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The ability to solve complex problems is an essential skill that a construction project manager must possess when entering

the architecture, engineering, and construction industry. Such ability requires a mixture of problem-solving skills,

composed of lower and higher-order thinking skills, which include the ability to develop and evaluate construction

plans andmanage the executionof such plans.However, introducing students to such complex problems canbe a challenge

in a typical construction educational program.To support this challenge, the traditionalmethodology of delivering design,

engineering, and construction instruction has been going through a technological revolution, due to the rise of computer-

based technology. For example, in engineering classrooms, and other disciplines, educational simulation games are used to

support the development of problem-solving skills. This paper presents evidence to support the contention that

educational simulation games can help the learning and retention of transferable problem-solving skills, which are crucial

to solve complex construction problems. A sample group of 34 architectural engineering students, from a 4th year

construction class, participated in a quasi-experimentwhere they had to play the threemodules of theVirtualConstruction

Simulator 4 (VCS4). A crossover repeatedmeasures quasi-experimental design assessed the gains in problem solving skills

that construction students gained from playing the VCS4. The participants completed all three learning modules of the

VCS4, and they were assessed before and after each treatment. Based on a series of analyses of the results, the researchers

were able to conclude that the students gained and transferred problem-solving skills from playing all of the VCS4

modules. This study provides evidence that the implementation of educational simulation games can support the gain of

problem-solving skills necessary to solve complex construction problems.
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1. Introduction

One of the critical objectives of engineering educa-

tion is to foster students’ knowledge, skills, and

attitudes obtained, through education, experience,

and achievement [1]. According to the Accredita-

tion Board for Engineering and Technology

(ABET) a student should be prepared to identify,
formulate, and solve engineering problems [2].

These objective holds true especially for construc-

tion engineering students, who are challenged with

complex real-world problems during their educa-

tion and after graduation. The ability to solve

complex problems is an essential skill that a con-

struction manager or engineer must possess when

entering the Architectural, Engineering, and Con-
struction (AEC) Industry. Such ability requires a

mixture of skills. These skills include the ability to

develop and evaluate construction plans and

manage their effective execution.

Traditional construction educational methods

challenge students with partial problems, which do

not fully represent the complexity of the construc-

tion process.When teaching the process of planning

and managing of a construction site, instructors
typically lecture and assign to the students the

responsibility of developing a schedule of the con-

struction process based on a set of drawings. In

some cases, the students are given the chance to

discuss in class the factors that influence productiv-

ity on site, such as weather, improper sequencing

and resourcing, learning curve and fatigue of the

workers. However, this method usually covers the
dynamic and ever-changing nature of a construc-

tion site on a surface level, and it typically does not

provide the students with real-time feedback as they

develop the construction plan. Therefore, students

gain only surface knowledge on the process of

scheduling and managing a construction project.

This surface knowledge does not entirely meet the

learning objectivementioned earlier, which requires
the learning of a range of problem-solving skills.
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The process of teaching scheduling is based on the

traditional method of generating schedules in the

industry, where one reviews architectural drawings,

compiles a general list of construction activities,

visualizes the sequencing logic, and translates the

logic to the schedule. However, the process of
generating schedules is not only inefficient but it

also creates high cognitive load requirements on the

scheduler’s working memory [3]. To address such

challenges researchers and industry members have

begun to visualize the construction process with the

use of Building Information Modeling (BIM) and

4D scheduling software. This software allows the

user to tie schedule data to 3D graphical representa-
tions of the elements to be built. By visualizing the

schedule of construction, users can enhance their

cognition by interacting with appropriate represen-

tation methods, giving them the chance to develop

sensible schedules. The benefit of developing and

visualizing schedules has led to the adoption of such

software in the classroom [4].

One instruction method to improve construction
planning education is to include educational simu-

lation games in the classroom. Educational simula-

tion games provide students with experiential

learning environments, which have illustrated a

great potential in enhacing the learning process. In

particular, educational simulation games research

has shown how they can support the learning

process to solve complex, ill-structured problems.
Also, educational simulation games increase stu-

dents’ motivation, as they challenge them and

promote curiosity. In addition to being engaging

and fun, educational simulation games can chal-

lenge students to solve ill-structured problems. In

particular, the construction industry and pedagogy

have leveraged educational simulation games to

enhance the problem-solving process. One example
is the Virtual Construction Simulator (VCS) educa-

tional simulation game.

The VCS challenges students to develop and

manage a plan for the construction for a variety of

structures. In the game students phase and sequence

building elements and select construction methods.

Students then execute the construction planwithin a

specific time and budget, while the game challenges
them with field factors, such as weather and work-

force learning. Previous research with the third

iteration of the VCS simulation game, VCS3, has

shown strong potential formotivating and engaging

students [5]. The initial assessment results demon-

strated the VCS3’s ability to motivate the students

and to meet the learning objectives [6]. These learn-

ing objectives aimed at assessing the student’s
lower-order thinking skills, such as the identifica-

tion of the field factors and assessing their general

knowledge of construction planning processes.

However, the planning and managing of con-

struction schedules require the utilization of both

lower and higher-order thinking, such as identifying

factors and explaining howdecisions affect the plan.

Therefore, additional research was needed to illus-

trate the educational game’s ability to support the
development of problem-solving skills, composed

on both lower and higher-order thinking skills.

With this paper, the researchers address the chal-

lenge of assessing problem-solving skills, by design-

ing a new version of the game, VCS4, with new

learning modules along, and with the development

and implementation of an assessment framework.

