Design

Research in using simulation and game technology in education has traditionally
focused on qualitative methods to determine the effectiveness of these types of
instructional tools. To measure the effectiveness of an experiential learning tool such as
a simulation game, experimental design with random subjects and control groups is a
preferred approach. In the large pool of research, a few studies have used quantitative
approaches but they have come under scrutiny for the lack of rigor and confounding
results. The comparison of traditional teaching methods and those that involve games
and simulations have long been the focus of a great number of studies that aimed to
determine the advantages of the latter. More recent studies however, challenge the
validity of comparing the two teaching methods that are very different in nature due to
the content, involved activities, and abilities they are intended to support. Traditional
measurement methods mainly utilize test scores which measure the ability to recall
information and not necessarily the ability to apply it (Norman and Spohrer 1996). The
meta-analysis of studies in computer based simulations by Gosen and Washbush
(2004), identifies some common challenges in measuring the effectiveness of

simulations, and thus recommendations that:
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Research design should be experimental, randomized, with pre- and
post-tests, and control groups;

Learning outcomes should be clearly defined, with objective learning
measures tied to explicit learning objectives;

The measurement should be valid, with reliability confirmed through

repeated testing of the instrument and triangulation.

To test the effectiveness of the VCS3 simulation game on learning and
motivation, a one-group pretest-posttest design was conducted. Students in the third
year introductory course to the building industry (AE 372) were selected for the study
because of their relatively little practical experience on the construction site, as well as
their limited knowledge on the concepts of construction scheduling and management. A
detailed description of the measurement, setting, and procedures is provided in the

following sections.

Measurement

To determine the effectiveness of the VCS3 simulation game, both qualitative
and quantitative methods are employed to evaluate the level of learning and motivation.
Pre-test and post-test questionnaires with closed- and open-ended questions were
dev