2. Background

2.1 Construction scheduling

One essential skill-set of a construction manager or

engineer is the ability to develop a plan of construc-

tion [7]. According toMubarak [8], one of themajor
parts of a construction plan is the schedule of

construction. Therefore, one of the main tasks

that a construction manager or engineer has to

perform is to develop project schedules. In the

planning process, construction managers use pro-

ject schedules to illustrate and communicate the

planned construction process to the rest of the

project team and other project stakeholders [3].
This schedule includes all of the construction activ-

ities, based on the provided drawings, necessary for

the complete construction of a facility [9]. Tradi-

tionally, the development of construction schedules

is conducted by reviewing architectural drawings,

compiling a general list of construction activities,

visualizing the sequencing logic, and translating the

logic on paper or within a critical path method
(CPM) scheduling software. When developing a

plan or schedule of construction, a manager must

strike a balance between quality, time, safety, and

cost [10]. These factors are interrelated, since affect-

ing one of them will have a direct effect on the

others. For example, shortening the time of con-

struction would typically drive the cost higher and

cause a lowering of the project’s quality [10]. There-
fore, the development of a construction schedule

requires the ability to: quickly review activities and

their relationships; perform rapid schedule modifi-

cations; and analyze if their results are features that

industry professionals have identified as highly

valuable [3]. However, according to Karshenas

and Sharma [3], this process can reduce planning

efficiency by causing a cognitive overload of the
scheduler’s memory.

Cognitive load is a theory of instructional design

that highlights the limited capacity of learners’

working memory [11, 12]. Working memory is the

component of a learners’ cognitive system that is
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used for processing new information, making con-

nections, and developing and carrying out plans.

The capacity of working memory is limited, how-

ever. Learners have only a limited amount of

cognitive resources that can be dedicated toward

these activities at any one point in time. Cognitive
load theory encourages instructional designers to

analyze the demands that a task places on learners

limited cognitive resources. A central tenet of this

theory is that these cognitive demands are highest

for beginning learners who do not yet have well-

organized stores of knowledge that can be used to

support and guide thinking. To address challenges

of cognitive overload, caused by the process of
developing and interpreting schedules, researchers

and developers, such as Karshenas and Sharma [3],

have begun to visualize the construction process.

2.1.1 Visualization, BIM, and 4D scheduling

According to Card et al. [13] and Mazza [14],
visualization is cognition that can be enhanced

through the interaction with appropriate represen-

tations, for example with computer-generated

visual data [15]. Kuljis et al. [16] note that visualiza-

tion is also a decisive step for decision making,

understanding and problem-solving. In construc-

tion, providing the possibility to represent the pro-

cess through computer-generated visual data has
been recognized as an efficient way to eliminate

redundancy and optimize planning [16–18]. The

introduction of Building Information Modeling

(BIM) and 4D scheduling software in the construc-

tion industry has started to change the scheduling

process. BIM software such as Autodesk Navis-

works, Synchro, and Vico leverage visualization

principles to allow the user to link scheduling
information, coming from CPM schedule applica-

tions such as Primavera Scheduling and Microsoft

Project, to 3D models. Therefore, with the imple-

mentation of 4D modeling (3D plus time as the

fourth dimension), the industry has begun to

address the challenges of the construction process.

Visualization is being implemented for the capabil-

ities offered by 4D modeling and simulations. The
simulation process allows project teams to visualize

the construction process, identify conflicts, and

consider safety concerns along with other issues

[19]. Even though one of the major uses of 4D

scheduling applications is to support the review of

construction schedules through an animated

sequence of construction activities, additional uses

include tasks such as: trade and space coordination;
assembly sequences; development of different sce-

narios for interference analysis; and dynamic 3D

visualization of discrete-event operations simula-

tions [9, 20]. Therefore, the visualization of the as-

planned process in 4D environments has revolutio-

nized how project teams schedule, by allowing them

tounderstand spatial constraints and explore design

and construction alternatives before construction

starts [21]. In addition to industry, construction

educational programs have adopted visualization
software in their classrooms to address some of the

challenges they have encountered in teaching the

planning and managing of construction sites.

2.1.2 Challenges in construction education

Anderson [22] believes that problem-solving is an

essential process in learning, especially in science
and mathematics [23]. According to Schunk [23],

problem-solving is one of the most important cog-

nitive processes that occur during learning [24].

Problem-solving can be defined as a cognitive pro-

cess necessary to achieve a goal, which could have a

direct solution [18, 23]. According to Pólya [26],

there are four main phases in the problem-solving

process: understanding the problem, devising a plan,
carrying out the plan, and looking back. Similarly,

Bransford and Stein [27] developed the IDEAL

model for problem-solving. This process is iterative

in nature and non-linear. These models provide the

basic problem-solving cognitive subprocesses that

Mayer andWittrock [25] summarize as representing,

planning, and executing. Van Meter et al. [28]

proposed the Integrated Problem-Solving (IPS)
model which aimed at encompassing problem-sol-

ving processes, prior knowledge, and symbol system

transformation (e.g., transformations between

verbal and visual representations of the problem

or problem components). The IPSmodel has shown

its ability to illustrate effectively the student’s ana-

lysis processes in solving free body diagrams in

statics [21, 22]. Such models must be considered
when addressing problem-solving educational

research.

The construction planning and execution process

is constantly confronted with unexpected factors

and unknowns, making it an ill-defined problem.

According to Schraw et al. [30], an ill-defined

problem has multiple or no solution, and there is

no single, correct procedure that leads to an answer.
Ill-defined problems can be contrasted with well-

defined problems. Well-structured problems are

ones in which the problem solving goal and the

constraints for achieving the goal are clear; these

problems can often be solved through the applica-

tion of linear problem solving steps. Although

construction planning and execution is clearly an

ill-structured problem, most traditional construc-
tion classrooms present students with construction

problems that have been fragmented and reduced to

well-defined problems.Unfortunately, such instruc-

tional methods could be enhanced to help students
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develop the decision-making skills that are required

for the construction industry [24, 25]. Therefore,

traditional teaching approaches remain limited in

providing students with the necessary experience to

prepare them for the professional world [33]. To

tackle challenges in teaching how to solve ill-struc-
tured problems, Jonassen [34] suggests that instruc-

tors must provide constructivist and situated

cognition approaches to learning.

2.2 Game-based learning

Constructivist theorists believe that instructors

must develop environments where students learn
by actively engaging with the environment through

the use of different types of material [23]. Based on

constructivism epistemology [35, 36] several the-

ories have been developed such as experiential

learning [37, 38], situated learning [39, 40], con-

structionism learning [41, 42]. Such theories are

essential to understand the process with which an

individual learns and how an instructor must
engage such learner. Hence, to address the chal-

lenges presented in the previous section, researchers

have started to developmultimedia tools to support

the processes of solving complex or ill-structured

problems. Educational research has placed particu-

lar focus on multimedia learning to provide experi-

ential learning environments to students [4, 43].

Mayer’s cognitive theory of multimedia learning
defines learning as the process of building mental

representations and constructing knowledge from

words and pictures [43]. Multimedia learning pro-

vides students with an environment where they

experience and interact with a variety of media.

One example is educational simulations games,

which have become subjects of research in educa-

tion. Simulation games allow the student to learn by
interacting with a repeatable and unique environ-

ment [44]. Educational simulation games target

multiple levels of the learning process and have

shown great promise in their ability to provide

students with an experiential learning environment.

Also, educational simulation games are being ana-

lyzed for their ability to support learning by provid-

ing a close to realistic environment for problem-
solving through visualization, exploration, and

immediate feedback [45, 46]. Because of their ability

to present complex or ill-structured problems, pro-

mote curiosity, and provide immediate feedback,

simulation games have demonstrated an increase in

the learners’ motivation [47, 48].

2.2.1 Simulations and simulation games in

construction

The advances in visualization and educational

gaming research have illustrated the value of simu-

lations and simulation games in planning and

managing construction [49]. For example, VITA-

SCOPE and STROBOSCOPE, which are 3D visua-

lization systems that animate results from discrete

event simulations of construction processes, have

demonstrated the benefits of simulations in the

evaluation process of excavation operations [50].
Educational simulations, such as MERIT [51], and

educational simulation games, such as COINS [52],

have also been implemented in academic environ-

ments to enhance the learning of project manage-

ment. Rojas and Mukherjee [53] developed Virtual

Coach, a Web-based situational simulation envir-

onment that presented the participants with fast

decision-making events. Another example is the
Project Management Simulation Engine, which

allows a user to develop educational simulations

for project management [54]. Lastly, Nikolic [6] and

Lee et al. [5] developed the Virtual Construction

Simulator 3 (VCS3), an educational simulation

game, to improve the learning process of planning

and managing of a construction project.

The VCS3 was evaluated for its ability to support
students’ learning, motivation, and engagement,

which were measured through questions that

focused on content knowledge and conceptual

understanding [55]. The assessment focused on

students’ ability to list, identify, and rank factors

that affect the schedule (e.g., ‘‘List factors that affect

construction activity duration’’). The initial assess-

ment results demonstrated the VCS3’s ability to
motivate the students and increase their general

knowledge of construction planning processes [6].

However, the results still do not fully reveal the

VCS3 simulator’s ability to promote a range of

problem-solving skills, from lower to higher-order

thinking skills. The inherent challenge lies in devel-

oping an adequate assessment instrument for such

skills. Themodels developed byVanMeter et al. [28]
and Jonassen [34] could provide the framework for

assessing the range of skills necessary to solve

complex problems. Therefore, the next phase of

the VCS(4) development aimed to further address

this challenge of assessing problem-solving skills, by

revisiting the game design and adopting an addi-

tional assessment framework.

2.3 Research questions

The brief background has illustrated the advances

in the fields of visualization, engineering education,

and simulation games. In particular, the role of the

VCS3 was highlighted for its ability to support the

engagement and motivation of students, together

with the assessment of surface knowledge. From
this brief review, areas of potential research have

been identified; in particular, the necessity to further

evaluate the value of construction simulation games

in acquiring problem-solving skills, ranging from
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lower to higher-order thinking skills. Therefore, the

goal of this study was to evaluate the game’s ability

in supporting the learning and development of

problem-solving skills in the field of construction

management and engineering. Additionally, the

researchers were interested in evaluating the imple-
mentation procedure of the VCS4 game, to support

future instructors in maximizing educational gains

when applying the game in a classroom environ-

ment. To tackle the set research goals, the research-

ers developed a new version of the game, the VCS4,

and adopted a new assessment framework.

The research questions explored in this study are:

1. Does playing the VCS simulation game lead

construction students to gain problem solving

skills?

2. Do gained problem solving skills transfer from
one simulation module to the next?

3. Do construction students benefit from playing

all three simulation modules?

4. Does the order inwhich the simulationmodules

are completed affect student gains in construc-

tion problem solving skills?

With the first question the researchers were inter-

ested in understanding if learners yielded an educa-

tion gain from planning and managing the

construction simulation of a wooden pavilion, the
erection of a steel superstructure of a dormitory,

and the placement of a cast-in-place structure of the

same dormitory.

As suggested by Mayer [56], the second question

examines the level of carry-over, or near transfer, of

problem solving skills necessary to solve complex

construction problems.We expect that students will

not only gain in these skills by completing each VCS
module but also that students will maintain these

gains from one module to the next. The ability to

acquire transferable skills is key to tackle future

scheduling problems and managing construction

sites. Therefore, it is of great interest to the research-

ers to evaluate the transferability of the skills gained

from playing the modules, and to understand how

many modules to be implemented for enhancing
such retention. This question is examined by com-

paring pretest scores across the three modules. If

there is a carry-over effect, significant gains in

pretest scores should be demonstrated from the

first to the third pretest. A parallel comparison of

posttest scores was also completed and a significant

difference.

The third question aimed at understanding if the
students have to play all of the modules in order to

yield the highest educational gains. This question

addresses the potential of the wooden module in

being an instructional scaffold, as defined by Wood

et al. [57], for the steel and concrete modules.

The fourth question aims at understanding if the

order of implementation of the three learning mod-

ules of the VCS4 affected students’ learning out-

comes. The answers to these questions provide

supporting evidence to the theory that educational

simulationgamescanhelp the learningandretention
of transferable problem-solving skills, which are

necessary to solve complex construction problems.

3. Virtual construction simulator 4

The instructional package employed in this study is

the Virtual Construction Simulator 4 (VCS4). The

game is part of an ongoing research effort to engage

students in an active learning environment by

simulating the planning and managing of a con-

struction project. The VCS4 was developed to

further evaluate the benefits of problem-solving
skills, together with an assessment instrument,

which is addressed in the methodology section.

The VCS4 challenges the students to develop and

manage a plan for the construction of three struc-

tures. In the game, students phase and sequence

building elements and select construction methods.

Students then execute the construction planwithin a

specific time and budget, while the game challenges
them with field factors, such as weather. With the

VCS4 the researchers target construction students

in their early and advanced years of study. To target

this audience, new steel and concrete learning mod-

ules were added to the VCS. The first module

engages the students in the construction of a

wooden pavilion. The wood module’s difficulty

level was designed to target high school and early
undergraduate students. The steel and concrete

modules are of the same facility, a large college

dormitory addition. The steel and concrete modu-

le’s difficulty level was designed for students that

possess higher levels of knowledge in construction

engineering, for example undergraduate students in

their last years of studies and graduate students

taking advanced courses in construction engineer-
ing. Because of the complex nature of the planning

and managing cast-in-place concrete structures, the

concrete module offers the students’ a higher chal-

lenge than the steel module. The research focus on

problem-solving required adding an iterative nature

to the game. Therefore, the game mechanics had to

allow the students to go through several iterations

or plays of problem-solving. The iterative nature of
playing allows the students to test their mental

model and develop better problem-solving skills.

With this iterative nature at its core, the research

team developed a new game mechanic (see Fig. 1).

3.1 A problem-solving model for the VCS4

The design and development of the VCS4 leveraged
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research in cognitive models and theories, instruc-

tional design guidelines for multimedia learning,
fundamentals of human-computer interaction the-

ories, and 4D simulation guidelines [15, 24]. Based

on previous research a model for solving construc-

tion engineering problemswas developed, seeFig. 2,

which was described in previous publications [24].

This model is based on the Van Meter et al. IPS

[28] model with a focus on ill-structured problems

provided by Sinnott [58] and Jonassen [59] models,
together with Winne and Perry’s model of self-

regulated learning and metacognition [60]. Retain-

ing the structure of the IPS model, the proposed

model is divided into three main phases: problem

representation, problem execution, and solution eva-

luation. For each of these phases, cognitive opera-

tions, metacognitive regulative processes, visual

representations, and prior knowledge are identified.
The cognitive operations were inspired by Jonas-

sen’s [59] model for ill-structured problems. Lever-

aging the Winne and Perry model, each phase was

divided into three metacognitive sub-phases: define

goals, monitor, and evaluate [60]. Supporting visual

representations, and necessary and acquired prior

knowledge, are outlined for each of the phases. In

this proposed model the game’s graphical user

interfaces are utilized as the visualization systems.

An example of themodel’s detailed processes can be
found in Table 1.

3.2 VCS4 graphical-user interface

The graphical user interface (GUI) was redeveloped

for theVCS4. The designwas based on the problem-

solving model developed by the researchers, dis-

cussed in the previous section, specific for the

solving of complex construction problems [24].
With the VCS4 the research focused on implement-

ing full interaction with the 3D model. An explora-

tion and walkthrough scene were developed to

include an interactive 3D model. This allowed the

students to directly click on any building element

and view construction information regarding the

element [24]. The grouping scene allows the students

to directly click on the desired 3D elements and
generate a construction assembly. The sequencing

scene asks the students to directly select the 3D

construction assemblies and select a construction

relationship, such as overlapping or sequential. The

schedule of construction is then generated for the

student, and it can be previewed through a viewable

4D simulation. The simulation scene gives the

chance to execute their plan and receive feedback

Fadi Castronovo et al.836
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on the construction process. The workers’ perfor-

mance, such as learning curve, activity, and safety

can be monitored with graphical bars (see Fig. 3).

Lastly, the daily reports give feedback on the overall

performance of the construction process. The

VCS4’s features required a flexible game engine

with robust 3D physics and user interaction cap-
ability. To satisfy these requirements the UnityTM

game engine was chosen. The UnityTM game engine

allowed the research team to incorporate photorea-

listic graphics, streamline the 3D content generation

and enable flexible publishing of the game [61]. The

game was coded in the C# programming language.

4. Methods

4.1 Participants

Participants were 34 architectural engineering stu-

dents, attending a fourth-year construction course

at a university in the United States. The students

Developing Problem-Solving Skills in Construction Education with the Virtual Construction Simulator 837

Table 1. Problem-Solving Model Example

Problem Representation

Cognitive
Operations Definition

Metacognitive Regulative
Processes Definition

Visual
Representation

Prior
Knowledge

Prior Knowledge activation related to
problem task

Evaluate prior knowledge related to the
problem task

Project Description Prior Knowledge of
related tasks

Read problem statement Define problem tasks and goals

Identify problem tasks Monitor understanding of the problem
statement

Analyze problem tasks Evaluate understanding of the problem
statement

Prior Knowledge activation related to
building model

Evaluate prior knowledge related to the
building model

Building Model Prior Knowledge of
similar facility

Explore building model Define goals for the exploration of the
building model

Identify building model components Monitor understanding of buildingmodel

Analyze building model Evaluateunderstanding ofbuildingmodel

Fig. 3. Screenshot of the VCS4—Simulation Scene.



were given the option of engaging in the study as

part of their participation grade. All participants

gave consent for their data to be used.

4.2 Assessment

4.2.1 Assessing learning in simulation games

While simulation games have been a subject of

research in the past and praised for their benefits,

they are still to be broadly accepted in academic

environments. According to Feinstein and Cannon
[62], these slow advances are caused by the chal-

lenges in developing experimental studies and

appropriate methodology to assess the learning

benefits of these games. These challenges include

the time constraints for developing a valid assess-

ment instrument and the use of non-indicative

metrics for learning, (e.g., game performance, the

level of success, or achieving a correct solution) [63].
This paper intends to address these challenges by

assessing learning outcomes for students who use

the VCS. In particular, we follow Mayer’s [56]

recommendation that assessments of retention and

transfer are appropriate methods for determining

learning outcomes from student engagement with

multimedia.

The design of our assessment instrument of reten-
tion and transfer was guided by Brookhart’s [64]

suggestion, that one must first identify the thinking

skills necessary to solve problems. Additionally,

Burns et al. [65] suggest that the first step in assessing

thinking skills is the identification and development

of learning objectives. Similarly, when assessing

learning in simulation games, Cannon and Burns

[66] make the development of learning objectives,
based on Bloom’s Taxonomy [67], an essential step

in their evaluation framework. This step allows an

instructor or evaluator to select the performance

required to meet the learning objectives. Feinstein

[68] used this development framework to draft an

assessment instrument for a food service simulation

game. The instrument contained a set of questions

for each of Bloom’s six cognitive learning levels [24].
From his experimental results, Feinstein [68] illu-

strated the role of simulation games in supporting

the learning of the necessary cognitive skills in food

servicing. Feinstein’s work, with Cannon and

Burn’s framework, illustrated a path that future

educational game developers can leverage.

4.2.2 Instrument

An assessment instrument was developed to evalu-
ate a broad range of problem solving skills necessary

to plan and manage the construction of different

types of building systems (e.g., wood, steel, and

concrete). The instrument was developed based on

the problem-solving model describe in Section 3.1

and in previous publications [24]. The model aimed

at introducing to students a range of problem-

solving skills, ranging from lower to higher order

thinking skills. To evaluate gains in knowledge and

assess the students’ problem-solving skills, the test

was developed with the same 5 open-ended
questions for each of the VCS modules, with an

evaluation rubric specific for each module. The

construction methods selection question (number

2) was the only one of the 5 questions that differed

for each of the modules. Each of the questions were

mapped to a specific learning objective, thinking

skill level, and desired problem-solving skill. An

example of the test can be found in Table 2. The
instrument has been reviewed by both construction

and educational psychology faculty. Students’

answers were scored according to a rubric. This

rubric shows the problem-solving domain and the

learning objectives that a question is tied to. The

question item was evaluated on six levels: signifi-

cantly impressed, slightly impressed, performed

adequately, found area lacking, infeasible answer,
andno answer provided. The level of performance is

tied to a scalable point system, for a total maximum

score of 70 points, scaled to a 100 percentage score.

The higher-order thinking skills wereweighted to be

worth double the points than the lower-order think-

ing skills.

4.3 Design and procedure

A crossover repeated measures quasi-experimental

design assessed the gains in problem solving skills

that construction students gained from playing the

VCS4. All participants completed all three learning

modules of the VCS4, but in two different orders,

(see Fig. 4). Half of the students were randomly

assigned to complete the modules in the order of
wood, concrete, steel (Group 1). The other half of

the students completed the modules in the order of

wood, steel, concrete (Group 2). All participants

completed the easier wood module first so that they

could learn how to play the simulation game while

working with less complex content. The variation in

order between the steel and concrete modules tests

the possibility that student learning is affected by
whether the first module tackled after this introduc-

tion is themost difficult, concretemodule or the steel

module, which is at a middle level of difficulty.

Participants completed all three modules over a

three-week period with one week between each one.

Participants completed the pre-test for each

module. The pre and post tests were through an

online course management tool. Pre-tests were
completed the day before playing the game

module. Post-tests were completed the day after

the module. The quasi-experiment was designed to

have one dependent variable and three independent
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variables. The dependent variable was based on the

percentage scores from the assessment instrument.

The first independent variable was order. This

between-subjects variable captures the two different

orders in which the modules were completed. The

second independent variable is treatment. This

within-subjects variable captures the time sequence

of module completion (i.e., first, second, third)
regardless of order. The final independent variable

is the within-subjects pre-test/post-test variable.

5. Results and analysis

The four research questions of this study were

explored through a series of analyses that directly

tested the comparisons of interest. The first research

question, which asked if the VCS modules lead to

improvements in students’ problem solving skills,

was tested by three paired samples t-tests that

compared pre- and post-test scores for each of the

modules. The second research question considered
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Fig. 4. Experimental Procedure.

Table 2. Assessment Instrument for the Wood Module

Problem-Solving
Phase

Problem-Solving Skill Learning Objective Thinking Skill Question

Problem
Representation

Evaluating a
developed
construction
plan.

Evaluation of the developed
plan based on time, cost,
sequence, weather,
resourcing, equipment, labor
efficiency of construction,
and future field variations.

Lower
Order

1(a). Which factors would you consider
in the development process of the
construction sequence? Please list at least 3
factors.

Higher
Order

1(b). Explain for at least 2 of them the reason
for considering them.

Selection of optimal
construction methods based
on their cost, productivity,
and resource required.

Higher
Order

2.Youare asked to evaluate the construction
methods for the placement of concrete of the
footings of the structure. Which method
would you select? Walking Cart or Direct
Chute? Please thoroughly explain your
choice.

Problem
Execution

Monitoring of
solution execution
during construction.

Tracking the productivity of
the construction by looking
at: checking hired resources,
checking weather, tracking
learning curve, and fatigue.

Lower
Order

3(a). Construction has begun, and as a
superintendent, you are tracking the
construction process on a daily basis. Please
list at least 3 actionswould you performeach
day to maximize productivity.

Higher
Order

3(b). Explain for at least 2 of them the reason
for performing them.

Solution
Evaluation

Evaluation of built
solution.

Evaluation of factors that
have influenced the
construction process:
weather, lack of resources,
improper sequencing.

Lower
Order

4(a). Construction is running behind
schedule and you are asked for a progress
report. You arrive on site and you see that
the construction has stopped or slowed
down. Please list at least 3 possible causes.

Higher
Order

4(b). Explain for at least 2 of them how they
can affect productivity.

Plan a new sequence for a
similar structure and list
factors that might affect the
construction: overlapping
activities, construction
methods, cost reduction,
resource allocation.

Lower
Order

5(a). You are asked to plan and manage the
construction of a similar wooden structure.
Please list 3 factors that you will be looking
for when planning and managing your next
project.

Higher
Order

5(b). Explain your choices for at least 2 of
them.



if students benefitted from completing all three

modules. Two paired samples t-tests were per-

formed, with post-test scores at the three treatment

time points serving as the dependent variable, tested
this question. The third research question asked if

the benefits fromonemodule treatment carried over

to the next module. This question was examined by

a performing two paired samples t-tests, with pre-

test scores at the three treatment time points serving

as the dependent variable. The final research ques-

tion concerned the potential effects ofmodule order.

This hypothesis was tested as a main effect of order
in a mixed model ANOVA where order was the

between-subjects variable. This mixed model

ANOVA also tested for any potential interactions

between the variables of interest.

The data was analyzed with the SPSS Statistics

software package. Participants were 9 females 25

males. The average age for the full sample was 22.75

years, with a �age_group1 = 22.05, and a �age_group2 =
23.53. The average grade point average for the full

sample was 3.22, with a �GPA_group1 = 3.23, and a

�GPA_group2 = 3.21. Table 3 shows means and

standard deviations of pre-test and post-test scores

for all three modules and both order conditions.

Inter-rater agreement on the application of the

scoring rubric was established with the pre-test

and post-test from the first module. Two raters
scored the first module’s responses for one subject’s

pre-test andpost-test. Cohen’s � showed good inter-
rater agreement, �pre-test = 0.78 p < 0.05, and �post-
test = 0.804, p < 0.05. Disagreement was resolved

through discussion. All remaining tests were scored

by the first author of this paper. The data met the

assumptions of normality, sphericity, and homo-

geneity of covariances. Of the three pre-test and

three post-test scores, only the pre-test for the

concrete module failed to meet the homogeneity of

variance assumption. ANOVA is robust with

respect to these violations when participants are
equally distributed across conditions. There were

no outliers in the data set.

5.1 Analysis for educational gains

Three paired samples t-tests tested for differences in

pre-test and post-test scores for each of the three
modules. A Bonferonni adjustment was applied to

the � = 0.05/3 to control for a Type I error. This

analysis collapsed all participants into a single

group and tested for differences at each of the

three treatments. The estimated marginal means

for each pre- and post-test are shown on Fig. 5.

These differences were significant for all three treat-

ment times, twood (33) = 13.74, p = 0.000 < 0.02, d =
2.36, tconcrete (33) = 4.65, p = 0.000 < 0.02, d = 0.8,

and tsteel (33) = 4.43, p= 0.000<0.02, d=0.76. These

analyses demonstrate that the VCS improves stu-

dents’ problem solving skills. Regardless of the

content of the module, students’ problem solving

skills increased frombefore to after completing each

simulation game.

5.2 Analysis for transfer of gains

The analysis for the near-transfer of the educational

gains between the modules was conducted by per-

forming two paired samples t-tests on the pre-tests

for the treatments. The analysis collapsed all parti-

cipants into a single group and tested for differences
in the pre-test scores for the first and second treat-

ment, and for the second and third treatment

(Treatment 1: wood; Treatment 2: concrete/steel;

and Treatment 3: steel/concrete). A Bonferonni
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Table 3. Descriptive Statistics

Treatment Group Assignment Module Test Mean Std. Deviation N

Treatment 1 Group 1 Wood Pre-test 47.9829 9.40974 17
Group 2 Wood Pre-test 50.2529 8.55867 17

Total 49.1179 8.93157 34

Group 1 Wood Post-test 72.1847 13.87030 17
Group 2 Wood Post-test 75.2935 11.24518 17

Total 73.7391 12.53308 34

Treatment 2 Group 1 Concrete Pre-test 59.7476 9.97608 17
Group 2 Steel Pre-test 63.6988 8.31753 17

Total 61.7232 9.26374 34

Group 1 Concrete Post-test 69.0759 14.20374 17
Group 2 Steel Post-test 70.1676 17.23844 17

Total 69.6218 15.56286 34

Treatment 3 Group 1 Steel Pre-test 61.7647 12.26309 17
Group 2 Concrete Pre-test 59.6635 17.73797 17

Total 60.7141 15.05327 34

Group 1 Steel Post-test 75.2100 16.01099 17
Group 2 Concrete Post-test 73.5294 15.61725 17

Total 74.3697 15.59722 34



adjustment was applied to the � = 0.05/2 to control

for a Type I error. The estimated marginal means

for each pre-test are shown on Fig. 6. The differ-
ences were significant for only the first and second

treatment, ttreatments1-2(33) = 8.38, p = 0.000 < 0.025,

d=2.9, ttreatments2-3(33) = 0.45, p=0.655 > 0.025, d=

0.16. Based on the non-significant difference of the

pre-test scores of the second and third treatment,

there is evidence to support the hypothesis that the

students were able to transfer their skills. Therefore,

the educational gains in problem solving skills

gained after the first treatment were transferred to

the following treatment.

5.3 Analysis for instructional scaffolding benefits

The second research question asked if participants
benefitted from completing all three modules or if

the benefits tapered off after only one or two

modules. This question was explored by performing

twopaired samples t-tests. The analysis collapsed all
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Fig. 6. Treatment’s Pre-Tests Estimated Marginal Means.



participants into a single group and tested for

differences in the post-test scores for the first and

second treatment, and for the second and third

treatment (Treatment 1: wood; Treatment 2: con-

crete/steel; and Treatment 3: steel/concrete). A

Bonferonni adjustment was applied to the � =
0.05/2 to control for a Type I error. The estimated

marginal means for each post-test are shown on

Fig. 7. The differences were significant for only the

second and third treatment, ttreatments1-2(33) = 1.75,

p = 0.09 > 0.025, d = 0.6, ttreatments2-3(33) = 2.55, p =

0.016 < 0.025, d = 0.8. Based on the significant

difference of the post-test scores of the second and

third treatment, there is evidence to support the

hypothesis that the students needed the second

treatment as a scaffold for the third treatment.

5.4 Analysis for implementation order

Amixedmodel ANOVA2 (order: group 1, group 2)

� 2 (pre-test/post-test) � 3 (treatment) tested for
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Fig. 7. Treatment’s Post-Tests Estimated Marginal Means.

Fig. 8. Test and Treatment Interaction Estimated Marginal Means for each Group.



differences between the two order conditions. This

analysis also tested for any interactions between the

variables in this study. The estimated marginal

means for each test, treatment, and group are

shown on Fig. 8. The interaction between the

tests, treatments, and groups was not statistically
significant, F (2,64) = 0.202, p = 0.81 > 0.05, partial

�2 = 0.01. There was no statistically significant

between-subject effect of the two groups, F(2,64) =

0.096, p = 0.76 > 0.05, partial �2 = 0.003. Based on

the non-significant interaction of the with-in sub-

ject’s effects, together with non-significant interac-

tion of the between-subject effects, there is no

evidence to support the hypothesis that there is a
difference in the order with which the modules are

administered. Therefore, whether the students were

introduced to the steel or concrete modules, after

the wooden module, did not yield a significant

difference in their educational gains.

6. Discussion of results

The presented study aimed at evaluating the peda-

gogical value of the Virtual Construction Simulator

4. In particular, the goal of this study was to

evaluate the game’s ability in supporting the learn-

ing anddevelopment of problem-solving skills in the

field of construction management and engineering.

Additionally, the researchers were interested in
evaluating the implementation procedure of the

VCS4 game, to support future instructors in max-

imizing educational gains when applying the game

in a classroom environment. The following is a

discussion of the research questions, which

addressed the goal of assessing the pedagogical

value and implementation process of the VCS4.

For the first question, based on the data analysis
there is significant evidence to support the statement

that the students were able to improve their pro-

blem-solving skills and meet the learning objective

for each of the game’s module. The findings are

further supported the high-value of Cohen’s d for

each of test. A substantial difference in educational

gains was achieved when playing the wooden

module. While the differences between the pre and
post-test of the concrete and steel are not compar-

able to thewoodenmodules, they are still significant

within each module. Therefore, each of the VCS4’s

module can be utilized to improve future learners’

ability to solve complex construction problems. By

providing such evidence, the author can conclude

that the game can be used as valid learning tool in a

classroom. This outcome supports the current lit-
erature and research that theorizes that educational

games are valid learning tools [69]. Additionally,

these findings illustrate how educational games can

support students in learning complex problem-sol-

ving skills. In particular, these findings illustrate

that students can gain and improve their skills when

dealing with complex construction simulations.

These skills are essential for students, as they will

have to apply them when entering the AEC indus-

try.
Based on the analysis for the second research

question, there is evidence to support the hypothesis

that the students were able to transfer their skills.

The findings are further supported the high-value of

Cohen’s d for each of test. The estimated marginal

mean of the third treatment was lower than the

second treatment. However, this drop was not

significant. Hence, the researcher can conclude
that the gained skills were retained by the students

and transferred from the second treatment onto the

third. Therefore, the educational gains in problem

solving skills gained after the first treatment trans-

ferred to the following treatments. This finding is

key in understanding if the skills gained from

playing the VCS4 game do not dissipate over time,

making the implementation of the game an impact-
ful intervention. Future research should evaluate

the ability of learners to perform far-transfer of the

skills gained from playing with the VCS4, or other

simulation games.

Based on the analysis for the third question, there

is evidence to support the hypothesis that the

students needed the second treatment as a scaffold

for the third treatment. The findings are further
supported the high-value of Cohen’s d for each of

test. Therefore, the students benefitted fromplaying

all of the VCS’ module. While there was no sig-

nificant difference between the first and second post-

test, the post-test score for the second treatment was

lower than the first. This phenomenon could

explained by Kapur and Bielaczyc’s [70] theory of

Productive Failure. This theory was expanded from
Schwartz and Bransford [71] research on prepara-

tion for future learning. Kapur and Bielaczvc believe

that instructors should introduce students with ill-

structured problems to prepare them in solving

other problems, even if they fail at solving the ill-

structured problems. Therefore, it is possible that

the students in this study required the second

treatment as a productive failure to perform sig-
nificantly higher in the third treatment. To con-

clude, future research should further investigate

the role of educational games as scaffolds to support

productive failure.

For the fourth question, there is no evidence to

support the hypothesis that there is a difference in

the order with which the modules are administered.

Therefore, whether the students were introduced to
the steel or concrete modules, after the wooden

module, did not yield a significant difference in

their educational gains. This finding supports
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future instructors in understanding how to imple-

ment multiple modules and achieve the highest

educational gains.

7. Conclusions

Construction education is evolving due to the rise of

visualization and BIM software in the industry.

Visualization software provides academics with

the necessary tools to introduce students to experi-

ential learning environments, which enhance the

learning process. Such environments are critical as

they introduce students to complex problems and
allow them to connect verbal knowledge with visual

representations. Together with visualization soft-

ware, educational games are being adopted in the

classrooms, as they not only provide students with

complex problems, but they also spark students’

motivation and engagement. In construction educa-

tion, previous research with the Virtual Construc-

tionSimulator 3 has shown thepotential of sparking
students’ motivation, engagement, and ability to

identify factors influencing construction.

With this study the researchers wanted to dive

deeper into the pedagogical value of the Virtual

Construction Simulator. The team developed a

new version of the game, the VCS4, and an instruc-

tional assessment framework to evaluate the game’s

ability to support the learning of problem-solving
skills, necessary to solve complex construction pro-

blems. By designing a problem-solving model, the

researchers were able support the design of the game

and of the assessment framework. The new version

of the Virtual Construction Simulator, the VCS4,

was designed to enhance the learning process by

leveraging previous research in the field of construc-

tion, visualization, human-computer interaction,
educational psychology, and game based learning.

The development experience of the graphical user

interfaces illustrates how visual representations can

be design to support the gain of desired skills.

Meanwhile, the assessment instrument was

designed to assess problem-solving, composed of

both lower and higher-order thinking skills, based

on aproposed problem-solvingmodel. The research
teamhas provided an experience that illustrates how

an assessment instrument can be aligned to not only

to a problem-solving cognition model, but also to

visual representations present in the game.

Based on the results, the researchers were able to

provide evidence supporting the hypothesis that the

chosen sample of construction students were able to

gain and transfer problem-solving skills necessary
to solve complex construction simulation problems,

by playing all of the modules, no matter what order

with which they were played. This conclusion pro-

vides evidence that construction educational simu-

lation games can be used not only to engage and

motivate students, but also to support users in

gaining and transferring a range problem-solving

skills. This is achieved not only by showing that the

game’s modules can be used as instructional scaf-

folds, but also by giving direction to future instruc-
tors on how they can implement the game. Also, by

illustrating how educational simulation games can

support a range of problem-solving skills, further

validates how such games should be implemented in

learning environments.While the chosenmethodol-

ogy allows the researchers to avoid most internal

and external validity threats, there are limitations to

the study. For example, the small sample size and
the validity of the assessment instruments are

potential limitations, which allow the researchers

to perform future analysis and experimentation.

Future research should look into expanding the

sample size to further represent the population of

construction students. Additionally, the assessment

instrument can be further reviewed by researchers,

in order to strengthen its validity. In conclusion, the
presented results provide evidence supporting the

theory that educational simulation games can help

the learning and retention of transferable problem-

solving skills, which are necessary to solve complex

construction problems.
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